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The effect of hydrogen on Mg incorporation for both polar and nonpolar GaN surfaces is explored using
density functional total energy calculations. A thermodynamic approach is employed, with chemical potentials
appropriate for realistic growth conditions. It is shown that hydrogen stabilizes new Mg-rich surface recon-
structions for both the �0001� and �101�0� surfaces. Hydrogen greatly enhances the stability of Mg-rich recon-
structions of the m plane. Experimental results for p-type doping obtained in growth on both the m-plane and
c-plane surfaces can be understood on the basis of these results. A laterally contracted row model for the
GaN�101�0� surface is shown to be energetically favorable in Ga-rich conditions.
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I. INTRODUCTION

There continues to be a very high degree of interest in the
group-III nitride materials and alloys. The interest is driven
in part by the prospects of solid state lighting employing
light emitting diodes built in this material system. Efforts are
also underway to extend the range of lasing wavelengths that
can be utilized. One key to continued progress is obtaining
greater understanding and more control over growth. This is
seen to be of particular importance when one considers that
dopants such as Mg can give rise to significant alterations of
the growth morphology and the growth rate.1,2 It is therefore
important to understand how Mg affects the GaN surface
during growth. It is also known that Mg doping of GaN
depends on the orientation of the growth surface.3 This sup-
plies another reason to analyze Mg doping from a surface
science perspective, and that is an objective of this work. We
have performed first-principles calculations for GaN surfaces
on which both Mg and H are present. We attempt to under-
stand Mg incorporation on both the m-plane and c-plane sur-
faces for growth conditions in which hydrogen may be
present or absent.

Growth of the group-III nitrides is currently being pur-
sued on a variety of surface orientations including the
c-plane �0001� and m-plane �101�0�. Blue-emitting lasers
have been fabricated on both types of surfaces.4–6 The m
plane is a nonpolar growth surface and is attractive because
of the absence of polarization fields in devices grown on
such a surface. Growth of GaN can proceed under various
conditions. In metal-organic chemical vapor deposition
�MOCVD�, the growth temperature is typically �1300 K
and the total pressure, arising from copious quantities of
NH3 in the reactor, can be 1 atm or even higher.4 Another set
of growth conditions arises in molecular beam epitaxy
�MBE�, which takes place at a growth temperature of
�900 K and with a low pressure in the growth chamber.

In material grown by MOCVD, hydrogen enters the bulk
material and forms a complex with the Mg acceptor.7–9 Ac-
tivation of the material is therefore required to obtain p-type
doping. In contrast, for laser-quality material grown by
MBE, no such activation is required to achieve high levels of
p-type doping.10 Nevertheless, hydrogen has been observed
to affect Mg incorporation on the c plane for MBE growth at

temperatures of �900 K.3 Based on the present calculations,
we provide an explanation on how hydrogen can reduce the
required Mg flux needed to obtain Mg incorporation.

In material grown by MOCVD, extended defects such as
inversion domains form if the Mg concentration in the ma-
terial is too high.1,11 These defects limit the doping level that
can be achieved. Although the origin of the inversion is not
completely understood, it seems clear that in some cases, the
nucleation occurs at the surface. It is therefore important to
understand the behavior of Mg on GaN surfaces in MOCVD
conditions, and that requires considering conditions in which
hydrogen and magnesium are present together on the surface.

II. METHODS

Calculations were performed using the local density
approximation in conjunction with first-principles
pseudopotentials.12–15 A plane-wave basis is employed, with
an energy cutoff for the basis states equal to 60 Ry. The 3d
electrons of gallium are included as valence electrons. The
dissociation energy of a GaNH6 molecule into GaH3 and
NH3 molecules changes by less than 0.01 eV when increas-
ing the cutoff energy from 60 to 80 Ry. A Monkhorst-Pack
grid of k points is employed to sample the Brillouin zone.16

Calculations for 1�2 �c�2�6�� unit cells on the m plane
employ a 4�4�1 �2�2�1� grid of k points. For the 2
�2 calculations of the c plane, a 4�4�1 sampling grid is
employed.

