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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-
1x1 phase of the Gaf@001) surface. First-principles total energy calculations reveal that a laterally con-
tracted overlayer of Ga atoms bonded to>a1l 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 theXl1 corrugation pattern seen in scanning tunneling microscopy images.

Because of its importance as a material enabling the fababove the last GaN bilayer. On the basis of these observa-
rication of optoelectronic and electronic devices, GaN hagions, as well as energy considerations, it has been proposed
been studied extensively in recent years. In most cases, GatNat the pseudo-% 1 surface is an incommensurate laterally
films must be obtained by epitaxial growth on a foreign sub-contracted bilayer structure, and that th& 1 corrugation
strate such as AD5(000) or SiC(000). Because the high- pattern seen in the STM is a result of the time averaging
est quality material is generally grown on @901 plane of inherent in the STM measurement. It was suggested that the
GaN, the structure of th€0001) surface has been studied surface Ga atoms are sufficiently ordered to give rise to the
both experimentally and theoretically. Part of the motivationsatellite features in electron diffraction, yet sufficiently mo-
underlying these efforts to identify the surface atomic struc-bile so that the STM image reflects the time-average vertical
ture stems from the impact such knowledge would have omorrugation produced by the potential energy surface seen by
attempts to understand growth morphology and dopant incotthe Ga atoms as they move over the 1 substrate. At room
poration. Both of these phenomena are influenced by surfademperature, the motion of the Ga may be facilitated by mo-
atomic structure and its effect on adatom diffusion and in-bile point defects or mobile domain boundaries separating
corporation kinetics. regions that have different registrations of the Ga adlayers

The symmetry and local atomic structure of the recon-with respect to a X1 substraté. At temperatures greater
structions that are obtained during and after molecular-bearnhan 350 °C these Ga layers are likely to be fluid. In this
epitaxy (MBE) growth on the GakD001) surface have been paper we present first-principles total energy calculations,
subjects of a number of recent investigatidn¥. As the Ga  which indicate that a surface consisting of a laterally con-
concentration on the surface increases, the symmetry of theacted bilayer of Ga isunder Ga-rich conditionshe most
reconstructions changes fromx2 to 5X5 to 4xX6 and fi-  stable structure that has been obtained to date. We find that
nally to the structure that has been termed the psewudd-1 the energy barrier to lateral translation of the top Ga layer
structure*®°® The pseudo-k 1 phase has been obtained ex-over the underlying layers is on the order of 0.02 el
perimentally by terminating MBE growth under Ga-rich con- These results provide clear theoretical evidence in favor of a
ditions and is probably very similar to the structure prevail-mobile laterally contracted bilayer structure containing.3
ing during Ga-rich growth. ML of Ga above the Ga-terminated GaN bilayer. The stabil-

One of the fascinating aspects of the pseudotlsurface ity of such an extremely Ga-rich structure has implications
is the observation by scanning tunneling microsc6®yM)  for understanding dopant incorporation, surface diffusion,
of a 1X 1 corrugation pattern that has the same lateral spa@nd growth of GaN under Ga-rich conditions.
ing as bulk GaN. At the same time, however, electron dif-  Before proceeding to the discussion of the pseudtdtl
fraction experiments performed at temperatures less thasurface, we briefly review what is known about the other
350°C reveal additional diffraction intensity in satellite structures appearing on th@001) surface. Under N-rich
spots, indicating that the actual lattice vectors of the surfaceonditions a 22 reconstruction is observed following
unit cell are much larger than those corresponding to a Jrowth interruption$.’° The available total energy
x 1 cell. Modeling of the Auger spectral intensities indicatescalculationd=>° for the GaN0001) surface suggest that this
that the pseudo-% 1 contains between 2 and 3 ML of Ga 2X2 structure could correspond to either the N adatom or
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the Ga adatom model as discussed elsewh&ecause the
2X 2 structure is usually obtained by interrupting the growth
by turning off the Ga flux, but with an activated N flux still
incident on the surface, thex2 local ordering is most likely

a consequence of N adatoms. It has also been shown that one

may obtain a X2 structureduring growth when As is
present on the surfad®.On the basis of STM studies it has
been suggested that thex® structure could arise from an
ordered mixture of Ga and N adatorhslowever, a conclu-
sive determination of the atomic structure of th&s has
not yet been obtained.

