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ABSTRACT: 

Usually, VO2 film prepared by magnetron sputtering method exhibits good durability 

and excellent solar modulation efficiency (ΔTsol). However, its undesirable low 

temperature luminous transmittance (Tlum) limits its application in the smart windows 

since the dense film composed of VO2 nanocrystals with narrow band gap can absorb 

more visible light. In this work, Zn2V2O7-VO2 composite film was deposited on 

quartz glass by a facile magnetron sputtering method followed by post annealing at 

450 ºC, in which transparent Zn2V2O7 aimed to improve the optical performance. The 

composite film showed an enhanced thermochromic performance with ΔTsol of 11.5%, 

Tlum of 49.0% and phase transition temperature (Tc) of 43.8 ºC compared with pure 

VO2 film (Tlum = 34.1%, ΔTsol = 10.9%, Tc = 49.2 ºC). This was probably attributed to 

the formation and uniform distribution of Zn2V2O7 in the composite film which could 

widen the optical band gap, leading to the improvement in the optical properties. The 

interface between Zn2V2O7 and VO2 could produce interfacial stress to reduce the 

phase transition temperature. Therefore, this work can provide a facile way to 

improve the thermochromic performance of VO2 based films and promote their 

application in the field of energy-saving glass. 

 

KEYWORD: Zn2V2O7-VO2 composite film; magnetron sputtering; solar modulation 

efficiency; luminous transmittance; phase transition temperature; 

  



INTRODUCTION 

  Recently, VO2 has been considered as the most promising material for 

energy-saving smart windows due to its unique thermochromic properties.1-3 Bulk 

VO2 undergoes a reversible phase transition from monoclinic phase (VO2(M)) to rutile 

phase (VO2(R)) at 68 ºC,4 accompanied by large changes in optical properties.5 The 

phase transition temperature of VO2 is called as the critical temperature (Tc).6 When 

the temperature is lower than Tc, VO2 based coatings are transparent to near infrared 

(NIR) light; while the temperature is higher than Tc, they could reflect most of the 

NIR light, thereby reducing the transmittance of NIR (TNIR) light.7 With the ability of 

modulating (TNIR) in response to the ambient temperature, ideally, VO2 coatings based 

smart windows could keep indoor warm in cold winter while cool in hot summer to 

reduce energy consumption.6  

  There are many methods to prepare VO2 thin films on the glass substrates, 

including magnetron sputtering,7 pulsed laser deposition,8 hydrothermal methods,9 

vacuum evaporation,10 chemical vapor deposition,11 and ion implantation.12 In these 

methods, magnetron sputtering is widely used since it demonstrated strengths of high 

repeatability, suitability for mass production and preparing coatings with uniform 

density, good durability, excellent solar modulation efficiency.5 However, the pure 

VO2 film prepared by magnetron sputtering not only presented low but also showed a 

high phase transition temperature,13-14 since the VO2 nanocrystals with narrow band 

gap of 0.67 eV,15 which could absorb visible light thus lowering luminous 

transmittance. In order to solve the above problems, many methods have been adopted. 

The phase transition temperature of the film could be reduced by element doping. The 

most typical element is W. The incorporation of W into VO2 crystals can reduce the 

phase transition temperature of VO2 film by 15-40 ºC /at% depending on the 

preparation method, however, the solar modulation efficiency and the luminous 

transmittance of the film would be deteriorated equally.16-19 The incorporation of Mg 

can also reduce the phase transition temperature of the VO2 film and improve 

luminous transmittance, but the solar modulation efficiency of the film is reduced.20 



Other elements such as Nb5+, Mo6+ can also reduce the phase transition temperature of 

the films, but affect the solar modulation efficiency and the luminous 

transmittance.19,21 In addition, there are other methods that can also reduce the phase 

transition temperature of the film by precisely controlling the oxygen partial pressure 

and the atmosphere for annealing, while both failed to investigate the luminous 

transmittance and solar modulation efficiency.22,23 The weak luminous transmittance 

of VO2 films prepared by magnetron sputtering is mainly caused by inherent 

absorption and reflection. The addition of anti-reflection layer on the surface of VO2 

film can increase the optical properties of the film.24-26 By preparing VO2/AZO, 

TiO2(R)/VO2(M)/TiO2(A), TiO2/VO2/TiO2/VO2/TiO2 and other multilayer film 

structures, the luminous transmittance could also be increased,27-29 but these methods 

had little effects on the phase transition temperature of the VO2 film. Therefore, it is 

of great significance to fabricate VO2-based film with reduced phase transition 

temperature, good luminous transmittance and excellent solar modulation efficiency. 

