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Reconstructions and Mg incorporation on GaN surfaces in semipolar �11̄01� orientation are systematically
investigated by performing first-principles pseudopotential calculations. The calculated surface phase diagrams
demonstrate that there are several reconstructions depending on the growth conditions. When the pressure of
H2 is low, the surface consisting of Ga-Ga dimers is stabilized under N-rich conditions whereas metallic
reconstructions are favorable under Ga-rich conditions. The H-terminated surface is stabilized over the wide
range of growth conditions when the pressure of H2 is high. We also reveal that several Mg-incorporated
surfaces, in which one Mg atom substitutes for one of the topmost Ga atoms, can be formed under growth
conditions. Under growth condition of metal-organic vapor-phase epitaxy, the H-terminated surface with

Ga-Ga dimers and substitutional Mg is found to be stable for GaN�11̄01� surface, whereas the H-terminated
surface without Mg can be formed for GaN�0001� surface. The orientation dependence in the stability of Mg

incorporated surfaces provides a possible explanation for high Mg concentrations on semipolar GaN�11̄01�
surface.
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I. INTRODUCTION

The control of the charge-carrier concentration through
doping is a key issue in many applications of group-III ni-
tride semiconductors. The discovery of p-type conductivity
in GaN using Mg doping leads to the widespread develop-
ment of GaN-based optoelectronic device, such as light-
emitting diodes, laser diodes, and photovoltaic cells.1–4 How-
ever, GaN-based heterostructures are usually grown along
the polar �0001� direction which has large polarization re-
lated electric field inside the multiquantum wells.5 The inter-
nal electric fields in the spontaneous and piezoelectric polar-
ization give rise to the quantum-confined Stark effect and
reduce the radiative efficiency within the quantum wells. In
order to reduce the effects of internal electric fields, there is
an increasing interest in the crystal growth and device fabri-

cation on semipolar orientations such as �112̄2�, �101̄3�, and

�11̄01�, due to their reduced and even negligible electric
field.6–15

It has been recently found that the incorporation of Mg

is more efficient on a GaN�11̄01� surface than on polar
�0001� surfaces in addition to reduction of the internal elec-

tric fields: Mg concentrations on GaN�11̄01� surface mea-
sured by the secondary ion mass spectrometry �SIMS� are
higher than that on polar �0001� surface.13,15 However, the

ideal GaN�11̄01� surface is N-terminated surface such as

GaN�0001̄� surface, in which the Mg doping efficiency is
rather poor.16 Therefore, the origins for high Mg concentra-

tions on N-terminated GaN�11̄01� surface cannot be ex-

plained by the analogy with GaN�0001̄� surface. To clarify
the microscopic origin for high Mg concentrations on semi-

polar �11̄01� orientation, investigations for Mg-incorporation

behavior as well as the reconstructions on the �11̄01� sur-
faces from theoretical viewpoints are necessary.

From theoretical viewpoints, the stability of Mg on GaN
surfaces has been intensively investigated to address many of

the issues raised by the experimental results. To explain the
narrow window for smooth growth of GaN due to Mg on
GaN�0001� surface,17 the relative stabilities of possible Mg-
rich reconstructions have been determined with respect to
those of the clean surface, and the surface structures com-
prising 1/2–3/4 monolayer of Mg substituting for Ga in the
top layer have been proposed in very Mg-rich conditions.18

Sun et al.19 have investigated the energetics of Mg adsorp-

tion and incorporation at GaN�0001� and �0001̄� surfaces
under a wide variety of conditions. They have clarified that
the Mg incorporation is easier at the Ga-polar surface, but
high Mg coverages tend to locally change the polarity from
Ga to N polar. A thermodynamic approach with chemical
potentials appropriate for realistic growth conditions has re-
vealed that hydrogen stabilizes Mg-rich surface reconstruc-

tions for both GaN�0001� and �11̄00� surfaces.20 To explain

high hole concentrations in Mg-doped semipolar GaN�11̄01̄�
surface,10 the stability of Mg-incorporated GaN�11̄01̄� sur-
face has also been examined.21 In spite of these theoretical
efforts, the Mg incorporation behavior and effects of hydro-

gen on the incorporation of Mg on semipolar GaN�101̄1�
surface have never been studied at present.

