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ABSTRACT: Vanadium dioxide (VO2) is a strong-correlated metal-oxide with a sharp metal-

insulator transition (MIT) for broad device development. However, synthesizing epitaxial VO2 

films with desired properties has been a challenge due to the difficulty in controlling the oxygen 

stoichiometry of VOx, where x can be in the range of 1< x <2.5 and V has multiple valence states. 

Herein, a unique moisture-assisted chemical solution approach has been developed to successfully 

manipulate the oxygen stoichiometry, to significantly broaden the growth window, and to 

significantly enhance the MIT performance of VO2 films. The obvious broadening of the growth 

window of stoichiometric VO2 thin films, from 4°C to 36°C, is ascribed to a self-adjusted process 

for oxygen partial pressure at different temperatures by introducing moisture. A resistance change 

as large as four orders of magnitude has been achieved in VO2 thin films with a sharp transition 

width of less than 1°C. The much enhanced MIT properties can be attributed to the higher and 

more uniform oxygen stoichiometry. It is not only scientific interesting but also technological 

important that this unique scalable technique for fabricating wafer-scaled VO2 films with uniform 

properties has been successfully developed for practical device applications. 
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1. INTRODUCTION 

Vanadium dioxide (VO2), a classical strong-correlated oxide with a sharp metal-insulator 

transition (MIT), has fascinated scientists and engineers’ insterests owing to its enrich chemical 

and physical properties for various novel device applications.  During the MIT, the resistivity of 

VO2 can change about 4-5 orders of magnitude, and its optical properties are also largely 

modulated.1-3 These unique properties make VO2 attractive for infrared detectors, smart windows, 

optical modulators, and thermal/electrical/optical-driving-switches used in microelectronic or 

optical-electronic devices. 1-6 However, the desired electrical and optical properties of VO2 can 

only be achieved with the well-controlled oxygen stoichiometry.2, 3 In other words, the 

nonstoichiometric VO2 (either oxygen vacancy or non-desired V valence states) would break the 

correlation of V-V 3d electrons to alter electronic energy states and/or introduce strain in the films 

which result in the trends to unfavorable electronic and optical properties for device development. 

Since V has multi-valence states, the value of x in VOx can be in the broad range of 1≤ x ≤ 2.5,5, 7 

making the oxygen stoichiometry of VO2 extremely susceptible to the growth condition. Thus, 

precisely controlling the oxygen stoichiometry in VOx and establishing the role of oxygen 

stoichiometry for manipulating the metal-insulator transition have become the critical issues in the 

research community. 2, 3, 8, 9 It is well known that once the stoichiometry of VO2 is deviated from 

its ideal value, the vanadium oxide Magnéli phases (VnO2n-1) with lower oxidation states (<+4) or 

the Wadsley phases (VnO2n+1) with higher oxidation states (>+4) can form (as seen in Figure S1). 

This implies that a robust processing technique with the ability to prevent the formation of V5+ or 

V3+ during the growth process becomes necessary for governing high performance VO2 films. 

Therefore, various techniques have been explored to fabricate highly stoichiometric VO2 thin 

films.3, 10, 11  
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Thermodynamically, both the oxygen partial pressure pO2 and the growth temperature can be 

used to control the valence states of V for stable phases of V2O3, VO2 and V2O5, as seen in Figure 

1 (a).12 In the physical vapor deposition such as sputtering, pulsed laser deposition (PLD), and 

molecular beam epitaxy (MBE),10, 13 the most common approach is to adjust the oxygen partial 

pressure pO2 in the growth chamber under a growth temperature (denoted as strategy (a), or the 

arrow (a) shown in Figure 1 (a)).13, 14 In the chemical solution deposition (CSD) techniques, the 

approach is usually to adjust the processing temperature under a constant oxygen pressure (denoted 

as strategy (b), or the arrow (b) shown in Figure 1 (a)).   