The relative stability for structures having differing sto-
ichiometry is determined by the calculation of chemical po-
tential dependent formation energies.17,18 In this approach,
chemical potentials are introduced for Mg, H, Ga, and N.
The nitrogen chemical potential can be eliminated in favor of
the Ga chemical potential by invoking the conditions for
equilibrium with bulk GaN; �Ga+�N=�GaN�bulk�. The Mg
chemical potential can be varied but is required to be less
than or equal to the value that would enable precipitation of
Mg3N2, �Mg�1 /3 ��Mg3N2�bulk�−2�N�. The energy of
Mg3N2 was determined in prior work.19 The hydrogen
chemical potential depends on the temperature and partial
pressure of hydrogen in the growth chamber, and its calcu-
lation is discussed elsewhere.20
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For the �0001� surfaces, a 2�2 unit cell is employed. The
slab thickness corresponds to four double-layer layers of
GaN, with fractionally charged hydrogen atoms saturating
the N atoms on the back side of the slab. For example, in the
Nad+2H structure shown in Fig. 1�a�, the 2�2 unit cell con-
tains 16 Ga atoms, 17 N atoms, 2 H atoms, and 4 pseudohy-
drogen atoms. Structures with one and three Mg atoms in
each 2�2 cell are shown in Figs. 1�b� and 1�c�.

For the �101�0� surfaces, a supercell having 1�2 symme-
try is adopted for most of the calculations. The 1�2 cell is
spanned by lattice vectors e1=c and e2=2a, where c is the
usual lattice constant of GaN in the �0001� direction and the
vector a �of length of 3.17 Å� points along the �112�0� direc-
tion. The vectors c and 2a are indicated in Fig. 2. For an
ideal m-plane surface, a 1�2 cell contains two Ga-N dimers
A larger cell, having a c�2�6� symmetry, is employed to
model a laterally contracted Ga bilayer structure appropriate
for the Ga-rich m plane. In this case, the lattice vectors are
e1=−c+3a and e2=c+3a. A top view of such a structure in
the c�2�6� cell is shown in Fig. 2. This structure will be
discussed more fully in Sec. IV.

III. EFFECT OF HYDROGEN ON GaN(0001) SURFACES
GROWN AT LOW TEMPERATURE

In studies of the MBE growth of GaN�0001�, Ptak et al.
observed that the presence of hydrogen could increase the
bulk Mg concentration, determined by secondary-ion-mass
spectroscopy, under some growth conditions.3 For growth
temperatures near 920 K, the introduction of hydrogen en-
abled Mg doping to occur at a lower Mg flux, but at higher
Mg fluxes, the addition of hydrogen did not substantially
alter the Mg concentration. The reasons for this behavior
have not been understood completely. Here, we present an
explanation for this finding. The argument has two compo-
nents, one involving surface energetics and one related more
to kinetics. The energetic component, to be discussed in de-
tail below, is that the presence of hydrogen stabilizes Mg-
containing surface reconstructions at a lower Mg flux than
required in the absence of hydrogen. Put another way, when
the Mg chemical potential is low, the addition of H stabilizes
Mg-rich reconstructions that would otherwise be unstable.
The kinetic part of the argument is that incorporation occurs
because a small fraction of the Mg atoms present on the
surface at a given time become kinetically trapped in the
bulk as each layer is overgrown. We may write the Mg con-
centration in terms of the surface coverage �Mg, the number
of bulk Ga sites Nbulk, and the captured fraction fcap, �Mg�
=Nbulk�Mgfcap. A typical value of the captured fraction is
10−3.3,21 The captured fraction fcap depends on temperature
and growth rate. When kinetics are important, the captured
fraction may become larger as the temperature decreases.
This is because it is energetically more favorable for a Mg
atom to reside near the surface than in the bulk. If the sub-
strate temperature is low, then Mg atoms buried by the over-
growth cannot diffuse back to the surface and remain incor-
porated.