In this study, we systematically investigate reconstruction

and Mg-incorporation behavior on GaN�11̄01� surface by
performing first-principles total-energy calculations. We pre-
dict surface phase diagrams as functions of temperature and
Ga pressure, which is obtained by comparing the calculated
adsorption energy with gas-phase chemical potential. We
also reveal that one Mg atom can substitute the topmost Ga
atom in the 2�2 reconstruction under growth conditions.
The Mg-incorporated surfaces are stable both in the
molecular-beam epitaxy �MBE� growth and metal-organic
vapor-phase epitaxy �MOVPE� growth while the Mg can de-
sorb for polar GaN�0001� surface in the case of MOPVE
growth. The difference in the stability of Mg-incorporated
surfaces depending on surface orientation provides a possible
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explanation for experimentally observed high Mg concentra-

tions on semipolar GaN�11̄01� surface.
In the next section we describe our methodology, and

Secs. III–V contain the main results and discussion. The sur-

face reconstruction on GaN�11̄01� surface under growth con-
ditions is discussed in Sec. III. The stabilities of Mg-
incorporated surfaces for low and high H2 pressures are
described in Secs. IV and V, respectively.

II. METHODOLOGY

Total-energy calculations are performed within plane-
wave pseudopotential approach using the generalized gradi-
ent approximation.22 We use norm-conserving
pseudopotentials23 for Ga and H atoms and ultrasoft
pseudopotential24 for N atoms. Ga 3d electrons are treated by
partial core corrections.25 The conjugate-gradient technique
is utilized both for the electronic structure calculations and
for geometry optimization.26,27 The optimization of geometry
is performed until the remaining forces acting on the atoms
are less than 5.0�10−3 Ry /Å. The valence wave functions
are expanded by the plane-wave basis set with a cut-off en-
ergy of 28 Ry.

GaN�11̄01� surface is simulated using the 2�2 slab
model consisting of eight atomic layers GaN and �9 Å
vacuum region. In order to compare the results of

GaN�11̄01� surface with those on polar GaN�0001� surface,
we also adopt the 2�2 slab model consisting of four bilayer
GaN along the �0001� direction and �9 Å vacuum region.
The bottom surface of the slab is passivated with artificial
hydrogen atoms28 and the lower four layers are fixed at ideal
positions. We use eight k points sampling for the 1�1 sur-
face unit, which provides sufficient accuracy in the total
energy.29 A variety of Mg-incorporated surface structures as
well as those without Mg are considered to determine the
stable surface structures under growth conditions.

The relative stability among various surface structures in-
cluding Mg is determined using the formation energy Ef
given by18,19

Ef = Etot − Eref − nMg�Mg − nGa�Ga − nN�N − nH�H, �1�

where Etot and Eref are the total energy of the surface under
consideration and of the reference surface, respectively, �i is
the chemical potential of the ith species, and ni is the number
of excess or deficit ith atoms with respect to the reference.
Here, we assume that the surface is in equilibrium with bulk
GaN expressed as

�Ga + �N = �GaN
bulk , �2�

where �GaN
bulk is the chemical potential of bulk GaN. �Ga can

vary in the thermodynamically allowed range �Ga
bulk+�Hf

��Ga��Ga
bulk, where �Hf is the heat of formation of bulk

GaN ��Ga
bulk is the chemical potential of bulk Ga�. The lower

and the upper limits correspond to N-rich and Ga-rich con-
ditions, respectively. The calculated value of �Hf is
−1.24 eV, which agrees with previous calculations18,19 and
experiments.30 The reconstructions under growth conditions,

such as temperature and pressure, are determined using the
surface phase diagrams, which are obtained by comparing
the adsorption energy Ead with the gas-phase chemical po-
tential �gas given by31,32

�gas = − kBT ln�gkBT

p
�2�mkBT

h2 �3/2

� �rot � �vib	 , �3�

where kB is the Boltzmann constant, T is the gas temperature,
g is the degree of degeneracy of electron energy level, and p
is pressure. �rot and �vib are the partition functions for rota-
tional and vibrational motions, respectively. The structure
corresponding to adsorbed surface is favorable when Ead is
less than �gas, whereas desorbed surface is stabilized when
�gas is less than Ead.

