
 

 

Supplementary Figure 1. X-ray photoelectron spectroscopy (XPS) measurements. (a) The XPS 

scans around V2p peak and corresponding fitting result. The dotted line corresponds to the 

measured data and the red line is the envelope of the modeled peaks. (b) Relative area of the of V
3+

, 

V
4+

 and V
5+

 XPS peaks as a function of position along the oxygen activity gradient. Error bars give 

a conservative estimate of ±2%, outside of which a good match of calculated and measured XPS 

scans cannot be achieved. 



 

  

 

Supplementary Figure 2. XRD Φ scan of VO2 grown on r–sapphire. (a) XRD in plane wide 

angle Φ scan of the VO2 220 film peak and the Al2O3 006 substrate peak. (b) Small angle Φ scan of 

the VO2 220 peak with 10 times longer accumulation time.  

 



 

 

 

Supplementary Figure 3. Kelvin probe force microscopy measurements of VO2 grown on 

r-sapphire. The upper panel shows the spatial maps of the work function taken at the wafer center 

(0 cm) and edges (±3 cm). The lower panel shows the work function averaged from the work 

function spatial maps taken at different positions across the wafer. Error bars are estimated to be the 

±0.1 eV, which correspond to the full width at half maximum (FWHM) of the measured potential 

histogram. 



 

 

 

Supplementary Figure 4. EELS reference spectra. EELS spectra at vanadium L edge for standard 

calibration samples and the VO2 film. 



 

  

 

Supplementary Figure 5. Wafer scale VO2 films grown on c-sapphire. (a) Temperature 

dependent resistivity measurements of a 30-nm VO2 film grown at optimized condition on c-Al2O3, 

taken at five locations along the diameter of the 3 inch wafer. (b) Wide range 2θ-ɷ X-ray diffraction 

(XRD) scans of VO2 grown on c-Al2O3 substrate. (c) In plane XRD Φ scans of the VO2 011 film 

peak and the Al2O3 012 substrate peak. 



 

  

 

Supplementary Figure 6. Wafer scale VO2 films grown on silicon. (a) Reflection high energy 

electron diffraction (RHEED) pattern of the Si (001) substrate along [100] azimuth before 

deposition, indicating an amorphous native oxide layer on top of Si. (b) RHEED pattern of 

30-nm-thick VO2 grown on Si substrate under optimized condition. Ring shaped pattern indicated 

polycrystalline VO2. (c) AFM scan of the film surface, showing polycrystalline microstructure with 

a rough surface morphology (rms value 5.1nm). (d) Temperature dependent resistivity of VO2 film 

grown under optimized condition on Si. 

  



 

Supplementary Note 1 X-ray photoelectron spectroscopy (XPS) measurement along the path 

of resistivity change across the 3 inch film 

Five spots along the equatorial line (1.5 cm separation) were measured by XPS to directly 

demonstrate the changes of the vanadium valence state in the film and to confirm the existence of 

an oxygen activity gradient during growth Supplementary Figure 1(a) shows high resolution XPS 

scans of V 2p and O 1s core levels and the corresponding fits to the spectra. CasaXPS software was 

used for Shirley background subtraction and to perform a Marquardt algorithm-based fitting using 

the routine and peak parameters based on the recommendation given by Silversmit et al.
1
 for the 

quantitative determination of V valence states. The O1s peak was used as reference at a fixed peak 

position of 530 eV (oxygen in VOx). V5
+
 2p3/2 peak position was restricted to (517.5±0.2) eV, 

V4
+
 2p3/2 peak to (516.0±0.2) eV and V3

+
 2p3/2 peak to (515.5±0.2) eV. Additional fitting parameter 

constraints were used: 1). the energy split between the V 2p3/2 and V 2p1/2 peak was fixed to 7.33 eV. 

2). the peak area of V 2p3/2 was twice that of V 2p1/2 peak. An additional O1s peak was defined at a 

higher binding energy than 530 eV and assigned to OH. Good match between the model and the 

experimental spectra were obtained.  

Supplementary Figure 1(b) shows the percentage of each valence state calculated from the 

integrated area of corresponding XPS peak. While at the Ox-rich side (low conductivity at metallic 

state) the V
5+

 was the dominant valence state, smallest amount of V
5+

 and the largest amount of V
3+

 

was found on the Ox-deficient side (low resistivity at insulating state). Absence of V
3+

 and the 

highest intensity for V
4+

 was found in the center of the wafer. The ubiquitous presence of the V
5+

 

component was due to the oxidation of the vanadium oxide surface in ambient. Note that the surface 

oxidation effect was relatively small, the ‘overlayer’ thickness was estimated be to around 0.8 nm. 