   In this work, Zn2V2O7 with wide band gap was introduced into the VO2 film to 

obtain a single-layer composite film by magnetron co-sputtering zinc oxide and 

vanadium targets followed by post annealing.30,31 The obtained uniform Zn2V2O7-VO2 

composite film exhibits good Tlum of 49.0%, suitable ΔTsol of 11.5% and reduced Tc of 

43.8 ºC compared with pure VO2 film (Tlum-L = 34.1%, ΔTsol = 10.9%, Tc = 49.2 ºC). 

Optimization of thermochromic performance is probably attributed to the dispersion 

structure of Zn2V2O7 nanograins in the composite film. In addition, the reduced phase 

transition temperature is probably caused by interfacial stress produced by the 

heterojunction between VO2 and Zn2V2O7 grains. It is believed that the proposed 

universal approach will further promote the development of the practical smart 

windows in energy-saving buildings. 

EXPERIMENTAL METHODS 

Preparation of Zn2V2O7-VO2 composite film. The Zn2V2O7-VO2 composite film 

was fabricated on 25×25×1 mm quartz glass substrate via a magnetron co-sputtering 

system and post annealing. V target (99.95%) and ZnO (99.99%) target were used for 



co-deposition. Before sputtering, the vacuum chamber was evacuated to 3.0 × 10-3 Pa. 

Then, Ar (99.99%) was introduced into the chamber and the gas flow rate was fixed at 

200 sccm. During the deposition, keeping the substrate at ambient temperature. 

ZnO-V composite films were deposited through direct current magnetron sputtering 

of V targets and radio frequency magnetron sputtering of ZnO targets simultaneously 

at identical power of 75 W. The vanadium target was continuously sputtered for 16 

min, while the ZnO target was intermittently co-sputtered at 4-minute intervals for 1 

min starting at 1.5 min after vanadium sputtering began and sputtering time lasted 4 

min in total. Finally, the post-annealing process was performed to transfer ZnO-V 

composite films to Zn2V2O7-VO2 composite films. In detail, ZnO-V composite films 

was annealing at 450 ºC for 1 h, prior to ramping up temperature to the annealing 

temperature at the ramp rate of 5 ºC/min, the air pressure in the tube furnace was 

controlled at 1100 Pa promising to oxidize V to VO2. The Zn2V2O7-VO2 composite 

films was obtained after furnace naturally cool down. It is worth noting that post 

annealing was necessary for preparing the Zn2V2O7 from reaction between VO2 and 

ZnO, since the reaction took time and required high enough temperature, even though 

that would extend production time compared with the magnetron sputtering method 

that in-site growth VO2 under O2 flow. The whole fabrication process of the 

composite film was illustrated in detail in Figure 1. For comparison, Zn2V2O7-VO2 

composite films with various total ZnO sputtering duration (2min, 6min) and in 

particular pure VO2 film (0 min), Zn2V2O7 (16 min) film denoted as VZ2, VZ6, V and 

VZ16 separately were also prepared to justify the effect of V/Zn ratio on 

thermochromic properties of composite films by the same method, and the detailed 

preparation process was described in Figure S1. The specific parameters were 

summarized in Table S1. 



 

Figure 1. The diagram for fabrication process of VO2 film and Zn2V2O7-VO2 composite film.  

Characterizations. Glancing angel X-ray diffraction (GAXRD) measurement was 

used to characterize the crystal structure of the film on Empyrean diffractometer (Cu 

Kα, λ = 0.154178 nm produced under a 4 kW output power). Field emission scanning 

electron microscopy (FESEM, JSM-5610LV, Japan) was used to observe the 

morphology of the surface and cross-section of the films. Surface morphology and 

roughness of films were measured by an atomic force microscopy (AFM, Nanoscope 

IV/Nanoscope IV, VEECO). X-ray photoelectron spectroscopy (XPS, ESCALAB 

250Xi, Thermo Fisher) was employed to characterize the valence of each element in 

the film. The phase transition temperatures of the films were measured by the vacuum 

photoconductive tester (VPT). Solar transmittance (300-2500 nm) of films at 20 ºC 

and 90 ºC respectively was characterized by an ultraviolet-visible-near-infrared 

spectrophotometer (UV-vis-NIR, UV-3600, SHIMADZU) with an attached 

temperature control device. The integrated solar modulation efficiency and luminous 

transmittance of films can be calculated according to formula (1): 