The energetic component of the argument relies on the
results presented in Fig. 3. Figure 3�a� shows the relative
energies as a function of Mg chemical potential for condi-
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FIG. 1. �Color online� Structural models of the GaN�0001� sur-
face. �a� The Nad+2H surface comprises 0.25 ML N adatoms in H3
sites, and 0.5 ML H atoms saturating the dangling bonds on the N
adatoms and the Ga rest atoms. �b� The Nad+Mg+H surface has
0.25 ML Mg, each bonded to four N atoms. The dangling bond on
the N adatom is saturated by hydrogen. The electron counting rule
is satisfied when the Ga dangling bond on the rest atom is empty.
�c� The 3Mg surface comprises 0.75 ML of Mg, with 0.5 ML of Mg
in the top layer and 0.25 ML in the third layer. The dangling bonds
on the Mg and Ga atoms are completely empty.
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FIG. 2. �Color online� A top view of an m-plane surface is
shown. The vectors c and 2a span a 1�2 unit cell that contains two
Ga-N dimers. The c�2�6� cell employed to model the laterally
contracted bilayer is indicated by solid lines. A c�2�6� cell con-
tains six Ga-N dimers. The specific structure shown is a laterally
contracted bilayer structure. Each c�2�6� cell contains seven Ga
atoms in the contracted row �row A� and six Ga atoms in the lower
row �row T�. Atoms in row T are bonded to N atoms.
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tions of low �H. Mg chemical potentials are measured here
with respect to bulk Mg. When �Mg is low, a bare GaN
surface, the 2�2 Ga T4 adatom model for these growth
conditions, is most stable.22 Then, as �Mg is increased, there
is a transition to a surface having 0.75 ML of Mg atoms. This
reconstruction, denoted 3Mg and shown in Fig. 1�c�, was
recently reported by Sun et al.23 The transition occurs at
�Mg=−1.33 eV, a value that is 0.3 eV below that needed to
precipitate Mg3N2. Now, let us consider the effect of adding
hydrogen. Figure 3�b� shows the relative surface energies
calculated for a higher value of �H. The energies shown
there correspond to a chemical potential for hydrogen equal
to −1.0 eV. The hydrogen chemical potential is given rela-
tive to the value at T=0.20 Now, when �Mg is very low, the
GaN surface adopts the Nad+2H surface shown in Fig.
1�a�.24 Then, as the Mg chemical potential is increased, there

is a transition to the Mg+2H surface. The Mg+2H surface,
shown in Fig. 4�a�, has 0.25 ML of Mg substituting for Ga in
the top layer and 0.5 ML of hydrogen bonded to Ga atoms.
The N adatoms are lost in the transition. The electron count-
ing rule is still satisfied, with the Mg and Ga dangling bonds
completely empty. The transition occurs at �Mg=−1.53 eV,
about 0.5 eV below the onset of Mg3N2 precipitation. If �Mg
is increased further, then we see a transition to the 2Mg+H
surface at �Mg=−1.36 eV. The Mg+2H surface is shown in
Fig. 4�b�. Finally, as one approaches the Mg-rich limit, there
is a transition to the 3Mg surface. The important point is that
the presence of hydrogen enables Mg to occupy surface sites
in growth conditions corresponding to a lower Mg chemical
potential. Without H, the transition to a surface with Mg
occurs at �Mg=−1.33 eV. With H present, the onset occurs at
�Mg=−1.53 eV. This result, together with the fact that a frac-
tion of Mg atoms present on the surface get trapped in the
bulk as growth proceeds, explains the experimental
observation3 that doping can be obtained at a lower Mg flux
when H is present. This model may also account for why H
does not significantly alter the Mg doping level at high Mg
flux.3 In fact, we see that the surface Mg concentration is not
strongly affected by hydrogen when �Mg is higher than the
transition level. It is reduced from 0.75 ML in the 3Mg struc-
ture to 0.5 ML for the 2Mg+H model. Thus, if the fraction
of Mg incorporated is similar in the two cases, the total dop-
ing level will be affected only slightly.

