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Oxygen and silicon point defects in Alj ¢sGagy.3sN
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The formation energies of oxygen and silicon impurities have been examined explicitly in Al 5Gag 35N using
hybrid exchange-correlation density-functional theory simulations. Both impurities were initialized in on-site
substitutional and off-site DX configurations in a range of charge states. The O;l donor was found to always
relax into an on-site configuration, and its formation energy is relatively independent of local chemistry (the
configuration of Al and Ga atoms surrounding the defect). By contrast, the Oy' acceptor almost always relaxes
into a DX configuration, with a formation energy that is strongly dependent on local chemistry. The differences
in formation energy of distinct Ogl defect configurations are understood through the interplay of two qualitative
trends in the types of nearest-neighbor bonds (O-Al or O-Ga), as well as the subtler influence of the lengths of the
O-Al bonds. Knowledge of Oy' formation energies as well as the relative frequencies of sites with different local
chemistry allows one to compute the relative site occupancies of Oy '. Because the thermodynamic transition
levels associated with different defect configurations are unique, the Oy DX transition is associated with multiple
defect levels. Siyy, where I1I represents the group III cation of Al or Ga, provides an interesting counterexample.
Siﬁl1 is predicted to be the dominant charge state across the entire band gap of Al ¢5sGao 35N, and little dependence
of the formation energy on the composition of nearby cation sites was found. This is explained by the fact that
the first-nearest neighbors are all of the same species (N), so the local environment is similar to a bulk III nitride,
in which on-site Sifn1 is stable across the same Fermi level range (i.e., below the band gap of Alj¢sGag3sN).
Thus, the trends in the energetics of Oy and Siy; in AlgsGag 35N are both determined by the chemistry of the
four nearest-neighbor sites surrounding the defect site.
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I. INTRODUCTION

Due to its direct tunable band gap, aluminum gallium ni-
tride (Al,Ga;_,N) is an attractive material for deep ultraviolet
light sources such as light emitting diodes and laser diodes,
with applications ranging from sterilization to photolithogra-
phy [1,2]. In addition to its applications in optoelectronics,
Al,Ga;_,N is also a candidate material for next-generation
power electronics because of its substantial Baliga figure of
merit [3]. Al-rich AlGaN is of particular interest due to its
low lattice mismatch and dislocation density when grown
on AIN single-crystal substrates versus heterogenous growth
on non-native substrates [4,5]. Such high quality films are
essential for achieving the conductivities and optical efficien-
cies necessary for UVC optoelectronic devices [6]. Equally
essential is the control of electrical properties via doping. The
distribution of point defects can be engineered during growth
via various routes, such as chemical potential control [7]
or Fermi level control [8,9]. Each of these routes requires
a detailed understanding of the energetics of relevant point
defects, which ultimately determines how defect populations
will respond when a control parameter is varied. This study
uses the hybrid exchange-correlation functionals within the
first-principles density-functional theory (DFT) framework to
understand the defect energetics of oxygen (a common unin-
tentional impurity) and silicon (a common intentional dopant)
in Al-rich AlGaN. Rather than interpolating the behavior
of the defects from the end members, explicit modeling of
point defects in a pseudorandom Al ¢5Gag 35N alloy supercell
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is performed and compared to previous work. Before the
findings are addressed, we will briefly review previous ex-
perimental and computational work on oxygen and silicon
impurities in AIN, GaN, and AlGaN alloys in the following
two subsections.

A. Oxygen defects in AlGaN

Oxygen is a commonly observed unintentional impurity
in GaN, AIN, and AlGaN. In GaN and Ga-rich AlGaN, O
substitutes directly on the N site and acts as a hydrogenic
donor at all Fermi levels below the conduction band minimum
(CBM). However, at high Fermi levels in AIN and Al-rich
AlGaN, O forms compensating DX centers [10-13]. A DX
center is a substitutional defect in which the impurity is
displaced away from the regular on-site geometry while at
the same time localizing additional electrons at the defect
site [14]. In this displaced configuration, Oy behaves as a
compensating acceptor rather than a donor, thereby limiting
its effectiveness as an n-type dopant.

Many computational studies have explored the properties
of oxygen impurities in AIN [15-24]. Park and Chadi cal-
culated formation energies for O in GaN and AIN in an
on-site configuration and two different DX configurations,
and used linear interpolation to predict the onset of the DX
transition level at 20 at. % Al in the alloy [21]. That study
used functionals with the local density approximation (LDA),
which is known to underestimate band gaps and, in turn,
can affect the accuracy of formation energy calculations. The
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more recent study by Gordon et al. uses hybrid functionals
(which more accurately reproduce the band gaps of many
materials, including GaN and AIN) to model O in GaN and
AIN [23]. It was found that O is solely a donor in GaN, but it
forms a DX defect in AIN. Through interpolation (including
the effects of band gap bowing), the authors predict the onset
of the O DX transition in the alloy at a composition of 61 at.
% Al

There is some disagreement in the literature over which
DX configuration is the most stable for O in AIN. Earlier
studies based on LDA functionals conclude that the most
stable configuration involves a displacement of the oxygen
away from the N site along the ¢ axis, such that the axial bond
is broken [21,22]. However, Gordon’s work, based on hybrid
functionals, finds another configuration to be more stable, in
which the O atom has been displaced such that one of the three
nonaxial bonds is broken [23].

