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Abstract 

We present a facile method to prepare W - doped VO2 films with lowered phase 

transition temperature (Tt), narrowed hysteresis loops width (△Tt) and excellent cycle 

stability. The W - doped VO2 films have been obtained by inorganic sol - gel method. 

And W dopant is introduced by pouring melt V2O5 into ammonium tungstate solution.  

The properties of the samples are measured by XRD, XPS, SEM and transmittance 

spectra. The Tt is reduced from 73 ℃ to 20 ℃ along with the △Tt narrowed from 

10 ℃ to 4 ℃ as W dopant increasing from 0 to 3.2 at%. Besides, no obvious 

attenuation is observed on crystal structure, variation of transmittance (∆T2000nm), Tt 

and △Tt for W - doped VO2 films after 550 alternate heating and cooling cycles, while 

the pure VO2 films show obvious degradation. Since the surface morphology has no 

obvious changes after 550 cycles, it suggests that the W dopant induced distorted 
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crystal structure strengthen the cycle stability of W - doped VO2 films. These 

encouraging results show great potential and understanding of VO2 films for practical 

applications. 

Keyword:  

Vanadium dioxide; Cycle stability; W - doped; Phase transition temperature; 

Hysteresis loops 

1. Introduction 

Vanadium dioxide (VO2) exhibits a reversible metal- insulator transition (MIT) at 

68 ℃, which transforms from metal state at higher temperature to insulation state at 

lower temperature, accompanied with distinct changes in optical and electronic 

property.[1-3] Therefore, VO2 has an great potential to apply on intelligent devices, 

such as smart window[3-7], optical and electric switches[8-11], and smart radiator 

devices[12-16]. However, there are some critical problems of VO2 film should be 

conquered to achieve its practical application. For instance, the phase transition 

temperature (Tt) is relative high to be used in optical and electronic devices, and the 

width of hysteresis loops (△Tt) should be controllable to satisfy different applied 

conditions. Furthermore, the cycle stability immediately affects its lifetime, which is 

an essential and most indispensable requirement for the devices. Although the 

methods to lower Tt is largely investigated, such as element doping[17-19], stress 

effect[20], size effect[21] and electric assistance[22, 23], the controllable of △Tt is 

hardly to be satisfied by a facile method, simultaneously. Besides, the cycle stability 

has no sufficient investigated in the past literatures.   
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W-doping is demonstrated to be the most effective strategy to reduce the Tt of VO2. 

Tang et al. [24] confirmed the tungsten valence of 6+ in W – doped VO2 film. And the 

V4+-V4+ pairs of the monoclinic phase are disrupted by the tungsten doping forming a 

V3+- W6+ pair and a V3+-V4+ pair. While Manning et al. [25] found that the tungsten 

incorporates as W4+ in the VO2 film prepared by Atmospheric pressure chemical 

vapor deposition (APCVD) process. Besides, Romanyuk et. al. [26] revealed the 

tungsten valence to be 6+ and 5+, with lowering of Tt by 22 ℃/at%. However, in 

spite of numerous studies on W- doping to lower the Tt, the △Tt has not been 

investigated in these literatures. Beteille et al. investigated the Ti - doped VO2 films, 

which increased the Tt and narrowed △Tt. [27] And Gao et al. [28]prepared Ti - doped 

VO2 films by polymer-assisted deposition, and qualitatively analyzed the narrowed 

hysteresis loops by using nucleation theory. Besides, Gao et al. [29]  also confirmed 

that the microstructure (grain boundaries, grain size, and size distribution) of VO2 

films had significant effects on the features of the MIT transition. And the width and 

slopes of the hysteresis loops can be regulated by controlling the grain sizes and grain 

boundary conditions. Moreover, Appavoo K. et al. [30] found that the △Tt narrowed 

with increasing nano-particle size because of the oxygen-vacancy defect triggered the 

heterogeneous nucleation of the phase transition at nano-scale. And Thompson et al. 