IV. Mg-RICH GaN„101�0… SURFACES

Let us now consider Mg doping in growth on the
GaN�101�0� surface, the m plane. We will show that H can
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FIG. 3. The relative formation energies for Mg and H recon-
structions of the GaN�0001� surface are plotted as a function of Mg
chemical potential for two different hydrogen pressures. In both
cases, Ga-rich growth conditions are assumed, �Ga=�Ga�bulk�
−0.2 eV. In both cases, the temperature is 920 K. Under such con-
ditions, Mg3N2 will precipitate when �Mg becomes larger than
−1.05 eV. In �a�, the hydrogen pressure is low, pH=10−10 atm. This
corresponds to �H=−1.57 eV at this temperature. In �b�, the hydro-
gen pressure is much higher, pH=10−3 atm. This translates into
�H=−1.0 eV. Note that in case �b�, where H is abundant, the tran-
sition from a surface with no Mg to a surface containing Mg occurs
at a lower Mg chemical potential. For the H-rich surface, a transi-
tion from the Nad+2H structure to the Mg+2H structure occurs
upon increasing the �Mg above −1.53 eV.

(a) 2Mg+H

H
H

Mg Mg

H

H

Ga
Mg

(b) Mg+2H

N

Ga

Ga

Ga

N

Mg

NN

N

H

H

FIG. 4. �Color online� �a� Schematic model of the 2�2 c-plane
2Mg+H surface. The structure has 0.5 ML of Mg replacing Ga
atoms at the surface. �b� Schematic model of the 2�2 c-plane
Mg+2H surface. The structure has 0.25 ML of Mg replacing Ga
atoms at the surface. Both surfaces satisfy electron counting with all
Ga and Mg dangling bonds empty.
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play a significant role in this case as well. A key experiment
here is that of McLaurin et al., who investigated growth on
the m plane and found that bulk Mg incorporation was en-
hanced by a factor of �5 under N-rich conditions in com-
parison to Ga-rich conditions.25 To understand these obser-
vations, we consider the energetics of GaN�101�0� surfaces in
the presence of Mg and H. To simulate this MBE growth
environment, the partial pressure of hydrogen will �as be-
fore� be set at a very low value, pH=10−10 atm. The tempera-
ture will be set to T=900 K, the temperature employed by
McLaurin et al.25 At this temperature and pressure, the
chemical potential of hydrogen is very low, �H=−1.54 eV.
The relative formation energies of various m-plane surfaces
are shown in Fig. 5 as a function of the Ga chemical poten-
tial. The energies shown there correspond to the Mg-rich
limit. In the absence of any Mg, the hydrogen chemical po-
tential is sufficiently low that hydrogen is not stable on the
surface. However, when Mg is introduced, a new structure
forms that is very stable and involves Mg and H. This struc-
ture, the Mg+H structure, is shown in Fig. 6. In the Mg
+H structure, one of the Ga atoms in the surface Ga-N dimer
is replaced by a Mg atom, and the N atom in the dimer binds
to a hydrogen atom. Note that the same structure but without
the H atom is quite high in energy. The high energy of that
structure is indicated by the line labeled Mg in Fig. 5. The
Mg+H motif can be employed to create 1�n reconstruc-
tions by replacing 1 /n ML of Ga by Mg. Total energy cal-
culations for Mg+H structures with �Mg=1 and �Mg=0.5
have been calculated by employing the 1�2 unit cell. The
energies obtained for these two structures, denoted 2Mg

+2H and Mg+H, are included in Fig. 5. The Mg+H struc-
ture is much more stable than any other surface in N-rich
conditions. It is quite likely that the Mg+H structure is re-
sponsible for the Mg doping that is observed on the m plane
in N-rich conditions. We suggest that in the MBE growth of
m-plane GaN, the surface concentration of Mg is of order of
0.5 ML, and that a fraction of these Mg atoms become in-
corporated in bulk sites as the growth proceeds.

