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ABSTRACT: Oxygen vacancies (VO) critically influence the
electrical performance and reliability of amorphous oxide semi-
conductor (AOS) devices, including indium−gallium−zinc oxide
(IGZO) thin-film transistors (TFTs). Using first-principles density
functional theory and configuration-coordinate analysis, we
elucidate a unified mechanism connecting the contrasting behaviors
of VO under strain versus annealing. We demonstrate that both
mechanical strain and annealing-induced structural relaxation
modulate the energetic position and localization character of VO
states by altering specific interatomic distances. Compressive strain
shortens key metal−metal separations, thereby stabilizing bonding-
like localized states, lowering their formation energy, and driving a
delocalized-to-localized transition; conversely, tensile strain induces the opposite trend. Along the structural-relaxation pathway, the
defect level shifts upward toward the conduction band minimum as critical distances increase, promoting delocalization. Ab initio
molecular dynamics simulations further corroborate that higher thermal budgets facilitate this relaxation, thereby enhancing donor
activation. Crucially, we resolve the prevailing apparent strain−annealing densification inconsistency: annealing-induced
delocalization arises not from increased mass density (as in compressive strain), but specifically from structural relaxation that
expands critical interatomic distances and minimizes screened ion−ion repulsion. These findings provide a rigorous atomistic
framework for manipulating defect states via strain engineering and thermal processing, offering precise guidelines for optimizing the
stability and performance of next-generation AOS electronics.

1. INTRODUCTION
Amorphous oxide semiconductors (AOSs) underpin a broad
range of oxide-electronics applications, including display
backplanes, transparent/low-temperature circuits, sensors, and
memory/selector elements, because they combine high spatial
uniformity,1 low-temperature processability,2 high on/off
ratios,3 and respectable mobility.4−6 Among AOSs, indium−
gallium−zinc oxide (IGZO) is a widely adopted material
platform and is also considered for next-generation DRAM
devices.7 Nevertheless, defect-induced degradation in mobility,
subthreshold swing (SS), and reliability remains a central
challenge for achieving stable, high-performance AOS-based
devices.8−10 Therefore, it is essential to develop methods that
explain and control defects governing key electrical properties�
including SS, threshold voltage (Vth), and reliability�across this
broader device landscape.
Among various defects, oxygen vacancies (VO) are intrinsic

and dominant in oxide semiconductors. Although other defects
such as metal interstitials and defect complexes may also exist,
oxygen vacancies are widely considered to be the predominant
defect species, directly impacting the electrical behavior of oxide
semiconductors. Their electronic behavior depends strongly on

the local structure, acting either as localized electron traps or as
delocalized donors.11,12 Consequently, both VO character
(localized vs delocalized) and energetic level (shallow/
intermediate/deep) critically affect device metrics.13 Because
these attributes are modulated by interatomic distances and the
local bonding environment, device performance can be tuned by
deliberately engineering defect environments.
Motivated by this perspective, prior studies on AOS devices

(e.g., thin-film transistor (TFT) channels) have explored
performance gains by manipulating atomic distances or bonding
environments, primarily via strain or channel densification.
Reports indicate that compressive strain yields a positive
threshold-voltage shift (ΔVth > 0) and improves reliability,
whereas tensile strain yields ΔVth < 0.14−16 Nevertheless,
although prior studies have provided valuable insights into the
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effects of strain on amorphous IGZO,17−19 investigations that
directly address how strain modifies defect-state evolution are
relatively limited. By contrast, densification has been reported to
increase the fraction of delocalized states�attributed to
reduced interatomic distances and free volume�thereby
increasing carrier concentration and producing ΔVth < 0.