[31]found the strong THz fields lower the activation energy in the insulating phase, 

and the THz-triggered insulator-to-metal transition gave rise to hysteresis loop 

narrowing, while lowering the Tt both for heating and cooling sequences. Although 

the above results showed the regulation on Tt and △Tt, a facile method to controllable 
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regulatation the width of hysteresis loops has not been presented.  

Recently, the cycle stability of VO2 films has attracted more and more 

attentions.[32-34] Wei et al. [35] investigated a flexible VO2/graphene/CNT thin films 

with over 100,000 on/off cycles in response to current pulses.  Zou et al. [36] 

reported a free-standing SWNTs/VO2/mica hierarchical films with 200 cycles. 

Unfortunately, they were both measured by electric field induced phase transition, and 

the alternate thermal effect had not been considered. In addition, Zhang et al. [37] had 

prepared self-assembling VO2 nanonet without detectable degradation after 500 cycles 

over the metal-to-insulator transition. Long et al. [38] prepared two-dimensional 

SiO2/VO2 photonic crystals and the transmittance variation at 2500 nm had no 

attenuation after 60 cycles.  

W -doped VO2 thin films were usually synthesized from a solution-based process of 

V2O5, oxalic acid, ethyl alcohol and ammonium tungsten hydrate with a complex 

process, which should be controlled by a strictly add sequence.[39, 40] Here, a facile 

method is presented to prepare W - doped VO2 film with lowered phase transition 

temperature and narrowed width of hysteresis loops, as well as excellent cycle ability. 

W dopant is introduced by pouring melt V2O5 to ammonium tungstate solution 

without any additional process except for stirring. The W-doped VO2 films has been 

prepared by dip-coating method after annealing in Ar atmosphere at 600 ℃. The 

prepared W - doped VO2 films not only exhibit lowered phase transition temperature 

from 73 to 20 ℃, but also show narrow hysteresis loops from 10 to 4 ℃ as the 

doped W content increasing. Moreover, the W dopant can depress the degeneration of 
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the transmittance variations at a wavelength of 2000nm after 550 cycles. Furthermore, 

the △Tt, △Tt and crystal structure have been investigated before and after 550 cycles. 

It suggests that the W dopant can significantly enhance the cycle stability of MIT for 

W - doped VO2 films.   

2. Experimental and characterization 

2.1 Preparation of W-doped VO2 films 

The VO2 films were prepared by sol – gel method as previous reported. 1.0 g of V2O5 

was melt at 850 ℃, and then quickly poured into 100 ml deionized water. After 

stirring rigorously to form V2O5 precursor, a certain amount of Polyvinylpyrrolidone 

(PVP K30, Sigma-Aldrich) was added to adjust the viscosity of the precursor. The 

film was dip-coated on quartz glass and subsequently dried at 80 ℃ for gelation. At 

last, the VO2 films were obtained after annealing at 500 ℃ in the argon atmosphere. 

For the W-doped VO2 films, the W element were introduced by pouring the melting 

V2O5 into a certain concentration of ammonium tungstate solution. The other 

processes were the same as before except for the annealing temperature rising up to 

600 ℃ . The ammonium tungstate is analytical grade and used after drying at 

vacuum oven to remove the water . 

2.2 Characterization 

The crystalline structures of the samples were characterized by an X-ray diffraction 

(XRD) diffractometer (PANalytical B.V., Model Xpert Pro) with Cu-Kɑ radiation (λ

=0.15406 nm) at an X-ray grazing angle of 2.0°. The morphologies and the element 

composition of the sample were analysed by a field-emission scanning electron 
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microscope (SUPRA 55 SAPPHIRE) with an energy-dispersive spectrometer (EDS) 

attachment. X-ray photoelectron spectrometry (XPS) was performed with a PHI 5700 

ESCA System using Al Ka radiation (1486.6 eV). XPS data were calibrated to the C 

1s peak and the resolution of spectra peaks were using Casa XPS software. The 

transmittance of different W - doped VO2 films was measured by a UV-vis-NIR 

spectrophotometer (Lambda-950, Perkin Elmer) in the wavelength range of 250-2500 

nm with a film heating unit. The cycle stability of W - doped VO2 films were 

measured by a fiber optic spectrometer (Ocean optics, NIRQuest 256-2.5 

(860nm-2600nm)). And hysteresis loops were measured by collecting the 

transmittance of films at a fixed wavelength (2000 nm) at an interval of 2.0 °C. It 

should be pointed out that all hysteresis loops and cycles were carried out outside in  

winter in Harbin, where the temperature was dozens of degrees Celsius below zero. 