Since Mg-related precipitates such as magnesium nitride
�Mg3N2� are formed under Mg-rich conditions, the thermo-
dynamically allowed range for the chemical potential of Mg
varies as �Mg��Mg

bulk, where �Mg
bulk is the chemical potential of

Mg in bulk Mg3N2. The value of �Mg
bulk can be calculated by

assuming the surface in equilibrium with bulk Mg3N2 ex-
pressed as

3�Mg
bulk + 2��GaN

bulk − �Ga� = �Mg3N2

bulk . �4�

Owing to this condition, the Mg-rich limit in �Mg is deter-
mined as a function of �Ga. The energy of bulk Mg3N2 is
calculated using cubic unit cell containing 80 atoms. The
calculated lattice constant �9.93 Å� agrees well with experi-
mental value �9.96 Å� �Ref. 33� and recent calculated
ones �9.86–9.99 Å�.18,19 The cohesive energy of Mg3N2
�−4.09 eV� compares well with that in previous calculation
�−4.13 eV�.19

III. RECONSTRUCTION ON CLEAN GaN(11̄01) SURFACE

Figure 1 shows the surface formation energies for various

structures on GaN�11̄01� surfaces without Mg as a functions
of �Ga. We have examined more than twenty different struc-
tures. This figure includes only those reconstructions that are
found to be energetically favorable in some part of the phase
space spanned by the chemical potentials. The ideal surface
consisting of two- and three-coordinated N atoms shown in
Fig. 2�a� is taken as the reference surface. When the pressure
of H2 is low �around pH2

=1.0�10−8 Torr at 1300 K, i.e.,
�H=−2.3 eV�, this structure is stabilized under extreme
N-rich conditions. The formation energies of H-terminated
surfaces at �H=−2.3 eV are �1.0 eV higher than that of the
most stable surface �not shown here�. Under moderate N-rich
conditions, two-coordinated N atoms in the ideal surface are
unstable. These N atoms desorb and four Ga-Ga dimers are
formed at the topmost layer for −1.17��Ga�−0.45 eV
�Fig. 2�b��. Under extreme Ga-rich conditions, we find a
number of metallic reconstructions depending on the chemi-
cal potential of Ga. The surface consisting of a Ga mono-
layer shown in Fig. 2�c� is favorable for −0.45��Ga
�−0.08 eV, while the surface with a Ga bilayer is the most

stable for �Ga�−0.08 eV. GaN�11̄01� surface has similar
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tendency in the stabilization of metallic reconstruction under
Ga-rich conditions to other surface orientation.34–36 There-
fore, in the case of MBE growth, a variety of reconstruction
emerges depending on the growth conditions.

When we consider high H2 pressure conditions which cor-
respond to the case of MOVPE growth, the stable structures
differ from those in low H2 pressures. We obtain the hydro-
gen chemical potential �H=−1.05 eV using Eq. �3� for the
pressure of H2 around 76 Torr �0.1 atm� at 1300 K. In this
condition, the surface in which all the topmost N atoms and
one of topmost Ga atoms in the Ga-Ga dimers are terminated
by H atoms �4N-H+Ga-H, the position of H atoms are

shown in Fig. 2�b�� is found to be stabilized over the wide
chemical potential range of Ga. The surface with a Ga bi-
layer are stabilized only for �Ga�−0.04 eV. This implies
that the 4N-H+Ga-H usually appears during the MOVPE
growth. It should be noted that the bonding states of Ga-Ga
dimer and Ga-H bonds are completely occupied by the ex-
cess electrons caused by N-H bonds. Since there is no excess
electron on the Ga dangling bonds, the stabilization of the
4N-H+Ga-H can be interpreted in terms of the electron
counting �EC� rule,37 as seen in the H-terminated GaN�0001�
surface.38

The reconstructions of GaN�11̄01� surfaces under realistic
conditions such as temperature and pressure can be discussed
using the surface phase diagrams shown in Fig. 3. For low
H2 pressure conditions �pH2

=1.0�10−8 Torr�, as shown in
Fig. 3�a�, many types reconstructions can be realized de-
pending temperature and Ga pressure. Around 1100 K �a
typical MBE growth temperature�, all the reconstructions ob-
tained in the present calculations are expected to be found
even though the temperature range for the stabilization of the
ideal surface is very narrow. It is also suggested that the

growth kinetics on the GaN�11̄01� surface depends on the
growth temperatures owing to temperature-dependent sur-
face reconstructions. When the pressure of H2 is high �pH2
=76 Torr�, the H-terminated surface �4N-H+Ga-H� is stabi-
lized and the surface with a Ga biliayer appears only for
�1000 K, as shown in Fig. 3�b�. Considering that the
growth temperatures of a typical MOVPE growth is around

1300 K, it is highly likely that GaN�11̄01� surface forms the
H-terminated structure during the MOVPE growth.

IV. Mg INCORPORATION FOR LOW H2 PRESSURES

Figure 4 depicts the diagram of stable structures on

GaN�11̄01� surface including Mg as functions of �Ga and
�Mg using Eq. �1� for low H2 pressures, along with that on
GaN�0001� surface for comparison. The boundary lines sepa-
rating different regions correspond to chemical potentials for
which two structures have the same formation energy. Here,

Ideal surf.

