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Supplementary Figure 1. Schematic of thermal annealing and chemical potential 
gradient strategies for introducing oxygen vacancies in oxide materials. In single bulk 
material, thermal annealing in an oxygen-deficient atmosphere is commonly employed 
to introduce abundant oxygen vacancies.1, 2 Beyond that, the built-in oxygen chemical 
potential gradient (ΔμO) across the TiO2/VO2 system introduces an innovative strategy 
to spontaneously drive the unidirectional oxygen ionic transport in oxide 
heterostructures.3-5 This ΔμO gradient drives controllable oxygen ionic migration across 
the oxide heterointerface from underlying VO2 layer to TiO2 overlayer, giving rise to 
oxygen-deficient states in VO2 and oxygen-enriched states in TiO2.
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Supplementary Figure 2. a, Cross-sectional high-resolution transmission electron 
microscopy (HRTEM) image of the as-grown VO2 film on an Al2O3 (0001) substrate. 
b, Two distinct atomic configurations in the VO2 lattice deposited on the c-plane Al2O3 

template, forming a vertically aligned domain boundaries within the heterostructure. 
The symmetry mismatch and  angular deviation between the rutile VO2 film and the 
hexagonal Al2O3 substrate lead to the formation of possibly existed twin variants, in 
turn, resulting in a vertically aligned domain boundary structure.6, 7
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Supplementary Figure 3. Atomic force microscopy (AFM) topography images for the 
as-grown VO2/Al2O3 (0001) heterostructure. It is found that the thickness for the 
underlying VO2 film in TiO2/VO2 system is estimated to be around 26 nm via using 
AFM techniques.



S6

Supplementary Figure 4. Atomic force microscope (AFM) images for a, 
TiO2/VO2/Al2O3 heterostructure and b, VO2/Al2O3 heterostructure. The atomically 
smooth film surfaces of as-grown TiO2/VO2 heterostructure are identified by using 
AFM technique, with a root-mean-square roughness (Rq) on the order of 0.5 nm being 
identified. The Rq value of heterostructure surface is not pronouncedly altered via the 
introduction of TiO2 overlayer.
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Supplementary Figure 5. X-ray diffraction (XRD) patterns for TiO2/VO2/Al2O3 
heterostructures with the deposition of TiO2 overlayer at 600 °C and 5 Pa. Depositing 
the TiO2 overlayer under an oxygen-rich conditions leads to the formation of crystalline 
TiO2, as evidenced by the characteristic diffraction peaks associated with the (002) 
plane of TiO2. This observation starkly differs from an amorphous TiO2 overlayer under 
mild growth conditions (e.g., 250 °C, 1 Pa), without the Bragg reflections being 
detected.
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Supplementary Figure 6. The ρ-T curves for bare TiO2 film deposited on c-plane 
Al2O3 substrate. The top TiO2 overlayer was found to be insulating, and the Al2O3 
substrate was also highly insulating. Therefore, the electrical transport properties of the 
TiO2/VO2/Al2O3 heterostructure were determined to originate mainly from the VO2 
layer.



