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We study the thermodynamics of boron (B) incorporation into gallium nitride (GaN) using first-
principles calculations. In the dilute limit, we have calculated the formation energies of different
configurations of the B impurity in GaN and found that substitution on the cation site is favored
over substitution on the anion site. Under p-type conditions, interstitial boron can become the more
favorable configuration and will ultimately limit the p-type conductivity. At higher B concentrations
we use the generalized quasi-chemical approximation to elucidate the thermodynamic stability of
boron gallium nitride (BGaN) alloys. We also investigate the effects of strain, which will be present
if BGaN alloys are grown pseudomorphically on a GaN substrate. Without strain, B incorporation
at typical growth conditions is limited to about 1.4% at 800 ◦C. Pseudomorphic strain raises the
limit to 3.0% at the same temperature, close to experimentally observed levels of B incorporation.

Alloys of group-III nitrides have enabled the produc-
tion of commercial light-emitting diodes,1 laser diodes2

and high-frequency and high-power electronics.3,4 Ultra-
wide-band-gap materials are required to push the wave-
length of optoelectronic devices into the ultraviolet range
of the spectrum. For transistors, large polarization dis-
continuities at the interface of III-nitride heterostruc-
tures are desirable for enhancing the density of two-
dimensional electron gases.5 Boron nitride (BN) is a
promising material for enabling these applications.

BN can be found in the wurtzite, zinc-blende, and
layered hexagonal phases. The ground-state polymorph
of BN is hexagonal, while the zinc-blende and wurtzite
phases are metastable and higher in energy by 60 meV,
resp. 90 meV per formula unit.5 The large difference in
the band gap of wurtzite BN and the other III-nitrides
(AlN, GaN, and InN) in principle allows for band-gap
engineering across a large range.6–8

BGaN films have been grown using molecular beam
epitaxy (MBE)9–12 and metal organic chemical vapor de-
position (MOCVD).13,14 Regardless of the growth tech-
nique, boron incorporation in these alloys is low, typi-
cally less than 5%, and it is unclear whether the alloys
are stable against decomposition. Prior first-principles
studies have examined the thermodynamics of the zinc-
blende phase15 or the electronic structure7,8,16,17 of al-
loys. A study of the thermodynamics of the wurtzite
phase is needed, particularly in the regime of low boron
concentrations, to shed light on whether the observed al-
loy concentrations are governed by thermodynamics or
kinetics.

When discussing alloying of GaN with other III-
nitrides, one tends to implicitly assume substitution on
the Ga site. While this is a safe assumption for Al or
In, the small size of the B atom renders it possible that
B would incorporate on the N site as well. Substitution
of B on the N site (an antisite-type impurity) could lead
to transition levels in the band gap. Indeed, boron sub-
stitution of the nitrogen site (BN) has been proposed for
applications in spintronics.18 However, in the context of

alloying GaN with B and the interest in BGaN electronic
and optoelectronic devices, there is no information on
the relative stability of the different configurations of B
in GaN.

We address these fundamental questions about
boron incorporation by performing state-of-the-art first-
principles calculations to study the thermodynamics of
B incorporation in GaN in the dilute limit, as well as
at finite concentrations in BxGa1−xN alloys. In the di-
lute limit, we find that boron on the gallium site is more
likely to incorporate compared to BN, for all values of
the Fermi level and under N-poor as well as N-rich con-
ditions. While B incorporation on the N site is found not
to occur, we do find that under p-type conditions boron
is stable as an interstitial and acts as a donor, thus ham-
pering the p-type conductivity. Our calculations of the
thermodynamics of bulk BGaN alloys show that B incor-
poration at typical growth conditions is limited to about
1.5%. We also examine the role of strain, assuming pseu-
domorphic growth on a GaN substrate. We find that by
straining the in-plane lattice parameter of BGaN to that
of GaN, the upper limit of boron incorporation in BGaN
is almost doubled.

Our first-principles calculations are based on density
functional theory (DFT)19 as implemented in version 5.4
of the VASP code.20,21 To obtain quantitative accuracy
for electronic properties, exchange and correlation were
treated using the hybrid functional of Heyd, Scuseria,
and Ernzerhof.22 The mixing parameter α, which deter-
mines the amount of exact exchange, was set to 0.29,
which produces a band gap of 3.48 eV for GaN, within the
range of the experimentally reported values.23 Projector
augmented wave pseudopotentials (with Ga d states in-
cluded in the core) were used24 with a cutoff energy of
500 eV. The Brillouin zone of the 4-atom unit cell was
sampled using a 7×7×4 Γ-centered k-point grid. Atomic
structure relaxations were performed until the forces on
each atom were below 5 meV/Å.