    Fan et al.10 have grown VO2 thin films using MBE with approach (a) and found that a large 

resistivity-drop across MIT was achieved with oxygen flow rates of 1.3 - 1.8 sccm during the film 

growth. Kim et al 14 deposited the films by changing the oxygen pressure using PLD and also 

found that highly stoichiometric VO2 samples was achieved only with oxygen pressures varying 

from 30 to 50 mTorr. Meanwhile, Lee et al 13 showed that the oxygen pressure window during the 

process to grow highly stoichiometric VO2 was very narrow (only 10 mTorr). In this paper, we 

have tried to obtain highly stoichiometric VO2 thin films using the polymer-assisted deposition 

(PAD) technique by adopting strategy (b) to optimize the growth condition. PAD is a CSD 

technique whose distinguish feature is that inorganic metal ions are bonded with a water-soluble 

polymer to form the water-based precursor solution. Since the metal ions are bonded with the 

polymer, the hydrolytic reactions in water are avoided by the ligands that block the access of water 

molecules to the metal ions, which has greatly improved the stability and controllability of the 

process. Similar to other typical CSD techniques for thin film deposition, the precursor solution is 

applied onto a substrate and the coated layer is finally treated at a desired temperature in a proper 

environment to remove the polymer while the remained metal ions react with gas to form films. 
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By using this technique, the optimized growth temperature window for high quality VO2 thin films 

with a resistance-drop across MIT larger than 2×103 times was found to be as narrow as 4°C, which 

will be shown in the following section. The very narrow growth window of high quality VO2 is 

attributed to the multi-valence states of V ions and the complex phase diagram of VOx. Therefore, 

it is still imperative to explore a practical way to control the oxygen stoichiometry and further 

improve the MIT properties of VO2 thin films with scalable dimension and reproducible properties 

for practical applications.  

   Although the transition width of less than 1°C has been reported on a few high quality VO2 

thin films grown by MBE or PLD, 4, 15, 16 very limited efforts have been explored for enhancing 

MIT properties of VO2 thin films grown by a CSD technique which offers great advantages of low 

cost and easy setup. Herein, we have systematically investigated the effects of oxygen content on 

the MIT properties of VO2 thin films grown by the PAD technique, a CSD method for preparing 

oxide thin films.17-19 Our finding indicates that the formation of V5+ and V3+ in the films could be 

greatly suppressed simply by introducing moisture during the conversion process. Moisture, a 

modest gas, which has been used to compensate for the oxygen vacancies in preparing other 

oxides,20, 21 should be able to suppress the formation of V3+ ions.  On the other way, moisture is 

not active enough to oxidize V4+ ions into V5+ ions. 22, 23 Moreover, it is easy to introduce moisture 

into the annealing environment of a CSD process. With this approach, we developed a unique 

technique to broaden the optimal growth window for VO2 films, which can significantly enhance 

the film quality and the reproducibility.  A very sharp MIT with a large resistivity change of 4 

orders in magnitude has been reproducibly achieved. Especially, this scalable technique for 

fabricating wafer-scaled (3 inches in diameter) VO2 films with uniform MIT properties has been 

demonstrated, which can pave a novel way for practical device developments.  
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To achieve stoichiometric VO2 thin films, one should pay close attention to the interplay between 

the oxygen partial pressure pO2 and the temperature during the conversion process.  As shown in 

Figure 1 (a) (the blue line), the VO2 film would be thermodynamically over-oxidized (pO2, T1) or 

over-reduced (pO2, T2) at a given oxygen pressure if the temperature was either lower or higher 

than the optimal temperature (pO2, T). In other words, the film would show either oxygen rich 

(equivalent to vanadium vacancies) or oxygen deficient (equivalent to oxygen vacancies) when 

the temperature was below or above the optimal temperature. When the moisture is introduced 

during the conversion process, compensation for the oxygen vacancies could be achieved, 20, 21 

resulting in the expansion of the growth window to a higher temperature range which is a relatively 

over-reduced environment. The reaction between oxygen vacancies and H2O can be described by 

the following reaction: 

'
2 O 2OV H O 2e O H•• + + ↔ + ……………………………………………………………(1) 

Moreover, introducing water vapor brings out another factor in the phase diagram, i.e. changing 

the chemical equilibrium. To evaluate the oxidability of water with the temperature and the 

equilibrium oxygen pressure, we need to consider the chemical equilibrium of the formation 

reaction of water: 

2 2 2
1 O H H O
2

+ ↔
………………………………………………………………..….(2) 

 According to the chemical equilibrium constants of this formation reaction at different 

temperatures,12 we can calculate one gas partial pressure when we know the other two kinds of gas 

partial pressures. For example, in our experiments, we used a formming gas (98.5% N2 and 1.5% 

H2) in the annealing process which set up the hydrogen partial pressure to be 0.015 atm. On the 

other hand, the equilibrium oxygen partial pressure pO2 in Figure 1(a) for the formation of VO2 at 
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500°C is about 10-39.2 atm. Then we can get the optimal water partial pressure is 3.2×10-8 atm at  