Note that none of these studies explicitly models the O
defect in an AlGaN alloy environment. Those that draw con-
clusions about AlGaN do so by interpolating between results
in GaN and AIN. In fact, only one study, by Bogustawski
and Bernholc, does any explicit modeling of point defects in
AlGaN alloy; but they model C, Si, and Ge [25].

B. Silicon defects in AlIGaN

Silicon is commonly used as an intentional n-type dopant
in AIN, GaN, and AlGaN alloys. Although it substitutes on
the cation site, the silicon impurity has many characteristics
which make it an interesting parallel to the oxygen impurity in
AlGaN. Like O, Si acts as a hydrogenic donor in GaN and Ga-
rich AlGaN [23]. Also like O, Si transitions to a DX configu-
ration at high Fermi levels in AIN, but not in GaN, indicating
that the onset of DX behavior in Al,Ga;_,N is above some
threshold Al content [23]. This is supported by experimental
measurements of a deeper donor level in Si-doped samples,
which has been associated with the DX transition [11,26-30].
However, this DX transition is shallower in the band gap
of AIN for Si than for O [11]. Theoretical predictions of
this onset Al content vary widely, including x = 0.24 [21],
x = 0.6 [25], and x = 0.94 [23]. Of these predictions, that
of Gordon et al. (x = 0.94) is based on hybrid functionals,
which have demonstrated increased accuracy in predicting
these properties as compared to traditional functionals. Ex-
perimentally, Collazo et al. observed a sharp increase in donor
activation energy for Si-doped Al,Ga;_,N at x = 0.8, which
could, in part, be due to the onset of a DX transition [26].

C. Overview

In this paper, the nature of oxygen and silicon point defects
in Al ¢5Gag3sN are examined via explicit modeling of their
properties in various configurations in pseudorandom alloy
supercells of the alloy. A number of interesting results are
revealed that were only elucidated upon explicit simulation
of the alloy.

The Of\?l donor is always found to relax into an on-site
configuration, with a formation energy which is relatively
independent of local chemistry (the configuration of Al and
Ga atoms surrounding the defects). By contrast, Ogl has

multiple minima in different off-site DX configurations. The
formation energies associated with distinct configurations of
Oy ! are principally determined by local chemistry, through
the interplay of qualitative trends in nearest-neighbor bonding.
These differences in formation energy also lead to multiple
thermodynamic transition levels associated with different con-
figurations of OIQI and its nearest-neighbor cations. However,
it is demonstrated that only two of these thermodynamic tran-
sition levels are relevant in realistic situations, owing to the
relative populations of Ogl defects in different configurations.

Siyy is predicted to be a singly ionized donor across the en-
tire band gap for this alloy composition, with little dependence
on the composition of nearby cation sites. This is because the
first-nearest neighbors of Sipy are all the same species (N),
so the local chemical environment is similar to a bulk III-
nitride (with lattice constants between those of AIN and GaN),
in which on-site Sij is stable. Therefore, the energetics of
On and Siyp in Al g5GagssN are both determined by the
chemistry of the four nearest-neighbor sites surrounding the
defect site.

II. METHODS

A. Computational details

All DFT calculations were carried out within the VIENNA
AB INITIO SIMULATION PACKAGE (VASP 5.3) [31-34]. The
hybrid exchange-correlation functional of Heyd, Scuseria, and
Ernzerhof (HSE), which includes a fraction of short-range
exact Hartree-Fock exchange, was used in the calculations
of defect properties in Alge5GagssN [35,36]. Owing to the
high Al content of the AlGaN alloys studied here, the fraction
of exact exchange was set to oo = 0.32, which reproduced
the band gap of AIN from experiment while simultaneously
improving structural parameters and thermodynamic quan-
tities [37]. In previous studies, HSE functionals have been
used to predict the defect formation energies and concen-
trations of point defects and complexes in InN, GaN, and
AIN [18,23,24,37-41].

To approximate a random solid solution, 31 Al and
17 Ga atoms were pseudorandomly distributed on the cation
sublattice of a wurtzite cell to create five unique 96-atom
AlGaN supercells. Note that this actually corresponds to
Alp 646Gag 354N, but we will continue to refer to the composi-
tion as Alg¢sGag 35N throughout this paper. A 2x2x2 k-point
mesh and a kinetic energy cutoff of 500 eV were used for all
defect calculations. Pseudopotentials were used to represent
Al, Ga, N, O, and Si with 3, 3, 5, 6, and 4 explicitly modeled
electrons, respectively.

Formation energies were calculated using the grand canon-
ical formalism [42,43]. In this formalism, the formation en-
ergy of a point defect DY, where ¢ is the charge state, is given
by

Ef, = Efl — B = > nipi + qlpe + E+ ER™. (1)

1

In this expression, Eg’q‘ and E{,‘L’lﬁk are the total energies, re-
spectively, of a supercell containing defect D? and of the
corresponding bulk supercell, as calculated with DFT sim-
ulations. Ef)™ is a postprocessing correction to the energy
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of the defect cell, which accounts for finite-size effects in
charged supercells (including image charge interactions and a
potential alignment with the bulk); here, a custom variation on
the method of Kumagai and Oba has been used to obtain the
correction [44]. For the correction, a relative permittivity of
9.34 was used, being an interpolation between experimental
permittivities of 9.70 and 9.14 for GaN and AIN, respec-
tively [45,46]. u; is the chemical potential of species i, and
n; is the number of atoms of species i exchanged between
the bulk and a chemical reservoir to create the defect. E, is
the valence band maximum (VBM), and . is the Fermi level
relative to the VBM.