20−26

This presents an apparent strain−annealing densification
inconsistency: densification reduces interatomic distances
much like compressive strain, yet yields the opposite ΔVth sign.
We resolve this inconsistency by decoupling mass-density

change from structural relaxation and analyzing the config-
uration-coordinate (CC) pathway. By evaluating the density of
states (DOS) and defect-formation energy along this pathway at
a typical Fermi level for amorphous IGZO-based TFTs, we
demonstrate that as the network structurally relaxes, specific
interatomic distances increase and the defect level shifts toward
the CBM, promoting delocalization. Moreover, decomposing
the formation energy identifies the screened ionic-repulsion
term (ΔUr) that decreases along relaxation, stabilizing the
delocalized configuration. Together with our ab initio molecular
dynamics (AIMD) annealing simulations in the canonical
(NVT) ensemble, which isolate relaxation at a fixed volume,
these results indicate that annealing-driven delocalization (ΔVth
< 0) arises primarily from structural relaxation mediated by
interatomic distances (due to screened ion−ion repulsive
interactions), whereas mechanical strain modulates defect
energetics through interatomic-distance changes (due to
metal−metal hybridized interactions); the same mechanism
governs both cases, distinguished only by their driving forces.
This insight provides a refined interpretation beyond the
conventional view,20−26 which has typically attributed delocal-
ization only to increased mass density and reduced free volume.
Although our computations and target materials are presented

for IGZO and interpreted in the context of TFT-style channels,

the underlying mechanism depends only on local structural
descriptors�interatomic-distance evolution along the CC and
the ΔUr�rather than on device architecture. We therefore
expect the trends to generalize across other AOS compositions
and oxide-electronics contexts in which VO donation and state
localization set operating margins (e.g., display backplanes,
sensors, and selector/memristive stacks). Using density func-
tional theory (DFT) together with CC analysis, we quantify VO
responses to strain and annealing-induced relaxation and
identify a unified distance-driven mechanism that resolves
prior inconsistencies and informs process strategies to control
key electrical properties in AOS devices. We note that the
present work does not aim to exhaustively cover all possible
defect species, and the potential roles of other defects are
subjects for future investigation.

2. RESULTS AND DISCUSSION

2.1. Electronic Nature of Oxygen Vacancies: Localization vs
Delocalization

Figure 1a presents a comparative analysis of the DOS for the
pristine structure alongside two representative VO configura-
tions: a delocalizedVO2+ state and a localizedVO0 state. ForVO2+,
the defect level appears as a shallow state near the conduction
bandminimum (CBM); depending on the local configuration, it
ranges from nearly degenerate with the CBM to ≈0.3 eV below
it. By contrast, VO0 exhibits a deep localized state associated with
metal−metal bonding. Note that not all electron-trapping states
are necessarily deep: when electrons are concentrated on a single
undercoordinated metal, the defect level can shift upward
toward higher energy.27 Electrically, when the two excess
electrons associated with an oxygen vacancy are donated to the
CBM (VO2+ + 2e− at CBM), the vacancy adopts the ionized
donor state VO2+, increasing the carrier concentration and

Figure 1. (a) Density of states for the pristine structure and for IGZO structures containing oxygen vacancies. The figure includes representative cases
of VO0 associated with an undercoordinated metal site, VO0 originating from metal−metal bonding, and VO2+ defects located near or far from the
conduction band minimum (CBM). Atomic configuration of IGZO structure with (b) localized oxygen vacancy defect and (c) delocalized oxygen
vacancy defect. (d) Partial density of states of the VO0 localized state for each element in structure (b). The localized state originates from the bonding
between In1 and Zn6. (e) Defect levels of VO0, VO1+, and VO2+ relative to CBM across ten structures.
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producing ΔVth < 0. Conversely, when these two electrons
remain localized in a vacancy-related defect state, the vacancy
remains in the neutral VO0 state (VO0 = VO2+ + 2e− at in-gap
defect level), acting as an electron-trapping configuration that
lowers the free carrier density and yieldsΔVth > 0. Figure 1b and
c show that shorter metal−metal (M−M) distances favor
localized states, whereas longer M−M distances favor
delocalized states, establishing a clear correlation between
structural configuration and the electronic nature of defect
states. Consistently, the partial density of states (PDOS) in
Figure 1d indicates that the deep localized state arises from In−
Zn bonding in Figure 1b. Figure 1e summarizes the defect levels
and charge states (q = 0, + 1, + 2) across ten distinct amorphous
configurations, highlighting the structural diversity inherent in
AOS.
2.2. Nature of Strain-Induced Defect Modulation