And the extreme cold environment temperature can sufficiently cool down the films 

quickly. Besides, the optical source (ocean HL-2000-LL) was protected by a heater to 

maintain its work temperature higher than 5 °C. The transmittance ranges from 

250nm to 2500nm was measured indoor. The temperature of VO2 films was measured 

with a thermocouple tightly contact with the film and controlled by a 

temperature-controlling unit. And the heat rate is 2 ℃/min to ensure sufficient 

transition at each recorded temperature. The temperature errors were smaller than 0.5 

°C based on repeated measurements.  

3. Result and discussion 

3.1 Crystal structure 
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The X-ray diffraction (XRD) patterns of W - doped VO2 films are shown in Fig.1a. 

The VO2 film without W doping is monoclinic phase (JCPDS card NO. 43-1051).[41] 

As the W content increased to 0.8 at% and 1.6 at%, a continuous shifting of the M 

(011) peak from 28.06 ° to 27.97 ° and 27.88 ° are observed, indicating a tiny 

expansion of distance (d) from 3.17 Å to 3.19 Å and 3.20 Å in the (011) plane due to 

W dopant. Upon further increasing W content from 1.6 at% to 3.2 at% , a significant 

splitting of the M (011) peak into R (110) and M (011) peaks at 27.61 ° and 28.08 ° 

could be obviously observed, which can be attributed to the process of phase 

transformation from VO2 (M) to VO2 (R) (JCPDS card NO. 44-0253) at room 

temperature (RT).[42] The result suggests that the coexist of VO2 (M) and VO2 (R) 

could be stabilized at RT by effectively W doping, which is significant to investigate 

the phase transition of VO2. Moreover, a back shifting of the R (110) peak to 27.64 ° 

can be found when the W doping concentration is increased from 3.2 at % to 4.8 at %.  

The XRD patterns of the films after 550 cycles are shown in Fig. 1b. It can be seen 

that the crystal structure of the film without W - doping degenerates seriously, and no 

obvious diffraction peaks are observed. The main diffraction peak of (011) plane is 

almost overlapped by the background. On the contrast,  W - doped VO2 films 

exhibits excellent crystal structure stability after 550 cycles. For the 0.8 at% W-doped 

VO2 film, the only diffraction peak is attributed to (011) plane. Besides, the distinct 

diffraction peaks of 1.6 at% W-doped VO2 films are detected as monoclinic phase. 

Moreover, the relative intensity of main diffraction peaks has no degraded. 

Nevertheless, the main diffraction peak of (011)/(110) plane in VO2 (M/R) film with 
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3.2 at% W-doping is disappeared after 550 cycles, whereas other diffraction peaks 

still exist. This is because the phase transition temperature is near room temperature, a 

slight fluctuation of temperature can affect the crystal structure, which may lead to 

different XRD patterns. Besides, the distance of (011) plane have no change for 0 at% 

and 0.8 at% W - doped VO2 films, while changes from 3.20 Å to 3.21 Å after 550 

cycles for 1.6 at% W-doped VO2 film, which indicates a more disordered crystal 

structure of (011) plane. The XRD results demonstrate that the W dopant can 

significantly depress the degeneration of VO2 film after 550 cycles. 

The XPS analysis of 4.8 at% W - doped VO2 films is carried out to investigate the 

valence e of V and W element. Fig. 2 shows the high-resolution XPS spectra of V-2p 

and W-4f core-level. The C1s signal at 284.6 eV is used as binding energy reference, 

and the main fitting peak of V 2p3/2 centers at 516.2 eV is V4+, which is consistent 

with previous studies.[43-45]  No fitting peak of V5+ is observed from the spectrum. 

