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Native and hydrogen-containing point defects in Mg;N,: A density functional theory study
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The formation energy and solubility of hydrogen in magnesium nitride bulk (antibixbyite MgzN,) have been
studied employing density functional theory in the generalized gradient approximation. The effect of doping
and the presence of native defects and complex formation have been taken into account. Our results show that
magnesium nitride is a nearly defect-free insulator with insignificant hydrogen-storage capacity. Based on this
insight we derive a model that highlights the role of the formation and presence of the parasitic Mg;N,
inclusions in the activation of p-doped GaN in optoelectronic devices.
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I. INTRODUCTION

The group-III nitrides XN (X=Al, Ga, In) and their al-
loys have evolved into the material class of choice for white
light-emitting diodes (LEDs)."> A major breakthrough in uti-
lizing this material class was the discovery that p-type con-
ductivity can be achieved in the originally fully hydrogen
compensated or passivated material by thermal annealing in
a hydrogen-free atmosphere. The common understanding is
that Mg substituted on a metal site X is compensated or
passivated by forming a neutral [MgH] complex.> During
the activation process, the complex dissociates into the de-
sired Mg acceptor and interstitial H*, which readily diffuses,
eventually forming H, molecules at the surface that can eas-
ily desorb.*® However, the active dopant concentration that
can be achieved with this process is limited by three effects.
(1) At Mg concentrations above 3 X 10'® cm™, a parasitic
Mg;N, phase appears. In transmission electron micrographs
these precipitates are visible as small pyramids (see Fig. 1)
and show a polarization inversion of GaN in their core.”!
(2) The removal of hydrogen is often incomplete and signifi-
cant amounts may remain after the activation (up to 20% of
the Mg concentration).!!

(3) Other defects, notably nitrogen vacancies in various
charge states V;I/V“, may compensate the activated Mg
acceptor.>'? Theoretical calculations predict the latter com-
pensating mechanism to become relevant for Mg concentra-
tions above 10'® cm™.

Understanding and eventually controlling these effects
may be the key to overcome present-day p-type doping
limitations and improve the efficiency of high-power de-
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FIG. 1. (Color online) Conceptual design of an LED and the
parasitic inversion domains appearing in the p-conductive part of
the device at high Mg concentrations
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PACS number(s): 61.72.Bb, 61.72.J—, 61.72.sd, 61.72.uj

vices. On the other hand, light metal nitrides like Mg;N,
have recently attracted interest as reversible hydrogen-
storage materials.'3~1® While reversible hydrogen storage in-
volves a phase transformation into a different crystal phase
(amides or even hydrides), there are no indications that this
occurs within the inversion domain boundaries. This raises
the question if hydrogen can otherwise be incorporated into
the Mg;N, inclusions. Unfortunately, crystalline Mg;N, is
scarcely treated in literature. Beside the crystal structure
most of the fundamental properties are unknown. In order to
address the question of hydrogen in Mg;N,, the formation
energies of interstitial and substitutional hydrogen, as well as
of intrinsic point defects in Mg;N, are needed. The purpose
of this study is to close this gap by means of density func-
tional theory (DFT) calculations. As the structure of the in-
version domain boundaries is not fully resolved,”'® we focus
on the natural bulk phase, which crystallizes in the antibix-
byite structure.'”!® It will be shown that these calculations
provide important insight into chemical trends and can be
used to estimate the interaction of hydrogen with Mg;N,
inclusions in GaN under growth conditions.

The remainder of this paper is organized as follows. In
Sec. II, we will briefly summarize our theoretical approach.
We will discuss the antibixbyite bulk structure in Sec. IIT A
and then continue with intrinsic and hydrogen-related defects
in Secs. III B and III C, respectively. Hydrogen in vacancies
is considered in Sec. III D. Section IV is devoted to the con-
sequences for GaN growth.