Let us now consider Mg incorporation on the m plane in
Ga-rich growth conditions. On the basis of previous studies,
the GaN�101�0� surface is believed to adopt a Ga-adlayer
type of reconstruction under Ga-rich conditions.26,27 This
surface is thought to contain more than 2 ML of Ga in a
wetting layer. In the extreme Ga-rich limit, this wetting layer
would be in equilibrium with Ga droplets. A low energy
model for this type of surface is shown in Fig. 7. Although
this model is not intended to be correct in every detail, it is
expected to have most of the features of the minimum energy
model for Ga-rich conditions. In the model, there are two
adlayers of Ga above the stoichiometric dimer surface. One
of the Ga adlayers �denoted the T layer� is bonded directly
atop the N atoms in the surface dimers. The upper Ga adlayer
�the A layer� is contracted along the �112�0� direction so that
the linear density in this row is increased by f =16.7%. The
contraction reduces the spacing between Ga atoms in this
row to about 2.72 Å. The row-to-row registry of the A layers
is then adjusted. Adjacent rows are shifted along the �112�0�
direction by 3a, so that the periodicity in the �0001� direction
is 2c. This shift is expected to minimize frustration effects in
the lateral relaxation of the atoms in the T layer. This gives
rise to a c�2�6� reconstruction having 2.17 ML of Ga above
the stoichiometric dimer. By adjusting the contraction factor
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FIG. 6. �Color online� The Mg+H model for the GaN�101�0�
surface is shown. A surface Ga atom is replaced by Mg, and the
neighboring N atom is capped by H atom to satisfy the electron
counting rule. The lattice vectors c and 2a are shown. In the 2Mg
+2H model, both Ga atoms are replaced by Mg, and there are two
H atoms per cell capping off the N atoms. In the Mg+3H surface,
the Ga-N dimer is saturated by H atoms. For the Mg structure, one
Mg substitutes for a Ga, as for the Mg+H structure, but no H is
present. In the 4H surface, all surface atoms, four in each 1�2 cell,
are capped by H.
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and the row-to-row registry, a structure consistent with the
experimentally observed unit cell can be achieved.26 As seen
in Fig. 5, the formation energy of the c�2�6� structure �de-
noted LCB� is less than the stoichiometric dimer surface �de-
noted ideal SD� by a substantial amount in Ga-rich condi-
tions. It is important to note that the c�2�6� LCB structure
becomes more stable than the Mg+H surface in Ga-rich con-
ditions. It is therefore expected that the formation of a Ga-
adlayer surface will, to some extent, inhibit Mg incorpora-
tion in Ga-rich conditions. This is consistent with a reduction
in the Mg doping level seen experimentally in Ga-rich
conditions.25 Calculations for c�2�6� bilayer structures in
which some of the Ga atoms in the near-surface region are
replaced by Mg indicate that such substitution is not costly in
energy. In the region where the c�2�6� bilayer structure is
stable, the replacement of a Ga atom in the T1 adlayer by a
Mg atom costs about 0.35 eV/atom. �The energy of this
structure is indicated as LCB+Mg�T1� in Fig. 5.� Thus, it is
likely that at least 1% of a monolayer of Mg is incorporated
in the bilayer, and some of these Mg will eventually be in-
corporated into the bulk, so that Mg doping is reduced but
not entirely eliminated in Ga-rich conditions.