𝑇lum/sol = ∫ 𝜑lum/sol(𝜆)𝑇(𝜆)d𝜆 ∫ 𝜑lum/sol(𝜆)d𝜆⁄             (1) 

where T(λ) is the transmittance, λ is the wavelength of the incident light, φlum(λ) 

denotes the spectral sensitivity of the light to the human eye, and φsol(λ) represents the 

irradiance spectrum of the sun light at an atmospheric mass of 1.5 (corresponding to 

the sun from the horizon 37°).9 ΔTsol can be obtained according to formula (2): 

       ∆𝑇sol = 𝑇sol(20 °C) − 𝑇sol(90 °C)                   (2) 



3. RESULTS AND DISCUSSION 

Crystal Structure and Morphology of Films. To analyze the crystal structure of the 

as-prepared composite films, XRD characterization was carried out and the results are 

shown in Figure 2a. It can be seen, all the diffraction peaks of the VO2 film match 

well with the M-phase VO2 (JCPDS database No. 65-2358), indicating that the 

prepared film is pure M phase VO2. For Zn2V2O7-VO2 composite film, some 

diffraction peaks belong to M-phase VO2 (JCPDS database No. 65-2358) and other 

peaks correspond well to Zn2V2O7 (JCPDS database No. 28-1497), suggesting that the 

composite film is composed of VO2(M) and Zn2V2O7. Notably, ZnO was completely 

reacted with VO2 to form Zn2V2O7 during the annealing process. In addition, most 

diffraction peaks of the Zn2V2O7 film match well with standard Zn2V2O7 (JCPDS 

database No. 28-1497) and a small peak belongs to V2O5 (JCPDS database No. 

76-1803) in Figure S2a since slight amount of V metal annealing in air condition were 

directly oxidized into V2O5.32 This indicates that the film is comprised of most 

Zn2V2O7 and a few V2O5. The SEM images for surface morphology of these films 

were shown in Figure 2b and c. It can be seen that these films are composed of fine 

particles with diameter of about 50-100 nm. Many grain boundaries can also be 

observed obviously in both films. There are few pores in the Zn2V2O7-VO2 composite 

film and VO2 film while no pores in the Zn2V2O7 film (Figure S2b). Two-dimensional 

and three-dimensional atomic force micrographs (Figure 2d and e) exhibit a relative 

rough surface morphology of the Zn2V2O7-VO2 composite film with 

root-mean-square roughness (Rq) of 17.1 nm, which might be relate to the composite 

components with different morphology. It is believed that the rough surface was 

beneficial to improve luminous transmittance through weakening the specular 

reflectance.    



 

Figure 2. (a) XRD patterns of Zn2V2O7-VO2 composite film and VO2 film. FESEM images of 

(b) Zn2V2O7-VO2 composite film, (c) VO2 film. (d) Two-dimensional and (e) 

three-dimensional AFM images of the surface morphology for Zn2V2O7-VO2 composite film 

Composition Analyses of Films by Means of XPS and EDS. In order to further 

understand the element composition and the valence of each element in films, XPS 

characterization was performed and the results were shown in Figure 3. The XPS data 

were calibrated by standard C1s binding energy of 284.8 eV. V 2p and O 1s peaks 

were observed in the survey spectra of Figure 3a, confirming the existence of VO2 in 

the Zn2V2O7-VO2 composite film and VO2 film. The Zn 2p peak can be obviously 

seen in the Zn2V2O7-VO2 composite film but not in pure VO2 film in Figure 3b 

revealing the exist of Zn2V2O7 combining with XRD results. Furthermore, the Zn 2P 

core level was split into Zn 2p3/2 (1022.1 eV) and Zn 2p1/2 (1045.2 eV) peaks, 

indicating that there was Zn element with a valence state of +2 in the Zn2V2O7-VO2 

composite film. Figure 3c and d show the high-resolution analysis of the V 2p3/2 and 

O 1s peaks in VO2 film as well as their deconvolution analysis based on Gaussian 

function. V 2p3/2 can be divided into two peaks of 515.9 eV and 517.2 eV 

corresponding to the +4 and +5 valences of vanadium, respectively. The presence of 