With regard to the pseudo1 structure, the issue that
theory must confront is the identification of a structure that is
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1x1 cell

O 1x1 hexagonal substrate layer

. Laterally contracted hexagonal overlayer

thh consistent with eXpefimenta| Observf’:\tions and stable FiG. 1. This figure is a schematic top view showing a laterally
with respect to other possible reconstructions, e.g., the Geontracted hexagonal overlayéilled circles above a hexagonal
adatom model. Previous work has indicated that structuresubstrate layefopen circles The spacing of the atoms in the over-

with 1 or 2 ML of excess Gaand which havel X 1 trans-
lation symmetry are not as stable as thex2 Ga-adatom

layer isa.= (vV3/2)a;x1. The spacing of the atoms in the substrate
is a;x,. For GaN,a;,;=3.17 A. The lattice vectors of the con-

model under Ga-rich conditiorst was noted in these stud- tracted X1 cell of the overlayer are rotated by 30° with respect to
ies however, that thesexIl Ga adlayers would be under the lattice vectors of the21 cell of the substrate.

considerable tensile stress, and would be expected to

contract In this paper, we present explicit calculations for aGa. Consequently, thig3xv3 cell should provide a very
laterally contracted bilayer of Ga and show that such a strucgood upper bound for the energy of the optimal laterally
ture is more stable than thex2 Ga adatom model by at contracted overlayer structure.

least 0.25eV/X 1 in the Ga-rich limit.

Total energy calculations were performed for laterally

The total energy calculations are performed using thecontracted adlayer structures containing one or two layers of
plane-wave pseudopotential method and the local-density agsa. These structures are illustrated in Figs. 2 and 3. Shown

proximation. The plane wave cutoff employed in the calcu-
lations is 60 Ry and the Gad3orbitals are included in the
valence band. These methdtisave been employed in pre-

Laterally contracted Ga monolayer

a
vious calculations for AIN(Ref. 12 and GaN(Refs. 3 and layer 1 .‘_Ci ® © o o
13) surfaces. We consider cells containing 8 layers of GaN a ’
plus 1 or 2 additional layers of Ga above these layers. The N ) Il 12
- . ayer 2
dangling bonds on the backside of the supercell are saturated laver 3 N
by pseudohydrogen atoms with char§eTo determine the y
relative energies of the structures we employ the thermody- Ga
namic formalism* wherein the difference in energies be- (ogo]
tween structures depends linearly on the Ga chemical poten- [1010]
tial as follows: (a)
_ : o) NO)
AE=AE(Ga-rich + (Any—Angy) (hea™ Heabulk) - N(layer3)~0 og © @0 ©
In this expressiom\ny andAng, are the differences, per unit Ga (layer 2());0 2 e O.o
area, in the numbers of N and Ga atoms in the structures, o 0
MGa is the chemical potential of Ga, andgapui) is the o S )
energy per atom of bulk Ga. The maximum allowable value 000 X X¢
for pga IS M(Gabulky- Thus, by definition we haveAE . ‘®
=AE(Ga-rich in the Ga-rich limit. Contracted Ga 0@O
To model a laterally contracted adlayer structure we em- overlayer
ploy av3 X3 cell. The use of such a cell allows us to model o (layer 1)

hexagonal Ga adlayers with a reduced Ga-Ga spacing of
(V3/2)a;x,, Wherea,,;=3.17 A is the in-plane spacing of

: FIG. 2. A laterally contracted monolayer structure is depicted in
Ga atoms on the X 1 |Qeal surface. In these3 xv3 cells two projections(a) A schematic projection of a laterally contracted
there are four atoms in the laterally contracted hexagonarn,

- : onolayer(layer 1) above a Ga-terminate@001 surface. The
overlayer for every three atoms in the underlying hexagonaé“,erage separation between layers 1 andz2,is 2.47 A. Note: In