Data from defect formation energy calculations is typically
represented with a formation energy diagram, in which defect
formation energies are plotted as a function of the Fermi
level. For plotting purposes, the Fermi level is treated as a
free parameter which varies across the band gap. In such a
plot, the charge state of a defect is represented by the slope
of the line representing its formation energy. Higher-energy
charge states at a given Fermi level do not occur in appreciable
concentrations; thus they are often omitted from the figure to
reduce clutter. The Fermi level at which two charge states of
a given defect have equal formation energies (i.e., where the
slope changes) is known as the thermodynamic transition level
between those two states. Thermodynamic transition levels
may be thought of as defect states as represented on a vertical
band diagram.

The concentration of a defect D7 is related to its defect
formation energy via

f
[D*] = N3N exp (— o ) @)

kT
such that a lower formation energy results in an exponentially
higher defect concentration. In this expression, Ng‘;“f is the
number of configurations of defect D4, N5i® is the site density
of the site on which DY sits, k is Boltzmann’s constant, and
T is temperature. In principle, one can solve for the concen-
trations of all defects in a system (in a given environment)
by solving for the Fermi level at which the charge balance

condition is satisfied [39,47-50].

B. Defect geometries in Alj ¢sGag 35N

In a wurtzite crystal, an impurity can sit on either sublattice
substitutionally or it can be displaced off the sublattice site.
Figure 1 illustrates each of these possible configurations in
the alloy with visualizations produced with VESTA [51].
An on-site defect sits directly on the site of the atom for
which it substitutes, which is tetrahedrally coordinated to
four atoms of the opposite type of the removed atom. A DX
defect is displaced slightly of site toward one of the faces
of the tetrahedron so it sits approximately between the three
atoms defining that face. In a DX-c configuration, the defect is
displaced along the ¢ axis and sits on the tetrahedron face that
is normal to the ¢ axis. In a DX-a configuration, the defect is
displaced roughly perpendicular to the ¢ axis (approximately
in the a plane) and sits on one of the other three faces of the
tetrahedron. In a pure wurtzite crystal of the end members,
the cation sites are identical, which makes the three DX-qa;
configurations symmetrically equivalent.

On-Site DX-c

e

DX-a, DX-a, DX-a,;

FIG. 1. Nitrogen-substitutional defect configurations in AlGaN.
Light gray and dark gray spheres represent Al and Ga sites, re-
spectively; blue spheres represent nitrogen sites and the red sphere
represents a N-substitutional defect.

Substitutional defects in AlGaN are complicated by the
fact that the alloy chemistry destroys the wurtzite symmetry
because of the random cation site occupancy. For N-site
defects in particular, the three DX-a; configurations are no
longer necessarily equivalent when looking at first-nearest
neighbor chemistry, depending on which cations occupy the
surrounding sites. However, this does not mean that there are
no symmetrical configurations from a first-nearest neighbor
perspective in the alloy. For instance, in Fig. 1, one can ob-
serve that the DX-a, and DX-a3 configurations are equivalent
because in both cases the defect is displaced away from a
Ga atom and toward a tetrahedon face containing two Al
atoms and one Ga atom; but the DX-a; configuration is not
equivalent to these two, since the defect is displaced away
from an Al atom and toward the face containing one Al
atom and two Ga atoms. As a result, discussion of defects
and their distortions in an alloy requires keeping track of the
local chemical configurations. To facilitate this discussion and
analysis, we have established a shorthand language to capture
aspects of the local chemistry in these systems.

For this purpose, the term site coordination (SC) will be
used to denote the chemistry of the four atoms comprising the
coordination tetrahedron around the nitrogen substitutional
site. For instance, each defect configuration shown in Fig. 1 is
in a 2-Al SC (or 2-SC), because the coordination tetrahedron
is made of two Al and two Ga atoms. The term face coordi-
nation (FC) will be used to denote the chemistry of the three
atoms comprising the tetrahedron face onto which a DX defect
relaxes. For instance, in Fig. 1, the defects in the DX-c and
DX-a configurations are in a 1-Al FC (or 1-FC), because they
sit on a face containing one Al and two Ga atoms; whereas
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TABLE 1. Calculated bulk lattice parameters and bond lengths
in GaN, AIN, and Alje;GagssN. Bond lengths are averaged over
a 96-atom cell, which results in standard deviations smaller than
0.01 A in all cases.

GaN AlN A10,65 Ga0435N
a(A) 3.18 3.10 3.13
c(A) 5.16 4.96 5.05
N-Ga Bond (A) 1.94 — 1.95
N-Al Bond (A) - 1.89 1.89

the defects in the DX-a, and DX-as configurations are in a
2-FC, because they sit on a face containing two Al and one Ga
atoms. Furthermore, as in the examples given above, both the
SC and the FC will always be specified by the number of Al
atoms, with the remaining atoms being Ga. This terminology
will aid the discussion of trends in the alloy, as the influence
of defect configuration and local chemistry on the formation
energies of O and Si defects in Aly5Gag 35N is examined.

III. RESULTS AND DISCUSSION
A. Bulk Al 5Gag 35N simulations

To justify the use of pseudorandomly distributed cations
in a 96-atom cell, a few key bulk properties were calculated
for each of the five bulk configurations. The 0 K forma-
tion enthalpy of Alj¢sGagssN was found to be —2.66 eV
on average with a standard deviation of only 0.03 eV. The
average band gap was 5.09 eV with a standard deviation of
0.03 eV, and the standard deviation in the energy of the VBM
was 0.01 eV. The a and c lattice parameters were 3.13 A
and 5.05 A, respectively, with standard deviations less than
0.001 A. The small amount of scatter in these bulk properties
suggests that the different configurations are representative
of the properties of the same random alloy. Furthermore,
the small scatter in the enthalpy demonstrates an invariance
of the energy to different chemical configurations, which is
consistent with the formation of a random solid solution, as is
found experimentally in this alloy.