V5+ ions could be ascribed to partial oxidation of the film exposed in the air.33-35 The 



O 1s of the VO2 film also corresponded to two peaks at 529.9 eV and 532.1 eV, 

indicating that two states oxygen in the film indexed to VO2 and V2O5 respectively.34 

In the Zn2V2O7-VO2 composite film, V 2p3/2 can also be divided into two peaks at 

515.5 eV and 517.4 eV, which also corresponded to V4+ and V5+, respectively. Quite 

amount of V5+ originated from Zn2V2O7 resulting in stronger intensity of V5+ core 

level being achieved in Zn2V2O7-VO2 composite film than that in VO2 film (Figure 

3d).33,34 The O 1s core level of the composite film with two peaks at 530.3 eV and 

531.9 eV were also corresponding to the O elements in VO2 and Zn2V2O7, 

respectively. This indicates that Zn2V2O7 and VO2 are present in the composite film, 

which is consistent with the above XRD results. 

To further understand the distribution of Zn, V and O in the composite film, 

elemental mapping analysis were performed on the film surface. The element 

distribution of V, Zn and O were shown in Figure 4a-c. It can be seen that each 

element was uniformly distributed in the film, revealing that Zn2V2O7 and VO2 

particles adhered together in the composite film. The atomic ratio of V and Zn 

calculated form the atomic fraction in Figure 4d was about 3.6:1, which was in good 

agreement with the sputtering time ratio of V target and ZnO target.  



 

Figure 3. (a) XPS survey spectrum of Zn2V2O7-VO2 composite film and VO2 film, 

high-resolution XPS spectrum for (b) Zn 2P, (c) V 2p core level in VO2 film and (d) O 1s core 

level in Zn2V2O7-VO2 composite film.  



 

Figure 4. The element mapping for different elements: (a) V, (b) Zn, (c) O of the 

Zn2V2O7-VO2 composite film and (d) EDS spectrum of corresponding surface (inset is the 

mass and atomic fraction of V, Zn, O elements). 

Thermochromic properties of Zn2V2O7-VO2 composite films. To investigate effect 

of Zn2V2O7 contents on optical properties of Zn2V2O7-VO2 composite films, samples 

with different ZnO sputtering durations but constant V sputtering time of 16 min were 

fabricated and the corresponding transmittance were posted in Figure S3. As can be 

seen, transmittance especially for the visible light region was improved significantly 

as increasing total ZnO sputtering durations. The specific optical properties were 

summarized in Table S2, as increasing sputtering duration of ZnO，Tlum was increased 

from 34.1% of VO2(V) film to 49% of Zn2V2O7-VO2(VZ4) composite film, slight 

diminish in that of VZ6 film would be contributed to slight film thickness alternation 

compared with VZ4 since ΔTsol exhibited opposite variation trend.  Excessive 

sputtering duration of ZnO led to synthesis of pure Zn2V2O7 (VZ16) film without 

thermochromic properties evidenced by the superposition of transmittance at 20 ℃ 

and 90 ℃ (ΔTsol=0) (Figure S2a and Figure S3b). However, it is worth noting that the 



Zn2V2O7 showed highest Tlum of 84%, indicating that Zn2V2O7 was an appropriate 

transparent matrix for improving the optical properties of VO2 film. Taking the 

comprehensive optical properties into account, VZ4 (Zn2V2O7-VO2) composite film 

put up the best performance than others. Therefore, the effect of structures on 

performance were mainly discussed detailly among VO2, VZ4 (Zn2V2O7-VO2) and 

Zn2V2O7 films.     

 

Figure 5. Cross-sectional FESEM images and the optical photographs of (a) VO2 film, (b) 

Zn2V2O7-VO2 composite film, (c) optical transmittance spectra in the range from 300 nm to 

2500 nm at 20 ℃ (solid lines) and 90 ℃ (dashed lines) and (d) temperature-dependent 

resistance for Zn2V2O7-VO2 composite film and VO2 film. 

