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ABSTRACT

Al xScxN thin films have attracted remarkable attention in industrial applications, including
micro-electro-mechanical systems and radio frequency acoustic filters, due to their excellent
piezoelectric properties and processing compatibility. However, a major challenge in
developing high-performance Al;«ScxN thin films lies in controlling persistent oxygen
impurities. Here, we systematically investigate the impact of oxygen impurities on the structural
stability and piezoelectric properties of experimentally reported wurtzite Alge25Sco.375N using
first-principles calculations. 17 types of defect configurations incorporating oxygen defects and
cation vacancies have been developed, providing critical insights into their formation energies,
effective piezoelectric coefficient (dssy), dielectric constant (e335) and electromechanical
coupling coefficient ( K33 ). Our findings demonstrate that moderate oxygen doping,
particularly oxygen substitutional defects (On), enhances the coefficient ds3y primarily
attributed to a reduction in the elastic constant Cs; and increase in the piezoelectric tensor es3.
In contrast, the interstitial oxygen (O;) and cation vacancies (Vaysc) tend to decrease dsy.
Moreover, a low concentration pure Ox at about 1.6% can notably enhance dss3r and
KZ; compared to oxygen-free w-AlggsSco37sN and a higher concentration of On defects
increases ¢33, further boosting electric field response along c-axis. These insights into defect
engineering in Sc-doped AIN provide promising strategies for enhancing piezoelectric
performance.
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L. INTRODUCTION

Aluminum nitride (AIN)-based materials are highly valued as piezoelectric thin films due
to its balanced properties for high-frequency and low-noise applications, stable piezoelectricity
at elevated temperatures, well-established sputtering deposition process'>. However, the
piezoelectric constant ds3; of pure AIN is two orders in magnitude lower than that of lead
zirconate titanate (PZT), which is commonly used in industrial applications®. Doping with
transition metals is a well-established strategy for enhancing the piezoelectric properties of
AIN’". Specifically, scandium (Sc) doping increases the piezoelectric response of intrinsic AIN
by nearly 500%, positioning AlixScxN as a promising material for advanced piezoelectric and
ferroelectric device applications®'?. The Sc concentration is critical to determining the crystal
phase of Al;xScxN, and hence the piezoelectric coefficient'*®. First-principles calculations
have shown that Al;xScxN prefers the wurtzite structure (w-AlixScxN), a hexagonal lattice with
space group P6smc, at scandium concentrations below approximately 50%, while at higher Sc
contents it tends to transition to the rock-salt structure (r-Al;«ScN), a cubic (NaCl-type)
phase'®. Experimentally, it has been reported that wurtzite and rock-salt phases appear at
different Sc concentrations, with the rock-salt phase fraction increasing as Sc concentration
rises, and a sharp decline in piezoelectricity is observed around 50% Sc concentrations®.

In addition to Sc concentration affecting piezoelectricity of AlixSciN, another crucial
factor is impurities, particularly oxygen from source contamination or residual background
gases (02, H20, CO2) during thin-film deposition'®"”. Meanwhile, Sc doping in AIN increases
oxygen incorporation due to its high thermodynamic affinity for oxygen, especially at elevated
Sc concentrations'®?°. Oxygen impurities typically degrade the performance of AIN-based
films by compromising structural integrity, promoting domain inversion boundaries, and
generating charged point defects that alter dielectric and thermoelectric properties*' 2.
Consequently, both fundamental and applied research on the impact of oxygen impurities on
the piezoelectric properties of Al;.«ScxN has attracted considerable interest.

It is worth noting that the introduction of oxygen into AIN-based materials form complex
defects, such as oxygen substitutional defects, oxygen interstitial defects and cation vacancies,
which further impact material performance together with the Sc doping®*?°. Theoretically, Yan
et al. *° investigated the formation energy, transition levels, and optical properties of defects in
w-AIN, with a focus on the cases of Al vacancies (Vai), N vacancies (Vv), O doped N (On) and
the complex defect of On-Vai. Kumar et al.” investigated the formation of oxygen defects in 7-
Al xScxN, focusing on Oy, interstitial oxygen (O;), and combined substitutional and interstitial
oxygen (Oxt+Oi) configurations, showing that »-Al;«SckN prefers to be in the defect complex
of nOx + O; types. Experimentally, positron annihilation studies have revealed that in as-grown
w-AIN samples, the On-Vai is the predominant form of Va;, whereas isolated Va; defects are
primarily detected in irradiated samples®’. Electron paramagnetic resonance measurements
have identified defects on the N sublattice, specifically Ox or Vy sites, providing additional
insight into defect structures within w-AIN***, Notably, earlier studies have primarily focused
the defects in pure AIN.