II. METHODOLOGY
A. Computational details

The calculations are performed using DFT in the
generalized-gradient approximation (GGA-PBE functional'®)
as implemented in the multiscale library S/PHI/nX.?’ The
DFT implementation employs a plane-wave basis set and
assumes periodic boundary conditions. Defects are therefore
modeled in the supercell approach. The electron-ion interac-
tion is described with norm-conserving pseudopotentials,
which are generated?! using the FHIPP98 program.”? A plane-
wave energy cutoff of 680 eV and a 2 X2 X2 Monkhorst-
Pack k-point sampling®® ensures convergence in energy to
within 1 meV, in the lattice constant to within 0.01 A, and in
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the bulk modulus to within 1 GPa. The DFT calculations
yield formation energies of a defect X in charge-state g
(Refs. 3 and 24)

E;;q = E\o[Mg;N»:X] - E\,[Mg;N, ]

- 2 nijpu;+ CI(EFermi + EVBM) + Ealign[q] . (1)

Eo[MgsN,:X9] and E,,[Mgs;N,] are the total energy of the
defect cell and the bulk cell calculation, respectively. n; de-
notes the number of additional atoms of species i (for vacan-
cies n; becomes negative) and u; denotes the corresponding
chemical potential. The values in Sec. III are referred to a
system in equilibrium with bulk Mg, Mg;N,, and H, mol-
ecule at 7=0 K, which uniquely defines the chemical poten-
tials. For charged systems, the chemical potential of the elec-
trons is the Fermi energy, which in this paper is always
referenced to the energy of the Mg;N, valence-band maxi-
mum (VBM).

The supercell approach for defect introduces artificial in-
teractions due to electrostatic interactions, wave-function
overlap, and strain.>?* The artificial electrostatic interaction
between a point defect and its periodic images is a dominant
one. The energy contribution Ey;,,[¢] in Eq. (1) is an energy
correction for charged defects.>* This correction cancels the
interaction of the defect with its periodic images in the su-
percell approach and aligns the electrostatic potential to the
bulk material. Using the correction allows to extract the
isolated-defect limit already from modest supercell sizes. In
this work we consider the 40 atoms body-centered-cubic
(bce) primitive cell and the 80 atoms simple cubic (sc) su-
percell of bulk Mg;N,. For the intrinsic point defects we will
demonstrate that reasonable convergence in formation en-
ergy can then already achieved when using the 40-atoms cell.
Another error source is hindered relaxations, i.e., elastic ef-
fects due to strain fields. They always enlarge the formation
energies. A comparison of the structural properties of the
defect cells indicates, that this error source plays a minor role
in our calculations. The last critical error arises from the
overlap of the defect states. This error is largest for extended
states, i.e., when the defect state is energetically close to the
valence bands or the conduction bands. It can be minimized
by employing constant occupations of defect states through-
out the Brillouin zone.* The remaining error has no specific
direction and can therefore influence the formation energy in
both ways.

The Fermi level in Eq. (1) appears as a free parameter.
However, it is implicitly defined by the requirement of
charge neutrality

chxq+ch—ce=0 (2)
x4

for the total ensemble of defects and charge carriers. In ther-
modynamic equilibrium the concentration cyq of a defect X
in charge state g is given by the Boltzmann distribution
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E‘Qq(EFermi) ) (3)

Cxq= NONconf exp( kT
b

Ny and N_,,; denote the number of possible defect positions
and the number of configurations within one position, re-
spectively. k,T is the thermal energy at the temperature 7.
The concentrations of the free charge carriers in a parabolic
band are given®® by

# 3/2
c,= 2( me—kbzﬂ) e(EFcrmi_ECBM)/ka’ (4)
27h
* 3/2
myk, T Evpy-Egermi)/*sT
Ch=2< 2777;2) e EvBMErermi)/kyT (3)

where m™ denotes the effective mass for the electrons or the
holes, respectively. The solution of Egs. (2)—(5) yields the
concentrations of the specified defects and the position of the
Fermi level. For a given set of chemical potentials u;, we
solve these equations by a bisection method.

For Egs. (4) and (5) the effective masses of electrons and
holes are required. Unfortunately, experimental data are not
available. In principle, the effective mass can be obtained
from calculated band structures, but in the case of Mg;N,
these standard approaches fail due to the specific band struc-
ture, which is extremely flat near the VBM. We note that
Egs. (4) and (5) can be used even in this case if m), is chosen
according to the method outlined in the following.

B. Effective-mass calculation for flat bands

Using the definition of the effective mass m”

1 1 d%ek)

m" #2 dk?

(6)

where e(k) denotes the band dispersion, its value is easily
obtained by fitting a parabola to the band structure. However,
one often has to deal with a multitude of flat bands
especially near the VBM—where the attempt to fit individual
bands yields an incorrect density of states (DOS). In the
following we propose a scheme that avoids the fitting proce-
dure and allows to obtain the effective masses directly from
the calculated DOS.

