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ABSTRACT

III-nitrides and related alloys are widely used for optoelectronics and as acoustic resonators. Ferroelectric wurtzite nitrides are of particular
interest because of their potential for direct integration with Si and wide bandgap semiconductors and unique polarization switching
characteristics; such interest has taken off since the first report of ferroelectric Al1!xScxN alloys. However, the coercive fields needed to
switch polarization are on the order of MV/cm, which are 1–2 orders of magnitude larger than oxide perovskite ferroelectrics. Atomic-scale
point defects are known to impact the dielectric properties, including breakdown fields and leakage currents, as well as ferroelectric switching.
However, very little is known about the native defects and impurities in Al1!xScxN and their effect on the dielectric and ferroelectric proper-
ties. In this study, we use first-principles calculations to determine the formation energetics of native defects and unintentional oxygen incor-
poration and their effects on the polarization switching barriers in Al1!xScxN alloys. We find that nitrogen vacancies are the dominant native
defects, and unintentional oxygen incorporation on the nitrogen site is present in high concentrations. They introduce multiple mid-gap
states that can lead to premature dielectric breakdown and increased temperature-activated leakage currents in ferroelectrics. We also find
that nitrogen vacancy and substitutional oxygen reduce the switching barrier in Al1!xScxN at low Sc compositions. The effect is minimal or
even negative (increases barrier) at higher Sc compositions. Unintentional defects are generally considered to adversely affect ferroelectric
properties, but our findings reveal that controlled introduction of point defects by tuning synthesis conditions can instead benefit polarization
switching in ferroelectric Al1!xScxN at certain compositions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0211892

It has been long known that wurtzite nitrides, including AlN and
GaN, have large spontaneous polarization> 100 lC/cm2, but the elec-
tric fields needed to reverse the polarization (for ferroelectricity) are
larger than the dielectric breakdown fields.1,2 There has been a resur-
gence of interest in wurtzite and wurtzite-type ferroelectrics since the
unexpected demonstration of robust polarization switching in
Al1!xScxN alloys.3 Polarization switching has now been demonstrated
in other solid solutions, including Al1!xBxN, Al1!xYxN, Ga1!xScxN,
and Zn1!xMgxO.

4–7 New binary and multinary compounds have also
been proposed for wurtzite-type ferroelectrics.2,8,9

There are both scientific and technological reasons to be excited
about this new class of ferroelectric materials—from the fundamentally
new physical mechanisms driving polarization switching10–12 to the
possibility of direct integration with commercial microelectronics
enabling in-memory computing, high-density data storage, and
electro-optics.13,14 Yet, there are several challenges facing the deploy-
ment of wurtzite-type ferroelectric devices, among which lowering of

the switching barrier (i.e., coercive field) while remaining highly insu-
lating is the most pressing. Empirically, coercive field reduction has so
far been achieved via strain engineering,3,15 increased operating tem-
perature,16 and with higher alloying substitutions. However, significant
experimental data and phenomenological modeling both suggest that
these approaches have limited impact.17 A more rational approach to
lowering coercive fields while also maintaining high breakdown fields
will require an understanding of the atomic-scale mechanisms.

There is ample evidence on the influence of defects on the ferro-
electric behavior in oxide perovskites18 and emerging materials, such
as HfO2.

19 However, the defect makeup and their effects on the ferro-
electric properties of wurtzite-type compounds and solid solutions
remain unclear. We know from fundamental physics that defects,
including atomic-scale point defects to extended defects, such as stack-
ing faults and dislocations, are likely to affect ferroelectric properties.
Charged shallow defects create free electronic carriers (electrons and
holes) that contribute to leakage current; in contrast, deep defects
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localize the electronic carriers and minimize the increase in the leakage
current but may lead to the premature dielectric breakdown. Point
defects are also known to locally modify the polarization switching and
affect domain wall motion by pinning in oxide ferroelectrics,20 but
their role(s) on wurtzite polarization reversal are unknown.

Our current understanding of the defect physics in wurtzite-type
materials is mostly based on binary wurtzite compounds, e.g., GaN
and AlN.21–24 For isostructural alloys between wurtzite compounds,
linear interpolation between parent compounds is generally
assumed.23 However, for heterostructural alloys, such as Al1!xScxN
(wurtzite AlN and rock salt ScN), the validity of such interpolation is
unclear. An experimental study has proposed nitrogen vacancies as a
possible origin of leakage current in Al1!xScxN thin films.25 A compu-
tational study probed the formation thermodynamics of nitrogen
vacancy (VN), which qualitatively supports its contribution to the leak-
age current in Al1!xScxN.

