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The stable and metastable configurations of interstitial Mg in GaN and its migration energy barriers are
studied from first-principles calculations. In addition to the conventional octahedral (O, global energy minimum)
and tetrahedral (T, metastable) interstitial sites, we have discovered two metastable interstitial complexes with
formation energy lower than or close to that of the T configuration but higher than O. Except for Mg at O
site, which only has +2 charge state, all other configurations also permit charge states +1 or 0. The minimum
migration energy barrier for Mg++ between O sites is found to be 1.95 eV. We further find that, when Fermi
energy is close to the conduction band, the migration between O sites via metastable configurations occurs
through a recombination-enhanced mechanism in which the charge state changes from +2 at O site to 0 at
metastable sites by consecutive capture of two electrons during the migration. This process greatly reduces the
migration energy barrier to as low as 1.47 eV. This value is consistent with experiments, and we also discuss the
role of intrinsic defects in the migration of Mg.
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Doping of donor and acceptor impurities, which generate
electrons and holes carrying electric currents, is essential in
the fabrication of electronic devices, making it a central issue
in semiconductor science and technology [1–3]. The doping
can be fulfilled during epitaxial growth of semiconductor thin
films. However, to achieve the desired profiles of donors and
acceptors in complicated device structures, ion implantation
followed by thermal annealing is indispensable. During such
doping processes, atomic diffusion and migration are key
phenomena that govern the profiles of donor and acceptor
concentrations.

Gallium nitride (GaN) is a premier semiconductor in op-
toelectronics and is promising for advancing future power
electronics. In GaN, an Mg atom substitutes for the Ga site
and functions exclusively as an acceptor. In the fabrication
of planar optical devices, the Mg has been usually doped
during the epitaxial growth of GaN [4–6]. In the case of
power devices, however, Mg doping via the ion implantation
technique is necessary but has not been achieved before be-
cause of N desorption during annealing. Recently, Sakurai
and collaborators at Nagoya University have succeeded in
fabricating p-type GaN through Mg implantation followed by
annealing under high pressure of nitrogen [7,8], advancing
the doping technology in GaN to a next stage comparable
to the Si technology. At this point, unveiling the migration
mechanism of an interstitial Mg atom, which is generated
during the implantation process in GaN becomes crucial.

Atomistic knowledge as to the Mg migration in GaN is
surprisingly poor. The only ab initio study is done by Miceli
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and Pasquarello [9]. They have performed microscopic calcu-
lations based on the density functional theory (DFT) [10,11]
with generalized gradient approximation (GGA) [12], assum-
ing that the diffusing species is doubly positive magnesium
(Mg++). They have identified two (meta)stable interstitial
sites, the octahedral (O) and tetrahedral (T) sites for Mg++,
and found three distinct pathways in the interstitial channels.
The calculated migration barrier is more than 2 eV. Experi-
mentally, the measured values for the migration or diffusion
barriers vary widely [13–18]. An earlier study reported a low
barrier of 1.3 eV for vapor phase diffusion in n-type GaN
[13], whereas another study reported a value of 1.9 eV [14];
recently, the barrier of interstitial migration is estimated to
be 1.3 ∼ 2.3 eV from β− emission channeling [15,16]. This
diversity of the experimental value is presumably the result
of the differences in experimental situations such as charac-
teristics of samples, device structures, etc. Therefore, a direct
comparison of the calculated migration barrier with the exper-
imental values is not straightforward. However, it is certain
that there are experimentally reported barriers lower than the
calculated barrier for the Mg++ migration. This observation
infers the existence of unidentified processes with higher hop-
ping rates than that in simple Mg++ migration. Moreover,
it is reported that the diffusion of Mg in GaN is suppressed
when annealing under high-pressure N2 [19]. This implies
that the Mg-migration barrier is affected by N-related intrinsic
defects such as N vacancies, which are considered to work as
donor-type defects [20,21].

