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Calculation method
All calculations were performed using the Vienna ab initio simulation package (VASP) code [1, 2], employing the projector augmented wave (PAW) method [3, 4] within density functional theory (DFT) [5]. Defect migration barriers were determined using the climbing image nudged elastic band (CI-NEB) method [6, 7], which efficiently finds saddle point configurations and is implemented in VASP through the VTST tools. Atomic positions were relaxed using the minimum energy path (MEP) optimization. We used the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) [8] to describe the exchange-correlation interaction, as GGA is sufficient for predicting the charges localized around vacancies and accurately and qualitatively revealing the defect characters of β-Ga2O3. We considered the Ga 3d104s24p1 and O 2s22p4 orbitals as valence electrons. The plane-wave basis cutoff energy was set to 450 eV. All structures were relaxed until the residual force on each atom was less than 0.01 eV*Å-1. The self-consistent convergence accuracy was set to 10-5 eV per atom in the structural calculation and 10-7 eV per atom in the CI-NEB calculation. We used a 1 x 4 x 2 supercell of 160 atoms and a 2 x 2 x 2 k-point mesh to investigate the properties of defective β-Ga2O3, and a 2 x 2 x 1 supercell of 120 atoms and a 3 x 3 x 2 k-point mesh to investigate the properties of defective α-Ga2O3. The charge states of vacancies were controlled by adjusting the background charge of the supercells, and vacancy clusters were defined as adjacent or neighboring vacancies with equivalent positions.
We obtained the formation energy  of a defect with charge state  using the following formula [9]:

where  and  are respectively the total energies of the supercell with and without a defect in charge state .  and  are respectively the number and chemical potential of added ( ＞ 0) or removed ( ＜ 0) for -type neutral atom.  is the average electrostatic potential difference between the supercells with a defect and defect-free.  is the effect of finite-size corrections to eliminate the false interactions between the charge defect and its period image. The Fermi energy  is referenced at the valence band maximum (VBM) in the bulk Ga2O3 so that  ≥ 0. Because of this choice of reference the energy of the VBM in the bulk Ga2O3,  needs to be taken into account explicitly and can be defined by

where  indicates the total energy of a perfect supercell in charge state . 
Because  is a variable limited by the phase equilibrium condition of Ga2O3, we take the O2 molecule and the Ga metal as limiting phases for the oxygen-rich and oxygen-poor conditions, respectively. Combining the expressions




where  and  are the energies of molecular O2 and per atom of metallic Ga, respectively, and  is the formation energy of the compound, the range of  and  can be obtained by
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Figure S1. I/V curves of Ga2O3 devices for multiple scans. (The 3rd I/V curves will be used).
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Figure S2. Cross-section view of FE-SEM (CBS mode) of Ga2O3 devices deposited (A) with and (B) without O2 flow. 
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Figure S3. XPS spectra of (A) C 1s (without etching), (B) W 4f (after 120 s etching) for these Ga2O3 films. 
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Figure S4. The observational perspective of oxygen atom migration. Delayed photography of oxygen atom migration (A) in the (110) plane and (B) along the Z-axis.
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