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Structure of GaN„0001…: The laterally contracted Ga bilayer model
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We discuss the energetics and structure of a laterally contracted Ga bilayer model for the Ga-rich pseudo-
131 phase of the GaN~0001! surface. First-principles total energy calculations reveal that a laterally con-
tracted overlayer of Ga atoms bonded to a 131 Ga adlayer is energetically favorable in the Ga-rich limit. The
calculations also show that the energy of this surface structure is very insensitive to the lateral position of the
contracted layer with respect to the underlying Ga layer. The flatness of the energy surface suggests the
presence of rapidly moving domain boundaries separating regions of the surface having different registries.
Such motion may lead to the 131 corrugation pattern seen in scanning tunneling microscopy images.
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Because of its importance as a material enabling the
rication of optoelectronic and electronic devices, GaN h
been studied extensively in recent years. In most cases,
films must be obtained by epitaxial growth on a foreign su
strate such as Al2O3~0001! or SiC~0001!. Because the high
est quality material is generally grown on the~0001! plane of
GaN, the structure of the~0001! surface has been studie
both experimentally and theoretically. Part of the motivati
underlying these efforts to identify the surface atomic str
ture stems from the impact such knowledge would have
attempts to understand growth morphology and dopant in
poration. Both of these phenomena are influenced by sur
atomic structure and its effect on adatom diffusion and
corporation kinetics.

The symmetry and local atomic structure of the reco
structions that are obtained during and after molecular-be
epitaxy~MBE! growth on the GaN~0001! surface have been
subjects of a number of recent investigations.1–10 As the Ga
concentration on the surface increases, the symmetry o
reconstructions changes from 232 to 535 to 436 and fi-
nally to the structure that has been termed the pseudo-131
structure.1,6,9 The pseudo-131 phase has been obtained e
perimentally by terminating MBE growth under Ga-rich co
ditions and is probably very similar to the structure preva
ing during Ga-rich growth.

One of the fascinating aspects of the pseudo-131 surface
is the observation by scanning tunneling microscopy~STM!
of a 131 corrugation pattern that has the same lateral sp
ing as bulk GaN.1 At the same time, however, electron di
fraction experiments performed at temperatures less
350 °C reveal additional diffraction intensity in satelli
spots, indicating that the actual lattice vectors of the surf
unit cell are much larger than those corresponding to
31 cell. Modeling of the Auger spectral intensities indicat
that the pseudo-131 contains between 2 and 3 ML of G
PRB 610163-1829/2000/61~15!/9932~4!/$15.00
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above the last GaN bilayer. On the basis of these obse
tions, as well as energy considerations, it has been propo1

that the pseudo-131 surface is an incommensurate latera
contracted bilayer structure, and that the 131 corrugation
pattern seen in the STM is a result of the time averag
inherent in the STM measurement. It was suggested tha
surface Ga atoms are sufficiently ordered to give rise to
satellite features in electron diffraction, yet sufficiently m
bile so that the STM image reflects the time-average vert
corrugation produced by the potential energy surface see
the Ga atoms as they move over the 131 substrate. At room
temperature, the motion of the Ga may be facilitated by m
bile point defects or mobile domain boundaries separa
regions that have different registrations of the Ga adlay
with respect to a 131 substrate.1 At temperatures greate
than 350 °C these Ga layers are likely to be fluid. In th
paper we present first-principles total energy calculatio
which indicate that a surface consisting of a laterally co
tracted bilayer of Ga is~under Ga-rich conditions! the most
stable structure that has been obtained to date. We find
the energy barrier to lateral translation of the top Ga la
over the underlying layers is on the order of 0.02 eV/131.
These results provide clear theoretical evidence in favor
mobile laterally contracted bilayer structure containing;2.3
ML of Ga above the Ga-terminated GaN bilayer. The stab
ity of such an extremely Ga-rich structure has implicatio
for understanding dopant incorporation, surface diffusi
and growth of GaN under Ga-rich conditions.