The number of particles N is given by folding the density
of states D with a distribution function f

N(EFermi) = f f(E - EFermi)D(E)dE~ (7)

For numerical convenience D(E) is given by X, wy(E
—€,.) with €, as the eigenenergies of the system. Equation
(7) then becomes

N(EFermi) = 2 ka(enk - EFermi) . (8)
nk

In the following, we concentrate on the electron description,

where the distribution function is given by the Fermi-Dirac

cBM—EFermi

function. For KT > 1 the Fermi-Dirac function can be
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FIG. 2. (Color online) Effective hole and electron masses in
MgsN, in dependence of the thermal energy. Note that the left-hand
scale applies for hole mass and the right-hand scale for the electron
mass.

approximated by the Boltzmann function. Further we assume
that excitations are mainly driven by defect electrons, so that
the number of valence electrons Ny is a constant. This is
ensured when the condition Eggmi—Evem= Ecsym—Erfermi
holds.

These two conditions together define a suitable range for
the choice of the Fermi level in the following equations:

1
E(EVBM + Ecpm) < Epermi < Ecgm— kT 9)

Also the value for the thermal energy k,T is limited. On the
one hand, k,T must be small enough to fulfill Eq. (9). On the
other hand a high temperature allows the usage of a coarse
grid of k points in Eq. (8). We will address this point below.

Choosing Ecgy as zero energy, the number of conduction
electrons No=N(Egermi) — Ny is given by

Nc = eEFermi/kaf e %D (e)de.
0

Des(kp,T) (10)
For a free electron with effective mass m”* the effective DOS

D on the right-hand side of Eq. (10) can be analytically
calculated to be

2 *
Dgilk,T) = E(Zwm k1) (11)

To calculate the effective mass, we write Eq. (10) in the
linear form

Fermi

In[ D¢k, T)] = IN[Nc(EF™)] -

W (12)
The right-hand side of Eq. (12) can be numerically calcu-
lated using Eq. (8). The effective mass is then easily obtained
by combining Egs. (11) and (12).

Figure 2 shows the convergence of the effective mass
with increasing thermal energy. The quality of the effective
mass depends strongly of the quality of the underlying den-
sity of states. The representation of the DOS by & peaks
introduces artifacts if the peak separation is comparable to
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FIG. 3. (Color online) Geometry of the ideal (unrelaxed) Mg;N,
structure divided into the four atomic layers forming the cell. The
small spheres refer the positions of the N atoms while the larger
ones show the Mg atoms. The single slabs have been extended
twice in the (100) and the (010) directions to give a better insight in
the structure and the symmetry.

(or even larger than) k,T. This can be cured by increasing the
temperature or the k-point sampling. For the electrons, we
see this behavior when increasing the k-point sampling from
a 6 X 6 X 6 k-point mesh to a 20 X 20 X 20 k-point mesh by a
k- p interpolation.?” For the holes, we find a fast convergence
with respect to the k-point sampling; increasing the mesh
resolution beyond a 12X 12X 12 k -point mesh results in
negligible changes in the hole mass. This is due to the nearly
dispersion-free valence states near the VBM. The strong tem-
perature dependence, visible in Fig. 2, is a consequence of
the attempt to approximate the true DOS by an effective
square-root function of the free-hole model.”® For practical
purposes, we choose m,, at the temperature of interest which
correctly reproduces D (7).

III. RESULTS
A. Bulk Mg2N2

Magnesium nitride is known to crystallize in the antibix-
byite structure.'”?° In order to introduce the structural motifs
that are relevant for the point defects discussed below, we
will describe the atomic structure of the bulk material first,
following a similar scheme as Mokhtari and Akbarzadeh.'®
Starting from a hypothetical Mg,N in the CaF, structure we
obtain an idealized antibixbyite structure by removing 1/4 of
all Mg atoms from a 2X2 X2 supercell. These structural
vacancies are distributed equally such that every nitrogen
atom ends up with six nearest neighbors. The resulting brick-
like structure is shown in Fig. 3. For clarity the sc structure is
divided into four slabs containing one nitrogen and one mag-
nesium layer. Slab 1 and slab 3, as well as slab 2 and slab 4
are equivalent up to a lateral shift in the (110) direction.
Thus, it is possible to reduce the 80-atoms sc cell to a 40
atoms primitive bcc cell.
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FIG. 4. (Color online) Visualization of the two inequivalent sites
for nitrogen (N1 and N2). In the CaF, structure, the two inequiva-
lent sites correspond to cubes with six Mg atoms on the edges and
magnesium vacancies (a) on a face diagonal or (c) on the space
diagonal. The corresponding relaxed configurations are given in fig-
ures (b) and (d), respectively.