Moreover, the W4f7/2 and W4f5/2 core level peaks are at 35.5 eV and 37.6 eV, 

respectively, which is consisted with W6+ of previous literatures.[24, 46, 47] Besides, 

the N element is detected in the film, which results from the residue of PVP 

decomposition (Fig. S1).   

3.2 Microstructure 

The morphology of the W - doped VO2 films was characterized by SEM. Fig. 3 shows 

the microstructure of W - doped VO2 films before and after 550cycles. It seems that 

all the films are flat, continuous and crack free. And the W - doped VO2 films are 

ice-crystal like micro-structure, which are the same with the pristine VO2 film. And 
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the unit size of the micro-structure ranges from dozens nanometers to hundreds 

nanometer, which is obvious different for the different W - doped films . Besides, it 

seems that the micro-structure is more uniform as the W dopant increasing. The 

pristine VO2 films changes to more uniform and sparser micro-structure after 550 

cycles, and the size enlarged slightly. However, as the W - doped concerntration 

increasing, the W - doped VO2 (M) films almost have no distinct varations on the 

microstruture after 550 cycles.  

3.3 Optical properties 

The optical properties of the films before and after 550cycles are shown in Fig. 4. 

The transmittance of all samples in near-infrared regions show significant variation 

since its intrinsic MIT transition property of VO2 (M) film. And the differences in 

variation of transmittance for different W - doped VO2 (M) films are mostly due to the 

slightly different microstructures, which leads to different effective refractive index 

for the films[48]. It is obvious that the degradation of transmittance variation is 

depressed by W doping, since the variation of transmittance at near infrared regions 

enlarged for 1.6 at% W - doped VO2 film. It can be attributed to the unchanged 

crystallinity and micro-strucutre after 550 cycles. It should be pointed out that the 

transmittance spectra of W - doped VO2 films depend on the measured temperature. 

Because of the 3.2 at% W - doped VO2 film exhibits coexistence of M and R phase at 

room temperature, therefore a tiny fluctuation of the temperature will lead to 

significant difference in transmittance. Herein, the phases for 3.2 at% W - doped VO2 

film varies as the room temperature fluctuating, result in different transmittance. So it 
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is hardly to measure the transmittacne for 3.2 at% W – doped VO2 film at room 

temperature. Moreover, there is almost no change in the transmittance of samples 

before and after 550 cycles at visible wavelength.  

To direct investigate the deterioration in transmitance of VO2 films, the 

thermochromic ability is defined as the difference of the transmittance at 2000 nm 

(∆T2000nm), which can be obtained by following equation:   

∆T2000nm = T2000nm(M) - T2000nm(R)                      (1) 

Where the T2000nm(M/R) is the transmittance at 2000nm in M and R state, 

respectively.  

And the degraded thermochromic ability (△T2000nm(loss)) is defined as the variation 

of the ∆T2000nm before and after 550 cycles, which can be obtained by equation (2):  

△T2000nm(loss)=∆T2000nm(B)- ∆T2000nm(A)           (2) 

Where the △T2000nm(B/A) is the thermochromic ability before and after 550 cycles, 

respectively.  

It can be seen that a lower △ T2000nm(loss) means depressed degraded 

thermochromic ability.  The ∆T2000nm and △T2000nm(loss) of different W - doped 

VO2 films are listed in Table 1. The △T2000nm(loss) varies from 3.4 % to -3.3 % as 

the W dopant increasing from 0 to 1.6 at%, which indicates that the W dopant in VO2 

films can depress the degraded thermochromic ability along with 550 MIT cycles. The 

distance of (011) plane variation before and after 550 cycles is defined as △D， 

which is obtained by the distance of (011) plane before cycles minus the one after 

cycles. The △D and △T2000nm(loss) of different W - doped VO2 films are shown in 
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Fig.S2a. Both △D and △T2000nm(loss) change to negative values as W - doped 

concentration increasing, indicating more disordered crystal structure and larger 

transmittance variation of W - doped VO2 films. Since the microstructures have no 

obviously changes, it could be the difference of crystal structure that is responsible for 

the variation of △T2000nm before and after cycles. And the disordered crystal structure 

can depress the degenerated of M phase in the films, which shows more cycle 

stability. 