To probe the sensitivity of these defect states to strain, we
applied the ± 3% in-plane biaxial strain and quantified the
absolute shifts of defect levels, as shown in Figure 2a and b.
Notably, localized and delocalized levels shift in opposite
directions under the same strain. This behavior can be
rationalized by the distinct active bonding models illustrated
in Figure 2c: delocalized and localized states derive from
strengthened metal−oxygen hybridization (characterized by
larger splitting between bonding (σMO) and antibonding (σMO* )
states) states and created metal−metal σMO* − σMO* hybridization
(σMM) between two metal σMO* orbitals, respectively. Under
compression, decreasing interatomic separations raise the
energy of M−O antibonding states,18,19,28 so both the
delocalized level and the pristine CBM shift upward;
simultaneously, shorter M−M distances stabilize (lower) the
M−M bonding level, deepening localized states. Tensile strain

reverses these trends, lowering delocalized levels while raising
localized levels. These opposite responses encode the distinct
bonding origins of the two defect types. It should be noted that
the present interpretation is mainly concerned with local defect-
state evolution driven by short-range bonding changes. By
contrast, the CBM behavior in amorphous structures may also
be influenced by medium-range order and system-size effects,
which are not fully reflected in the current model.17

Figure 2d shows the variation of mass density as a function of
strain: tensile strain expands the in-plane cell (reducing density
and increasing atomic distances), while compressive strain
contracts it (increasing density and shortening atomic
distances). These strain-induced distance changes drive the
level shifts in both localized and delocalized states described
above. As a result, transitions between localized and delocalized
states can occur as the local M−M bond length near the oxygen
vacancy changes. In Figure 2e, the M−M distance increases
monotonically from compressive to tensile strain; in this
representative structure, the oxygen vacancy tends to be
localized under compression but to be delocalized under
tension. This confirms that the transition from a localized
state to a delocalized state under tensile strain is governed by the
strain-induced increase in M−M bond length near the vacancy.
Figure 3a summarizes the evolution of defect levels under

strain, including the concurrent bandgap change. Under tensile
strain, the bandgap narrows as the CBM shifts downward
(∼0.19 eV) and the VBM shifts upward (∼0.05 eV); under
compressive strain, the opposite trend is observed. Con-
sequently, tensile strain generally brings defect levels closer to
the CBM in absolute energy, while compressive strain moves
them away. Figure 3b shows defect-level shifts referenced to the
CBM (i.e.,ΔE ≡ Edef − EC) and excludes cases in which a defect

Figure 2. Box plots and distributions of absolute shifts in defect levels when (a) compressive and (b) tensile strain are applied. The black dotted line
indicates the CBM shift in the pristine structure. Delocalized states shift in the same direction as the pristine CBM, whereas localized states shift in the
opposite direction. (c) Schematic diagram illustrating how M−M and M−O bond length contraction shifts σMM and σMO* states, thereby shifting the
defect states upward or downward in energy. This diagram illustrates one representative case of bonding and antibonding states near VO. (d) Mass-
density variation under compressive and tensile strain. Atomic distances decrease under compressive strain and increase under tensile strain due to
unit-cell expansion. (e) Bond length evolution under biaxial strain for a representative structure with an oxygen vacancy (inset). The metal−metal
bond lengths increase progressively with tensile strain.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.6c00577
Chem. Mater. 2026, 38, 6050−6058