Before proceeding to the discussion of the pseudo-131
surface, we briefly review what is known about the oth
structures appearing on the~0001! surface. Under N-rich
conditions a 232 reconstruction is observed followin
growth interruptions.2,7–9 The available total energy
calculations3–5,9 for the GaN~0001! surface suggest that thi
232 structure could correspond to either the N adatom
9932 ©2000 The American Physical Society
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the Ga adatom model as discussed elsewhere.9 Because the
232 structure is usually obtained by interrupting the grow
by turning off the Ga flux, but with an activated N flux sti
incident on the surface, the 232 local ordering is most likely
a consequence of N adatoms. It has also been shown tha
may obtain a 232 structureduring growth when As is
present on the surface.10 On the basis of STM studies it ha
been suggested that the 535 structure could arise from a
ordered mixture of Ga and N adatoms.9 However, a conclu-
sive determination of the atomic structure of the 535 has
not yet been obtained.

With regard to the pseudo-131 structure, the issue tha
theory must confront is the identification of a structure tha
both consistent with experimental observations and sta
with respect to other possible reconstructions, e.g., the
adatom model. Previous work has indicated that structu
with 1 or 2 ML of excess Ga,and which have131 trans-
lation symmetry, are not as stable as the 232 Ga-adatom
model under Ga-rich conditions.1 It was noted in these stud
ies however, that these 131 Ga adlayers would be unde
considerable tensile stress, and would be expected
contract.1 In this paper, we present explicit calculations for
laterally contracted bilayer of Ga and show that such a st
ture is more stable than the 232 Ga adatom model by a
least 0.25 eV/131 in the Ga-rich limit.

The total energy calculations are performed using
plane-wave pseudopotential method and the local-density
proximation. The plane wave cutoff employed in the calc
lations is 60 Ry and the Ga 3d orbitals are included in the
valence band. These methods11 have been employed in pre
vious calculations for AIN~Ref. 12! and GaN~Refs. 3 and
13! surfaces. We consider cells containing 8 layers of G
plus 1 or 2 additional layers of Ga above these layers. Th
dangling bonds on the backside of the supercell are satur
by pseudohydrogen atoms with charge3

4. To determine the
relative energies of the structures we employ the thermo
namic formalism14 wherein the difference in energies b
tween structures depends linearly on the Ga chemical po
tial as follows:

DE5DE~Ga-rich!1~DnN2DnGa!~mGa2mGa~bulk!!.

In this expressionDnN andDnGa are the differences, per un
area, in the numbers of N and Ga atoms in the structu
mGa is the chemical potential of Ga, andm~Ga~bulk!! is the
energy per atom of bulk Ga. The maximum allowable va
for mGa is m~Ga~bulk!! . Thus, by definition we haveDE
5DE~Ga-rich! in the Ga-rich limit.

To model a laterally contracted adlayer structure we e
ploy a)3) cell. The use of such a cell allows us to mod
hexagonal Ga adlayers with a reduced Ga-Ga spacin
()/2)a131 , wherea13153.17 Å is the in-plane spacing o
Ga atoms on the 131 ideal surface. In these)3) cells
there are four atoms in the laterally contracted hexago
overlayer for every three atoms in the underlying hexago
layers. The lattice vectors of the overlayer are rotated by
degrees with respect to those of the substrate as show
Fig. 1. The lateral spacing of the Ga atoms in the overlaye
contracted toac5()/2)a13152.75 Å. As will be discussed
further below, this Ga-Ga spacing is close to the value wh
minimizes the formation energy of a free standing layer
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Ga. Consequently, this)3) cell should provide a very
good upper bound for the energy of the optimal latera
contracted overlayer structure.

Total energy calculations were performed for latera
contracted adlayer structures containing one or two layer
Ga. These structures are illustrated in Figs. 2 and 3. Sh

FIG. 1. This figure is a schematic top view showing a latera
contracted hexagonal overlayer~filled circles! above a hexagona
substrate layer~open circles!. The spacing of the atoms in the ove
layer isac5()/2)a131 . The spacing of the atoms in the substra
is a131 . For GaN,a13153.17 Å. The lattice vectors of the con
tracted 131 cell of the overlayer are rotated by 30° with respect
the lattice vectors of the 131 cell of the substrate.