In this Letter, we report first-principles calculations based
on DFT for the interstitial Mg in GaN and find that, in addition
to Mg++, other charge states Mg+ and Mg0 appear during
the migration. This variation of the charge states reduces the
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migration barrier by around 0.5 eV (recombination-enhanced
migration), thus providing a possible mechanism for the low
barrier as stated above. We also find metastable complexes
of Mg and Ga in the interstitial region, which enrich the
migration pathways. Roles of intrinsic defects presumably
generated during the ion implantation for the Mg migration
are also discussed.

First-principles DFT calculations have been performed
with the VASP package [22,23] using the projector-
augmented potentials [24] with Ga 3d states in the core. We
use GGA [12] for the exchange-correlation energy during
the geometry optimization, and then employ hybrid approx-
imation (HSE) [25] to calculate the electronic structures and
total energies accurately for optimized geometries [26]. We
set the cutoff energy of 400 eV for the plane-wave basis and
use the calculated values for lattice constants (wurtzite phase)
a = 3.23 Å and c = 5.25 Å, which agree with the experimen-
tal values with an error of ∼1%. The calculated band gap of
crystalline GaN is 3.4 eV in the present hybrid approxima-
tion with the mixing parameter α = 0.34 of Fock exchange.
An Mg interstitial is embedded in a 4×4×3 supercell (192
atoms without defect) and is optimized using 2×2×2 k-point
mesh until the force acting on each atom is smaller than
0.01 eV Å−1. The migration path is explored by the nudged
elastic band (NEB) method with improved tangential esti-
mate [27]. Here, the minimum energy path (i.e. the migration
coordinate ξ ) between the initial and final (meta)stable ge-
ometries in the multidimensional space of atomic coordinates
is approximated by several intermediate geometries called
images obtained by constraint total-energy minimization. Fur-
ther details of the present calculations are found within the
Supplemental Material (SM) [28].

The formation energy of each geometric configuration of
Mg-related defects (labelled as ζ below) with charge state q is
computed as

�Eζ (q) = Eζ (q) −
(

Eref +
∑

i

�Niμi

)

+ q(EVBT + EF) + Ecorr(q). (1)

Here, Eζ (q) and Eref are the total energies of the supercell
models for the Mg interstitial and the reference structure
(taken as a perfect GaN supercell), respectively; μi and �Ni

are the chemical potential of the element i and its difference
in number from the reference structure, respectively; EVBT and
EF are the energy of valence band top (VBT) and Fermi-level
position relative to VBT, respectively; Ecorr(q) is the correc-
tion term for charge state q because of the finite size of the
supercell model [29].

We set out with stable and metastable geometric configu-
rations of an interstitial Mg in GaN by an extensive search
with GGA calculations. In wurtzite structure, there are typical
interstitial sites: i.e., the octahedral (O) and tetrahedral (T)
sites surrounded by the octahedrons and the tetrahedrons,
respectively, consisting of either Ga or N atoms. The two Ga
or N octahedrons (tetrahedrons) are slightly shifted to each
other. Previous DFT calculations [9] examined their stability
for doubly positive Mg. We have also examined the stability of
Mg++ at the O and T sites and found that both sites are stable
although Mg is slightly dislodged from the high-symmetry

FIG. 1. Stable and metastable configurations of interstitial Mg
in GaN: (a) O+2, (b) T+2, (c) T0, (d) (MgGa)0

ic, and (e) (MgGaGai)0

configurations. The superscripts denote the charge state. For the last
three structures, the wavefunction of the gap state is also shown.

points in both cases, as shown in Figs. 1(a) and 1(b) and
Table SI within the SM [28]. The O site is lower in the
formation energy than the T site by 2.10 eV, which agrees well
with the previous result [9]. We have also examined charge
states other than doubly positive. At the O site we have found
that +2 is the only possible charge state. This is because
Mg at the O site induces no gap state so that two additional
valence electrons of Mg are missing for any position of the
EF in the gap. In contrast, we have found that Mg at the T
site becomes neutral when EF is near to the conduction band
bottom (CBB), as is shown in Fig. 2. The formation energy is
reduced by 1.13 eV with Mg++