6052

https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00577?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00577?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00577?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00577?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


state changes character (localized ↔ delocalized). The
calculated rates of defect-level change with strain are ≈0.03
eV/% for delocalized states and≈0.12 eV/% for localized states.
As tensile strain increases, both localized and delocalized states
increase (they track upward relative to the CBM), consistent
with the CBM’s stronger downward movement under tension.
When a localized level is raised sufficiently close to the CBM

under tensile strain, it can convert to a delocalized state; the
reverse transition occurs under compression, as illustrated in
Figure 3c. Under compressive strain, the fraction of localized
states increases from 33% to 43%, while the delocalized fraction
decreases from 67% to 57%. Under tensile strain, the localized
fraction decreases to 20%, and the delocalized fraction increases
to 80%. These opposite responses reflect the distinct bonding
origins (M−M bonding versus M−O bonding) discussed in
Figure 2. Additionally, In2O3 shows an analogous qualitative
response under biaxial in-plane strain: the defect-state energetics
shift in the same direction and the localization tendency follows
the same overall trend as in IGZO (see SI Section 1 and Figure
S1).
The experimental data in Figure 3d follow the same trend:

ΔVth < 0 under tensile strain and ΔVth > 0 under compressive
strain. Crucially, the strain effect is 2-fold: (i) it can change the
defect type distribution (localized ↔ delocalized), and (ii) it
systematically shifts defect energies themselves. Hence, the peak

positions of subgap states are tunable via the atomistic bonding
environment.
2.3. Resolving the Apparent Strain Annealing Densification
Inconsistency: The Role of Structural Relaxation
Superficially, the strain results appear to contradict the
phenomenon of “densification,” where film annealing�which
reduces free volume and increases mass density�is reported to
enhance delocalization (ΔVth < 0).

20−26 In our in-plane, fixed-
out-of-plane strain protocol, compressive strain increases the
mass density by ∼6%, shortens interatomic distances, favors
localization, and yields ΔVth > 0�the opposite sign. This
apparent strain−annealing densification inconsistency indicates
that the experimentally observed enhancement of delocalized
states during annealing densification is not caused by mass
density increase alone. Rather, our results point to structural
relaxation as the primary driver: delocalization arises during
annealing when metal ions gain sufficient thermal energy to
separate along the CC, stabilizing the delocalized state. The
mechanism is the same CC picture identified in the strain study;
what differs is the driving force (mechanical strain vs thermally
driven relaxation), thereby reconciling the two observations.
To analyze structural relaxation in more detail, when the

Fermi level (EF) is lower than the thermodynamic charge
transition level (CTL) (∼0.29 eV), we constructed CC
diagrams. Figure 4a illustrates the formation-energy surfaces of
VO0 and VO2+ as a function of the CC. The two surfaces cross

Figure 3. (a) Variation of defect levels and types under compressive and tensile strain, with the corresponding bandgap change. It indicates that
applying biaxial strain modulates defect levels and, in some cases, even the defect type. (b) Defect-level shifts relative to the CBM under strain,
excluding the localized to delocalized transition. The slope represents the rate of defect level shift with respect to applied strain (eV/%). The slope is
0.12 eV/% for localized states and 0.03 eV/% for delocalized states. (c) Percentage change of delocalized (blue) and localized (red) states as a function
of strain. Under tensile strain, localized states are converted into delocalized states, which causesΔVth < 0. In contrast, compressive strain leads to the
opposite trend. (d) Experimental data ofΔVth under applied strain, from refs 14−16. The experimental results showΔVth > 0 under compressive strain
and negative shifts under tensile strain, consistent with our DFT simulation results.
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with an activation energy barrier (∼0.31 eV) for the transition
from VO0 to VO2+, indicating that the transition to the more
stable VO2+ state requires sufficient energy to overcome this

barrier. During annealing, thermal energy enables barrier
crossing and drives the system from the localized VO0 minimum
to the delocalized VO2+ minimum.