Due to the presence of the structural vacancies the chemi-
cal surrounding of the nitrogen atoms is no longer identical.
There are two inequivalent types of nitrogen atoms which
differ in the arrangement of the Mg atoms (see Fig. 4). For
the atoms labeled N1, the structural vacancies lie on a face
diagonal, while they are on a space diagonal for N2 atoms.
The 80-atom structure contains 24 N1 atoms and eight N2
atoms. In contrast to the N atoms, all Mg atoms have an
identical chemical surrounding, consisting of a nearest-
neighbor shell of three N1 and one N2.

Using this structure we performed DFT calculations for
different volumes, allowing ionic relaxation. The fully re-
laxed antibixbyite structure is shown in Fig. 5. The calcu-
lated parameters are listed in comparison with theoretical
and experimental data in Table I. The equilibrium lattice con-
stant a, the bulk modulus By, and its pressure derivative B|,
were determined by fitting the energy-volume curve to the
Murnaghan equation of state.’! The atomic structure data in-
cluded in Table I was obtained by x-ray diffraction!” and the

ODMg o NI N2

ODMg ONI N2

(a) (b)

FIG. 5. (Color online) Ball and stick model of the ideal (left)
and the relaxed (right) Mg;N, structure.
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TABLE 1. Comparison of structural, elastic, and electronic pa-
rameters of bulk Mg;N, with available theoretical and experimental
data.

FP-LAPW Expt.
This work (Ref. 18) (Refs. 17 and 30)
apy (A) 9.977 10.037 9.9528
B, (GPa) 108 110
B} 3.76 4.02
Band gap (eV) 1.59(I'-T) 1.56(I-T") 3.15 (direct)
2.85 (indirect)

Distance (A)
Mg-N1 (2x) 2.09 2.10 2.084
Meg-N1 (2x) 2.17 2.18 2.160
Meg-N1 (2x) 2.19 2.20 2.179
Mg-N2 (6x) 2.15 2.16 2.145
Int. coordinates
v 0.969 0.969 0.9784
by 0.389 0.389 0.3890
y 0.153 0.153 0.1520
z 0.382 0.383 0.3823

optical band gap by reflection methods.’® Our results are in
good agreement with the available data, except the band gap,
which shows the usual underestimation by semilocal
exchange-correlation functionals such as GGA.

Performing the atomic relaxation, the initial nitrogen
cubes become distorted, as shown in Fig. 4. The N1 atom
ends up in a C, substructure with three different Mg-N1
bond lengths. The Mg-N2 distances are all equal and the
substructure has the higher Ds; symmetry. The calculated
distances are in good agreement with other theoretical and
experimental work (Table I). In general the bonding dis-
tances are larger than the sum of the covalent atomic radii of
Mg and N which is 2.05 A. This is due to the fact that the
coordination for magnesium and nitrogen is twice as high as
the number of valence electrons. Thus, in a two-center bond-
ing picture, each bonding orbital is occupied with only a
single electron. This results in weaker chemical bonds (par-
tially compensated by the electrostatic attraction between the
ions*?) with bond lengths slightly larger than in covalent
bonds. The bonds are stretched by about 1.8-6.7 %.

In addition to the structural vacancies the structure exhib-
its a void (Fig. 6) in the center of a distorted octahedral
substructure. This substructure consists of six Mg atoms with
its center lying on the connection line between two N2 at-
oms. As will be shown in the next section, both the structural
vacancies and the void are preferred sites for interstitials.