T becoming Mg0
T when EF is at

CBB. The appearance of the neutral charge state at the T site
is associated with substantial relaxation of surrounding atoms,
which induces the mid gap state [Fig. 1(c)]. Providing a single
electron is not enough to attain such configuration. We have
indeed found that the singly positive-charged Mg at the T site
is unstable.
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FIG. 2. Formation energy of the interstitial Mg at various sites
and with various charge states q as a function of the Fermi-level
position in the gap relative to that of the neutral substitutional Mg,
MgGa, under Ga-rich condition (i.e., μGa = energy of Ga metal). The
thermodynamic level ε(q/q′) is determined by the cross point of the
formation energies with q and q′.

In addition to the Mg at the O and T sites, we have found
two other metastable configurations, which have never been
addressed before: One is an interstitial complex (MgGa)ic,
a kind of “split interstitial”, where Mg and dislodged Ga

are located near a single lattice site with
−−−→
MgGa direction

approximately parallel to [44̄05], and the other is a pair of sub-
stitutional Mg and an interstitial Ga near the O site MgGaGai,
as shown in Figs. 1(d) and 1(e), respectively. It is found that
for both structures, the Mg and dislodged Ga both lie in (11̄00)
plane (Fig. S1 within the SM [28]). For doubly positive-charge
state, the formation energies of (MgGa)ic and MgGaGai are
comparable with that at the T site (Fig. 2). The (MgGa)ic is
actually found to be even lower than the T. More importantly,
those configurations induce gap states, which can capture
electrons, thus rendering the +1 and neutral states realized.
As shown in Fig. 2, the +1 and neutral (MgGa)ic and MgGaGai

appear when the EF is close to CBB. Yet, we have found that,
unlike the T configuration, the local structures are essentially
the same for different charge states.

Several metastable configurations with distinct charge state
we have found here open a possibility of carrier recombined
migration of the interstitial Mg, in particular when EF is close
to CBB. The charge states other than +2 for Mg intersti-
tial have never been discussed before. As shown in Fig. 2,
MgGa is the most stable form of Mg for a wide range of
the Fermi-level position and acts as an acceptor evidenced
by the appearance of the thermodynamic level ε(0/−) near
VBT. Thus, in the equilibrium condition, Mg-doped GaN is
expected to be p type. However, in Mg doping through the ion
implantation, which is an indispensable fabrication technique
of electronic devices, nonequilibrium conditions are common.
In this case, the interstitial Mg and other intrinsic defects
become abundant. Figure 2 shows that the interstitial Mg may
act as a donor or a double donor. In addition, previous DFT
calculations [20,21] show that N vacancy and Ga interstitial
induce donor-type gap levels. Because the excess Mg cation
is introduced, these two types of defects are expected to form

FIG. 3. (a) OOz and OOx paths; (b) OT path; (c) O(MgGa)1
ic path,

the red and light blue arrows show the movement of Mg and Ga, re-
spectively. The purple dot shows a possible final position of Mg after
completing this pathway followed by its reverse; and (d) O(MgGa)2

ic

path and O(MgGaGai) path, the movement of Mg is the same in these
two paths.

relatively easily. Under these considerations, it is possible for
the Fermi-level position to be raised to near the conduction
band and thus the metastable configurations with q = +1 or 0
of interstitial Mg can become active.