Ga monolayer

Ga bilayer

Ga-richN-rich

4N-H+Ga-H
(µH=-1.05 eV)

Ga-Ga dimers

FIG. 1. �Color online� Calculated surface formation energies for

various structures on GaN�11̄01� surface using Eq. �1� as a func-
tions of �Ga. The formation energies of reconstructions that are
found to be energetically favorable in some part of the phase space
spanned by the chemical potentials are shown. The reconstructions
with and without H atoms are represented by dashed and solid lines,
respectively. The chemical potential of hydrogen ��H=−1.05 eV�
for the formation energy of hydrogen-terminated surface �4N-H
+Ga-H� corresponds to high H2 pressure, pH2

=76 Torr at 1300 K.
The geometries are shown in Fig. 2.

(a) (b)

(c) (d)

[0100]

[1012]
- -

-

�

�

�

�

�

�

FIG. 2. �Color online� Schematic top views of �a� ideal cleavage

GaN�11̄01� surface, and the surface consisting of �b� Ga-Ga dimers,
�c� a Ga monolayer, and �d� a Ga bilayer. Large and small gray
circles represent Ga and N atoms, respectively. The Ga atoms form-
ing Ga monolayer and Ga bilayer are represented by blue circles.
The positions of H atoms in the H-terminated surface �4N-H
+Ga-H in Fig. 1� are marked by crosses in the surface consisting
Ga-Ga dimers. The unit cell used in this study is shown by a dashed
rectangle.

Ga droplet

Ga desorption

Ideal surface
Ga-Ga dimers

Ga monolayer

Ga bilayer

Expt. (MBE)

(a) (b)

Ga droplet

Ga desorption

4N-H+Ga-H

Ga bilayer

Expt.
(MOVPE)

FIG. 3. �Color online� Surface phase diagram of GaN�11̄01�
surface without Mg as functions of temperature and Ga pressure
under �a� low �pH2

=1.0�10−8 Torr� and �b� high �pH2
=76 Torr�

hydrogen pressures. The growth temperatures of GaN in the MBE
and MOVPE �Refs. 13 and 15� are attached by red lines.
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we assume only one Mg atom in the unit cell because the
partial pressure of Mg during doping should be much lower
than that of Ga, i.e., the chemical potential of Mg is expected
to vary much lower than the Mg-rich limit for Mg3N2
precipitation.39 These diagrams clearly demonstrate that Mg
atoms can be incorporated when �Mg is higher than −1.6 eV,

depending on the chemical potential of Ga. For GaN�11̄01�
surface, as shown in Fig. 4�a�, the surface with a substitu-
tional Mg at one of Ga-Ga dimers �Ga-Ga dimers+MgGa
shown in Fig. 5�a�� can be stabilized for �Ga�−0.58 eV
while the surface with a Ga monolayer including Mg �Ga
monlayer+MgGa shown in Fig. 5�b�� is favorable under Ga-
rich conditions ��Ga�−0.58 eV�. For GaN�0001� surface,
the ideal surface with a substitutional Mg �ideal surface
+MgGa in Fig. 4�b�� is favorable over the wide chemical
potential range of Ga if the chemical potential of Mg is lower
than −0.5 eV.

Our inspection of the electronic structure also clarifies
that the stabilization of the Mg-incorporated structure with

Ga-Ga dimers on GaN�11̄01� is basically interpreted in terms
of the EC rule. In this case, five electrons are needed to
satisfy the EC rule, and substituting one of Ga-Ga dimers by
a Mg atom and the formation of one Ga dangling bond re-
duce the number of lacking electrons. This scenario is also

applied on GaN�0001� surface. The substitutional Mg re-
duces the number of excess electrons on the ideal surface.
However, the EC rule is no longer applicable for the surface
with a Ga monolayer because this surface possesses metallic
nature. The stabilization of this metallic surface with Mg
might be due to the formation of stable metallic Ga-Mg
bonds.