Table I presents bulk lattice parameters and bond lengths
as calculated in GaN, AIN, and Alg ¢5Gag3sN. Bond lengths
have been averaged over a 96-atom cell, resulting in standard
deviations smaller than 0.01 A in all cases. The a and ¢
lattice parameters for AlgesGagssN are close to the values
one would expect by linearly interpolating between the a
and c lattice parameters for GaN and AIN (i.e., the lattice
parameters follow Vegard’s law, as expected).

B. Oxygen in Alo_ﬁsGao.j,sN

A N-site substitutional defect in Alg¢5Gag 35N is tetrahe-
drally coordinated to four cation sites, and may therefore exist
in one of five site coordinations (0-SC to 4-SC). In each
SC, each of the five configurations (on-site, DX-c, DX-a;)
shown in Fig. 1 must be explored. Thus, each charge state
of On was modeled in five starting configurations in five SCs,
for a total of 25 simulations per charge state. Although the
computational expense is clearly high for defect simulations
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FIG. 2. Formation energy diagram for Oy in Alj¢;5Gag3sN. Each
of the different colors represents a unique sife coordination, as
labeled in the inset. All configurations of Og' are represented on the
plot. The Fermi level has been extended above band gap (5.09 eV,
marked by a vertical dashed line) to the band gap of AIN (6.1 eV),
for illustrative purposes. The markers in the inset indicate Ox(+|—)
transition levels associated with different Og' configurations in
each SC.

in an alloy environment, such explicit simulations allow a
level of physical insight that is otherwise unavailable.

Figure 2 is a plot of Oy formation energies versus Fermi
level. Note that the Fermi level in the plot extends above the
band gap of AlyesGagssN (5.09 eV), up to the band gap of
AIN (6.1 eV). Each line color represents a unique SC. The
formation energies of neutral OY in a given SC were found
to be roughly independent of configuration (within about
0.1 eV). However, in all SCs and Fermi levels within the
band gap, every configuration of OY was found to be unstable
relative to other charge states, so they have been omitted from
the plot.

Regardless of the initial configuration, the Of\jl donor
defect always relaxes to an on-site configuration in all SCs
(that is, the DX configurations are not local minima of the
total energy for Of; 1). This is reflected in Fig. 2, where one
observes a single line for the formation energy of (on-site)
O§1 for each SC. Furthermore, the formation energy of O§1
is nearly independent of the SC, so the five plotted lines for
Oy !in Fig. 2 almost coincide (the standard deviation is only
0.03 eV).

By contrast, the on-site configuration of the O;Il acceptor
defect is a local minimum only in the 4-SC. Additionally,
each of the four possible DX configurations depicted in Fig. 1
exhibit minima for Oﬁl in all SCs and FCs. In Fig. 2, the
formation energies of all configurations of O;Il that exhibit
a minimum are represented to showcase the high variability
of their formation energies. Additionally, the On(+|—) ther-
modynamic (DX) transition levels associated with each O§1
configuration have been marked on the plot within the inset.
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In the subsections below, we will identify the mechanisms
behind the observed variability of formation energies and DX
transition levels. First, we will discuss 4-SC 0;11 as a special
case; then we will discuss the influence of bonding and local
chemistry variations on the formation energy of Oy, then
the influence of bond lengths and, finally, we will discuss
the impact of this variability on thermodynamic transition
levels and fractional occupancies of different sites. We will
find that the formation energy of Ogl in Alpe5GagssN is
mostly determined by the local chemical environment, i.e.,
the chemical constituency of the four nearest-neighbor cation
sites surrounding the N site on which Oy' substitutes.

1. 4-5C OF!

A 4-SC N-site defect is completely surrounded by Al, so
it is reasonable to expect it to behave similarly to a corre-
sponding defect in AIN. As we will elucidate momentarily,
the defect energetics of 4-SC Ogl support this expectation.

In Fig. 2, one observes three distinct formation energies
(and correspondingly, three distinct DX transition levels) asso-
ciated with 4-SC O;II. The most stable (lowest formation en-
ergy) is associated with the three DX-a; configurations, which
have roughly identical formation energies. This degeneracy
highlights the importance of local chemistry: Although the
chemical constituencies of cation sites beyond the first nearest
neighbors of the defect are randomized and unique for each of
the three DX-a; configurations, the formation energies are the
same, indicating that local chemistry and bonding effects in
the FC prevail over any influence from long-range disorder at
our alloy composition.

The DX-c configuration is higher in formation energy than
the DX-a; configurations by about 0.2 eV. This accords with
previous calculations by Gordon et al., who showed that
O§1 in pure AIN preferentially relaxes to a DX-a; configu-
ration, which has a lower formation energy than the DX-c
configuration by approximately 0.2 eV in AIN [23]. Our own
calculations of Ogl formation energies in pure AIN are also in
agreement with those of Gordon. Thus the relative energetics
of 4-SC 0;11 behave similarly to those in pure AIN; in other
words, the local chemistry here dominates the energetics. We
will demonstrate that this is true for other SCs and FCs as
well.