Optical photographs of these films were depicted in Figure 5a, b and Figure S4a. It 

can be seen that VO2 film is brown and Zn2V2O7 film is pale yellow while the 

Zn2V2O7-VO2 composite film is brown-yellow that located between color of former 

two films, further confirming that the composite film is composed of VO2 and 

Zn2V2O7. In addition, the words under Zn2V2O7-VO2 composite film presented clearer, 



indicating that the composite film exhibited a higher luminous transmittance than VO2 

film, and the transmittance spectra presented in Figure 5c ulteriorly demonstrated the 

deduce aforementioned. Considering that the thickness was an important factor 

influencing the optical properties of thin films, the film thickness was determined 

according to the cross-sectional SEM image. Figure 5a, b and Figure S4a compares 

the representative cross-sectional SEM images of VO2 film, Zn2V2O7-VO2 composite 

film and Zn2V2O7 film. The thickness depending on the total sputtering durations of V 

target and ZnO target were 104 nm, 126 nm and 186 nm for VO2 film, Zn2V2O7-VO2 

composite film and Zn2V2O7 film, respectively. Even though the thickness was 

increased by prolonging the total sputtering durations, Tlum was enhanced instead. One 

could explain that the ZnO contents increased in the V-ZnO precursor film react with 

more VO2 during annealing, resulting in less VO2 being preserved in the obtained 

Zn2V2O7-VO2 composite film compared with pure VO2 film. Furthermore, generated 

Zn2V2O7 with ultrahigh Tlum of 84.0% uniformly dispersed in the Zn2V2O7-VO2 

composite film serving as transparent matrix, which was of great importance for 

enhancement of Tlum as well as ΔTsol in accordance with the model of VO2-SiO2 

composite films (VO2 nanoparticles dispersed in SiO2).36,37 Although ΔTsol was not 

increased significantly, just from 10.9% for VO2 film to 11.5% for Zn2V2O7-VO2 

composite film. It is impressive to optimize greatly Tlum by 43.7% (from 34.1% to 

49%) while maintain the ΔTsol slightly being increased (Table 1).38 

Table 1. Thermochromic properties of VO2, Zn2V2O7-VO2 and Zn2V2O7 films as well as the 

corresponding optical bandgap. 

Samples Tlum (%) ΔTsol (%) Tc (℃) Eg (eV) 

VO2 34.1 10.9 49.2 1.7 

Zn2V2O7-VO2 49.0 11.5 43.8 2.8 

Zn2V2O7 84.0 0 - 3.2 

Furthermore, the enhancement in Tlum was attributed to the widened optical band 

gap shown in Figure 6 simultaneously. The optical bandgap was estimated through 



transmittance data, by calculating the absorption coefficient α as a function of energy 

using Beer-Lambert’s law as follows. 

𝛼𝑑 = − ln
𝑇

1−𝑅
                          (3) 

(𝛼ℎ𝑣)𝑚 = 𝐴(ℎ𝑣 − 𝐸𝑔)                      (4) 

The optical bandgap Eg was derived from equation (4), where the exponent m here 

was identified as 1/2 for indirect-allowed optical transition. By linear fitting the plot 

of (αhυ)1/2 depend on hυ, Eg was obtained from the intercept of fitted line with x axis 

(Figure 6) and summarized in Table 1. One can see that optical bandgap become 

wider as increasing the contents of Zn2V2O7. The distinction was quite pronounced 

that optical bandgap has been widened from 1.7 eV of VO2 film to 2.8 eV of 

Zn2V2O7-VO2 composite film. The introduction of Zn2V2O7 with higher optical 

bandgap of 3.2 eV widened optical bandgap and further caused a significant blue shift 

in the absorption edge, leading to decrease in visible light absorption thus improve 

luminous transmittance ultimately. Meanwhile, the color of films turned lighter as 

discussed above.   

 

Figure 6. (αhυ)1/2 and hυ plots for VO2, Zn2V2O7-VO2 composite film and Zn2V2O7 films, 

indicating the optical bandgap of each film. 

Moreover, the temperature dependent resistance test was carried out on the vacuum 

photoconductive tester (VPT) and the results were displayed in Figure 5d. The phase 

transition temperature (Tc) of these films were obtained according to the film 

temperature dependent resistance curves. Herein, Tc was derived from Tc=(Tc,h+Tc,c)/2, 



that was, the central point of the hysteresis loop, in which Tc,h and Tc,c were 

temperatures where slope is highest in the heating and cooling branches.39 It can be 

calculated that Tc,h was 49.1 ℃ and Tc,c was 38.5 ℃ in Zn2V2O7-VO2 composite film 

while Tc,h was 54.5 ℃ and Tc,h was 43.9 ℃ for VO2 film. In this sense, Tc of 

Zn2V2O7-VO2 composite film and VO2 film was 43.8 ℃ and 49.2 ℃ (Table 1), 

respectively. Obviously, Zn2V2O7-VO2 composite film showed a lower phase 

transition temperature than that of VO2 film but much higher resistance than that of 

VO2 film at the same temperature. The reduction in the phase transition temperature 

was probably attributed to the boundaries between Zn2V2O7 and VO2 grains which can 

cause considerable strain and thus leading to phase transition at lower temperature.40 

The increasement in the film resistance was probably caused by the addition of 

Zn2V2O7 gains with higher resistance than that of VO2 grains in the composite film. 