26 However, that study suffers from several
technical issues in addition to considering only single Al1!xScxN com-
position (x¼ 0.25). The study did not consider cation vacancies, limits
on the elemental chemical potentials set by phase stability, bandgap
correction, or quantify the defect or electronic carrier concentrations.
These details are critical for accurate quantitative predictions.

Additionally, while the majority of studies do not explicitly
address oxygen incorporation, it is an experimental reality that all sam-
ples have a non-zero amount of oxygen incorporation. Oxygen
substituting on the nitrogen site (ON) is a known donor defect in III-
nitrides, and a DX center in some cases, e.g., in AlN and related
alloys.22,23,27 Therefore, quantifying ON and understanding its behav-
ior are critical since shallow donors generate free electrons and con-
tribute to increased leakage currents while deep defects can cause
premature dielectric breakdown. Here, we use first-principles defect
calculations to determine the formation thermodynamics of native
defects and unintentional oxygen impurity incorporation in
Al1!xScxN alloys (x ¼ 0 ! 0.333). Specifically, we want to answer: (1)
Which defects are present in high concentration and under what
growth conditions? (2) Are deep defects present and what are their
energetic location? (3) What is the level of unintentional oxygen incor-
poration—common in many nitrides and nitride-based alloys? and (4)
What are the associated electronic carrier concentrations?

To address these questions, we used our methodology for model-
ing defects in alloys.28,29 In this approach, we predict an effective defect
formation energy, which approximately accounts for the variations in
the formation energy in different local environments in the alloy. The
effective formation energy can be thought of as a statistical average for-
mation energy across the different sites in the alloy. Total energy calcu-
lations and structural relaxations were performed with density
functional theory, as implemented in Vienna Ab Initio Software
Package. Details of the computational methodology are provided in
the supplementary material. We calculated the formation energetics of
native defects and oxygen incorporation in Al1!xScxN with varying Sc
content in the range x ¼ 0–0.333, where the wurtzite phase is stable
and includes the range of x where ferroelectric switching is experimen-
tally observed. Specifically, we examined the defect properties at
x¼ 0.042, 0.125, 0.250, and 0.333, all in the wurtzite phase.

The computed effective formation energy (DED;q) of native
defects and substitutional oxygen (ON) are shown in Fig. 1 for
x¼ 0.333. Here, we focus on Al0.667Sc0.333N, i.e., x¼ 0.333, only
because the qualitative trends across different compositions are similar

and compositions with x> 0.3 are most relevant for ferroelectric stud-
ies. DED;q is computed for Al vacancy (VAl), Sc vacancy (VSc), and
nitrogen vacancy (VN) defects. We did not consider metal/N antisite
defects and interstitials because of their high formation energy in
AlN.24 The equilibrium Fermi energy (EF;eq) in each case is calculated
self-consistently by solving for charge neutrality at 1000K. Calculated
DED;q at x¼ 0.042, 0.125, and 0.250 are presented in Figs. S4–S6.

Under N-rich growth conditions [Fig. 1(a)], VAl; VSc, and VN

form in low and comparable concentrations due to their very high for-
mation energies; VN concentration is #104 cm!3 at 1000K [Fig. 2(a)].
In contrast, we find that VN is the dominant defect under the most N-
poor growth conditions [Fig. 1(a)], with equilibrium concentration
exceeding 1016 cm!3. Both metal and anion vacancies exhibit ampho-
teric behavior, i.e., capable of acting as donor and acceptor depending
on EF. High concentrations of VN and its amphoteric nature in AlN,
GaN, and other III-nitrides are well documented.22,29,30 Therefore, it is
unsurprising to find that VN is the dominant defect, especially under
N-poor growth conditions. Our calculations suggest that growth under
more N-rich conditions will result in less defective Al1!xScxN, which is
generally desired to sustain larger dielectric breakdown fields,
reduced leakage currents, and potentially more robust polarization
switching.