The on-site configuration of Oy ' is unique to the 4-SC (i.e.,
it is not a local minimum in other SCs). Just as in AIN, it
is less stable than either of the DX configurations. However,
the formation energy of the on-site configuration is higher
than that of the DX-a; configurations by about 0.7 eV in
Alg ¢5Gag 35N, whereas the difference is about 0.5 eV in AIN,
according to our calculations. Despite the slight difference,
this again demonstrates that the local AIN-like environment
dominates the relative energetics of 4-SC Og' .

Finally, it should be emphasized that while all DX con-
figurations of 4-SC Oﬁl exhibit a minimum, none of their
associated DX transition levels are within the band gap (see
Fig. 2). Although this seems to differ from AIN, in which
the corresponding defect levels are within the band gap, the
difference is due to the movement of the band edges as a
function of Ga content rather than any effect of the local
environment on the defect energetics.

TABLE II. Og' formation energies for all SCs and FCs, relative
to the most stable Oy’ defect. Only the lowest formation energy is
reported for locally degenerate configurations.

O;II formation energies (eV)

Site coordination (n-Al SC)
0 1 2 3 4
0 | 047 1.70
Face 1 0.46 1.26
Coorl‘i‘f;tclo“ 2 000  1.07
(n- ) 3 0.17  1.19

2. 0-SC to 3-SC O': Bonding and local chemistry

Local chemistry also dominates the energetics of Ogl in
the 0-SC to the 3-SC, but more details are necessary to extract
trends due to the local chemistry variations. In Fig. 2, for
1-SC, 2-SC, and 3-SC Oﬁl, one observes two distinct groups
of formation energies; one group has a DX transition within
the band gap, while in the other group the DX transition
occurs above the CBM. The distinct groups correspond to
Ogl configurations in different FCs. The formation energies
of 0-SC O;Il fall into a single degenerate group, because 0-FC
is the only possible face coordination for the 0-SC. Notably,
the DX-a; and DX-c configurations are degenerate in the 0-SC,
which was not the case in the 4-SC.

Table II contains O;II formation energies in different SCs
and FCs. The values in the table are all taken relative to the
most stable O;Il defect (2-SC, 2-FC). For locally degenerate
configurations (same SC and FC), only the lowest formation
energy is given. The values in red text represent higher energy
configurations, which incidentally correspond to DX configu-
rations that exhibit thermodynamic transition levels above the
CBM. Notice that a given FC (rows) may originate from one
of two possible SCs (columns); whereas the 0-SC and 4-SC
(columns) only have one possible FC (row).

Two trends in the formation energies are observed in
Table II: (1) in a given SC, O;Il prefers to maximize the
number of Al atoms in its FC (i.e., in a given column, the
lowest row has the lowest formation energy); and (2) in a
given FC, O;I' prefers to reduce the number of Al atoms in
its initial SC (i.e., in a given row, the leftmost column has the
lowest formation energy).

These two trends may be qualitatively understood by ap-
pealing to a relatively simple bonding picture. To evaluate
the energies of the various O;II configurations within this
model, consider the energy difference between a given DX
configuration and its (higher energy) on-site configuration.
In the on-site configuration, the defect sits within a tetra-
hedron of four cations, approximately equidistant from each
of them with a local chemistry defined by the SC. In a DX
configuration, the defect sits approximately on one face of
the tetrahedron with a local chemistry defined by the FC.
Relative to the on-site configuration, we may say that the DX
configuration has strengthened (shortened) three bonds (with
the ions forming the tetrahedron face) and broken one bond
(with the ion in the remaining corner of the tetrahedron).

054604-5



JOSHUA S. HARRIS et al.

PHYSICAL REVIEW MATERIALS 3, 054604 (2019)

TABLE III. Nearest-neighbor bond lengths for the most stable
O;Il defect in AIN and in each SC in Aly¢5Gag3sN. All defects are
in the DX-a configuration, and the three bond lengths in each case
are the distances to the face-coordinated cations (ordered from
shortest to longest, going down each column). Highlighted cells
correspond to Al-O bonds, while the rest correspond to Ga-O bonds.

TABLE IV. Relative formation energies and DX transition levels
for the most stable defect configuration in each SC. Formation
energies are reported relative to the defect with the lowest formation
energy. As in Fig. 1, light gray and dark gray spheres represent Al
and Ga sites, respectively; blue spheres represent nitrogen sites and
the red sphere represents a N-substitutional defect.

(Ga,Al)-O bond lengths (A) for Oy

AIN A10'65Ga0.35N (l’l-Al SC)

0 1 2 3 4
1.74 1.86 1.74 1.75 1.78 1.75
1.82 1.89 1.87 1.78 1.83 1.84
1.82 1.92 1.94 1.99 1.83 1.85

The dissociation energy of Al-O bonds is almost twice that
of Ga-O bonds [52]. Therefore, it is reasonable to expect that
the energy of a given DX configuration is lower when the three
bonds that are strengthened consist of as many Al-O bonds as
possible (i.e., it is energetically preferable to form stronger
bonds). This expectation corresponds to the first trend: In a
given SC, the formation energy of OIQI is lower when the FC
maximizes the number of Al atoms. Likewise, it is reasonable
to expect that the energy of a given DX configuration is lower
when the broken bond is a Ga-O bond (i.e., it is energetically
preferable to break a weaker bond). This second expectation
corresponds to the second trend: In a given FC, the formation
energy of O;Il is lower when the SC minimizes the number
of Al atoms, i.e., when the atom on the far corner of the
coordination tetrahedron is Ga rather than Al

The interplay of these two trends mostly determines the rel-
ative energetics of O;II in Alg¢5Gag 35N. However, following
the trends to their logical conclusion would lead one to predict
the most stable defect to be in the 3-SC and 3-FC, which in
fact is the second most stable defect (see Table II). Clearly,
the two bonding trends alone are not sufficient in themselves
to describe the predicted formation energies. In Sec. III B 3,
we will discuss the more subtle influence of bond lengths on
the defect energetics of O;Il, and we will demonstrate that the
most stable defect represents the best compromise between all
three influences.