Figure 4. (a) Potential energy profiles of VO2+ (blue) and VO0 (red) defect states as a function of the configuration-coordinates, showing the activation
barrier associated with structural reconfiguration. The inset figure shows the oxygen vacancy defect formation energy as a function of the Fermi level. In
this case, the Fermi level is set to 2 eV, so VO2+ is more stable than VO0. (b) Defect states change in DOS from configuration 1 to 5. As the structure
evolves from configuration 1 to 5, the defect states move upward in the DOS, accompanied by a reduction in LIPR, signifying progressive
delocalization. The LIPR values are computed in accordance with the definition provided in ref 29. (c) Changes in eigenvalues andΔUr depending on
the average bond length of metals near VO along configurations 1−5.

Figure 5. (a) Changes in ΔUr and defect levels during annealing simulation. Higher annealing temperature makes ΔUr more stable and defect levels
closer to CBM. (b) Percentages of localized and delocalized states when only mass density increases or only structural relaxation occurs. (c) Charge
transition level, ε(+2/0), as a function of ΔUr. For the pooled data set, the Pearson correlation coefficient (PCC) is 0.75. When fitted separately,
Structure 1 and Structure 2 yield PCC values of 0.80 and 0.83, respectively (see SI Section S9 and Figure S5). (d) Schematic illustration of the
configuration-coordinate diagrams of VO0 and VO2+ under structural relaxation. The shifts in the CTL and the EF determine whether the localized or
delocalized state is energetically favored under each condition.
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To resolve the atomistic pathway, we sampled five
representative configurations along the CC path connecting
the localized and delocalized states (configuration index,Q from
Q1 to Q5). The corresponding DOS in Figure 4b shows that
defect levels starting near midgap shift upward and eventually
merge with the CBM. We quantify orbital localization using the
log-scaled inverse participation ratio (LIPR);29 we classify
eigenstates with LIPR > −0.7 as localized (red) and those with
LIPR < −0.7 as delocalized (blue), where lower LIPR indicates
greater spatial delocalization. Consistently, as the defect level
rises, the LIPR value decreases, indicating delocalization. As
demonstrated in Figure 4c, the average M−M bond length near
VO also increases from Q1 to Q5. Thus, the delocalization that
develops during annealing follows the same structure−
electronic link identified under strain: increasing key interatomic
distances pushes the defect level upward (toward the CBM) and
promotes delocalization. In other words, annealing and tensile
strain activate the same CC mechanism; the distinction lies in
the driving force (thermal vs mechanical).
A remaining question is why the system adopts a delocalized

configuration even though the defect eigenvalue typically rises
along the path. To clarify this behavior, we decompose the defect
formation energy as

E Urform def + + (1)

following the tight-binding-based expression (Etot = 2∑i,occ λ +
Ur)

30,31 (Details in Supporting Information Section 2). Here,
λdef is the electronic (eigenvalue) contribution associated with
occupying the defect state, ΔUr is the screened ionic-repulsive
interaction term governed by the atomic arrangement, and
collects configuration-independent constant parameters of the
formation energy (α = μO + Ecorr(q) + q(EF + EV)). As the system
evolves from Q1 to Q5 in Figure 4c, λdef increases, but ΔUr
decreases sufficiently�reflecting reduced short-range ion−ion
repulsion as the network opens�so that the net Eform drops and
the delocalized state is stabilized. This energy-component trade-
off reconciles the upward shift of the defect level with the
thermodynamic preference for the delocalized configuration.
AIMD annealing further corroborates the structural-relaxa-

tion picture. As shown in Figure 5a, initially localized states
become delocalized upon annealing, with structural relaxation as
the primary driver. Increasing the anneal temperature allows the
system to explore lower-energy configurations: the screened
ionic-repulsive interaction term ΔUr decreases, and the
delocalized defect level moves upward toward the CBM. At 25
°C, defect levels remain sufficiently below the CBM, limiting the
donor contribution of even delocalized states; after anneals at
200 °C and 400 °C, the levels approach the CBM and contribute
more strongly to carrier generation. This trend is consistent with

experiments reporting increased carrier concentration at higher
annealing temperatures32,33 and optical bandgap widening
without changes in crystalline fraction.34