500°C. If the water partial pressure was fixed to 3.2×10-8 atm. The equilibrium oxygen partial 

pressure pO2 with temperature would be calculated and shown by the yellow line in Fig. 1(b).  To 

have a better understanding of the important role of water, the equilibrium oxygen partial pressure 

pO2 for the formation of VO2 is also presented in Figure 1(b). It is obvious that the equilibrium 

oxygen partial pressure pO2 for water can increase with temperature, which approaches the 

equilibrium oxygen partial pressure pO2 for VO2. In other words, introducing moisture in the 

growth ambience would set up a self-adjusted process for oxygen partial pressure while the growth 

temperature varies, which broadens the growth window of stoichiometric VO2 thin films. If the 

water partial pressure was lower than  3.2×10-8 atm, e.g. 3.2×10-9 atm,  the equilibrium oxygen 

partial pressure (presented in the green line in Figure 1(b)) would move downward, indicating that 

with a higher percentage of moisture, the optimal growth temperature window would shift to 

higher temperatures.  

 

Figure 1 (a) Equilibrium oxygen partial pressure pO2 vs. T curves for V2O3, VO2 and V2O5, 

respectively. pθ is standard atmospheric pressure. (b) Equilibrium oxygen partial pressure pO2 vs. 
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T curves for VO2 and H2O, respectively. The equilibrium oxygen partial pressure for H2O is 

calculated by setting the partial pressure of H2 at 0.015 atm and the partial pressure of H2O at 

3.2×10-8 atm (high) and 3.2×10-9 atm (low), respectively. (the equilibrium constant of the 

formation reaction of H2O with temperature is from Ref. [10]) 

2. EXPERIMENTAL SECTION 

To explore the proposed approach for controlling the oxygen stoichiometry by moisture, 

various groups of samples were prepared to study the effects of the moisture on the growth window 

and the properties of VO2 thin films. First, a solution containing vanadium ions and 

polyethyleneimine (PEI) was prepared.24, 25 Briefly, 2 g of PEI (from Alfa Aesar, average Mw ≈ 

10000) and 2 g of Ethylenediaminetetraacetic acid (EDTA) (from Alfa Aesar) were dissolved in 

40 mL of de-ionized water. Then, 1 g of ammonium metavanadate (NH3VO3) (from Alfa Aesar) 

was added into this as-prepared solution and stirred until it was totally dissolved. The NH4
+ ions 

in the solution were removed by an Amicon filtration. The concentration of V ions in the final 

precursor was determined to be 0.268 mmol/mL, as measured by inductively coupled plasma-

atomic emission spectrometer (ICP-AES). The as-prepared precursor solution was spin-coated on 

M-plane sapphire [Al2O3 (1010)] substrates at 7000 rpm for 40 s to form the precursor films.  The 

quality of M-plane sapphire substrates, purchased from MTI Corporation, was checked by X-ray  

diffraction, as shown in Figure S2. The films were then thermally treated in a tube furnace. The 

precursor films were heated to 450°C at the speed of 1°C/min and kept at this temperature for 2 

hours for the purpose of removing the polymer. Then the films were heated to the annealing 

temperature and kept at that temperature for 2 hours to crystallize the films. Forming gas (98.5% 

N2 and 1.5% H2) was used during the heat treatment to provide a balanced environment with a 

proper equilibrium oxygen partial pressure. 26, 27 The moisture was added to the forming gas by 
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using a home-made equipment as shown in Figure S3 in supporting information. Although the 

calculated optimal moisture partial pressure is 3.2×10-8 atm as shown in Figure 1 (b), it should be 

noted that the chemical reaction rate for water thermal decompostion at a low temperature is 

extremely low. In our experiment, the chemical equilibrium could not be reached. On the other 

hand, the oxygen partial pressure in preparing VO2 films was much higher than the calculated 

equilibrium partial pressure shown in Figure 1 (a) from other experiments4, 13, 14,  due to the 

difference between the oxygen partial pressure in the growing VO2 thin film material and that in 

the tube furnace. Considering these reasons, the real moisture partial pressure in the growth 

chamber should be much greater than the calculated value to validate the self-adjusted 

compensation effect. Thus, in our experiments, group I was prepared in an ambiance with no 

moisture as a reference sample group, while group II and group III were grown in the ambiance 

with 3.1% and 5.5% moisture, respectively. For each moisture concentration, the growth window 

was carefully evaluated by growing samples at various annealing temperatures in a certain range 

near the optimal growth tempareature.  