3.4 Cycle stability 

 The W - doped VO2 films undergoes MIT transition for 550 cycles. The 

transmittance variation at 2000 nm (∆T2000nm) was recorded by ocean fiber 

optic spectrometer. Fig. 5 shows the normalized ∆T2000nm for the W-doped VO2 films 

at the first and the last 50 cycles. The ∆T2000nm are normalized by Tmax/T, where Tmax 

is the max value of transmittance at 2000nm and T is the transmittance at all the 

measured temperature interval. The ∆T2000nm for first and last 50 cycles are different 

in each W - doped VO2 films.  ∆T2000nm for the pristine VO2 film decreases at the last 

50 cycles, indicating the  poor cycle stability. However, as the content of W 

increasing, the attenuation of ∆T2000nm can be depressed. The ∆T2000nm for 0.8 at% and 

1.6 at% W - doped VO2 films have no obviously variation at first and last 50 cycles. 

Furthermore, as the content of W s increases to 3.2 at%, the ∆T2000nm shows slightly 

increase at the last 50 cycles.  

3.5 Phase transition 

The hysteresis loops of W-doped VO2 films are extracted by recording the 
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transmittance variation at a wavelength of 2000nm over the phase transition 

temperature range. As shown in Fig. 6a, the hysteresis loops of W-doped VO2 films 

shift to the lower temperature as W content increasing, and the width of the 

hysteresis loops decreases to narrowed temperature range. However, as the W content 

is increased to 4.8 at%, the hysteresis loops is intersected. It is caused by the deep 

doped of W, which shows metal state in all the measured temperature ranges. The 

differential of the hysteresis loops versus the temperature is shown in Fig. 6b. The 

d(Tr)/d(T)–T curves are used to describe the definition of the transition parameters of 

heating and cooling branches. The temperature corresponding to the peak is defined 

as the phase transition temperature of the heating and cooling branches, denoted as Th 

and Tc, respectively. For cooling branches with the appearance of two peaks in the 

d(Tr)/d(T) –T curves, the Tc values are determined by the main peak. The phase 

transition temperature (Tt) of the film is defined as the average value of Th and Tc. The 

hysteresis loop width (△Tt) is defined as the difference between Th and Tc. The 

transition temperature and hysteresis loop width of the films are summarized in Table 

S1. The transition temperature is decreased from 73 ℃ to 20 ℃ as W contend 

increases from 0 to 3.2 at%. Meanwhile, the hysteresis loop width gradually narrows 

form 10 ℃ to 4 ℃. It illustrates that the W dopant not only reduces the transition 

temperature of VO2 film, but also narrows the hysteresis loops width. As mentioned 

before, the crystal plane enlarges along with the increasing W content, which is the 

same rule with the lowered transition temperature and narrowed hysteresis loop width. 

It has been investigated that W dopant in the VO2 film can decrease the crystal size 
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and distort the crystal lattice, which can lower transition temperature. However, the 

width of hysteresis loops is affected by many factors, such as the  crystal boundary, 

grain size and distribution, and density of defects. Here, we can narrow the width of 

hysteresis loops and lower the transition temperature by changing the content of W 

dopant, which will be very important in application.    