FIG. 2. A laterally contracted monolayer structure is depicted
two projections.~a! A schematic projection of a laterally contracte
monolayer~layer 1! above a Ga-terminated~0001! surface. The
average separation between layers 1 and 2 isz1252.47 Å. Note: In
this projection the laterally contracted monolayer~layer 1! has been
rotated by 30 degrees for ease of viewing.~b! A projection of the
top three layers of a laterally contracted monolayer structure on
c-plane. In the registration depicted here the four atoms in laye
occupy one top site (T1) and three bridge sites. The atoms in t
top sites are higher by 0.02 Å.
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in Fig. 2 is a structure consisting of a laterally contract
monolayer on top of the Ga terminated Ga-N bilayer. Re
tive to the ideal 131 Ga-terminated surface such a structu
contains an additional43 monolayer of Ga atoms. These a
ditional atoms are located in layer 1 as shown in Fig. 2. T
calculated vertical corrugation of the atoms in this layer
very small~approximately 0.03 Å! and the average vertica
separation between layer 1 and layer 2 isz1252.47 Å. We
find that the energy of the laterally contracted monola
structure is independent, to within 0.01 eV/atom, of the r
istry of the monolayer with respect to the GaN substrate.
seen in Fig. 4, the energy of the laterally contracted mo

FIG. 3. ~a! A schematic representation of a laterally contrac
Ga bilayer above a Ga-terminated~0001! substrate. The averag
separations between layers arez1252.54 Å andz0152.37 Å. The
filled and open circles in layer 0 represent a time averaged imag
the Ga atoms. The filled circles in layer 0 correspond to the p
tions at a particular time. The time averaged vertical corrugation
layer 0 is approximately 0.16 Å. Note: In this projection the lat
ally contracted monolayer~layer 0! has been rotated by 30 degre
for ease of viewing.~b! Projection on thec plane of the top two
layers for the registryB structure discussed in the text. Open circl
represent a 131 adlayer of atoms located inT1 sites.~c! Projection
on thec-plane of the top two layers for registryA. The heights~h!
of the Ga atoms in layer 0, relative to that of atom 1 in registryB
are listed.
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layer structure is lower than that of the Ga 232 adatom
model in the Ga-rich limit by 0.08 eV/131. We also per-
formed calculations for structures having two layers of e
cess Ga above the GaN substrate. In the structure show
Fig. 3~a! there is an excess of 2.33 ML of Ga atoms. Laye
contains 3 atoms and layer 0 contains 4 atoms in each)
3) cell. In the Ga-rich limit the energy of this structure
the lowest of any structure examined to date. In particula
is lower than the Ga adatom structure by 0.25 eV/131. Sev-
eral inequivalent registries of layer 0 relative to layer 1 we
considered and two of them are depicted in Figs. 3~b! and
3~c!. For registryB the Ga atoms~2,3,4! in layer 0 are co-
planar while atom 1 is located at a height 0.16 Å above th
atoms. The average vertical separation between layers 0
1 is z0152.37 Å and the average separation between laye
and 2 is z1252.54 Å. For registryA, atoms 1 and 2 are
located at a height of 0.08 Å below atoms 3 and 4. T
average vertical separations (z01 andz12) are almost identical
to those calculated for registryB. Within a tolerance of abou
0.02 eV/131 the energy of the)3) laterally contracted
bilayer structure is independent of the registry with the s
strate.

The electron diffraction data1 implies that the pseudo-1
31 structure is incommensurate. For computational con
nience we have employed a)3) cell to model a laterally
contracted bilayer structure. Given the insensitivity of t
energy with respect to the registry, it is apparent that
could in principle form an energetically favorable incom
mensurate laterally contracted bilayer structure by mean
a slight modification of the average in-plane Ga-Ga spac
We therefore believe that an incommensurate laterally c
tracted bilayer model would be energetically favorable a
consistent with the electron diffraction data.