3. RESULTS AND DISCUSSION 

The as-prepared VO2 films grown with or without moisture near the optimal growth 

tempareature are all epitaxy as confirmed by the normal θ-2θ scans and φ-scan using a 

PANalytical-Empyrean diffractometer, as shown in Figure 2 (a).The rocking curve measurements 

confirm that the crystallinity of the films can be improved with a moisture environment during the 

conversion process. As shown in Figures 2 (b) and (c), the values of the full width at half maximum 

(FWHM) of the rocking curves for the optimized VO2 films grown with 5.5% and without moisture 

are 0.32º and 0.40º, respectively. The smaller value for the VO2 films grown with moisture should 

be attributed to better crystal quality. The surface morphology of the films grown at different 
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moisture were examined by scanning electron microscopy (SEM), as shown in Figure S4. It 

presents that the moisture has little influence on the surface morphology of the films. 

 

Figure 2 (a) The XRD θ-2θ scanning patterns of the VO2 films, where the inset shows the XRD 

φ-scan patterns of the VO2 film and the substrate; (b) and (c) the XRD rocking curves of the VO2 

films converted with and without moisture. 

Resistivity (ρ) versus temperature (T) was measured for all the as-prepared samples. The ρ-T 

curves for the samples are shown in Figure S5-7 in the supporting information. Figures 3 (a) is the 

plot of Δρ/ρ80°C vs. growth temperature for the three groups of  samples, where Δρ=ρ50°C  - ρ80°C , 

ρ50°C  and ρ80°C  represent the resistivity of the VO2 film at 50°C  and 80°C , respectively. The 

growth window was defined to be the range of the growth temperature for the VO2 thin films with 

Δρ/ρ80°C >2×103, as indicated in the inset of Figure 3 (b). As shown in Figure 3 (a), the growth 

window for the VO2 thin films from group I (no moisture) is only about 4°C. However, the growth 

window for group II with 3.1% moisture expands to 12°C. Results from group III shows that when 



 11 

the moisture concentration in the growth ambiance is further increased to 5.5%, the growth 

window can be as much as 36°C. Figure 3 (b) summarizes the growth window versus the moisture 

concentration. Obviously, the introduction of moisture can greatly broaden the growth window of 

the VO2 films with desired properties, i.e. from 4°C for the case with 0% moisture to 36°C for that 

with 5.5% moisture. From Figure 3 (a), it can also be seen that the optimal growth window slightly 

shifts to a higher temperature when the concentration of moisture increases, which is consistent 

with the theoretical expectation illustrated in Figure 1 (b). Increasing the moisture means a higher 

equilibrium oxygen partial pressure. As shown in Figure 1(a), the temperature zone for the 

formation of VO2 need to be increased with the increasing oxygen partial pressure to follow the 

equilibrium curve and avoid the formation of VO2+x.  
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Figure 3 (a)The Δρ/ρ80°C  vs. growth temperature of the VO2 thin films grown with 0%, 3.1% and 

5.5% moisture; (b) growth windows for VO2 thin films grown under various moisture 

concentrations, the inset shows the definition of the growth window; (c) the ρ vs. T characteristic 

of the VO2 film grown without moisture; (d) the ρ vs. T characteristic of the VO2 film grown with 

5.5% moisture; (e) dlnρ/dT vs. T of the samples grown at 0% and 5.5% moisture, the inset shows 

the definition of ΔT of the transition; (f) the lnρ-1/kT plots of the optimized samples grown at 0% 

and 5.5% moisture, respectively. 
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The most important benefits from the moisture process are not only to drastically broaden the 

growth window thus effectively enhance the reproducibility, but also to significantly improve 

electrical properties of the as-grown VO2 thin films. As seen in Figures 3 (c) and (d), the resistivity 

drop Δρ/ρ80°C  (Δρ = ρ50°C  - ρ80°C ) is about 1.1×104 across the MIT for the optimal VO2 film grown 

without moisture but becomes about 2.75×104 for the optimal VO2 film grown with 5.5% moisture. 