From the calculated formation energies, the interstitial Mg
at the O site with +2 charge state is energetically most fa-
vorable irrespective of the EF position. Hence, the movement
from one O site to a neighboring equivalent O site is the
elementary process of the migration of the interstitial Mg.
We have explored pathways for such elementary processes
through NEB calculations. In the simplest pathways, as shown
in Fig. 3(a), the Mg at an O site can migrate directly to nearby
O site in z direction (c axis) or xy plane without passing
through any metastable sites. We refer to these two path-
ways as OOz and OOx, respectively. Clearly, the migration
from an O site to one of the metastable sites and then to
neighboring O site is also possible. Due to structural sym-
metry, it suffices to examine half of the pathways, i.e., the
pathways between O and metastable sites. We have found
four such pathways, as shown in Figs. 3(b)–3(d). In the OT
pathway, the Mg simply moves in xy plane and migrates to
a neighboring T site [Fig. 3(b)]. Regarding the pathways to
(MgGa)ic or MgGaGai, we have found two distinct processes,
O(MgGa)1

ic and O(MgGa)2
ic (the superscripts denote the labels

of pathways) where the moving directions of Mg are differ-
ent as shown in Figs. 3(c) and 3(d), and a single process
O(MgGaGai) [Fig. 3(d)]. In these processes, the Mg at the
O site moves towards one of the neighboring Ga atoms (red
arrows in the figure) and pushes it to a nearby interstitial O

L081201-3



ZHAO, SHIRAISHI, NARITA, AND OSHIYAMA PHYSICAL REVIEW B 110, L081201 (2024)

FIG. 4. Total energy profiles along the four distinct migration
pathways, (a) O(MgGa)1

ic, (b) O(MgGa)2
ic, (c) O(MgGaGai), and

(d) OT. The energy profile along each pathway is shown for +2
(blue), +1 (red), and neutral (green) charge states (kept fixed during
the whole migration). The squares are the results of a single calcula-
tion with varying charge states along the migration path. The abscissa
is the migration coordinate ξ representing a particular intermediate
structure in multidimensional atomic coordinates along the migration
path. Relative energy positions among different charge states depend
on the Fermi-level (EF) position and in this figure EF is set to be at
the conduction band bottom.

site (light blue arrows) to form (MgGa)ic or MgGaGai con-
figuration. We emphasize that from the metastable sites, the
Mg can go to another nearby O site with the same energy
barrier and continue to migrate. For example, the O(MgGa)1

ic
process followed by its reverse process (MgGa)icO1 can send
the Mg to a neighboring O site, as is shown by the purple
dot in Fig. 3(c), thus the combined processes are equivalent
to an OOx process. Note that, although the Mg may also go
back to the original O site in the reverse process, this kind
of reversibility does not negate the diffusion (actually it is
common for all diffusion processes). The important point is
that the Mg can diffuse arbitrarily far away given a sufficient
number of hopping steps along these pathways. In this way,
the Mg movement between the O site and the metastable con-
figuration effectively contributes to the Mg migration between
the most stable O sites.

After identifying the migration pathways described above,
we have obtained the energy profiles along the pathways by
HSE calculations. At first, we have calculated the energy
profiles along the OOz, OOx (not shown), and OT [Fig. 4(d)]
pathways for Mg++. The obtained profiles are similar to
those reported in the previous paper [9]. The calculated
migration barriers are 2.02, 1.95, and 2.21 eV for the OOz,
OOx, and OT, respectively in the present calculations,
which are close to the previous values, 2.01, 2.19, and

TABLE I. Migration barrier (eV) of each pathway at EF = VBT
and CBB.

Pathways Ea(EF = VBT) Ea(EF = CBB)

OOz 2.02 2.02
OOx 1.95 1.95
OT 2.21 1.56
O(MgGa)1

ic 1.95 1.47
O(MgGa)2

ic 2.41 1.70
O(MgGaGai) 2.51 1.91

2.20 eV. Only for the OOx, the values are different by
0.24 eV (10%). This discrepancy could be attributed to
the different pseudopotentials used (PAW in this paper vs
norm-conserving in Ref. [9]) or the stricter convergence
criterion in our calculation (0.01 vs 0.05 eV/Å), which is
necessary to determine the transition-state geometry in the
plateau-like energy landscape in this case.