3. 0-SC to 3-SC OR': Bond lengths and strengths

The bonding trends discussed in Sec. III B2 rely on the
assumption that the strengths of AlI-O and Ga-O bonds are
independent of the local bonding environment (SC and FC).
However, an examination of the lengths of these bonds sug-
gests that the bond strength may in fact vary with the SC and
FC. Table III gives the bond lengths between oxygen and its
three nearest-neighbor cations for the most stable Oy' defect
in AIN and each SC in Alj¢5Gag 3sN. All defects represented
in the table are in a DX-a configuration, and the three bond
lengths in each case are the distances to the FC cations. In the
table, highlighted cells correspond to Al-O bonds, while the
rest correspond to Ga-O bonds.

In our calculations of O;Il in the DX-a configuration in
AIN, we find the corresponding Al-O bond lengths to be 1.74,
1.82, and 1.82 A. In experiment, the Al-O tetrahedral bond
length averaged over 32 aluminosilicate structures was found

' ’ ' . ?
* e ee o9 ey oo
009 00 00 o O

. [ 1 . RS

o o ’ |

Site coordination 0 1 2 3 4
AH}Cl(eV) 0.47 0.46 0.00 0.17 1.19
Eperm(€V) 4.77 4.83 4.60 4.69 5.17

to be 1.76 A with a standard deviation of 0.001 A [53], and
Al-O distances of 1.75 A were recently measured in ultrathin
oxide films on on AIN substrates [54]. The implication is
that O;Il in the DX-a configuration in AIN has one Al-O
bond with a nearly ideal length, and two Al-O bonds with
longer than ideal lengths. These bond lengths in AIN are
comparable to the Al-O bond lengths for 4-SC and 3-SC O;I'
in AlpgsGagssN (the two rightmost columns in Table III),
which also feature one bond close to the ideal Al-O bond
length and two longer bonds.

By contrast, the Al-O bond lengths for 2-SC (2-FC) O;I'
are both close to the ideal Al-O bond length. As a rule
of thumb, shorter bonds are stronger bonds, indicating that
the 2-SC has two strong Al-O bonds as opposed to one in
the 3-SC. The strengthening of an Al-O bond comes at the
expense of weakening the already weaker Ga-O bond. This
bond strengthening effect is enough to perturb the bonding
trends identified in Sec. III B 2, making Ogl more stable in
the 2-SC than in the 3-SC, despite the corresponding change
in FC.

4. Thermodynamic transitions and fractional occupancy

In Fig. 2, one observes many different thermodynamic
transitions associated with the varying local chemistry around
Oy'. Because of the low variability in the OF' formation
energies, differences between the On(+|—) thermodynamic
(DX) transition levels largely correlate with differences in
the Ogl formation energies. Table IV provides the relative
formation energies and DX transition levels for the most stable
defect configuration in each SC. Each formation energy in
Table IV has a corresponding entry in Table II. Each image in
the first row of the table shows the Oy' defect configuration
associated with the data below it. The entries in red (for the
4-SC) indicate that the defect does not exhibit a DX transition
level within the band gap; it is above the CBM (5.09 eV).

In Table IV, we can observe the interplay of the two
qualitative bonding trends and the bond strengthening effect
discussed in the previous two sections. In each SC (table
column), the most stable defect has maximized the number
of aluminum atoms in its FC, and the remaining (unbonded)
corner of the coordination tetrahedron is always a Ga ion
where the SC allows it. The most stable defect is found in the

054604-6



OXYGEN AND SILICON POINT DEFECTS IN ...

PHYSICAL REVIEW MATERIALS 3, 054604 (2019)

TABLE V. Relative site density and 0131 occupation probability for nitrogen sites in Aly¢sGag3sN with different site coordinations.
Nondegenerate defect configurations have been taken into account in the calculation of the site occupancies. Thermodynamic transition levels
corresponding to Table IV have been reproduced here for easy reference.

Site coordination (n-Al SC) Relative site density O;II Occupancy at 1400 K Eperm(€V)
(2N 0 0.016 0.003 477
‘\65 @\ -

g v 1 0.115 0.013 4.83
2\ @—65%)

‘\65%,'\ — 2 0.314 0.800 4.60

7 3 0.382 0.184 4.69

\05%/ 4 0.174 0.000 5.17

2-SC and 2-FC, representing the best compromise between
the two bonding trends and the bond strengthening effect.

It is interesting that all three trends are determined by the
local chemistry around the defect site. The composition of the
alloy beyond the four nearest-neighbor cation sites seems to
play only a second order role in the defect energetics, causing
variations of at most 0.1 eV in the formation energies of lo-
cally degenerate defect configurations (which is smaller than
the thermal energy at typical growth temperatures). In a given
SC, only one configuration or set of degenerate configurations
is stable. Thus it makes sense to consider the proportion of
Og‘ defects in each SC, i.e., the fractional occupancy of sites
with different SCs. Fractional site occupancies at a given
temperature can be computed with Eq. (2) in conjunction with
our data.