It is important to note that the transition width ΔT (defined as the full width at half maximum of 

the dlnρ/dT-T plot 15, 28) gets considerably improvement, or change from 3.5°C for the film grown 

without moisture to less than 1°C for the film grown with 5.5% moisture, as seen in Figure 3 (e). 

The sharp transition width of <1°C is comparable to that from the bulk single crystal,29 suggesting 

that the films grown under the 5.5% moisture has good crystallinity.  It is known that ΔT strongly 

depends on the presence of defects and strains in the films. Usually, the ΔT is proportional to the 

total defects in the films, or can be expressed as 30 

dT ρ×∝ tC  Δ  ………………………………………………………………………….…(3) 

where Ct is a constant, ρd is the overall defect density. The narrow transition width of the film 

grown with 5.5% moisture implies the significant reduction of the defect density in the films or 

the high stoichiometric quality.  

    The improved film quality can also be understood by considering the point defects associated 

with non-stoichiometry such as the existence of V3+ ions (with a 3d2 configuration). Here, VO2 

behaves as a n-type semiconductor. Based on the Boltzmann distribution function under the 

thermal equilibrium condition, the electron density can be expressed as:  

  

3
2

2

2( ) 2[ ] exp( )π ∆
= −n am kT EP N

h kT  ……………………………………………………(4) 
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where k is the Boltzmann constant, mn is the effective mass of electron, h is the Planck constant, 

ΔEa is the activation energy which is defined as the gap between the Fermi level EF and the bottom 

of the conduction band Ec, i.e., ΔEa = Ec - EF. The Fermi level EF will shift closer to Ec (i.e., a 

smaller ΔEa) for a relatively higher electron concentration. For epitaxial VO2 films, the resistivity 

exhibits Arrhenius dependence which can be expressed as: 11 

0ln ln aE
kT

ρ ρ ∆
= +

………………………………………………………………….… (5) 

where ρ0 is the resistivity at infinite high temperature. The lnρ-1/kT plots were shown in Figure 3 

(f). The values of ΔEa can be determined by fitting the plots, which are 252.9±2.9 meV and 294.1

±3.1 meV for the films grown without moisture and with 5.5% moisture, respectively.  The band 

gap of VO2 is about 0.6 eV. For ideal VO2, the Fermi level EF is located at the center of the band 

gap, so the activation energy ΔEa for ideal VO2 is about 300 meV. The fewer defects and the higher 

oxygen stoichiometry of the VO2 film, the closer to 300 meV the activation energy will be. The 

activation energy data of our samples, 252 and 294 meV, indicate good crystalline quality of both 

films. On the other hand, the activation energy of the optimal film grown with 5.5% moisture 

increased 42 meV compared with that of the film grown without moisture. The change value is 

comparable to the modulation induced by strain reported by other researchers.11 In other words, 

the film grown without moisture has a smaller value of ΔEa than the one grown with 5.5% 

moisture, suggesting the former one possesses a higher charge carrier density which results in a 

lower resistivity. On the other hand, the local point defects associated with V3+ ions in VO2 could 

interrupt the V-V dimers nearby and induce local stress. Both factors would degenerate or clamp 

the phase transition of VO2. The higher electron density can also reduce the Thomas-Fermi 

screening length LTF, which will effectively reduce the electron correlation and lead to a lower 

transition temperature. This could also explain our experimental observation where the MIT occurs 
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at 60.3°C  for films grown without moisture, but at 64.5°C  for the films grown with 5.5% moisture. 

The lower electron density in the film grown with moisture could be attributed to the 

aforementioned self-adjusted process for oxygen partial pressure by moisture, especially when the 

temperature in the tube furnace slightly varied to a higher value which may be over-reduced and 

inducing more V3+ ions in the film. 

    A Renishaw Micro-Raman Spectroscopy System with a 532 nm Raman exciting laser was 

used to confirm the phase quality of the VO2 film grown in moisture environment. It is known that 

the low temperature M-phase of VO2 is a polymorph that may contain two very similar phases: 