Furthermore, we estimate the stable temperature range of
the Mg-incorporated surface under the N-rich limit. Here, the
temperature for phase transition between Mg-incorporated
and Mg-free surfaces is calculated by comparing the value of
�Mg at the boundary line with the gas-phase chemical poten-
tial of Mg atom using Eq. �3�. When the pressure of Mg is
lower than 1.0�10−2 Torr, the transition temperatures are

found to be 1010–1400 K for GaN�11̄01� surface and 1050–
1430 K for GaN�0001� surface: For low H2 pressures, Mg
atoms can be incorporated regardless of the growth orienta-
tion, indicating that high Mg concentrations can be obtained

in both �11̄01� and �0001� orientations in the case of MBE
growth. However, this differs from the SIMS measurements
of GaN fabricated by the MOVPE growth, in which the con-

centrations of Mg on GaN�11̄01� surface is higher than that
on GaN�0001� surface.13,15 Due to the presence of hydrogen,
the incorporation behavior of Mg in the case of MOVPE
growth is different from that in the MBE growth, as ex-
plained below.

V. Mg INCORPORATION FOR HIGH H2 PRESSURES

We now consider the effects of hydrogen on the stability
of Mg-incorporated surfaces. Figure 6 depicts the diagram of

stable structures on GaN�11̄01� surface including Mg atoms
as functions of �Ga and �Mg using Eq. �1� for high H2 pres-
sures, along with that on GaN�0001� surface. These diagrams
demonstrate that Mg atoms can be incorporated, but there is
remarkable orientation dependence in the stable regions of
the Mg-incorporated surfaces. As shown in Fig. 6�a�, for

GaN�11̄01� surface the H-terminated surface with substitu-
tional Mg �4N-H+MgGa� are stabilized over the wide chemi-
cal potential range of Ga. Although the stable Mg-
incorporated structure for high H2 pressures is different from
those for low H2 pressures, trends in the stable region of

Ga-Ga dimers Ga monolayer

Ga bilayer

Ideal surface

Ga monolayer+MgGaGa-Ga dimers+MgGa

(a)

(b)

Ideal surface+MgGa

Ga adatom

Ga bilayer

Ga-richN-rich

Ga-richN-rich

N adatom

FIG. 4. �Color online� Stable structures on Mg-incorporated �a�
GaN�11̄01� and �b� GaN�0001� surfaces as functions of �Ga and
�Mg for low H2 pressures ��H=−2.3 eV�. The stable regions of
Mg-incorporated surfaces, such as Ga-Ga dimer+MgGa and Ga
monlayer+MgGa are emphasized by shaded area. Geometries of

Mg-incorporated GaN�11̄01� surfaces are shown in Fig. 5. Dashed
red lines denote the Mg-rich limit conditions expressed by Eq. �4�.

(a) (b)

[0100]
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�

�

�

�

�

FIG. 5. �Color online� Schematic top views of Mg-incorporated

GaN�11̄01� surfaces with a substitutional Mg in �a� Ga-Ga dimers
and �b� Ga monolayer, which are stabilized under N-rich and Ga-
rich conditions, respectively. The notation of circles is the same as
in Fig. 2. The Mg atoms are represented by yellow circles. The
positions of H atoms in the H-terminated surface �4N-H+MgGa in
Fig. 4� are marked by crosses in the Mg-incorporated surface with
Ga-Ga dimers.
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Mg-incorporated surfaces among the phase space spanned
by the chemical potentials are similar with each other.
In contrast, for GaN�0001� surface the stable region of Mg-
incorporated surfaces is drastically reduced by the presence
of hydrogen. For �Mg�−0.91 eV, the H-terminated surface
with N adatom �Nad-H+Ga-H in Fig. 6�b�� is stabilized over
the wide chemical potential range of Ga. This is because
strong Ga-N and N-H bonds are formed in the Nad-H
+Ga-H, which simultaneously satisfies the EC rule. In the
N-rich conditions, in particular, the stabilization of the
Nad-H+Ga-H narrows the �Mg range for which the Mg-
incorporated surface is stabilized.