This was confirmed by the temperature dependent resistance curve of Zn2V2O7 film in 

Figure S4c. Therefore, the composite film showed enhanced comprehensive 

thermochromic performance compared with pristine VO2 film prepared by magnetron 

sputtering using V2O5 target that with Tlum of 36.63% and ΔTsol of 5.87%.41 To 

objectively evaluate the thermochromics, a comparison has been made with some best 

reported works that aiming to improve the thermochromic properties of VO2 film 

through microstructures, multilayers and element doping using magnetron sputtering 

method (Table 2).  

As can be seen, Mg, Fe and Si doping have been employed to adjust the 

thermochromic properties of pristine VO2 film,20,42,43 especially, reduce Tc. However, 

they all failed to improve the optical properties simultaneously, for instance, Mg and 

Si doping would impair ΔTsol and only reduction of Tc to be found in Fe doping film. 

Besides, thermochromic properties in this work were more excellent that that of 

doping films. Double layer structures (VO2/TiO2 and Cr2O3/VO2) only affect the optical 

properties while maintain the Tc of bulk VO2,44,45 Furthermore, ZrO2/V1-xWxO2/ZrO2 films 

aimed to optimize the optical performance as well as decrease Tc through 

incorporating W into VO2 lattices.18,19 Indeed, excellent comprehensive 



thermochromic properties with ΔTsol of 49.9%, Tlum of 10.4% and Tc of 20 ºC were 

obtained, but it was quite complicated for designing multilayer structures, and 

multi-strategies integration would raise the bar of difficult and cost for production. In 

all, Zn2V2O7-VO2 composite film exhibited comparable overall thermochromic 

properties compared with that of best reported works.   

Table 2. Comparison of thermochromic properties between this work and those best reported 

VO2 films fabricated by magnetron sputtering. 

System Tlum (%) ΔTsol (%) Tc (ºC) Reference 

Mg-doped VO2 film ~51.0 - ~45.0 20 

Fe-doped VO2 film 36.2 14.6 34.1 42 

Si-doped VO2 film 36.1 9.2 46.1 43 

VO2/TiO2 film 35.2 10.4 68.0 44 

ZrO2/V0.982W0.018O2/ZrO2 film 49.9 10.4 20.0 18 

ZrO2/V0.988W0.012O2/ZrO2 film 42.0 12.0 39.0 19 

Cr2O3/VO2 Smart film 46.0 12.2 73.0 45 

V3O7-V2O5-VO2 Composite film 29.1 20.3 56.7 46 

Zn2V2O7-VO2 composite film 49.0 11.5 43.8 This work 

“-” means data not mentioned. 

4. CONCLUSION 

  The Zn2V2O7-VO2 composite film was successfully prepared by DC and RF 

dual-target magnetron co-sputtering and subsequent post-annealing treatment. The 

Zn2V2O7-VO2 composite film showed improved luminous transmittance (Tlum=49.0%), 

suitable solar modulation efficiency (ΔTsol=11.5%) and lower phase transition 

temperature (Tc=43.8 ℃) than pristine VO2 film. The enhancement in the 

thermochromic performance was probably attributed to the addition of Zn2V2O7 

grains in the composite film which can consume some VO2 grains to form 

Zn2V2O7-VO2 interface. The uniform distribution of Zn2V2O7 grains in the composite 

film can increase the visible transmittance since Zn2V2O7 can strongly widen the 



optical bandgap of Zn2V2O7-VO2 film. The Zn2V2O7-VO2 grain boundaries will 

produce considerable strain to trigger the phase transition at lower temperature. The 

composite film overcomes the primary weaknesses of the pure VO2 films prepared by 

magnetron sputtering for smart windows and thus becomes a promising material to 

create energy-saving devices in the future. In addition, this work opens the door to 

future studies of interface-dependent behavior in composite film, as well as possible 

integration into other devices. 
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