Thin films of III-nitrides and related alloys commonly incorpo-
rate oxygen as an impurity.31–33 The unintentional oxygen incorpora-
tion during growth or ambient exposure has adverse effects on the
structural and optoelectronic properties of these materials.22,33

Specifically, oxygen substituting on the nitrogen site leads to the crea-
tion of donor defect states that have been associated with temperature-
activated leakage currents in AlN.34 Given the possibility of substantial
oxygen incorporation in Al1!xScxN alloys, it is crucial to quantify the
level of oxygen incorporation and determine if they introduce deep
defect states. We calculated DED;q of oxygen substitution on the nitro-
gen site (ON) at each of the four compositions discussed above. Figures
1(c) and 1(d) show the defect energetics of ON in Al0.667Sc0.333N, while
the defect energetics for x¼ 0.042, 0.125, and 0.250 are shown in Figs.
S4–S6, respectively. Unlike VN, ON is the dominant defect (high con-
centration) under both N-rich and most N-poor growth conditions,
suggesting high levels of unintentional O incorporation unless oxygen
exposure during growth is carefully eliminated. Similar trends are
observed at other compositions (Figs. S4–S6).

We find that both VN and ON introduce multiple deep mid-gap
states in Al1!xScxN. The charge transition levels (CTLs) of VN are
shown in Fig. 3 at various alloy compositions. The CTLs are referenced
to the valence band maxima (VBM). The bandgap is calculated using
the GW method (see the supplementary material for details), which
shows a monotonic decrease with increasing x since ScN has a signifi-
cantly smaller bandgap (#1 eV)35 relative to AlN (calculated 6.1 eV).
ON is a known DX center in AlN.23 A DX center is a deep defect that
forms when a donor defect like Oþ1

N captures two electrons and under-
goes a large local structural distortion to stabilize an acceptor state like
O!1

N . As a result, a key feature of a DX center is displacement of the O
atom from the ideal N site. DX centers are commonly observed in zinc
blende and wurtzite compounds.36 For Al1!xScxN alloys, we find O!1

N
has the characteristics of a DX center (e.g., see structures in Fig. S7 for
x¼ 0.333). Both deep defects are undesirable for optoelectronics
because they act as carrier recombination centers. In ferroelectrics,
deep defects can mediate premature dielectric breakdown before
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polarization switching but can be beneficial for electronic carrier trap-
ping that suppresses leakage currents.

The breakdown field of an insulator critically depends on the
bandgap of the material. Considering the importance of the break-
down field for polarization switching, we semi-quantitatively estimate
the effect of Sc composition (x) on the intrinsic breakdown field (Eb, in
MV/m) of Al1!xScxN. We used a phenomenological model37 to esti-
mate Eb as follows:

Eb ¼ 24:442 exp 0:315
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Egxmax

p" #
; (1)

which depends on the electronic bandgap (Eg, in eV) and the maxi-
mum optical phonon frequency (xmax, in THz) at the C point of the
Brillouin zone. Eg of the alloys calculated with the GWmethod (Fig. 3)

monotonically decreases with x. Direct calculation of xmax for alloys is
computationally expensive, but we can draw trends based on xmax of
pure wurtzite-AlN (#26.98THz) and rock salt-ScN (#19.49–
20.99THz). We expect a decrease in xmax with increasing x, consistent
with the increased softening of Al1!xScxN. With pure AlN
(Eg¼ 6.11 eV) as the reference and no change in xmax, Eb will decrease
by 4%, 9%, 18%, and 20% at x¼ 0.042, 0.125, 0.250, and 0.333, respec-
tively. The decrease in xmax with x will further exacerbate the decrease
in Eb.

Charged defects introduce electronic carriers (free or bound) that
contribute to leakage currents. We estimate the net carrier concentra-
tions self-consistently by solving for charge neutrality. The net carrier
concentration computed as jnh ! nej is shown in Fig. 2(c), corre-
sponding to the defect energetics in Figs. 1(a) and 1(b), where no

FIG. 1. Defect formation energy (DED;q) as a function of the Fermi energy (EF) in Al0.667Sc0.333N alloy when oxygen is absent [(a) and (b)] and present [(c) and (d)]. The equilib-
rium Fermi energy (EF;eq) is calculated at T¼ 1000 K. Defect energetics are calculated under N-rich [(a) and (c)] and most N-poor growth conditions [(b) and (d)] corresponding
to the chemical potentials at vertices V4 and V1 of the phase stability region in Table S5, respectively.