Recent computational investigations have demonstrated that oxygen impurities can

profoundly affect ferroelectric behavior of AljxSc,N-based systems®’!

. These insights
highlight the critical role of defect engineering in tuning the functional properties of Al;.xScxN.

Beyond ferroelectricity, the piezoelectric response of AlixScyN is particularly susceptible to
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defect-induced variations, as both the polarization magnitude and lattice distortions contribute
significantly to its electromechanical performance. Consequently, elucidating the influence of
oxygen-related defects on the piezoelectric properties of Al;«ScN is essential for guiding the
optimization of its practical applications. However, comprehensive investigations into the
impact of defects, particular oxygen impurities, on the structural and piezoelectric properties of
Sc-doped w-AlIN films are still limited. In this work, we systematically investigate the effects
of oxygen-related defects on the structural stability, piezoelectric response, and dielectric
properties of experimentally reported w-AlixScxN using density functional theory (DFT).
While our previous study’ primarily correlated experimental measurements with first-
principles analysis for selected defect scenarios in w-AlgssSco3sN thin films, the present work
overcomes prior limitations by systematically constructing and evaluating 17 representative
defect types—including substitutional and interstitial oxygen, their complexes, and vacancy-
assisted forms. We assess their influence on key physical quantities such as elastic constants,
piezoelectric tensors, dielectric permittivity, and electromechanical coupling coefficients.
Furthermore, by decomposing the piezoelectric tensor into electronic and ionic components,
we uncover the microscopic mechanisms through which specific oxygen-related defects
modulate functional responses. This comprehensive theoretical framework provides critical
insights into the defect—property relationship in Sc-doped AIN and offers practical guidance for
defect engineering in wurtzite nitride-based piezoelectric devices.

II. METHODS

All the first-principles calculations were performed using DFT method within the Vienna
Ab-initio Simulation Package (VASP)*?*. Electron-core interactions were modeled with the
projector-augmented wave (PAW) method, utilizing a plane wave basis set’”. The exchange-
correlation effects were treated using the generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) functional*®*’, and dispersion corrections were incorporated
through Grimme’s DFT-D3 method to account for weak interatomic interactions, particularly
those introduced by oxygen-related defects*. An energy cutoff of 600 eV was used, with full
structural optimization conducted until atomic forces converged below 0.01 eV/A. The
electronic convergence criterion was set to 107® eV, and a Monkhorst-Pack k-point mesh of
4x4x4 was used for Brillouin zone sampling™.

The formation energy (Er) is calculated using the Zhang—Northrup scheme®, as defined
by:
Ef(def) = E( Adefect) —E( Aperfect) + Zinil"i (D
Here, E(Agefect) denotes the total energy of the supercell containing defects, while
E(Aperfect) 1s the total energy of the pristine supercell. The variables x; represent the chemical
potential of each element added to or removed from the pristine supercell to create the defect
supercell, and »; indicates the number of atoms added (or removed) to form the defect. The
chemical potentials are carefully selected to ensure the thermodynamic stability of defective w-
Al xScxN with respect to competing phases under representative O-rich and O-poor conditions,
although they are not derived from a complete thermodynamic phase diagram —a more
rigorous framework for predicting phase stability™. For nitrogen-rich conditions, the chemical
potential of nitrogen uy is determined using Eq. (2), given by:
iy = Etor(N)=Do(N) ()
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The chemical potential of oxygen is calculated under both oxygen-rich and oxygen-poor
conditions, as defined in Egs. (3) and (4). Under oxygen-rich conditions,

to = Et0t(0)—Dy(0) 3)
Under oxygen-poor conditions, the chemical potential of oxygen uo, is determined by the
following equation:

1
to = 3 (Etor(Sc203/A1,03)) =2 X psear) @

Ewi(N) and E;»(O) represent the atomic energies of nitrogen and oxygen, respectively, obtained
by calculating a single atom with appropriate spin polarization in a cubic supercell with at least
25 A of vacuum along each axis®. The values Dyo(N) and Dy(O) are the experimental
dissociation energies of nitrogen (9.80 eV) and oxygen (5.16 eV), respectively, as reported by
Huber and Herzberg*'. Determining the appropriate reference under oxygen-poor conditions is
challenging, as it could be either Sc,O; or Al,O. Therefore, we considered both conditions. i
(Sc203/AL,03) refers to the total energy of Sc,O3; or Al,Os in the cubic or hexagonal crystal
structure, while us. and p4 represent the chemical potentials of scandium and aluminum in their
metallic forms. This approach provides a more accurate calculation of the chemical potentials
of O and N compared to the conventional method, which derives uyand u, from the total energy
of O, or N> molecules in a supercell. The chemical potentials of O and N were determined under
O-rich and N-rich limits, respectively, consistent with typical experimental growth conditions
and prior investigations of oxygen-related defects in 7-Al;xScxN 2. Here, defect formation
energies were computed based on static DFT total energies without explicitly incorporating
entropy contributions. While this approach provides valuable qualitative insights into defect
behavior, its omission of entropy contributions inherently limits the quantitative accuracy of
thermodynamic stability predictions at finite temperatures, where entropic effects can play a
critical role in stabilizing certain alloy phases and defect complexes under realistic synthesis
conditions®**. Therefore, the results presented here should be interpreted as representative of
low-temperature or entropy-neglected scenarios, and care should be taken when extrapolating
to high-temperature growth environments.

Moreover, the piezoelectric tensors e; and the Born effective charges (Z;") are predicted
by Density Functional Perturbation Theory (DFPT) method®. Convergence tests were
performed on w-AIN using a high-precision electronic convergence of 10~’ ¢V and Monkhorst—
Pack k-point meshes of 4x4x4 and 8x8x8. As shown in Tables. SI-VI, the calculated
piezoelectric tensors values were very close, confirming good convergence. Based on this, a
4x4x4 k-point mesh was adopted to ensure reliable convergence while balancing computational
cost. The elastic constant Cs; for Ali«ScxN is determined by applying strain along the c-axis
and fitting the resulting energy-strain curve. This is done by modifying the lattice parameters
with strains (-0.015, -0.010, -0.005, 0.00, +0.015, +0.010, +0.005) and extracting C3; from the
slope of curve via the second derivative of a polynomial fit to the calculated energies. The
effective piezoelectric coefficient ds3 rcould be defined as:

sz = 22 5
3f =G, ®)
III. RESULTS

Based on experimentally reported w-Aly5sSco 375N thin films®?, we investigate the effects

of oxygen defects (ranging from 1% to 4.8%) and cation vacancies under various conditions on
4



the structural and piezoelectric properties of the material, focusing on 17 favorable defects, Ox-
O; and V aysc-Onji. For On-O;i type, there are 7 cases: 10y, 10, 20x, 108+10;, 30x, 208 +10;,
10n+20;, where On means replacing N atoms by O atoms, O; is the interstitial O atoms. For
complex Vaysc-Oni, there are 10 cases: 10nx+tVavse, 208tV avse, 1ONF1O0+V ayse, 308V avse,
20n+10; +Vaysc), where Vayse means Al or Sc vacancies. The candidate structures were
constructed using the equivalent-site substitution method. For every best composition, which
has the lowest energy, was screened using a multistep approach using DFT method and sent to
subsequent property calculations, as detailed in Fig. S1. The calculated lattice parameters and
internal parameter u are presented in Table SVII, where u represents the ratio of the lattice
constant ¢ to the cation—anion (Al/Sc—N/O) bond length along the c-axis. These lattice
parameters closely match those observed in experiments®”. Notably, the internal parameter for
Sc-N/O bonding is larger than that of AI-N/O bonding. Additionally, the defect formation
energy (Er) as a function of difference oxygen chemical potential (Auo) for various oxygen
defect configurations in w-Alge25Sco37sN is calculated, as shown in Tables SVIII-SXI. Here,
Auo represents the chemical potential difference referenced to the chemical formula under O-
rich conditions. In oxygen-poor conditions, uo is calculated using Al:Os and Sc.Os as reference
materials, aligning with approaches used in previous studies®2°. As depicted in Fig. 1 and Fig.
S2, the trend observed using Al:Os as a reference is similar to that obtained with Sc.Os. Here,
AlLOs is used as an example for further analysis. Defect formation energies were calculated to
assess the relative stability of oxygen-related defects. The chemical potentials were constrained
according to the Zhang—Northrup formalism® to ensure the thermodynamic stability of w-
Aloe25Sco 375N against competing phases. Thus, the negative formation energies indicate a
realistic tendency for oxygen incorporation during growth conditions, rather than spontaneous
decomposition. Figure 1(a) presents the defect configurations involving Ox and O; in w-
Alpe25Sco.375N. Under oxygen-poor conditions, all defect formation energies are positive, with
minimum and maximum values of 2.04 eV and 12.43 eV, respectively, indicating these defects
are energetically unfavorable and unlikely to form in such an environment. In contrast, under
oxygen-rich conditions, all defects exhibit negative formation energies except for the 10;
configuration, which remains positive with 1.30 eV. The negative formation energy reflects a
thermodynamic tendency for the formation of oxygen-related defects under oxygen-rich
conditions. The lowest formation energy is observed for 20x+10; at -5.33 eV, followed by 30
at-4.33 eV, 20y at -2.81 eV, 10y at -1.38 eV, and 10x+20; at -0.240 eV. These values suggest
that, in oxygen-rich conditions, the 20x+10; configuration is the most favorable, with other
four configurations also potentially forming. Moreover, the combination of Oy and O; defects
is favorable for reducing the formation energy in oxygen-rich environments. A single O; defect
tends to have larger formation energy and is thus relatively unfavorable. However, the
formation energy decreases when 10y and 10; coexist, and it further decreases as the number
of Ox atoms increases. This trend is consistent with findings from similar theoretical studied
for rock-salt phase®.