B. Intrinsic defects in magnesium nitride

We now turn to the discussion of point defects. In a first
part we focus on native defects. Specifically, we consider the
following defects. The Mg vacancy, the Mg interstitial at the
position of the structural vacancy, the N1/N2 vacancies, and
the N1/N2 split interstitials. Geometric details of the relaxed
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FIG. 6. (Color online) The DOH in Mg;N», located in middle of
the connection line between two N2 atoms. The right sketch shows
the antiprismatic Mg cage.

structures are given in Table II for the vacancies and in Table
III for the interstitials. Table IV lists the corresponding for-
mation energies. The formation energies are given as calcu-
lated and corrected. For the most defects the agreement of
the primitive 40-atoms cell and the 80-atoms cell are within
0.1 eV. For all vacancies we observe a relaxation of the sur-
rounding atoms away from the defect center. The distance
between the vacancy and its nearest neighbor increases by
0.06-0.19 A (3-9 %) compared to the defect-free system.
The reason for this is the decrease in the coordination num-
ber and therefore an increase in the number of electrons per
two-center bond. This enhances the covalent part of the
bonding (the ionic part of the bonding is also strengthened
due to the shorter distance’?)

Our results show further that the nitrogen interstitial
forms a N, complex in the crystal. Independent of the nitro-
gen type, the N-N bonding distance varies from 1.57 A
when negatively charged to 1.30 A when positively charged.
The bonding distance is noticeably stretched compared to
similar chemical surroundings like hydrazine
(IN-NJ*, 1.45 A) or diazine ([N-N]>~, 1.24 A). The for-
mation energy differs for the two nitrogen sites and is more
favorable for the N2-interstitial than for the N1 interstitial.
The reason for this is that the N2 interstitial fits well in the
N2 surrounding as indicated by the absence of structural
changes in the environment. The N1 interstitial, on the other
hand, severely distorts the local environment.

The magnesium interstitial forms four bonds to the neigh-
boring nitrogen atoms. Three of these bonds have nearly the
same distance, which is comparable to the smallest distance
of a N1-Mg bond. The fourth bond length is very sensitive to
the charge state. In case of the +2 state the bonding distance

TABLE II. Mg-Vy distances of the N1/N2 vacancy in charge
state +1 and Vyo-N distances of the Mg vacancy in charge state —2.
The percentage values are with respect to the bulk material. (Nx)
gives the number of equivalent bonds.

Distance Distance
(A) (A)
Mg-Vy; (2x) 2.15(+2.9%) Vme-N1 (2%) 2.28(+9.1%)
Mg-Vy; (2x) 2.29(+5.8%) Vme-N1 (2x) 2.35(+8.6%)
Mg-Vy; (2x) 2.32(+6.2%) Vme-N1 (2%) 2.38(+9.0%)
Mg-Vy, (6x) 2.27(+5.9%) Vmg-N2 (6x) 2.33(+8.4%)

PHYSICAL REVIEW B 81, 224109 (2010)

TABLE III. N-Mg distances of the N1/N2 interstitial and the Mg
interstitial for different charge states. The number in brackets gives
the number of equivalent bonds. The “*” denotes Mg atoms in the
N1 interstitial calculation which are close enough to both nitrogen
atoms that a bond to both is expected.

IN1/N2 distance

(A)
Charge state -1 0 +1
Mg-N1 (2x) 1.95 1.99 2.04
Mg-N1 (2x7) 2.05 2.08 2.12
Mg-N1 (2x7) 2.11 2.21 2.32
Mg-N1 (2x) 2.17 222 2.28
N1-N1 1.576 1.409 1.301
Mg-N2 (6x) 2.00 2.07 2.15
N2-N2 1.58 1.41 1.30

Iy, distance

(A)
Charge state 0 +1 +2
Mg-N (3x) 2.09 2.09 2.09
Mg-N 2.17 2.16 2.16

becomes minimal. The magnesium interstitial is then in the
same charge state as the surrounding bulk magnesium atoms
and fits well into the lattice.

C. Hydrogen in bulk magnesium nitride

After discussing the intrinsic point defects, we consider
the incorporation of hydrogen into the bulk material next. We
studied hydrogen in a variety of positions including bond-
center sites, antibonding sites (see Fig. 7), the center position
of the distorted octahedral hole (DOH), and the Mg struc-
tural vacancy. For a positively charged hydrogen defect (H")
our calculations show that the antibonding position is the
energetically most stable configuration. The formation en-
ergy between the two nitrogen types differs by =0.1 eV.
The N-H distance (see Table V) is characteristic of a cova-
lent N-H bond such as found, e.g., in hydrazine (dy.y
=1.03 A).

For the negatively charged hydrogen defect (H™) the DOH
position becomes energetically most favorable. The distances
between the hydrogen ion and its neighboring magnesium
atoms range between 1.96 and 2.52 A. The bond-center sites
were found to be unstable and return to an antibonding site
without a barrier. Also the structural vacancy position is not
stable and relaxes into the antibonding site or the DOH po-
sition, depending on the charge state.