FIG. 2. Net carrier concentration in Al1!xScxN for x¼ 0.042, 0.125, 0.250, and 0.333 under N-rich and most N-poor growth conditions. (a) Nitrogen vacancy (VN) concentra-
tions under most N-poor growth conditions (solid lines). Under N-rich conditions (dotted lines), VN concentrations are lower <106 cm!3. (b) Substitutional ON concentrations
under most N-poor (solid) and N-rich (dotted) growth conditions. (c) Net carrier concentration is jne ! nhj, where ne and nh are electron and hole concentrations, respectively.
Under most N-poor conditions, ne > nh while nh > ne under N-rich conditions.
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oxygen incorporation is taken into account. Here, ne and nh are elec-
tron and hole concentrations, respectively. The qualitative trends are
similar with and without oxygen incorporation. The net carrier con-
centration is e! for ne > nh and hþ for ne < nh. We find that, regard-
less of the composition, the net carrier concentration decreases under
N-rich conditions. This decrease in net carrier concentration suggests
that growth under N-rich conditions can effectively minimize leakage
currents. Even though the net carrier concentration is predicted to be
large (>1012 cm!3 for x % 0.250) under N-poor conditions, the pres-
ence of very deep defect states (Fig. 3) means that the carriers will be
bound and not available as free conduction carriers. Such bound car-
riers do not contribute to leakage current and can only be temperature
activated, as is observed in pure AlN.34

Alloys are an ensemble of different local chemical environments,
each with slightly different defect properties. Taking the example of
VN (q¼þ3), we observe variations in DED;q across 24 Wyckoff sites
of N at each x (Fig. S8). In an attempt to correlate the variations to
local environments, we plot supercell total energies as functions of the
number of Sc atoms within the third nearest neighbor shell from the
VN site. We do not observe a clear trend at x¼ 0.042, 0.125, or 0.250.
At x¼ 0.33, we observe a weak correlation—increasing number of Sc
atoms is associated with lower VN formation energy, which is consis-
tent with the physical picture that local environments with more Sc are
more distorted than pristine wurtzite AlN. Larger local distortions
should facilitate defect formation. Future extensions of our work may
also consider hydrogen defects, e.g., hydrogenated anion vacancies in
AlN,38 and cation complexes, e.g., Al vacancy complex with oxygen
impurity in AlN.22 The search for these defect complexes is computa-
tionally intensive and challenging because there is no prescribed proce-
dure to systematically identify them.

We investigate the effects of the dominant point defects—Vþ1
N

and Oþ1
N —on the polarization switching barrier (xs) of AlN and

Al1!xScxN alloys at x¼ 0.055 and 0.36. The methodology for calculat-
ing xs is explained in the supplementary material. We consider a
defect concentration of #2.8%, which is commensurate with the 72-
atom supercell and close to the highest experimentally reported oxygen
incorporation in Al1!xScxN.

32 In our recent work, we have shown that

the atomic-scale polarization switching mechanism in Al1!xScxN is
composition-dependent.39 Specifically, at low Sc compositions, e.g.,
x¼ 0.055, we observe collective switching, wherein the cation tetrahe-
dra collectively undergo a transition through a hexagonal-BN-like
non-polar structure and is characterized by a smooth minimum-
energy pathway. In contrast, individual switching mechanism is
observed at high Sc compositions, e.g., x¼ 0.36; with individual cation
tetrahedra undergoing a sequential switching process through unique
half-switched non-polar structures that results in complex minimum-
energy pathways with xs typically lower than in collective mechanism.

Figure S9 shows the minimum-energy switching pathways in
pristine and defected AlN (with 2.8% Vþ1

N , Oþ1
N ). In all cases, collective

switching is observed. The introduction of defects lowers xs relative to
the undefected structure (Fig. 4). The beneficial effect of defects in low-
eringxs is surprising but consistent with design principles that we pro-
posed in Ref. 9, namely, increased bond ionicity and softness decreases
xs. Vþ1

N locally softens the bonds while Oþ1
N introduces more ionic,

albeit stronger, Al–O bonds. The local structural distortions caused by
the defects are qualitatively similar to distortions caused by the addi-
tion of Sc to AlN—shortening of the Al–N bonds in the basal plane
and elongation of the bonds along the c axis (Fig. S12) such that the
local structure is energetically “closer” to the hexagonal-BN-like non-
polar phase.40 In both cases, the structural distortions lower xs.