For defect configurations that involve oxygen defects in combination with Al or Sc
vacancies, as shown in Fig. 1(b), all configurations except 30nx+Vaysc exhibit positive
formation energies in both oxygen-poor and rich conditions. This indicates that these
configurations are energetically unfavorable and unlikely to form in either condition. In the
case of 30nx+Vaysc, the formation energies are positive under oxygen-poor conditions, at 4.63
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eV and 5.50 eV, but become negative under oxygen-rich conditions, at -5.62 eV and -4.74 eV.
This suggests that, among oxygen defects and cation vacancies, the 30nx+V a1 configuration is
the most favorable and thus potentially present in an oxygen-rich environment. Our results are
consistent with findings from other studies®. Notably, the formation energies of 20x+10; and
30n+Var are relatively close, indicating that these two configurations are the most likely defect
structures to form under oxygen-rich conditions. These trends provide valuable insights into
the stability of oxygen defects in w-Alps25Sco 375N under varying oxygen environments, which
is critical for tailoring the properties of w-Al;«ScxN for specific applications.
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10410, +Vy
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5
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FIG. 1. (a) Defect formation energy (Er) as a function of difference oxygen chemical potential
(Auo) for various O defect configurations with (a) Ox-O; and (b) Onji-Vavse in w-Alo.625S¢o.375sN
taking AlLO; as a reference for O poor condition. Auo represents the chemical potential
difference referenced to the chemical formula under O-rich conditions.

Based on the formation energy analysis above, various Ox-Oi and 3O0Onx+Vaysc
configurations are selected to calculate piezoelectric properties and assess their impact on the
piezoelectric performance of w-Alos2sScos7sN. The detailed piezoelectric calculations are
included in the SM. Figure 2(a) illustrates the relationship between the effective piezoelectric
coefficient ds; rand oxygen concentration across different defect configurations. The calculated
effective piezoelectric coefficient ds;z for pure w-Alos25Sco 375N is 16.21 pm/V, which closely
matches previous theoretical results (approximately 14 pm/V) reported at similar Sc
concentrations using the effective coefficient approach, while being lower than those obtained

via the complete tensor method**.

To capture the experimentally relevant oxygen
concentrations, we selected favorable defect configurations, 10n (1.6%), 20x (3.1%) and
30xtVai (4.8%), which exhibit a consistent decrease in piezoelectric response with increasing
oxXygen concentration, in agreement with experimental trends*?. Our study reveals that moderate
oxygen concentrations (10v, at 1.6%) can actually enhance the piezoelectric coefficient, with
an increase of approximately 1.5 times relative to the oxygen-free state®’. For various oxygen
defects, Ox defects contribute to enhanced piezoelectric properties. Conversely, at comparable
oxygen concentrations, O; defects tend to reduce the piezoelectric coefficient. The presence of
cation vacancies also leads to a decrease in the piezoelectric coefficient.