The AIMD simulations were performed in the NVT
ensemble, fixing the cell volume and thereby suppressing net
density change; the observed evolution therefore reflects
structural relaxation only. Figure 5b compares two protocols:
(i) mass-density increase only and (ii) structural relaxation only.
The comparison indicates that the commonly observedΔVth < 0
during annealing densification is primarily attributed to
relaxation-induced delocalization, rather than to mass density
increase itself. In other words, increases in key interatomic
distances during relaxation drive delocalization, refining earlier
interpretations that linked delocalization directly to higher mass
density (and reduced free volume). To summarize the
distinction between experimental observations, the conven-
tional interpretation, and the mechanism proposed in this work,
Table 1 compares the strain- and annealing-induced trends in
ΔVth and bandgap. It also highlights how the apparent strain−
annealing densification inconsistency is resolved in this study.
Structural relaxation does not always induce net delocaliza-

tion. When EF is high or the CTL is low, the localized VO0 state
can be thermodynamically favored. During relaxation, both CTL
and EF evolve, producing repeated localization−delocalization
cycles. As shown in Figure 5c, a decrease in ΔUr raises the CTL
(see SI Section 3), stabilizing the VO2+ and promoting
delocalization (process (1) in Figure 5d). Simultaneously,
either delocalization itself or an upward shift of the delocalized
level toward the CBM increases carrier density, which in turn
raises EF; a higher EF can then favor VO0 and promote
relocalization (process (2) in Figure 5d). This feedback loop
continues untilΔUr reduction saturates and a quasi-equilibrium
is reached. Consequently, even under prolonged annealing, not
all oxygen vacancy states become fully delocalized; the
coexistence of localized and delocalized states imposes an
intrinsic limit on the achievable carrier density. These
interpretations provide an atomistic perspective on the
phenomena that emerge during densification under realistic
processing conditions.
Finally, to connect atomistic trends to device observables, an

incremental donor sheet charge ΔQd from delocalized VO2+
produces a threshold shift ΔVth ≈ −ΔQd/COX for a given gate
stack. This provides a direct route to map strain- or structural-
relaxation-driven defect-state modulation onto ΔVth targets in
IGZO TFTs and related AOS devices.

3. CONCLUSION
We performed an atomistic analysis of oxygen vacancies in AOS
and showed that local interatomic distances and bonding

Table 1. Comparison of Experimental Observations and the Interpretation Proposed in This Study for Strain and Thermal
Annealing Effectsa

Strain Thermal annealing

Compressive Tensile Bandgap ΔVth
Observation ΔVth > 0 ΔVth < 0 Increase ΔVth < 0

Interpretation in prior
studies

Often discussed in terms of
bandgap changes

Attributedmainly to changes in gate-
dielectric charge states

Explained by the reduction of
tail/subgap states

Typically associated with
densification during annealing

Unified interpretation
proposed in this study

A unified distance-driven evolution of VO states explains both strain- and annealing-induced changes in Vth and bandgap: longer distances
favor VO2+ states near the CBM, whereas shorter distances favor VO0 states deeper below the CBM.

Consistency with the
experiment

Yes Yes Yes Yes

aΔVth denotes the threshold-voltage shift.
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environments determine both the localization character
(localized vs delocalized) and the energetic depth (shallow/
intermediate/deep) of the defect state. From this picture, we
identify two practical levers for engineering the defect levels and
types in oxide semiconductors. First, strain modifies interatomic
distances and shifts defect levels in ways predictable from the
underlying bonding characteristics. Second, annealing-induced
structural relaxation reconfigures the network toward lower-
energy arrangements, often increasing key metal−metal
distances and favoring donor delocalization.
These two levers operate through a single CC mechanism:

variations in the critical interatomic distance set both the defect-
level position relative to the CBM and the degree of state
localization. The accompanying AIMD simulations, performed
at a fixed volume, isolate structural relaxation from net density
change and refine the conventional interpretation that attributed
defect-state delocalization to increased mass density or reduced
free volume; instead, structural relaxation during annealing is the
dominant driver.
Taken together, the DFT and AIMD results provide

mechanistic guidance for tuning Vth, SS, and reliability and
offer process-level direction for oxide-electronics devices,
including�but not limited to�IGZO-based TFTs, sensors,
and selector/memristive elements.