To simulate isolated boron impurities in GaN we used
a 96-atom supercell, for which a 2 × 2 × 2 k-point grid
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was sufficient for Brillouin-zone integration. Spin polar-
ization was included in the collinear approximation The
energy cost to incorporate an impurity X in a solid is the
formation energy,25 defined as:

Ef [Xq] = Etot[X
q] − Etot[bulk] +

∑
i

niµi + qEF + ∆q

(1)

where Etot[X
q] is the total energy of the supercell with

the impurity in charge state q and Etot[bulk] is the to-
tal energy of the pristine GaN supercell. The chem-
ical potentials µi represent the energy cost of adding
(ni = −1) or removing (ni = +1) an atom. The en-
ergy cost of adding or removing q electrons to the system
is qEF, where EF is the Fermi level, which is referenced
to the valence-band maximum (VBM). Finally, the finite-
size charge-state correction ∆q was performed using the
Freysoldt scheme.25

We studied B incorporated substitutionally and as an
interstitial in GaN. In particular, we investigated the for-
mation energies of boron on the Ga site (BGa) or on the
N site (BN), and boron in an interstitial site (Bi). The
chemical potential µN can vary between N-rich (equilib-
rium with N2) or N-poor conditions (equilibrium with
metallic Ga). For the chemical potential of boron, µB,
the range is determined by the limiting phase, for which
we chose wurtzite BN.

The formation energies [Eq. (1)] of various configura-
tions of boron impurities in GaN are shown in Fig. 1.
The formation energies of BGa are identical under N-
poor and N-rich conditions; this can be easily shown by
inserting expressions for µB and µGa under N-poor and
N-rich conditions into Eq. (1).
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FIG. 1. Formation energies of BGa, BN, and Bi in GaN
under (a) N-poor and (b) N-rich conditions.

For almost all values of the Fermi level, BGa is the
most stable configuration for boron to be incorporated,

and it is stable mainly in the neutral charge state. This
is reassuring from the point of view of growth of BGaN
alloys, which is based on an expectation of isovalent sub-
stitution. BGa is stable in a positive charge state over
a very small range of Fermi levels near the VBM; the
(+/0) charge-state transition level occurs at 0.09 eV. The
atomic configuration of the + charge state corresponds
to a hole polaron on a N neighbor of the B impurity, with
B moving into the plane of its other N neighbors. The
presence of the (+/0) transition offers a way to detect the
presence of BGa in optical experiments. The optical tran-
sitions attributed to the BGa defect are shown in Fig. 2.
Because of the large difference in lattice relaxations be-
tween the + and 0 charge states, the photoluminescence
line will be broad, with a peak that is significantly shifted
from the zero-phonon line at 3.48-0.09=3.39 eV; our cal-
culations indicate this peak occurs at 2.04 eV.
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FIG. 2. The configuration coordinate diagram for the (+/0)
transition of the BGa defect. The absorption energy (Eabs),
emission energy (Eem) and the zero-phonon line (EZPL) are
shown.

BN can occur in the neutral, −, and 2− charge state,
i.e., as expected it acts as a (deep) double acceptor. How-
ever, it has significantly higher formation energies than
BGa for all values of the Fermi level and all chemical
potentials, and hence it is highly unlikely to form.

For the boron interstitial, we explored various possible
initial positions, but found it to be most stable at a site
near the octahedral interstitial site; this site is in the
hexagonal channel, equidistant from six Ga and six N
atoms. The final stable site was found to be very close to
the O′ site shown in Fig. 5 of Ref. 26, which was the stable
site for a Be2+i interstitial. The boron interstitial also has
a fairly high formation energy for most Fermi levels, and
will not incorporate under n-type conditions. But since
it acts as a triple donor, its formation energy (in the 3+
charge state) becomes very low for Fermi-level positions
close to the VBM. Growth of p-type BGaN alloys will
thus be hampered by the preferential incorporation of B
on interstitial sites.

Boron is a significantly smaller atom than Ga, and the
incorporation of B on the Ga site leads to a symmetric
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inward displacement of the nearest neighbor N atoms, by
15 % of the Ga-N bond length (1.95 Å). The shorter B-N
bond length in BN (1.56 Å) indicates a stronger bond
between B and N than between Ga and N. Indeed, the
B–N bond is one of the strongest in nature. This dif-
ference in bond strengths is evident in the difference in
charge densities between the BGa impurity and the pris-
tine GaN as shown in Fig. 3(a). The amount of distortion
around BGa is consistent with force-model predictions
for tetrahedral-site substitutions in the dilute limit.27 In
Fig. 3(b) we show the atomic configuration of the posi-
tive charge state, where B has moved into the plane of
three N neighbors, and a hole polaron is present on the
N neighbor along the c axis.