The overlayer was estimated from the dataset measured at the wafer center position, assuming that 

the V
5+

 signal came only from the overlayer with an inelastic mean free path of 1.6 nm. These 

measurements confirm the existence of an oxygen activity gradient across the wafer during growth 

and its direct effect on the valence state of vanadium in the film. 

 

  



 

Supplementary Note 2 Kelvin probe force microscopy (KPFM) measurement of the VO2 work 

function 

While the 3 inch film showed uniform MIT properties, physical properties were also proved 

uniform. Kelvin probe force microscopy (KPFM) were used to measure the VO2 work function at 

seven 2×2 µm
2
 spots along the diameter of freshly grown VO2 film on 3 inch sapphire, see 

Supplementary Figure 3. The upper panel showed the spatial maps of the work function at the 

sample center (0 cm) and edges (3 cm). Despite the granular surface morphology of the VO2 film 

seen in AFM measurement [Fig. 2(d)], the work function of the film remains homogeneous in the 

spatial map, indicating a uniform stoichiometry. Along the sample diameter, the work function of 

the VO2 film remains uniform (Supplementary Figure 3 lower panel), with an averaged value of 

4.85 eV, agrees with previous reports of VO2 work function measured by KPFM
2,3

 and ultraviolet 

photoelectron spectroscopy (UPS).
4
 

  



 

Supplementary Note 3 Growth of VO2 on c-plane sapphire 

Supplementary Figure 5(a) shows the temperature dependent resistivity measurements of five spots 

along the diameter of a 30-nm VO2 film grown under optimized condition on a 3 inch c-plane 

sapphire wafer. Similar to the film grown on r-plane sapphire, four orders of magnitude change in 

resistivity was observed across the MIT, with uniform transition characteristics across the 3 inch 

film (transition temperature, sharpness, etc.). The epitaxial relationship between film and c-plane 

sapphire substrate was determined by XRD 2- and  scans. In Supplementary Figure 5(b), the 

2-scan showed, except for substrate peaks, two VO2 peaks at 239.89° and 285.96°. The 

peak at smaller 2 can be attributed to monoclinic VO2 020 or 002, the peak at higher 2to 

monoclinic VO2 040 or 004, respectively.
5
 In plane Φ scans were performed for the off-axis 

monoclinic VO2 peaks 011 (2θ=27.88°, ψ=44.93°) and 1̅02 (2θ=33.43°, ψ=27.79°) to distinguish 

the VO2 out-of-plane orientation. Supplementary Figure 5(c) (upper panel) shows the Φ scan of 

VO2 011 revealing a six fold symmetry, while no peak was observed for the VO2 1̅02 Φ scan (not 

shown), demonstrating that the film peaks of the on-axis 2- scan correspond to 020 and 040.
6
 

The Φ scan of VO2 011 was related to that of Al2O3 012 [Supplementary Figure 4(c) (lower panel)]. 

The following epitaxial relationship was derived: (010)VO2 // (001)Al2O3 and [100]VO2 // [120]Al2O3, in 

agreement with previous reports.
6,7

  

  



 

Supplementary Note 4 Growth of VO2 on Silicon 

The growth of VO2 on silicon was challenging because silicon does not provide an epitaxial 

template for VO2 growth.
8,9

 Supplementary Figure 6(a) shows reflection high energy electron 

diffraction (RHEED) pattern of the Si (001) substrate prior to deposition. Main diffraction spots 

from Si were barely visible and only Kikuchi lines were observed, indicating a thin, amorphous 

native oxide layer on top of the silicon substrate. The RHEED pattern of the 30 nm VO2 film on 

silicon is shown in Supplementary Figure 5(b). A ring-shaped diffraction pattern was observed, 

showing a polycrystalline film due to the lack of an epitaxial template. AFM scans [Supplementary 

Figure 6(c)] were performed on VO2 grown on silicon, showing a polycrystalline microstructure 

with a pronounced surface roughness (rms value 5.1 nm). Supplementary Figure 6(d) shows the 

temperature dependent resistivity measurement of this film, demonstrating over 2.6 orders of 

magnitude change in resistivity across the MIT, larger than commonly reported results in 

literature,
8,10–13

 where some of these films had thicknesses up to hundreds of nanometer; and 

comparable to the carefully optimized result in literature, as well as their follow up paper.
14,15

 This 

smaller magnitude of resistivity change across the MIT of VO2 films on silicon compared with that 

on sapphire wafers has been attributed to the high grain boundary (GB) density intrinsic to the 

polycrystalline VO2 film,
16

 where GBs acted as electron scatters and thus increased the resistivity of 

metallic state, while oxygen vacancies can form at GBs and decreased the resistivity of low 

temperature state by increasing the carrier concentration.
17
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