The stable hydrogen configurations agree well with the set
of hydrogen adsorption sites which have been found for
other nitrides.>*-%

D. Hydrogen-based defect complexes

As shown above, interstitial H prefers the formation of an
amidelike [N-H] complex when in positive or neutral charge
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TABLE IV. Defect formation energies for all native defects as obtained from the supercell calculation

(DFT) and including the supercell correction according to Ref. 24 (E_jig)-

PHYSICAL REVIEW B 81, 224109 (2010)

Formation energy

(eV)

bce-cell 40 atoms

Defect DFT +Elign

DFT

sc-cell 80 atoms

+E,

align

Vate
-2 4.61 6.11 4.97 6.33
-1 4.63 5.16 4.85 5.27
0 4.85 4.85 4.88 4.88
0 4.18 4.18 3.84 3.84
+1 1.13 1.48 1.26 1.63
+2 -1.74 -0.33 -1.35 -0.07

VN
-1 5.17 5.60 4.99 5.24
0 2.41 2.41 2.49 2.49
+1 -0.08 0.08 -0.03 0.14
+2 -0.75 0.16 -0.60 0.20
+3 -1.49 0.70 -1.17 0.70

VN2
-1 4.88 5.26 4.96 5.24
0 2.46 2.46 2.45 2.45
+1 -0.09 0.09 -0.04 0.16
+2 -0.89 0.03 -0.72 0.23
+3 —-1.89 0.33 -1.52 0.69

I
-1 5.76 6.09 5.82 6.01
0 4.39 4.39 4.44 4.44
+1 3.29 3.78 3.41 3.68

Ina
-1 5.04 5.35 5.08 5.31
0 3.91 3.91 3.96 3.96
+1 2.96 3.36 3.10 3.39

state and occupies the DOH when in negative charge state.
Similar chemical surroundings can be provided by the Mg
vacancy and the N vacancy. The N vacancy is comparable to
the DOH: a void with a surrounding Mg cage. The free vol-
ume created by a nitrogen vacancy provides space for only a

(a) (b)

FIG. 7. (Color online) Hydrogen position for an antibonding site
(left) and a bond-center site (right).

single-hydrogen atom. The Mg vacancy has significantly
larger space and provides four bonding positions to create
[N-H] complexes. The incorporation of hydrogen inside

TABLE V. Distances of the hydrogen at antibonding nitrogen

position in charge state +1.

Distance Distance
(A) (A)
Mg-N1 2.14
Mg-N1 2.16 Mg-N2 (3x) 2.24
Mg-N1 2.26
Mg-N1 2.29
Mg-N1 2.34 Mg-N2 (3x) 2.30
Mg-N1 2.39
NI1-H 1.05 N2-H 1.04
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TABLE VI. Bond length in hydrogen-vacancy complexes.

Vn-H complex

Vmg-H complex

Distance [N-H] distance

(A) (A)
Mg-H (2x) 2.10 [Vme-H] 1.04
Mg-H (2x) 2.46 [Vae-2H] 1.03 1.03
Mg-H (2x) 2.48 [VMg—3H] 1.04 1.04 1.04
Mg-H (6x) 2.364 [VMg—4H] 1.03 1.03 1.03 1.03

these vacancies gives therefore promising adsorption sites
and is discussed now.

The structural details and the formation energies of the
hydrogen-vacancy complexes are listed in Tables VI and VII,
respectively. The hydrogen incorporation in the Mg vacancy
results in strongly bound [N-H] complexes. Defining the
binding energy via

(13)

f b_ f
E[VMg sanp2 E’ = Ev_z +nk

+
Mg HY

we found for the first incorporated hydrogen a binding en-
ergy of 2.35 eV. Further hydrogen is bound by 1.33 eV, 0.82
eV, and 0.02 eV, respectively. Especially the high binding
energy of the first hydrogen enhances the formation of Mg
vacancies in a hydrogen atmosphere. The [Vy+H] defect
complex provides only a binding energy of 0.33 eV in its
most stable +2 charge state.