Furthermore, the response of d3;rto oxygen concentration is determined by the elastic
constant Cs; and the piezoelectric coefficient ess, as shown in Figs. 2(b), 2(c) and Tables SXII-
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SXLI, Table SXLV. The trend of e3; aligns with that of ds3 5 while the trend of Cjs; is opposite
to that of ds3,. This conclusion is also supported by other studies that the enhancement in ds; ¢
is primarily attributed to the softening of the Cs; and the increase in e;;” **°. O;and cation
vacancies lead to a remarkable increase in Cs; and a pronounced decrease in e33, whereas Ox
exhibit the opposite trend. This contrast underscores the critical influence of oxygen site
occupancy and cation vacancies in shaping the piezoelectric performance of w-Algs25Sco.375N.
These findings emphasize the importance of defect site characteristics in modulating
piezoelectric properties.
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FIG. 2. (a) ds3,(pm/V), (b) e33 (C/m?), (c) C33 (GPa) and (d) e;; and e35™ (C/m?) for different
oxygen defects in Algps25Sco37sN. The orange hexagonal marker represents the O; case type.

To elucidate the origin of the change in e;;, we express es;(e33 = e$¥ + elit), where ey

denotes the electronic contribution and ei% represents the contribution from the internal
atomic coordinates in response to an external strain along the c-axis (75)**. This finding

reveals that the variation in e3; is predominantly governed by e}%. For instance, the notable
decrease in es; results from a marked reduction in el%’, combined with an increase in the

magnitude of e£¢, as the oxygen concentration increases from 1% to 4.8% (see Fig. 2(d)).

Thus, the factors influencing e3¢ are further analyzed, as illustrated in Fig. 3. Structurally, as
shown in Fig. 3(a), the average bond lengths of cations and anions vary with oxygen
concentration and defect site, indicating notable changes in Sc—O and Al-O bond lengths. To

gain deeper insights, the piezoelectric coefficient ei% is analyzed, as it is directly

7



AlIP
é/_ Publishing

proportional to two key factors: Born effective charge (Z33) and the sensitivity of the atomic

positions (u3) in response to the strain along c-direction ( ) For the wurtzite structure,

eltt =%, — \/_az Z33(i ) where i runs over all atoms in the supercell, @ is the in-plane lattice

parameter of the supercell, and e is the electron charge*™. To simplify the analysis, it is

dﬂa

dus* s .
practical to consider an average value of Z33(Z33) and d—”3 ) rather than individual atomic
3

contributions within a large supercell. In Fig. 3(b) and Table SXLII, we present the Z35 for

each atom type (k) in the supercell, defined as Z35(k) = ni Yiny, Z33 (), niruns over all atoms
k

of type k within supercell (e.g., n4, nsc, ny, no). Similarly, we take the 22 dn as shown in Fig.
3

d * 1 d .
3(c), and Table SXLIII, defined as % = n—an %. Analysis reveals that Z3; for O
3 k 3
exhibits substantial variation with increasing oxygen concentration, followed by notable
changes in Sc. In contrast, Z33 for Al and N remains largely stable, showing minimal response
to changes in oxygen concentration. These findings indicate that the observed variations in Z33
are predominantly driven by contributions from O and Sc ions.
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FIG. 3. (a) The average bond length, (b) average Born effective charge (Z33*) and (c) average
sensitivity of internal parameter ( duis” ) (d) of Al/Sc site bonded to O (d“3 (Al, O) and

8



AlIP
é/_. Publishing

3—2‘3 (Sc, 0) and bonded to N in the vicinity of defects at Al/Sc (3—;‘3 (Al, N) and 3—2‘3 (Sc, N)
3 3 3

as functions of oxygen concentrations in studied oxygen-related defects w-Algs25Sco.375N.

. dus* . dus*

Furthermore, we monitored the d—ff of Al/Sc site bonded to O (d—lf (Al, O) and
3 3

3—53* (Sc, O) and bonded to N in the vicinity of defects at Al/Sc (Z—f* (Al,N) and 3—23* (Sc,N)
3 3 3

with oxygen concentration, as depicted in Fig. 3(d) and Table SXLIV. Our findings reveal that
the most notable variations occur in Sc—O, followed by Sc—N, then Al-O, with AI-N showing
minimal change, emphasizing the influence of Sc and O on the ds;, value. This relationship
highlights the dependence of ef% on both the Born effective charge and atomic displacement
sensitivity, which together contribute to the piezoelectric response in oxygen-defect
configurations.

Sc-doping AIN-based piezoelectric materials are used in various applications, such as

transducers, energy harvesting devices, pressure sensors™'.