The phase transition property of different W - doped VO2 films are also measured 

after 550 cycles. The hysteresis loops and the differential curve of the hysteresis loops 

are shown in Fig. 6c and 6d. The transition temperature of the W - doped VO2 films 

decreases from 69 ℃ to 16 ℃, and the width of hysteresis loops narrows from 

14 ℃ to 6 ℃. The 550 times alternate heating and cooling process have a great 

effect on the phase transition of the W - doped VO2 films. The alternate heat and cool 

processes enlarge the hysteresis of the heating and cooling branches, which can widen 

the hysteresis loops and lead to a lower phase transition temperature. For the pristine 

VO2 films, the Th lowers from 78 ℃ to 76 ℃, while the Tc changes from 68 ℃ to 

62 ℃, which leads to a lower Tt of 69 ℃ and a wider △Tt of 14 ℃. However, 

there is no difference on both Tt and △Tt for 0.8 at% W - doped VO2 films. It is 

curious that both Tt and △Tt have slight variations as the W contentincreasing, as 

shown in Fig. S2. The cooling branch of 1.6 at% W - doped VO2 film has a tiny shift, 

which leads to the decreasing Tt of 1 ℃ and enlarging  △Tt of 2 ℃. Furthermore, 

the heating and cooling branches of 3.2 at% W - doped VO2 film are decreased from 

22  and 18 ℃ to  19  and 13 ℃, respectively, resulting in a decreased Tt of 

16 ℃ and an increased △Tt of 6 ℃. The widened hysteresis loops are attributed to 
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the larger shift of cooling branches than that of the heating branches, which leads to 

lower transition temperature. 

The phase transition temperature and hysteresis loops width are linerly fitted by 

different W doped concerntration, Fig. 7. It suggests that decreasing efficiency is 16.5 

K/ at.% in the W –doped VO2 films, less than that described in other reports. It is 

likely that the tungsten ions were not completely incorporated into the final VO2 films. 

However, this decreasing efficiency achieves to 16.9 K/ at.% after 550 cycles. It 

seems the tungsten ions were more incorporated into the VO2 films after 550cycles. 

Besides, the narrowing efficiency changes from 1.9 K/ at.% to 2.2 K/ at.%. Combine 

with the XRD patterns and SEM micrographs, it is generally deduced that 

undiminished monoclinic phase is in charge of the optical performance enhancement 

in W – doped VO2 films. However, the mechanism of the decrease in Tt and △Tt  of 

W-doped sample and the phase transition of VO2 is still being important and 

necessary for further research. In conclusion, the W dopant have an obvious effect on 

decreasing Tt and narrowing △Tt after 550 cycles.                                                                                                                         

4. Conclusions  

We have prepared W - doped VO2 films by sol-gel method. The prepared W-doped 

VO2 films not only lower transition temperature, but also narrow the width of 

hysteresis loops, as well as exhibiting excellent cycle stability. The crystal structure of 

pure VO2 film degrades seriously after 550cycles, while the W - doped VO2 films 

almost have no variation. However, the W dopant have no obvious difference on the 

microstructure of different W – doped VO2 films before and after 550 cycles. Besides, 
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the W dopant can depress the widen of △Tt after 550 cycles. Furthermore, the 

thermochromic ability of W – doped VO2 films has no obvious attention after 550 

cycles. And the 1.6 at.% W – doped VO2 (M) film exhibits slight enhancement on 

△T2000nm after 550 cycles, due to its unchanged crystallinity and micro-strucutre. 

These results suggest that the facile and affordable general sol-gel approach can be 

used to simplify the development of VO2-based smart devices which needs lower 

phase transition temperature, narrowed hysteresis loops width and excellent cycle 

stability. 
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Table 1 The ∆T2000nm and △T2000nm(loss) of different W - doped VO2 film

W 
concentration/

% 

T2000nm(B)/% 
∆T2000nm 

(B)/% 

T2000nm(A)/% 
∆T2000nm 

(A)/% 
△

T2000nm(loss)/% M R M R 

0 89.8 56.8 33 88.4 58.8 29.6 3.4 
0.8 80.8 60.8 20 82.1 62.4 19.7 0.3 
1.6 78.4 42.7 35.7 81.6 42.6 39 -3.3 
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Fig. 1 XRD patterns of  W- doped VO2 films with different contents. (a) before 550 

cycles, the inset image is shift of diffraction peak of (011) plane; (b) after 550 cycles. 