IV. DISCUSSION

A. Defect concentrations of bulk Mg;N,

In the previous section we have established the properties
of defects in bulk Mg;N, under arbitrarily chosen reference
conditions (bulk Mg, Mg;N,, and H, for 7=0 K). We will
now consider realistic conditions by adjusting the chemical
potentials to reflect actual GaN growth conditions.!! The N
chemical potential is set in equilibrium with GaN via

N+ MGa = MGaN,bulk (14)

and the Mg chemical potential accordingly via
3pmg + 2N = Mg, bulk- (15)

The H chemical potential is then obtained from

pV ka
2y = —o+ kT In —q)—le (—) 16
Mu= HKu,, =0 T %p (ka pt 1N 20 (16)
V, denotes hereby the phase-space volume

v _( 2’7Tﬁ2 )3/2 (17)
" mHka '

The rotational constant ® for hydrogen is** 59.339 c¢cm™'.
Corresponding characteristic conditions for GaN growth are
Ga-rich conditions at (ug,=tGamux) at T=1275 K. Under
metal-organic vapor-phase epitaxy conditions the sample is
grown in presence of a hydrogen atmosphere. We therefore

assume an equilibrium of the GaN sample with H, gas at a
pressure of 1 bar. This value represents an upper limit to
pressures commonly employed in experiment.

Figure 8 shows the formation energies of the native de-
fects as function of the Fermi energy for this set of poten-
tials. Over a wide range the most relevant defects are N and
Mg vacancies. Only at extreme p-type conditions (Epgmi
<0.3 eV), the Mg>* interstitial becomes favorable. When
including hydrogen (Fig. 9), the H* interstitials and the
[Vme+H]™ are the dominant defects. Only at very n-type
conditions (Epemi=>2.5 €V) the Mg vacancy is the dominant
defect. Table VIII shows the calculated defect concentrations
and Fermi energies for H-free and H-rich conditions. The
effective valence and conduction band masses needed to en-
force the charge-neutrality condition [Eq. (2)] have been
computed employing the approach proposed in Sec. II B to
be 0.2m, for the electrons and 10.7m, for the holes. In the
absence of any hydrogen, the Fermi level lies 1.72 eV above
the VBM. The dominating defect is the positively charged
nitrogen vacancy. It is worth noting that the charge neutrality
is not achieved with compensating defects, but with free
charge carriers. Overall, the total equilibrium concentrations
of defects/holes are below 10'* cm™. The presence of hy-
drogen increases the defect concentration of the magnesium
vacancies by an order of magnitude to =10'> cm™ due to
the formation of [Vy,,H] complexes. The Fermi level does
not change at all. However, the total amount of hydrogen
incorporated into Mg;N, is very low compared to typical
concentrations in p-GaN (up to 10%° c¢cm™3). The discrepancy
becomes even more obvious by considering the H/Mg ratio.
While the [MgH] complex in fully passivated p-GaN has a
ratio of 1 (the experimental ratio ranges between 0.2-0.8), it
is ~107% in Mg;N,. We thus conclude that Mg contained in
Mg;N, precipitates is unable to trap a relevant amount of
hydrogen.

B. Thermal annealing

SIMS measurements'' in the p-type region of actual de-
vice structures show that the removal of hydrogen is often
incomplete. To identify the mechanism that prevent H re-
moval and thus a complete activation of the p-type region,
we focus now on the H drive-out from Mg;N,.

The drive-out procedure can be simulated by decreasing
the H chemical potential at fixed temperature and assuming
that all defects are immobile at this temperature, e.g., the
concentration of the native defects remains constant. For the
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TABLE VII. Hydrogen-related defects in Mgs;N,. The Forma-
tion energy is shown as calculated in the supercell (DFT) and in-
cluding the supercell correction Eqjigp.

Formation energy

(eV)
bee-cell 40 atoms
Defect DFT +Eqlign
Hyy
-1 4.55 4.86
0 1.62 1.62
+1 -1.09 -0.74
Hxo
-1 4.49 4.77
0 1.54 1.54
+1 -1.18 -0.81
H @ DOH
-1 242 2.78
0 2.05 2.05
+1 1.49 1.84
H, @ DOH
0 1.44 1.44
[VMg+H]
-1 2.48 2.95
0 2.72 2.72
+1 2.95 3.11
[Vmg+2H]
0 0.81 0.81
+1 0.73 0.90
+2 1.05 2.08
[VMg+3H]
+1 -1.04 -0.82
+2 -0.87 0.19
+3 -0.58 2.08
[Vme+4H]
+1 -0.52 -0.21
+2 -3.01 -1.65
+3 =2.77 0.51
+4 -2.44 2.52
[Vni+H]
+1 0.41 0.59
+2 -1.96 -1.02
+3 -1.89 0.40
[Vno+H]
+1 0.37 0.57
+2 -2.06 -1.06
+3 -1.95 0.48