Table V summarizes the results of such a calculation. Here,
site density has been defined as the likelihood of choosing a N
site with a given SC, if a N site is chosen at random; it is calcu-
lated probabilistically, based on the cation stoichiometry. On a
site with a given SC, O;I' may take on multiple configurations,
as described above. These configurations have been taken into
account in the calculation of fractional site occupancies, but
the formation energies of locally degenerate configurations
(same SC and FC) have been averaged over the available data
in order to minimize the influence of second-order effects.

Table V reveals that at 1400 K (a common temperature
for epitaxial growth by MOCVD [6]) Ogl will mostly occupy
sites with 3-SC or 2-SC. Although sites with 3-SC are more
ubiquitous for this composition, Ogl is more likely to occupy
sites with 2-SC because its formation energy is lower in
the latter. After quenching to a low temperature, the relative
populations of Oy on these sites may remain at their high
temperature values if the oxygen ions are kinetically hindered
from diffusing between sites with different SC. The thermo-
dynamic transition levels associated with 3-SC and 2-SC are
close but not identical (approximately 90 meV apart). We may
therefore expect to observe multiple defect levels in the band
gap associated with an On(4|—) DX transition, separated by
about 90 meV assuming no other defects or defect complexes
interfere. This conclusion is uniquely the result of the lo-
cally random environment, and could not have been reached
by interpolating between the results of simulations in AIN
and GaN.

The relative site densities given in Table V apply regardless
of the total concentration of Oﬁl defects, but they may not be
measurable unless this concentration is above detection levels.
Depending on experimental conditions (chemical potentials

and Fermi level), the on-site and DX configurations may not
be the only possibilities for oxygen. For example, on-site
Oy! will predominate if the Fermi level and concentration of
oxygen are low. The presence of Vi+nOyn complexes [55]
may also compete with the formation of O;Il and push it to low
concentrations, depending on the Fermi level and chemical
potentials. Multimember complexes would be expected to be
more likely when impurity concentrations are high due to their
stronger dependence on the chemical potential as compared to
the singular defects, as was shown for multimember silicon-
vacancy complexes in AIN [24]. With this caveat in mind, the
results given in Table V are relevant to measurement when a
significant population of O;Il defects is present.

C. Silicon in A10,65Ga()_35N

In AIN, oxygen forms an anion-site substitutional donor
which exhibits a DX transition approximately 550 meV below
the CBM. Silicon in AIN forms a cation-site substitutional
donor which exhibits a DX transition approximately 200 meV
below the CBM. Such a comparison of these two defects
reveals that Siyy provides an interesting counterexample to
Oy in AlGaN, where III refers to the general cation site (Al
or Ga).

Figure 3 is a formation energy diagram for Siy in
AlpesGag 3sN. As in Fig. 2, the Fermi level in the plot extends
above the band gap of AlyesGagssN (5.09 eV), up to the
band gap of AIN (6.1 eV). Both cation-site substitutional
defects, Sig, and Siy), exhibit the same type of behavior and
have a dependence on the Al or Ga chemical potentials. For
simplicity, we have defined the cation chemical potentials
such that Sig, and Sia are on equal footing, and we label
the (Al or Ga) cation substitutional defect Sij;. Each line in
Fig. 3 corresponds to data from a simulation in a unique bulk
environment. Because the first-nearest neighbors of cation
sites are all N atoms, changing the bulk configuration around a
cation-site defect only affects the chemistry of second nearest
neighbors and beyond.

With all of this in mind, some details in Figure 3 are
immediately of note. First, there is no DX transition inside the
band gap: Siyy is a hydrogenic donor across the entire band
gap in AlgesGapssN. This agrees with a recent theoretical
prediction by Gordon et al. (discussed in the introduction) and
obtained via interpolation [23].

The second noteworthy feature is that the formation ener-
gies of Sif{ll and SiI_H1 with different cation configurations are
tightly clustered together (they each vary within a range of
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FIG. 3. Formation energy diagram for Siyy, a silicon substitu-
tional on a cation site, in AlygsGagssN. Each line corresponds
to data from a simulation in a unique bulk environment (cation
configuration). The Fermi level has been extended above band gap
(5.09 eV, marked by a vertical dashed line) to the band gap of AIN
(6.1 eV) for illustrative purposes.

about 0.25 eV). This is because both charge states energeti-
cally prefer an on-site substitutional configuration regardless
of the bulk cation configuration. For Sij!, the DX-a; and
DX-c configurations are not local minima in the total energy
landscape (the same is true of Sif| in AIN). For Siy/, the
DX-a; configurations exhibit minima, but they have higher for-
mation energies than the on-site configurations with the same
bulk cation configuration. In AIN, the DX-a configuration of
Siﬁll is actually more energetically favorable than the on-site
configuration; however, in GaN, the on-site configuration is
more favorable (although neither configuration is stable, nor
leads to a thermodynamic transition state, within the band gap
in GaN). This suggests that there is some Al concentration
(higher than 65%) above which the DX-a; configurations
become favorable, and below which the on-site configuration
is favorable. The DX-a; configurations of Sifu1 are not rep-
resented in Fig. 3, since they are unfavorable relative to the
on-site configuration. The DX-c configuration of SiI_H1 was not
found to exhibit a minimum in GaN, AIN, or Alj¢5Gag.3sN.