The 131 corrugation seen in the STM image may ari
from the dynamic behavior of the Ga atoms in layer 0. It h
been proposed1 that on the time scale of the STM scan th
local registry of the atoms underneath the tip is chang
rapidly. If, for a given position of the tip, we average th
expected STM current over all possible registries, then
31 corrugation will be observed. The present calculatio
show that a Ga atom will be closer to the tip when it
positioned directly above one of the atoms in layer 1, e.g.
site 1 of registryB, and farther from the tip when it is posi

of
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f

-

FIG. 4. Relative energies of the surfaces are plotted as a fu
tion of the Ga chemical potential. For Ga-rich conditions the m
stable structure is the laterally contracted Ga bilayer.



te
th

e
th
-
co
vo
re

h
a

r
-G
e
b
h
y
th

in
e

uc
ni
ta
re
ce

rg

en-
rgy
-
he
ost

on-
der
se
ced
that

eral
of

al

ex-

PRB 61 9935BRIEF REPORTS
tioned in hollow sites, e.g., sites 1 or 2 of registryA. In this
particular case, the difference in height of the Ga atom
about 0.14 Å.

Figure 4 shows the energies of the laterally contrac
monolayer and bilayer structures together with those of
232 Ga and N adatom structures. The 232 N-adatom
model is energetically favorable under very N-rich~Ga-poor!
conditions, but as the chemical potential of Ga is increas
the 232 Ga-adatom model becomes more favorable than
N-adatom model.3–5 As the Ga chemical potential is in
creased towards its maximum possible value, structures
taining more Ga atoms on the surface become more fa
able. Until now, though, none of these Ga-rich structu
were found to become more stable than the 232 Ga-adatom
model. As shown in Fig. 4, when a lateral contraction of t
Ga adlayers is included, we obtain bilayer structures that
energetically favorable in the Ga-rich limit.

A key factor in stabilizing laterally contracted bilaye
structures is the energy reduction due to the reduced Ga
spacing in the top layer. To illustrate this point we perform
total energy calculations for a free-standing hexagonal
layer of Ga as a function of its in-plane lattice constant. T
calculations establish that a substantial reduction in energ
achieved by reducing the in-plane Ga-Ga separation from
value corresponding to a 131 surface~3.17 Å! to a value
that is closer to a typical Ga-Ga spacing in bulk Ga~2.7 Å!.15

As shown in Fig. 5, a reduction in surface energy16 of 25
meV/Å2 is achieved by reducing the in-plane Ga-Ga spac
from a13153.17 to ac52.75 Å. For perspective we not
that surface energies of GaN are typically of order;100
meV/Å2. Thus the contraction results in a substantial red
tion in energy. It is also very important to note that the mi
mum in the energy occurs for a hexagonal lattice cons
that is very close toac52.75 Å. This suggests that we a
able to capture most of the energy benefit of the redu
Ga-Ga separation with use of the)3) cell. In any case,
the energy shown in Fig. 4 is an upper bound on the ene
of the optimal laterally contracted bilayer structure.
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It has been determined by Hackeet al. that in the Ga-rich
regime where smooth growth is observed, the activation
ergy for Ga desorption is very close to the activation ene
for evaporation of metallic Ga.2 This result is explained natu
rally by the Ga bilayer model, for which one expects that t
energy to remove a Ga atom from the top Ga layer is alm
identical to that of removing an atom from bulk Ga.

In conclusion we have demonstrated that laterally c
tracted bilayer structures are energetically favorable un
Ga-rich conditions. We have shown that the stability of the
structures may be traced to the energy benefit of a redu
Ga-Ga spacing in the surface adlayers. We have shown
the energy of these structures is insensitive to the lat
position of the adlayers, indicating that the lateral mobility
the atoms in this adlayer may be high.

This work was supported in part by the Office of Nav
Research Contract Nos. N00014-99-C-0161~Xerox! and
N00014-96-1-0214~CMU!. Work in Berlin was supported
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FIG. 5. The surface energy~in meV/Å2! ~Ref. 16! of a free-
standing bilayer of Ga is plotted as a function of the in-plane h
agonal lattice constant~in Å!.
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