V. METAL-ORGANIC CHEMICAL VAPOR DEPOSITION
CONDITIONS: m-PLANE AND c-PLANE GROWTH

Let us now discuss the case of Mg incorporation in
MOCVD growth conditions. It is important to note that Mg-
doped p-type GaN layers are typically grown at a tempera-
ture of around 900 °C, a somewhat lower temperature than
employed to grow undoped material. In the case of MOCVD
growth, the nitrogen is supplied by thermally induced de-
composition of a high pressure gas of NH3. We consider high
pressure growth conditions, in which the total reactor pres-
sure is 1 atm, the partial pressure of NH3 is equal to 0.9 atm,
and the partial pressure of H2 is equal to 0.1 atm. Employing
temperature and pressure dependent calculations19 for the
chemical potential of NH3 and H2, one can estimate the N

and Ga chemical potentials by assuming equilibration be-
tween NH3, H2, and bulk GaN. For these conditions, �H=
−1.0 eV. Using the relation �N+�Ga=�GaN�bulk�, we obtain
�Ga−�Ga�bulk�=−0.6 eV. We therefore have a relatively
N-rich growth environment, as is presumed in most studies.

Results for the c plane are shown in Fig. 8�a�. The tem-
perature is taken to be 1170 K in these calculations, corre-
sponding to the temperature employed in the growth of the
p-type layers. For low Mg chemical potential, the clean GaN
surface that is the most stable in these conditions is the Nad
+2H surface shown in Fig. 1�a�. As the chemical potential of
Mg increases, there is a transition �at �Mg=−1.9 eV� to the
Nad+Mg+H surface shown in Fig. 1�b�. In the Nad+Mg
+H structure, one of the Ga atoms that was bonded to the
nitrogen adatom has been replaced by Mg.28 In addition, the
H that was capping the Ga rest atom is removed so that the
structure satisfies electron counting requirements. At still
higher Mg chemical potentials, there is a transition to the
3Mg surface. It should be noted that the 3Mg surface con-
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A1 A2 A3 A4
A5 A6 A7

Projection on c-plane of a Ga-rich GaN(1010) surface

FIG. 7. �Color online� Shown is a model for the m plane in
Ga-rich conditions. The model is similar to those discussed previ-
ously �Refs. 26 and 27�. The present model has a compression in
the A layer. All atoms visible in this projection are Ga. The Ga
atoms in the �uncompressed� T layer are bonded strongly to N at-
oms in the layer below. The average spacing between Ga atoms in
the A layer is contracted along the �112�0� direction by f =16.7%.
Two rows of A-layer atoms are visible because of the row-to-row
shift in registry. By adjusting the registry and f, more complex
patterns may be formed, including one consistent with the observed
unit cell �Ref. 26�.
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FIG. 8. Formation energies of �a� c-plane and �b� m-plane sur-
faces for MOCVD growth conditions employed to obtain p-type
doping with Mg. �T=1170 K, pH=0.1 atm, and pNH3

=0.9 atm.�
This corresponds to �Ga−�Ga�bulk�=−0.6 eV and �H=−1.0 eV. The
formation energies are given as a function of the Mg chemical
potential. For the c plane the onset of Mg incorporation occurs with
the stabilization of the Nad+H+Mg surface. For the m plane, the
onset occurs when the Mg+H surface becomes stable with respect
to the hydrogen saturated surface �4H�.
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tains no hydrogen. This eliminates one source of H that may
be useful in facilitating capture of Mg in the bulk.

The energies of the relevant m-plane surfaces in condi-
tions appropriate for Mg doping �T=1170 K, pH=0.1 atm,
and �Ga−�Ga�bulk�=−0.6 eV� are shown in Fig. 8�b�. For
these conditions, the hydrogen saturated surface �4H� is most
stable for low �Mg. On the H-saturated m plane, all surface
Ga and N atoms are bonded to H. This surface is denoted 4H
because there are four hydrogen atoms in each 1�2 unit
cell, two bonded to N atoms and two bonded to Ga atoms. As
the Mg chemical increases, the transition to the Mg+H sur-
face occurs at �Mg=−2.0 eV. In this transition, the concen-
tration of H on the surface is decreased from 1.0 to 0.25 ML.
The Mg+H surface is stable until the transition to a surface
with all surface Ga atoms replaced by Mg and all surface N
atoms capped by hydrogen. This surface is denoted 2Mg
+2H in Fig. 8�b�. The transition from Mg+H to 2Mg+2H
may involve stable intermediates. It is possible that simple
mixtures of the two structures, with 0.5��Mg�1.0, may ex-
ist near �Mg=−2.0 eV, where the transition occurs in Fig.
8�b�. In any event, there is a significant amount of H present
on the surface in the Mg-rich limit.