4. COMPUTATIONAL METHODS

4.1. DFT Calculation for IGZO Structures with Defects

We prepared IGZO (In:Ga:Zn = 1:1:1) structures using our in-house
developed machine learning potential (MLP)35,36 and generated 10
structures by introducing oxygen vacancies at ten distinct sites within
the same parent structure. The parent amorphous IGZO supercell used
in this study contains 77 atoms with lattice parameters of 9.74 Å. We
efficiently screened oxygen vacancies and identified low-energy
candidates using the QuantumATK software.37 We note that the
present sampling and screening do not reproduce the entire defect
population formed under sputtering conditions or fully capture the
structural variability present in experimentally synthesized IGZO.
Nevertheless, they are sufficient for examining the qualitative evolution
of defect states under strain and annealing. Accordingly, the present
study is intended to establish a mechanism-level trend rather than a
statistically converged defect distribution under realistic growth
conditions. For each structure, we computed three charge states of
the oxygen vacancy (VO0, VO1+, and VO2+) and evaluated the
corresponding defect levels. In this work, the term defect level
specifically denotes the Kohn−Sham defect eigenvalue associated with
the oxygen vacancy state. Three charge states were obtained by
removing electrons from the supercell. Specifically, two electrons were
removed for VO2+, one for VO1+ and none for VO0. To probe strain
effects, we applied in-plane biaxial tensile and compressive strains of ±
3% with the out-of-plane lattice held fixed (see Supporting Information
S4) and recomputed the defect electronic structure. For annealing
studies, AIMD simulations were performed in the NVT ensemble,
which keeps the cell volume fixed and thereby isolates structural-
relaxation effects from mass-density change. For each target temper-
ature, the system was heated, equilibrated for 10 ps (T = 25−400 °C) to
ensure sufficient annealing, and then quenched to 300 K. This protocol
enabled us to isolate the role of structural relaxation without coupling it
to mass density changes. DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP).38 All calculations used
consistent convergence criteria for k-mesh and cutoff values across
strain and charge state conditions to ensure comparability. Detailed
DFT parameters and settings are provided in Supporting Information
S5.

4.2. Defect Formation Energy and Repulsive Energy
between Ions
The ΔUr represents the change in the screened repulsive energy
between ions in the defect formation energy, clearly separated from the
contribution arising purely from electronic eigenstate energy. We
estimated it by calculating the defect formation energy after removing
two electrons from the supercell (charge state q = +2) while atoms were
fixed at the previously optimized structure. This procedure is equivalent
to evaluating the DOS and formation energy of the VO2+ charge state.
More details about ΔUr are provided in Supporting Information S2.
Defect formation energies were calculated using the doped package
with standard chemical potential references and the extended
Freysoldt−Neugebauer−Van de Walle (eFNV) correction for charged
defects (image-charge plus potential-alignment).39,40 More details
about the setting of defect formation energy calculations are provided in
Supporting Information S6. The CC diagram for the oxygen vacancy
was constructed by linearly interpolating atomic positions between the
fully relaxed geometries of the VO0 and VO2+ charge states. For each
intermediate structure, single-point energy calculations were performed
for both charge states to obtain the adiabatic potential energy surfaces.
Because VO exhibits negative-U behavior, the VO1+ state was omitted,
and the transition from the neutral to the doubly positive charge state
was considered directly.41 The activation barrier and structural
relaxation energy were then extracted from the resulting energy profiles.
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