To discuss the orientation dependence in the stability of
Mg-incorporated surfaces for high H2 pressures more quan-
titatively, we here estimate temperatures for phase transition
between Mg-incorporated and Mg-free surfaces in the N-rich
limit. The calculation procedure is described in Sec. IV. Fig-
ure 7 shows the temperatures for phase transition on

GaN�11̄01� and GaN�0001� surfaces at pH2
=76 Torr. For

GaN�11̄01� surface, the temperatures at pH2
=76 Torr

�1090–1530 K� are almost similar to those at pH2
=1.0

�10−8 Torr �1010–1400 K�, as shown in Fig. 7�a�. On the
contrary, as shown in Fig. 7�b�, the transition temperatures in
GaN�0001� surface at pH2

=76 Torr are ranging 930–1310 K,
which are remarkably lower than those at pH2

=1.0
�10−8 Torr �1050–1430 K�. The pressure dependence in the

transition temperatures for GaN�0001� surface originates
from the difference in the boundary line between the surfaces
with and without Mg, leading to the orientation dependence
in the transition temperature. The lower temperatures for the
phase transition on GaN�0001� thus suggest that under the
MOPVE growth around 1300 K the incorporation of Mg

atoms on semipolar �11̄01� orientation is rather efficient than
that on the polar �0001� orientation. Although the kinetics
such as adsorption and desorption behavior of Mg during the
growth processes should be verified, this efficient Mg incor-

poration results in high Mg concentrations on GaN�11̄01�
surface, qualitatively consistent with the experimental results
by the SIMS.13,15

VI. SUMMARY

We have investigated the surface reconstructions and Mg

incorporation on GaN surfaces in semipolar �11̄01� orienta-
tion by performing first-principles pseudopotential calcula-
tions. Using the calculated total energies, we have predicted
surface phase diagrams which manifest the appearance of
several surface structures depending on the growth condi-
tions. When the pressure of H2 is low, the surface consisting
of Ga-Ga dimers is stable under N-rich conditions whereas
metallic reconstructions such as Ga monolayer and Ga bi-
layer are favorable under Ga-rich conditions. When hydro-
gen is present, the H-terminated surface is stabilized over the
wide chemical potential range of Ga. Our calculations for
Mg-incorporated surfaces have predicted several Mg-
incorporated surfaces, in which one Mg atom substitutes one
of the topmost Ga atoms. We have also found that hydrogen
has a large effect on the stability, leading to the orientation

(a)

(b)
2Ga-H+MgGa

Ga adatom

Ga bilayer

Nad-H+Ga-H

4N-H+MgGa

4N-H+Ga-H

Ga bilayer

Ga monolayer+MgGa

Ga-richN-rich

Ga-richN-rich

FIG. 6. �Color online� Stable structures on Mg-incorporated �a�
GaN�11̄01� and �b� GaN�0001� surfaces as functions of �Ga and
�Mg for high H2 pressure ��H=−1.05 eV�. The notation is the same
as in Fig. 4.

(a) (b)

4N-H+MgGa

4N-H+Ga-H

2Ga-H+MgGa

Nad-H+Ga-H
Expt.Expt.

FIG. 7. �Color online� Temperatures for phase transition be-
tween Mg-incorporated and Mg-free surfaces in the N-rich limit

��Ga=−1.24 eV� as a function Mg pressure on �a� GaN�11̄01� and
�b� GaN�0001� surfaces. The Mg-incorporated surfaces are stabi-
lized in the regions emphasized by shaded area. Schematic views of
surface structures are also shown. Large and small gray circles rep-
resent Ga and N atoms, respectively. The H and the Mg atoms are
represented by small green and yellow circles, respectively. The
growth temperature of GaN by the MOVPE in Refs. 13 and 15 is
attached by red lines.
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dependence in the stable conditions of Mg-incorporated sur-
faces. When the pressure of H2 is low, Mg-incorporated sur-
faces such as Ga-Ga dimers+MgGa and Ga monolayer
+MgGa are realized. The conditions for the stabilization of
the H-terminated surface with substitutional Mg for high H2
pressures are similar to those for low pressures on

GaN�11̄01� surface. In contrast, the stable conditions of Mg-
incorporated surfaces under high H2 pressures are rather se-
vere for GaN�0001� surface due to the stabilization of the
Mg-free surface with H-terminated N adatom, resulting in
the orientation dependence. This provides a possible expla-
nation of the experimental results in which GaN fabricated

on semipolar �11̄01� orientation by the MOVPE growth ex-
hibits rather high Mg concentrations.
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