FIG. 3. (a) The atomic configuration of the BGa impurity
in the neutral charge state, along with the change in charge
density (as defined in the text). Ga atoms are shown in blue,
N in gold, and B in magenta. The red isosurface bounds a
region of increased charge, and the green isosurface a region
of decreased charge. (b) The atomic configuration of the BGa

impurity in the positive charge state. An isosurface of the
polaronic state is shown in cyan.

We have established that the cation substitution (BGa)
is the most likely configuration of the B impurity in
GaN. Now we turn to studying the solubility limit of
B incorporation in GaN, which requires careful treat-
ment of the mixing entropy. To model BGaN solid solu-
tions we use the generalized quasi-chemical approxima-
tion (GQCA),28 in which the wurtzite alloy is approx-
imated as an ensemble of independent clusters. These
clusters are represented by 2×2×1 supercells containing
16 atoms with the structure shown in Fig. 4.

The eight cation sites in the 16-atom wurtzite cluster
can be occupied by either a Ga or B atom. Hence, there
are 28 = 256 different configurations that can be reduced
to J = 22 distinct cluster classes by symmetry opera-
tions.29 In the GQCA framework, the crystal is treated
as a large ensemble of M clusters, with Mj clusters from

each class. The fraction of a given cluster class is xj =
Mj

M
for j = 0, ..., J , and any physical quantity that is a func-
tion of the alloy concentration (x) and temperature (T )
can be expressed as a function of the xj ’s. Each xj thus
has an implicit dependence on x and T . The total energy
of each cluster is denoted by εj and the excess energy ∆j

is given by:

∆j = εj −
(
m−mj

m
εsGaN +

mj

m
εsBN

)
, (2)

where mj is the number of boron atoms (out of the m ≡ 8
cation sites) in that cluster, εsGaN is the energy of a cluster
with only Ga cations, and εsBN is the energy of a cluster
with only B cations. The term in parentheses in Eq. (2)
therefore represents a linear interpolation between the
“pure GaN” and the “pure BN” cases. Note that the
pure cluster energies εsGaN and εsGaN can differ from the
equilibrium bulk energies of the binary end compounds
εGaN and εBN if strain is included by modifying the lat-
tice parameters;28 hence the use of the superscript “s”.
For the unstrained case, the shape and atomic configura-
tion of each of the 22 inequivalent clusters were allowed
to relax while for the strained case the in-plane lattice
parameters were fixed to those of GaN.

We can determine the cluster fraction as a function of
x and T , xj(x, T ), by minimizing the Gibbs free energy of
mixing ∆G(x, T ) with respect to the xj ’s. For solid solu-
tions, the P∆V term is small, so the difference between
the Gibbs and Helmholtz free energies can be neglected.
The Helmholtz free energy of mixing, ∆F (x, T ), is given
by:

∆F (x, T ) = ∆U(x, T ) − T∆S(x, T ), (3)

where ∆U(x, T ) is the mixing enthalpy and ∆S(x, T ) is
the mixing entropy. For the M clusters with m sites, the

FIG. 4. 16-atom cluster of the wurtzite nitride structure.
The gold sites represent the nitrogen atoms and the blue
cation sites can be occupied by either a B or Ga atom. Peri-
odic images of atoms are shown in gray.
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mixing enthalpy is given by:

∆U(x, T ) = M [(1 − x)(εsGaN−εGaN) + x(εsBN − εBN)]

+M
∑
j

xj∆j ; (4)

and the mixing entropy is given by:

∆S(x, T ) = −NkB [x lnx+ (1 − x) ln(1 − x)]

−MkB
∑
j

xj ln(
xj
x0j

) , (5)

where kB is Boltzmann’s constant and

x0j = gj(1 − x)(m−mj)xmj (6)

is the cluster fraction in a random alloy28 and gj is the
degeneracy of the cluster with energy εj . Since ∆U and
∆S can both be expressed in terms of the cluster frac-
tions xj , for a given point in the phase space (x, T ) the
free energy can be minimized with respect to the xj ’s to
obtain ∆F (x, T ) and xj(x, T ).