Finally, unlike Oy, the (above band gap) transition levels
of Siyy exhibit little variability as a function of cation config-
uration. In fact, because the Sijf! and Siy/ formation energies
exhibit roughly the same variation with cation configuration,
the variation of the (4|—) transition levels is about an order
of magnitude smaller than the variation in the formation
energies. The Siy(+4|—) transition levels vary within a range
of about 0.02 eV, with an average of 5.63 eV. The lone outlier
(the configuration with the lowest Siﬁll formation energy,
which features a narrow range of stability for the neutral Sif};
defect) exhibits a (4]0) transition at 5.59 eV and a (0|—)
transition at 5.63 eV.

Above, we have shown that the formation energy for
the comparable O;I' defect is predominantly influenced by
first-nearest-neighbor chemistry, whereas second- and higher
nearest neighbors play a second-order role. Similarly, the
defect energetics of Siﬁl1 are also dominated by first-nearest
neighbors, but because it sits on the cation site, all of the
first-nearest neighbors are the same species (nitrogen). As
a result, the configuration of the surrounding bulk material
has little effect on the formation energy of Sif{ll. This helps
to illustrate the key role played by local chemistry in the
energetics of defects in AlGaN.

It is worth mentioning that second-nearest-neighbor chem-
istry has been found to play a role in the energetics of SiI_H1
in previous work. There is an additional DX configuration of
SiI_H1 that exhibits a minimum in which the Si atom sits sub-
stitutionally on the cation site, but a N atom is displaced away
from its site along the ¢ axis so it sits between three cation
sites. Bogustawski and Bernholc used explicit alloy modeling
to demonstrate that the formation energy of this configuration
of Siy varies within a range of about 0.4 eV depending on
whether those cation sites are occupied by Al, Ga, or some
combination [25]. In our calculations, the formation energies
of Siﬁ[1 in the DX-a; configurations vary within a range of
about 0.14 eV with different cation configurations. In AIN,
we found the Bogustawski and Bernholc configuration to be
unfavorable relative to the DX-a configuration when simulated
with hybrid functionals. Due to the extensive computational
cost for the current simulations, as well as the fact that the Siy;;
configurations are above band gap for our alloy composition,
we did not simulate this DX configuration.

With that said, based on our analysis of oxygen and
its dependence on local chemistry, we hypothesize that the
configuration of Bogustawski and Bernholc could be more
susceptible to second-nearest-neighbor chemistry variations.
The Al-N and Ga-N bond strengths are different, and would
influence the energy required to displace the N atom. There is
already a change in the favorable site for the ionized acceptor
going from GaN (on-site) to AIN (DX-a;) and, without explicit
simulation, there is no reason to eliminate this configura-
tion from consideration in Al-rich alloys. If present, the DX
configuration of Bogustawski and Bernholc could lead to an
increased variation in the formation energies of the favorable
acceptor and the associated DX thermodynamic transition
levels, possibly on the same order as the variation in Oy
formation energies and DX transition levels (0.1-0.2 eV). We
would expect this to be most important for Siy in AlGaN at
higher Al concentrations (above 85 %Al), where the various
Siy configurations become favorable and the variability of
these states may be evident from experimental measurements.

IV. CONCLUSION

The point defect energetics of a substitutional oxygen
impurity in Alg¢5Gag 35N have been examined in great detail
using explicit DFT simulations of Oy in a set of 96-atom
pseudorandom alloy supercells. We found that O;l always re-
laxes to an on-site configuration with a formation energy that
is relatively independent of the local alloy chemistry around
the defect site. OON can relax into multiple configurations in
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a given SC, but they all have similar formation energies and
none of them are stable relative to other charge states.

O;II generally relaxes into a DX configuration in a given
SC, and the relative formation energies of the various possi-
ble DX configurations depend on the chemistry of the four
nearest-neighbor cation sites. In the alloy studied here, the
influence of local chemistry on the relative order of formation
energies of O&l is evident via three qualitative trends: maxi-
mizing the number of Al ions in the defect’s FC, minimizing
the number of Al ions in its SC, and strengthening Al-O bonds
over Ga-O bonds in each FC. However, these qualitative rules
of thumb are not mutually exclusive, and it is the interplay of
all three effects which ultimately determines the favorability
of a given O;Il defect. Second-nearest neighbors and beyond
play a second-order role in the defect energetics of Ogl.

Relative site occupancies were calculated based on relative
site densities and formation energies of O;II in all possible
configurations (SCs and FCs). Oﬁl was found to preferentially
occupy sites with 2-SC, with some probability of occupying
sites with 3-SC at reasonable growth temperatures. Because
the thermodynamic transition levels associated with these
SCs and FCs are not identical, this leads to the possibility
that multiple defect levels associated with an On(+|—) DX
transition may be observed within the band gap when this
defect is above detection limits.

Finally, we examined Siy as an interesting counterexam-
ple. Sif{I' was found to be the only stable charge state, with no
DX transition predicted inside the band gap in Alg¢sGag 35N.
Sifﬂ1 always relaxes to an on-site configuration, regardless of
its initial configuration, with little variation of the formation
energy as a function of the distribution of second-nearest-
neighbor cations.

This too is explained by the local chemistry surrounding
the defect sites. The defect energetics of Oy' are dominated
by the chemistry of the first-nearest-neighbor cations, which
can be either Al or Ga. By contrast, the first-nearest neighbors
of Sijf| are all N atoms, and therefore the defect behaves
as it would in AIN or GaN. Therefore, first-nearest-neighbor
chemistry dominates the behavior of both of these defects in
Alg 65Gag 3sN.
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