M1- and M2-phase.7, 25 In general, VO2 films grown on Al2O3 substrates are dominated by M1-

phase. The M2-phase may occur and co-exist with the M1-phase when the films contain defects 

or stress.25 Figures 4 (a) and (b) show the Raman spectra collected at different temperatures for 

our VO2 films grown without moisture and with 5.5% moisture, respectively. As can be seen from 

the spectra, the intensity of  610 cm-1 Raman peak ( the M1 phase) became weaker with increasing 

temperature for VO2 films grown either with or without moisture. However, a small amount of 646 

cm-1 Raman peak, the fingerprint for M2-phase, was detected for the sample grown without 

moisture as shown in Figure 4 (c) from the Lorentz fitting. Yet no detectable M2-phase was found 

in the film grown with 5.5% moisture (Figure 4 (d)). The formation of M2-phase in the films grown 

without moisture is highly possibly related to the point defects in the films. Therefore, the absence 

of M2-phase in the films grown with 5.5% moisture clearly suggests less defect density in the film, 

or the high crystallinity of the film. As already indicated in literatures,25, 31 the absence of M2 phase 

would also be a contributor to the better MIT performance of the films grown with appropriate 

concentration of moisture. 
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Figure 4 The Raman spectra measured at various temperatures for the VO2 films grown without 

moisture (a) and with 5.5%  moisture (b), respectively; Lorentz fitting results of the Raman spectra 

for the samples grown without moisture (c) and with 5.5% moisture (d), measured at 58°C  and 

62°C , respectively. (*The fitting peak near 585 cm-1 is the Eg mode of the sapphire substrate.). 

 

It has been reported that when the oxidation is performed in a dry atmosphere, the transport of 

oxygen in the oxide depends on the decomposition of the oxide, and the oxygen partial pressure 

pO2 inside the oxide is lower than that near the surface.32 Accordingly, even when the VO2 thin 

film is grown in an optimal ambiance, the oxygen partial pressure near the Al2O3/VO2 interface 
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would be relatively lower than that near the surface. In other words, no matter how carefully we 

optimize the growth ambiance, we cannot make both the surface and interface of VO2 thin films 

under an optimal growth condition. Since the valence state of VO2 is extremely sensitive to pO2, 

the thin films are always stoichiometrically inhomogeneous through the film thickness. It was also 

reported that an oxidize-reduce system of H2O-H2 will be built up in the oxide when moisture 

exists in the growth atmosphere, which will enhance the transport of O2 in the oxide, and hence 

reduce the deviation of oxygen partial pressure between the surface and the interface. 32 Thus, if 

moisture is presented in the growth ambiance, the oxygen partial pressure near the surface and 

near the Al2O3/ VO2 interface will be closer to each other than the case without moisture, which 

will greatly improve the stoichiometric homogeneity of VO2 thin films. The improvement of the 

homogeneity would certainly enhance the MIT performance of the thin films, especially reduce 

the transition width of MIT. 

In order to investigate the stoichiometric homogeneity of the VO2 films more accurately, X-ray 

photoelectron spectroscopy (XPS) depth profile were collected and compared for the optimized 

VO2 films grown with 0% and 5.5% moisture, as shown in Figure 5.  To minimize the damages of 

the component in the VO2 film, a Thermo scientific ESCALAB 250 XI spectrometer was 

employed. The values of x (VOx, x=O:V, for stoichiometric VO2, x=2) for both samples at their 

surfaces are about 2.3. This is because that the surfaces of both samples were oxidized in the air. 

When the depth is 10 nm, the values of x are close to 2 for both samples. The values of x become 

smaller at deeper positions. However, it is very clearly shown that the value of x reduces slower 

for the optimal sample grown with 5.5% moisture than the one grown with 0% moisture. When 

the depth position changes from 10 nm to 40 nm (where is the VO2/Al2O3 interface), the former 

one dropped 0.085 while the latter one dropped 0.139. In other words, the optimal sample grown 



 18 

with 5.5% moisture is with better stoichiometric homogeneity through the thickness of the film. 

This result indicate that the moisture in the growth ambiance does improve the oxygen transport 

and make the VO2 films more stoichiometric homogenous. 

 

Figure 5 XPS depth profile of the optimal VO2 films grown with 0% and 5.5% moisture, 

respectively. 

 

Transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS) 

were also employed to examine the microstructure of the optimized VO2 film with a nominal film 

thickness around 38 nm grown with 5.5% moisture. Figures 6 (a) and (b) show the cross-sectional 

TEM image and selected area electron diffraction (SAED) pattern of the sample, respectively. The 

results indicate that the VO2 film is epitaxially grown on the M-plane Al2O3 substrate with 

monoclinic structure (M1 phase with lattice parameters of aM1 = 5.752 Å, bM1= 4.526 Å, cM1= 
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5.382 Å, and βM1= 122.6°).24 Considering the monoclinic nature of VO2, the epitaxial relationship 

was confirmed to be (402)VO2||(1010)Al2O3, [102]VO2|| [0001]Al2O3, as schematically shown 

in Figure 6 (c). The TEM results agree well with the XRD results. Figures 6 (d) and (e) are the 

cross-sectional high resolution TEM image and EELS data taken at different locations through the 

film thickness. The very similar low-energy loss spectra of VO2 at different locations across the 

film thickness indicate that the film has good stoichiometric homogeneity. 