The calculated energy profiles along the pathways from
O sites to metastable configurations, (MgGa)ic, MgGaGai and
the T sites, are shown for Mg++ in Fig. 4 as a function of
the migration coordinate ξ . As stated in the method part, the
coordinate ξ represents a particular intermediate structure in
multidimensional atomic coordinates along each migration
pathway. Among all pathways for Mg++, we have found that
the minimum migration energy barrier between O sites is
1.95 eV and achieved in the OOx and O(MgGa)1

ic pathways
(Table I). While the obtained minimum value is lower than
the previous value by 10%, the migration barrier is still too
large to explain the possibly very low values found in some
experiments.

As discussed above, the metastable configurations induce
gap states and thus take different charge states, +1 and neu-
tral. We have found that this is also true for the intermediate
geometries along the pathways. This finding brings forth a
possibility of the migration in which the charge state is vary-
ing (recombination enhanced/retarded migration). When EF

is close to CBB, the +1 and the neutral metastable states are
energetically favorable (Fig. 2) and thus the recombination
enhanced migration is expected to be important.

To verify this, we have performed a series of NEB calcula-
tions with all three charge states. Let us focus on the migration
through the O(MgGa)1

ic pathway [Fig. 4(a)], in which the
migration barrier for Mg++ is the lowest, 1.95 eV. The results
from the NEB calculations with q = +1 and 0 are also shown
in Fig. 4(a). When the Mg starts to migrate (ξ � 3), the
only possible charge state is q = +2 (no gap state). As Mg
proceeds (ξ � 4), the gap state appears and the charge can
become q = +1 with much reduced formation energy than
q = +2. Near the transition state for the Mg++ migration
(ξ ≈ 5), the gap state can accommodate two electrons and
q = 0 is also available. The relative energies for different
charge states depend on the EF position, as is demonstrated
in Fig. 2. Figure 4 shows the results when EF is at CBB. In
this case, the present calculations have unequivocally clarified
that Mg starts at the O site as the +2 charge state, succes-
sively captures the first and then the second electrons to lower
its energy, with the charge state being changed to +1 then
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neutral, and reaches the (MgGa)ic configuration. The calcu-
lated migration barrier is 1.47 eV and the electron capture
substantially reduces the migration barrier.

The recombination-enhanced Mg migration clarified above
relies on the ansatz that the lowest-energy charge state is
reached during the migration. This is generally true since the
ionic motion is much slower than the electronic transition.
Yet, a particular charge state of defects can be long lived in
semiconductors, e.g., DX center in compound semiconductors
[30]. This is usually associated with structural reconstruction
between distinct charge states, where an energy barrier exists.
In the present calculations, this is already taken into account
in the DFT-NEB scheme since there is no abrupt structural
changes along the migration pathways. Another important
factor is the peculiar electronic structure of the interstitial
Mg. It generally induces localized electron states in the band
gap near CBB consisting mainly of Ga and N atomic orbitals
nearby as shown in Fig. 1. However, at the O site, the intersti-
tial Mg induces no localized gap states but resonant states in
the conduction (and also valence) bands. This is presumably
caused by the high symmetry at the O-site geometry, as in
the tetrahedral interstitial site in Si [31,32]. As a result, at
the O site, Mg becomes q = +2 with two valence electrons
transferred to the conduction band. Then during the migration
towards other metastable geometries with the lower symme-
try, we have found that the resonant state shifts downward and
emerges in the gap, being ready to capture electrons, espe-
cially near the crossing point. No particular energy barriers
emerge upon the electron capture, as discussed above.