These results show that Mg incorporation can be achieved
on both the m plane and c plane in MOCVD growth condi-
tions. However, there may be some advantages to doping
on the m plane in comparison to the c plane. We note that
the Mg chemical potential that is required to stabilize a
surface containing Mg is lower on the m plane in comparison
to the c plane. In addition, we note that in the Mg-rich
limit, the surface concentrations of Mg on the m plane
and c plane differ substantially. The 3Mg surface on the c
plane gives rise to an areal Mg density of 0.086 Mg /Å2,
whereas the m-plane 2Mg+2H surface has a Mg density of
0.061 Mg /Å2. Because Mg is a larger atom than the Ga it
replaces, the higher Mg density present on the c plane creates
a larger compressive stress. It is possible that this compres-
sive stress is a driver of the growth instabilities and rough-
ening that occur for heavily Mg-doped c-plane surfaces.
These results suggest that heavy p-type doping on the m
plane can be achieved with a lower probability of forming
Mg-rich extended defects.

VI. SUMMARY

The thermodynamics of hydrogen and magnesium incor-
poration on GaN c-plane and m-plane surfaces was investi-

gated via first-principles total energy calculations. On the
basis of the results, an explanation was provided for why the
presence of hydrogen allows Mg to be incorporated on the c
plane at a reduced Mg flux.3 When hydrogen is present, one
may attribute the onset of Mg incorporation to a transition
from the Nad+2H surface to the Mg+2H surface that occurs
at a Mg chemical potential of �Mg=−1.53 eV. In the absence
of hydrogen, a transition to a surface that has a significant
concentration of Mg occurs only for a higher chemical po-
tential, �Mg=−1.33 eV. Consequently, Mg doping occurs for
a lower Mg flux when hydrogen is present. The explanation
supposes the validity of a model in which the doping occurs
by kinetic capture of dopants into the bulk from the dopant-
rich surface layer. Such a model is expected to be applicable
at the temperatures employed typically in MBE growth of
GaN.21

Our calculations show that hydrogen has a large effect on
the stability of Mg-rich reconstructions of the m plane. On
this basis we propose that the Mg doping of m-plane GaN
grown in N-rich conditions by MBE �Ref. 25� involves the
formation of the Mg+H surface. This surface is stable even
when the hydrogen partial pressure is as low as 10−10 atm.
Under more Ga-rich conditions, the formation of the Mg
+H surface is inhibited by the formation of a Ga-adlayer
reconstruction. A Ga-adlayer structure with 2.17 ML of ex-
cess Ga and having c�2�6� symmetry was shown to be
stable in Ga-rich growth conditions. Since Mg incorporation
is inhibited by the formation of the Ga-adlayer surface, Mg
doping would be expected to be less in Ga-rich conditions in
comparison to N-rich conditions. This picture seems to be
consistent with experiments.25

In conditions appropriate for the MOCVD growth of Mg-
doped GaN, the c plane is predicted to exhibit the Nad+Mg
+H structure or the 3Mg structure, depending on the Mg
chemical potential. Under the same conditions, the m plane is
predicted to adopt the Mg+H or 2Mg+2H structure. In the
Mg-rich limit, the c-plane exhibits a structure with a higher
areal density of Mg than does the m plane. The high areal
density of Mg could be a driver of the instabilities that occur
for heavily doped GaN c-plane surfaces. Thus, for very Mg-
rich conditions, the m plane is expected to exhibit better
surface morphology than the c plane.
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