  

Figure 6 (a) and (b) show the cross-sectional TEM image and selected area electron diffraction 

(SAED) pattern of the optimized VO2 film grown with 5.5% moisture. (c) Schematic of the 

epitaxial relationship between VO2 and the substrate. The VO2 (402 ) surface are indicated by a 

plane, which is almost parallel to the Al2O3 (1010 ) surface. (d) and (e) are the cross-sectional 
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high resolution TEM image and EELS data taken at different locations through the film thickness 

of this sample. 

To demonstrate the feasibility of this unique technique for fabricating scalable films on large 

scale substrates, a VO2 thin film was synthesized on a 3-inch M-plane sapphire wafer in the 

ambiance with 3.1% moisture at 504°C. Figure 7 (a) is the picture of the 3-inch wafer coated with 

the VO2 film. To check the uniformity of the VO2 film on the 3-inch wafer, the electrical properties 

were characterized at different regions on the VO2-coated-wafer. The contour map of Δρ/ρ80°C  of 

the VO2 film on the wafer, as shown in Figure 7 (b), indicates that 100% of the tested regions on 

this wafer exhibit large resistivity drops of more than 7.5×103 across the MIT. The contour maps 

of ΔT (as seen in Figures 7 (c) and (d)) indicate that ΔT is about 3.2°C with a standard deviation 

of 0.6°C and Tc centered at 59.7°C  with a standard deviation of 0.4°C . These results denote that 

the VO2 film can be achieved on a 3-inch wafer with uniform properties by using this low-cost and 

scalable technique.  
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Figure 7 (a) The picture of the VO2 thin film grown on a 3-inch M-plane sapphire wafer; (b)-(d) 

contour maps of Δρ/ρ80°C , ΔT and Tc of the VO2 film on the wafer, respectively; (e) benchmark of 

resistivity-drop Δρ/ρ80°C  and ΔT for VO2 samples grown by using various techniques from 

Refs.[131]-[15], [24], [29], [33]-[47]. The values of resistivity-drop Δρ/ρ80°C  from some literatures 

have been re-calculated basing on the same temperature range.  
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Figure 7 (e) is the summary of some recent research data collected from literatures for the 

fabrication of single crystal VO2 samples29, 33 and VO2 thin films  by using various techniques such 

as CSD, 24, 34, 35 MBE,36-38 PLD,13-15, 39, 40 metal organic chemical vapor deposition (MOCVD)41, 42 

and sputtering43-47. Our research clearly demonstrated that our moisture-assisted large dimensional 

and low cost PAD growth technique can significantly enhance the quality of epitaxial VO2 thin 

films with physical properties comparable to the ones from high cost MBE and PLD techniques. 

These results indicate that the as-developed moisture-assisted PAD technique can effectively 

control the oxygen stoichiometry in VO2 thin films and overcome the difficulty in the fabrication 

of high quality VO2 thin films with large areas for practical device applications. 

4. CONCLUSIONS 

In summary, a moisture-assisted chemical solution deposition technique (polymer-assisted 

deposition) was developed for fabricating the scalable, uniform, highly epitaxial VO2 films. The 

use of moisture during the conversion process can significantly enhance the quality of VO2 thin 

films. By introducing a proper amount of moisture, VO2 thin films with a resistivity drop of about 

2.75×104 times, and a transition width ΔT of 1°C across the MIT were successfully achieved. 

Especially, a much broader growth window of 36°C with the assistance of moisture, expanded 

from the narrow growth window of 4°C with no moisture, enables ones to achieve reproducible 

high quality VO2 films with uniform properties on scalable wafers. The results are attributed to the 

improvements in controlling the oxygen stoichiometry in the films, via the compensation of 

oxygen vacancies and a self-adjusted process for oxygen partial pressure at different temperatures 

by introducing moisture. These achievements would pave a novel way for large area, low cost, and 

high quality VO2 film technology from the laboratory researches to practical industrial 

applications. 
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