For these applications,
maintaining an appropriate band gap is crucial to ensure device performance and reliability. As
shown in Table SXLVI, the calculated band gaps show that the introduction of oxygen-related
defects and cation vacancies reduces the band gap of w-Alys25Sco375N. However, as the defect
concentration increases, the band gap decreases significantly, reaching as low as 0.87 eV for
the configuration with three Ox defects. In contrast, the incorporation of Al or Sc vacancies
together with oxygen defects partially restores the band gap (2.43-2.74 eV), suggesting that
defect complex formation can mitigate the electronic degradation caused by excessive oxygen
doping. Moreover, a high electromechanical coupling coefficient (K33) is generally desired to
achieve broader bandwidth, improved axial resolution, and enhanced sensitivity*>>. Figure 4(a)
shows the coefficient KZ5 of w-AlgsSco37sN under various oxygen defects and concentrations,

2
€33

which is defined as K2 = > X 100%, where ¢33 is a component of the dielectric tensor

£33C33tes3
(illustrated in Table SXLV)™. The calculated KZ; value of about 28% for w-Alys25Sco37sN in
the absence of oxygen impurities, which is similar to previously reported 23% in the same
composition*. Experimental measurements indicate electromechanical coupling coefficients of
10% and 15% for Sc doping concentrations of 20% and 30%, respectively, showing that
increasing the Sc doping concentration tends to enhance KZ; of w-Al;Sc,N*°. Compared with
w-Alge25Sco.375N, this finding indicates that 10y at about 1.6% provides the most substantial
enhancement of KZ;, increasing it by 26%, followed by 30y and 30x+V a1, whereas 20x+10;
notably reduces K3, reducing it by 30%. This is attributed to the varying impacts of different
oxygen defects on elastic, piezoelectric and dielectric constants. These results suggest that
carefully optimizing oxygen defect configurations and concentrations is essential for

maximizing KZ;.
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FIG. 4. (a) Longitudinal electromechanical coupling constant (K%3) and (b) the c-component
of the relative macroscopic dielectric tensor (&,33) as functions of oxygen concentrations in w-
Alps25Sco.375N. The orange hexagonal marker represents the Oj case type.

Moreover, a larger dielectric tensor ¢33, indicates a stronger dielectric response of the
material along the c-axis. Under an external electric field in c-axis, d3; represents the strain
response of the material in the c-axis, while ¢, 33 describes the ability of material to polarize in
response to the electric field in that direction. As ¢33 increases, the material becomes more
easily polarized under an electric field. As shown in Fig. 4(b), On and O; tend to enhance ¢33
in w-Alg6255¢0.37sN, whereas Vaysc generally reduces ¢, 33. The effect of Oy is notably stronger
than that of Oi. As the number of Ox defects and the oxygen concentration increase, &,33 also
increases. Notably, 30n produces the most substantial enhancement of ¢, 33, increasing it by 55%
compared to oxygen-free w-Alp.625Sco.37sN. Compared to the most stable 30x+V a1 configuration,
€33 shows an increase of 56% for the 30n configuration. Our results indicate that increasing
On concentration in w-Alge25Sco.375sN can enhance the dielectric constant in the c-axis, thereby
increasing the sensitivity of material to electric stimuli.

IV. CONCLUSIONS

In conclusion, this study provides an in-depth analysis of the impact of oxygen-related
defects on stability and the piezoelectric properties of experimental w-Alp 25S¢o 375N using DFT
calculations. The results reveal that under oxygen-rich conditions, the 30x+Va; configuration
is high stability and likelihood of formation. Our analysis of piezoelectric properties
demonstrates that moderate oxygen doping, particularly oxygen substitutional defects,
enhances the effective piezoelectric coefficient ds;, primarily by lowering the elastic constant
(33 and increasing es;. In contrast, the interstitial oxygen and cation vacancies tend to decrease
dszs. Notably, our findings indicate that a 1.6% Ox can enhance ds;, compared to the oxygen-
free state and showing the most significant improvement in the electromechanical coupling
coefficient KZ;. Further analysis highlights the key role of Sc and O ions in influencing
piezoelectric properties of Sc-doped AIN. Moreover, increasing On concentration can raise the
dielectric constant &, 33, enhancing the sensitivity of w-Alge25Sco375N to electric stimuli along
the c-axis. These findings underscore the critical role of precise defect engineering in
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optimizing piezoelectric and dielectric properties in Sc-doped AIN, offering valuable insights
for applications in sensors, transducers, and other piezoelectric devices.

SUPPLEMENTARY MATERIAL

It includes the detailed geometrical parameters, defect formation energies, piezoelectric tensors,
and the average sensitivity of internal parameters for wurtzite Al;xScxN under various defect
types and oxygen concentrations.
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