following we assume a temperature of 900 K (m,=0.2 and
m;,=10.7) that is characteristic for the rapid thermal anneal-
ing process, which is used to remove H. We further assume
that the H atoms can move freely once they are released from
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FIG. 8. (Color online) Formation energy of intrinsic defects as
function of the Fermi level under GaN growth conditions (Ga rich,
T=1275 K). Only charged states lowest in formation energy are
shown. The colored regions at the bottom indicate which defect is
energetically preferred.

their defect centers. The hydrogen concentration as function
of the H, partial pressure (uy) is shown in Fig. 10. As can be
seen the removal of H happens in two steps. First the amount
of hydrogen decreases only slightly. This is due to the re-
moval of hydrogen from the antibonding nitrogen position,
the DOH and the reduction in the [Vy,+2H] complex to
[Vm+H]. The single hydrogen inside the magnesium vacan-
cies remains stable until the H partial pressure falls below a
critical value of ~107% bar.

This stability is caused by the large binding energy of
2.35 eV of the [Vy,+H] complex. An enlargement of the
free carrier concentration ensures charge neutrality.

In conclusion, extreme conditions with respect to the H
partial pressure and temperature are required to drive out
hydrogen from the Mg;N, phase. Thus, hydrogen incorpo-
rated during growth is strongly bound to Mg;N, inclusions
and will not be removed under realistic annealing conditions.

V. SUMMARY

We have identified the dominant native and hydrogen-
induced point defects in magnesium nitride employing DFT
calculations. Based on the calculated formation energies, we
determined the equilibrium defect concentrations for Ga-rich
growth conditions. In thermodynamic equilibrium the pure

5.0
— Ve

40 |
> H @ DOH
i) ... [V,, +H]
> 30 Me
& . [Vy +2H]
E 20 — [Vy,+3H]
g o= [Vy +4H]
<
E 10 .~ [Vy+H]
= i

00F

00 05 10 15 20 25 30
Fermi level [eV]

FIG. 9. (Color online) Formation energy of the energetically
most favorable hydrogen-related point defects as function of the
Fermi level. Identical growth conditions as in Fig. 8 are assumed.
The colored regions at the bottom indicate the energetically pre-
ferred defect.
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TABLE VIII. Point-defect concentrations, and the Fermi level
without (left) and with (right) the presence of hydrogen at growth
conditions specified in the text (7=1275 K, p=1 bar).

Grown in
presence of
As grown hydrogen
" 1.6x 10" ¢cm™ Cy 1.7x 10" ¢cm™
Ve 8.8x 10" cm™3 Ve 1.7x 105 ¢cm™
cn 3.6 X 10 cm™3
CVy 1.7x 105 ¢cm™
CVy +2H 1.9x 1018 cm™
Fermi level 1.74 eV Fermi level 1.73 eV
Free carriers 1.6X107%¢*  Free carriers 1.6 X 107 B3¢*

single-crystalline material is found to be an essentially
defect-free insulator. The nitrogen vacancy has the largest
defect concentration with 2X 10 ¢cm™. If grown in the
presence of hydrogen, the formation of strongly bound [N-H]
complexes is favorable. Isolated interstitial H atoms form
singly coordinated strong bonds to N atoms when in a
positive-charged state or occupies Mg vacancies in the
negative-charge state. Maximum concentrations at realistic
growth conditions are nevertheless small (only 4
X 10" cm™3), particularly when comparing with the concen-
tration of hydrogen in [Mg-H] complexes in Mg:GaN (
~10'" cm™). The significantly lower solubility of H in
Mg;N, compared to GaN, together with the fact that the
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FIG. 10. (Color online) Calculated concentration of defects
which play an important role in the thermal annealing as function of
the applied chemical hydrogen potential at 7=900 K. The corre-
sponding H, partial pressure is displayed on the top axis. The inset
shows the Fermi level as function of the chemical potential.

volume fraction of Mg;zN, in Mg-doped GaN is small, allows
us to conclude that both, the H incorporation in Mg;N, and
the desorption of H from Mg;N, will not affect the H distri-
bution and the removal in actual devices.
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