Using this formalism, we obtained the free energy
[Eq. (3)] at different temperatures. The approach is simi-
lar to Ref.,30 but with particular attention to calculating
spinodal boundaries and incorporating effects of strain.
At a given temperature, the binodal points are deter-
mined by the common tangent points in the free energy
curve (see Fig. 5). Between the binodal points, the alloy
can globally lower its free energy by decomposing into
two distinct phases. Between the spinodal points, where
∂2

∂x2 ∆F = 0, the material will locally spontaneously de-
compose and the alloy cannot be grown at all. In the
region between the binodal and spinodal points, the ma-
terial is metastable and can be grown under certain con-
ditions.

The mixing enthalpy of BGaN is positive, as we expect
in an isovalent alloy. The large difference in the natural
bond lengths of the B–N and Ga–N bonds causes the
mixing enthalpy to be larger than in traditional nitride
alloys. The calculated free energy is dominated by the
positive enthalpy term (∆U) from Eq. (1). We find that,
below the melting point of GaN (2538 ◦C31), ∆F is pos-
itive over the entire range of boron concentrations. A
positive free energy at all x means that the free energy
of BxGa1−xN can always be lowered globally by decom-
posing into GaN and BN. Figure 5(b) indeed shows that
the ∆F curves do not exhibit any binodal-type stabil-
ity, even at temperatures well beyond the melting point
of GaN. Hence, the solid solution will always decompose
under equilibrium conditions. However, the material can
still be grown using nonequilibrium growth methods such
as MBE, since it is stable against local decomposition up
to the spinodal boundary. Between the binodal and spin-

odal boundaries, the curvature of the free energy ∂2

∂x2 ∆F
is positive. For any boron concentration x in this range,
the free energy is lower than the average free energy for
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FIG. 5. (a) Schematic of the free energy, at a given tem-
perature, as a function of the alloy concentration x ∈ [0, 1].
The end points [∆F (0),∆F (1)] are both zero by definition.
Between the binodal boundary points, the solid solution can
globally lower the free energy by decomposing into two differ-
ent phases. Between the spinodal points, the solid solution is
locally unstable against decomposition. The inflection points
mark the limits of spinodal decomposition. (b) ∆F (x) curves
for unstrained BGaN alloys calculated using the GQCA at
various temperatures. Note that the stable region is negligi-
bly small.

two values close to x, so the alloy will not locally decom-
pose. In the metastable region, the material can only
decompose by nucleation and growth of the second phase.

The phase diagram in Fig. 6 shows how the spinodal
transition point changes as a function of temperature.
Here temperatures are reported in degrees Celsius for
easier comparison with experiment, where those units are
commonly used. To identify the limit for boron incorpo-
ration in GaN we examine temperatures up to 2000◦C,
paying particular attention to the temperature range be-
tween 750 and 1000◦C that is representative of tempera-
tures in MBE11 and MOCVD14 growth of BGaN alloys.
At 800 ◦C, we find a limit of 1.4% B incorporation for un-
strained alloys; for strained alloys, this limit is increased
to 3.0%.

In Fig. 6 we also show experimental results for the
maximum concentration of boron that could be incor-
porated in the alloy at a given temperature.9–11,14 We
observe that our calculated spinodal boundary for the
case where strain is included agrees well with the experi-
mentally obtained limits. Our calculations indicate that
it will not be possible to overcome the experimentally
observed limits on boron incorporation; increasing the
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B concentration triggers spinodal decomposition, which
will spontaneously occur regardless of the growth condi-
tions.

FIG. 6. Phase diagram of BGaN alloys obtained using the
GQCA approach. The spinodal boundary of bulk BGaN is
shown with the dashed line, while the spinodal boundary
of BGaN strained to the in-plane lattice constant of GaN
is shown with the solid line. The experimental limits of B
incorporation are shown as reported in the following studies:
(A),Vezin et al. 9 (B),Williamson et al. 10 (C),Cramer et al. 11

and (D).Malinauskas et al. 14

An important conclusion from our calculations is that
strain has an important effect on the stability of the alloy,
with the stability boundary being shifted to significantly
higher boron concentrations in the presence of tensile
strain. Based on this finding, we suggest that growing

on substrates with a larger lattice parameter than GaN
could potentially lead to higher boron incorporation.

In summary, we have examined various aspects of the
thermodynamics of B incorporation into GaN. In the di-
lute limit we showed that B preferentially substitutes on
the Ga site. However, for p-type conditions, the intersti-
tial B impurity (which acts as a donor) is the preferred
configuration, which will suppress incorporation on sub-
stitutional sites and also compensate p-type conductiv-
ity. For the BGaN alloys we have examined the limits of
B incorporation for unstrained alloys as well as for films
strained to match the lattice parameters of GaN. We find
that B can incorporate into GaN at significantly higher
concentrations in the strained case. Overall, however,
the fundamental limit on B incorporation into GaN is
still relatively low.
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