Fig. 2 The core level spectra of (a)V2p and (b) W4f of 4.8 at% W-doped VO2. 

Fig. 3 SEM images of VO2 films with different W doping contents: (a) and (b) 0.0 

at%; (c) and (d) 0.8 at%; (e) and (f) 1.6 at%; (g) and (h) 3.2 at%. (a), (c), (e) and (g) 

are micro-structure before 550 cycles, while (b), (d), (f) and (h) are micro-structure 

after 550 cycles. 

Fig. 4 The transmittance of VO2 films with different W doping contents :(a) 0.0 at%; 

(b) 0.8 at%; (c) 1.6 at%; (d) 3.2 at%. The full and dash lines are transmittance at room 

temperature and high temperature, respectively. The red and blue lines are 

representative before and after 550 cycles, respectively. 

Fig. 5 Cycle stability of the VO2 films with different W doping contents: (a) 0.0 at%; 

(b)0.8 at%; (c) 1.6 at%; (d) 3.2 at%. (All  data were measured at -20 ℃, and the 

transmittance of the films were measured at a wavelength of 2000 nm with a heater). 

Fig. 6 The hysteresis loops and differential curves of different W- doped VO2 films: (a) 

the hysteresis loops before 550 cycles; (b) the differential curves of the 

hysteresis loops before 550 cycles; (c) the hysteresis loops after 550 cycles; (d) the 

differential curves of the hysteresis loops after 550 cycles. 

Fig. 7 The fitted lines of phase tranistion temperture and hysteresis loops width of 

different W- doped VO2 films before and after 550 cycles 
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Fig. 1 XRD patterns of  W- doped VO2 films with different contents. (a) before 550 cycles; (b) 

after 550 cycles. The inset image is shift of diffraction peak of (011) plane 

 

 

Fig. 2 The core level spectra of (a)V2p and (b) W4f of 4.8 at% W-doped VO2. 
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Fig. 3  SEM images of VO2 films with different W doping contents: (a) and (b) 0.0 

at%; (c) and (d) 0.8 at%; (e) and (f) 1.6 at%; (g) and (h) 3.2 at%. (a), (c), (e) and (g) 

are micro-structure before 550 cycles, while (b), (d), (f) and (h) are micro-structure 

after 550 cycles. 
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Fig. 4 The transmittance of VO2 films with different W doping contents :(a) 0.0 at%; 

(b) 0.8 at%; (c) 1.6 at%; (d) 3.2 at%. The full and dash lines are transmittance at room 

temperature and high temperature, respectively. The red and blue lines are 

representative before and after 550 cycles, respectively. 
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Fig. 5  Cycle stability of the VO2 films with different W doping contents: (a) 0.0 at%; (b)0.8 

at%; (c) 1.6 at%; (d) 3.2 at%. (All  data were measured at -20 ℃, and the transmittance of the 

films were measured at a wavelength of 2000 nm with a heater). 
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Fig. 6 The hysteresis loops and differential curves of different W- doped VO2 films: (a) the 

hysteresis loops before 550 cycles; (b) the differential curves of the hysteresis loops before 550 

cycles; (c) the hysteresis loops after 550 cycles; (d) the differential curves of the hysteresis loops 

after 550 cycles 

 

Fig. 7 The fitted lines of phase tranistion temperture and hysteresis loops width of different W- 

doped VO2 films before and after 550 cycles 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

1. W - doped VO2 films not only lower phase transition temperature and narrow 

hysteresis loops width, but also enhance cycle stability. 

2. The phase tranisition temperature decreasing efficiency changes from 16.5 K/ 

at.% to 16.9 K/ at.% and  the narrowing efficiency changes from 1.9 K/ at.% to 

2.2 K/ at.% after 550 cycles.  

3. W - doped VO2 films were prepared by inorganic sol - gel method, and W dopant 

was obtained by pouring melt V2O5 into ammonium tungstate solution. 

 

 

 

 

 

 

 

 

 
 