S9

Supplementary Figure 7. Comparing the ρ-T curves for VO2 films through vacuum 
annealing and ΔμO-driven oxygen ionic transport. When vacuum-annealed VO2 films 
were compared with ΔμO-driven TiO2/VO2 samples, it was found that although 
complete metallization is achievable through extensive vacuum annealing, ΔμO-driven 
oxygen ionic transport proves more effective than a milder vacuum annealing 
treatment, providing a more controllable pathway.
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Supplementary Figure 8. The ρ-T curves for TiO2/VO2/Al2O3 heterostructure through 
oxidative annealing. Upon oxidative annealing at 300 ºC for 2 h under ambient 
atmosphere, the defect-driven depression of the IMT functionality in VO2 reversibly 
transits toward the pristine state, exhibiting a TIMT similar to that of stoichiometric VO2.
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Supplementary Figure 9. a, X-ray diffraction (XRD) patterns b, temperature 
dependence of material resistivity (ρ-T) curves and c, soft X-ray absorption 
spectroscopy (sXAS) spectra compared for underlying VO2 layer with and without 
TiO2 overlayer. Analogous to the findings shown in the main text, oxygen deficiency 
in underlying VO2 layer through directional oxygen ionic transport results in the lattice 
expansion and carrier delocalization. Furthermore, defect-associated band-filling 
control over the electronic band structure of VO2 is demonstrated by the reduced t2g/eg 
peak intensity ratio in their O-K edge sXAS spectra.8-11
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Supplementary Figure 10. XRD patterns compared for the VO2/Al2O3 heterostructure 
with and without a 1.7 nm-thick TiO2 overlayer. Similar to the TiO2 (13 nm)/VO2/Al2O3 
heterojunction, the introduction of an ultra-thin 1.7 nm TiO2 overlayer induces oxygen 
ion migration driven by the chemical potential difference between the underlying VO2 
and the intermediate TiO2 layer. This process leads to the formation of an oxygen-
deficient VO2-x phase in the bottom VO2 layer, accompanied by corresponding lattice 
expansion.
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Supplementary Figure 11. The a, V-L edge and b O-K edge of sXAS spectra 
compared for the VO2/Al2O3 heterostructure with and without the 0.6 nm-thick TiO2 
overlayer. By depositing an ultrathin TiO2 overlayer on VO2 thin films, the electron 
occupancy in the t2g orbital is evident by a reduced t2g/eg peak intensity ratio in their 
O-K edge sXAS spectra. In contrast, no pronounced spectral shift is detected at the V-L 
edge for VO2 after capped with the TiO2 overlayer, likely attributable to an insufficient 
thickness of the TiO2 capping layer.
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Supplementary Figure 12. a, Comparative XPS survey spectra of VO2/Al2O3 
heterostructures with and without TiO2 capping layer. b, Ti 2p energy level of XPS 
spectrum for the TiO2/VO2/Al2O3 heterostructure. It is noteworthy that the 
characteristic Ti 2p peaks observed for the TiO2/VO2/Al2O3 heterostructure identify the 
presence of TiO2 overlayer, contrasting sharply with the absent Ti 2p signal in 
VO2/Al2O3 hybrid.
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Supplementary Figure 13. The sXAS spectra compared for the underlying VO2 layer 

capped with TiO2 overlayers deposited at different oxygen pressures. A lower  used 
 𝑃𝑜2

during TiO2 growth tends to render a more pronounced the reduction in the intensity 
ratio of the t2g peak to the eg peak of underlying VO2. This systematic decrease in 
the t2g/eg ratio indicates an enhanced electron filling in the low-energy t2g orbitals of 
VO2, which is attributed to an increased oxygen vacancy concentration in the VO2 
lattice via an accelerated oxygen ionic dynamics. 
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Supplementary Figure 14. The O-K edge of sXAS spectra of VO2 film deposited on 
the m-plane Al2O3 substrates. Oxygen deficiency in underlying VO2 layer through 
directional oxygen ionic transport is demonstrated by a decreased t2g/eg ratio in its O-
K edge spectra, owing to the defect-related electron doping. These findings indicate that 
whether vertically nor inclined domain boundary configuration in the lattice can offer 
an efficient pathway for oxygen ionic diffusion, differing from the horizontally aligned 
ones.
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Table S1 The ratio of the peak area and FWHM of the first peak to that of the second 
peak in the V-L edge of sXAS spectra.

Sample Peak area of t2g Peak area of eg Peak area ratio (first/second) 

VO2 0.68786 1.33396 0.5157

TiO2 (1.7 
nm) /VO2

0.26273 2.43603 0.1079

Sample FWHM of t2g FWHM of eg FWHM ratio (first/second) 

VO2 1.2036 2.8864 0.4169

TiO2 (1.7 
nm) /VO2

0.8849 3.9692 0.2229
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