However, the above NEB calculations with distinct charge
states do not include the possible energy barrier resulting
from the slightly different local structures of distinct charge
states at the same ξ . To clarify this issue, we perform another
single NEB calculation connecting the Mg++

O and (MgGa)0
ic

structures by setting q = +2, +1, and 0 for images ξ � 3,
4 � ξ � 6 and ξ = 7, respectively. In this way, the structural
change along the migration path becomes fully “continuous”.
The energy profile obtained by this single NEB is shown by
the empty squares in Fig. 4(a). It is found that the energy
profile is slightly different among distinct NEB calculations
because of local relaxation at different q, but the overall en-
ergy barriers are essentially identical.

When EF is lowered by �ε from CBB, the energy profiles
for q = +1 and 0 along the migration pathways are shifted
upwards by �ε and 2�ε, respectively, relative to the energy
for q = +2, as is derived from Eq. (1), leading to the increase
of the migration barrier. The migration barrier Ea(EF) at arbi-
trary EF position in the gap is calculated from the computed
results described above. For each pathway, it is

Ea(EF) = max
ξ

{
min

q∈{+2,+1,0}
Eq(ξ, EF)

}
.

Here Eq(ξ, EF) is the formation energy of the intermediate
structure ξ with the charge state q at EF. The result for the
O(MgGa)1

ic pathway is shown by the blue line in Fig. 5 and
we observe a linear decrease of the migration barrier for EF

above VBT + 2.9 eV.
We have performed the same calculations for other path-

ways, the O(MgGa)2
ic, O(MgGaGai), and OT. The results are

shown in Figs. 4(b)–4(d) and Fig. 5. The Mg migration along
those pathways is found to exhibit similar behavior as in the

FIG. 5. The migration barriers as a function of the Fermi-level
position in the gap for distinct migration pathways. All energy barri-
ers are constant below CBB − 1 eV.

O(MgGa)1
ic pathway: i.e., the migration barrier is reduced

with increasing EF because of the recombination enhanced
migration. In the case of OT path, although q = +1 does not
exist at T , we find that the Mg still captures the electrons
consecutively similar to other pathways and q = +1 is the
most stable at intermediate structure ξ = 3 (indicated by the
colors of empty squares in Fig. 4).

For direct migration through the OOz and OOx pathways,
no gap state appears during the migration and the recombina-
tion enhancement of the migration is not observed (not shown
in Fig. 4). The migration barriers are unaffected by the EF

position (Fig. 5).
We summarize the energy barrier for each pathway at

EF = VBT and CBB in Table I. At high Fermi level, the
lowest energy barrier for migration between O sites is 1.47 eV,
almost 0.5 eV lower than that for low Fermi level. There are
also multiple pathways with energy barriers well below 2 eV,
agreeing with the values obtained from experiments. By con-
sidering the intrinsic defects, we can also provide a possible
explanation for the slowdown of the Mg migration by high N2

pressure [19] as mentioned earlier: The N vacancies in GaN
can act as electron donors [20,21] and raise the Fermi level
position, assisting the migration of Mg. Under high N2 am-
bient pressure, the concentration of the N vacancy decreases,
and the Mg migration is then suppressed by the EF lowering.

In conclusion, we have studied the structure of Mg inter-
stitial in GaN and migration pathways and barriers between
the (meta)stable configurations from ab initio calculations.
In addition to previously reported O and T sites, we have
discovered two configurations (MgGa)ic and MgGaGai with
formation energy lower than or close to that of T configura-
tion. Except for Mg at O site, which only has +2 charge state,
all other configurations also admit charge states +1 and 0.
For low Fermi level, the minimum migration energy barrier
for Mg++ between O sites is 1.95 eV. When Fermi energy
is close to CBB, the migration via metastable configurations
occurs through the recombination-enhanced mechanism. The
charge state changes from +2 at O site to 0 at metastable sites
by capturing two electrons successively during the migration.
This process greatly reduces the migration energy barrier and
the minimum energy barrier is reduced to as low as 1.47 eV
for EF at CBB, a value consistent with experiments.
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