Similar behavior is observed in Al1!xScxN alloys. At low Sc com-
positions (x¼ 0.055), collective switching occurs in both undefected
and defected alloys. Both Vþ1

N and Oþ1
N (2.8%) lower xs (Fig. 4) and

cause similar local structural distortions discussed above. However, at
higher Sc composition (x¼ 0.36), the effect of the defects is less pro-
nounced (Fig. 4). For example, the average xs with 2.8% Oþ1

N is lower
than the undefected alloy by< 0.1meV/Å3 while the average xs with
Vþ1
N slightly increases xs. As discussed earlier, an alloy is an ensemble

of different local environments. At x¼ 0.36, the N site with highest
(lowest) formation energy exhibits individual (collective) switching
mechanism. Our previous study has shown that collective switching is

FIG. 3. Charge transition levels (CTLs) of nitrogen vacancy (black horizontal bars)
and substitutional ON (red horizontal bars) in Al1!xScxN alloys. CTLs are referenced
to the valence band maximum (VBM). The bandgap (Eg) monotonically decreases
with increasing Sc content (x).

FIG. 4. Effect of dominant defects on the polarization switching barrier (xs) in
wurtzite-type Al1!xScxN. At each Sc composition, i.e., x, xs is calculated at the
defect sites with highest and lowest formation energies; average xs is plotted along
with the standard deviation as the error bar. Vþ1

N and Oþ1
N in alloys with high Sc

content exhibit mixed switching mechanisms (Fig. S11). The data for undefected
Al1!xScxN are taken from Ref. 39. The switching pathways are shown in Figs. S9–S11.
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typically associated with higher xs.
39 As such, the average xs (Fig. 4) is

similar to undefected Al1!xScxN.
High concentrations (>1%–2%) of defects, including uninten-

tional impurities such as oxygen, are beyond the dilute defect limit and
can impact the dielectric properties of Al1!xScxN alloys. We quantita-
tively estimate their effect on Eb using Eq. (1), specifically by determin-
ing the changes in the bandgap (Eg) due to defect incorporation. Here,
bandgap changes are calculated at the GGA(þU) level of theory. We
found that Eg decreases upon introduction of 2.8% defects and that Eg
reduction due to Oþ1

N is less severe compared to Vþ1
N . As a result, 2.8%

Oþ1
N reduces Eb by up to 9% while the same concentration of Vþ1

N
reduces Eb by up to 42%. The effect of Oþ1

N on Eb is negligible (!3%)
in Al1!xScxN alloys at low Sc compositions.

In summary, our defect calculations reveal that nitrogen vacan-
cies are the dominant defects in Al1!xScxN, which can be minimized
by growth under N-rich conditions. Both metal and anion vacancies
introduce multiple deep defect states; it is critical to minimize their
concentration by growth under relatively N-rich conditions to reduce
carrier recombination for optoelectronics and premature dielectric
breakdown in power electronics and ferroelectrics. N-rich growth also
reduces net carrier concentrations—beneficial for reducing leakage
currents. High levels of unintentional oxygen incorporation are
expected, with substitutional ON present in even higher concentrations
than VN and leading to even higher leakage currents. Importantly, we
find that the effect of the dominant defects on the ferroelectric proper-
ties of Al1!xScxN is composition-dependent. Point defects, such as
Vþ1
N and Oþ1

N (few atomic percentage concentration), favorably reduce
xs in Al1!xScxN at low Sc compositions but has negligible effects at
high Sc compositions. It is possible that the defects may even increase
xs at even higher Sc compositions (x > 0.36). Therefore, our results
suggest that growing Al1!xScxN under N-rich conditions is critical to
reduce leakage current and prevent dielectric breakdown at high x
while intentional introduction of nitrogen vacancy and oxygen impu-
rity at low x may be beneficial to reduce switching barriers. In high
concentrations (>2%), both defects reduce the intrinsic breakdown
field but the effect of oxygen substitution on Eb reduction is less severe
compared to nitrogen vacancy.

See the supplementary material for the computational methodol-
ogy, phase stability, and effect of defects on bandgap and breakdown
field.
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