layers. The lattice vectors of the overlayer are rotated by 3his projection the laterally contracted monolagleser 1) has been
degrees with respect to those of the substrate as shown {Btated by 30 degrees for ease of viewifig. A projection of the
Fig. 1. The lateral spacing of the Ga atoms in the overlayer igop three layers of a laterally contracted monolayer structure on the
contracted t@.= (v3/2)a; 1 =2.75A. As will be discussed c-plane. In the registration depicted here the four atoms in layer 1
further below, this Ga-Ga spacing is close to the value whiclbccupy one top siteT1) and three bridge sites. The atoms in the
minimizes the formation energy of a free standing layer oftop sites are higher by 0.02 A.
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(b) registry B FIG. 4. Relative energies of the surfaces are plotted as a func-
0@O0 Laterally contracted tion of the Ga chemical potential. For Ga-rich conditions the most
[ .‘_—.Ga overlayer (layer 0) stable structure is the laterally contracted Ga bilayer.
oX cCeO0
) ® -0 .
o O h. —ol6h layer structure is lower than that of the Gax2 adatom
® ) 4= model in the Ga-rich limit by 0.08eVA 1. We also per-
eX Xk o) X formed calculations for structures having two layers of ex-
® ' o cess Ga above the GaN substrate. In the structure shown in
O @ O« IxlGalayer Fig. 3(a) there is an excess of 2.33 ML of Ga atoms. Layer 1
(layer 1) contains 3 atoms and layer O contains 4 atoms in e&ch
() registry A xv3 cell. In the Ga-rich limit the energy of this structure is
®© o Laterally contracted the lowest of any structure examined to date. In particular it
Py P .Ga overlayer (layer 0) is lower than the Ga adatom structure by 0.25 e¥V11 Sev-
® ®© O . eral inequivalent registries of layer O relative to layer 1 were
® hy=-0.14 4 considered and two of them are depicted in Figh) Znd
® Q h,=-0.14 A 3(c). For registryB the Ga atomg2,3,4 in layer 0 are co-
hy, =-0.06 A planar while atom 1 is located at a height 0.16 A above these
® 0 atoms. The average vertical separation between layers 0 and

1 iszq;=2.37 A and the average separation between layers 1

and 2 isz;,=2.54A. For registryA, atoms 1 and 2 are

located at a height of 0.08 A below atoms 3 and 4. The
FIG. 3. (@) A schematic representation of a laterally contractedaverage vertical separatiors,{ andz,,) are almost identical

Ga bilayer above a Ga-terminaté@00]) substrate. The average to those calculated for registB: Within a tolerance of about

separations between layers a@g=2.54A andzy,=2.37A. The (g 2eVv/iX1 the energy of the/3xv3 laterally contracted

filled and open circles in layer O represent a time averaged image cBiIayer structure is independent of the registry with the sub-
the Ga atoms. The filled circles in layer O correspond to the posixirate.

tions at a particular time. The time averaged vertical corrugation of
layer O is approximately 0.16 A. Note: In this projection the later-
ally contracted monolaydtayer 0 has been rotated by 30 degrees
for ease of viewing(b) Projection on thec plane of the top two

layers for the registr structure discussed in the text. Open circles

@ 9 @
® ) o

O (O +— 1x1 Ga adlayer (layer 1)

The electron diffraction dataimplies that the pseudo-1
X 1 structure is incommensurate. For computational conve-
nience we have employedv@ Xv3 cell to model a laterally
contracted bilayer structure. Given the insensitivity of the

represent a X 1 adlayer of atoms located il sites.(c) Projection energy W'th re_spect to the reglstry_, It Is apparent _that we
on thec-plane of the top two layers for registd. The heightsh) could in principle form an energencally favorable incom-
of the Ga atoms in layer 0, relative to that of atom 1 in regigtry Mensurate laterally contracted bilayer structure by means of
are listed. a slight modification of the average in-plane Ga-Ga spacing.
We therefore believe that an incommensurate laterally con-
in Fig. 2 is a structure consisting of a laterally contractedtracted bilayer model would be energetically favorable and
monolayer on top of the Ga terminated Ga-N bilayer. Relaconsistent with the electron diffraction data.
tive to the ideal X 1 Ga-terminated surface such a structure The 1X1 corrugation seen in the STM image may arise
contains an additiona] monolayer of Ga atoms. These ad- from the dynamic behavior of the Ga atoms in layer 0. It has
ditional atoms are located in layer 1 as shown in Fig. 2. Théoeen proposédthat on the time scale of the STM scan the
calculated vertical corrugation of the atoms in this layer islocal registry of the atoms underneath the tip is changing
very small(approximately 0.03 Aand the average vertical rapidly. If, for a given position of the tip, we average the
separation between layer 1 and layer Zjs=2.47A. We expected STM current over all possible registries, then a 1
find that the energy of the laterally contracted monolayer<1 corrugation will be observed. The present calculations
structure is independent, to within 0.01 eV/atom, of the regshow that a Ga atom will be closer to the tip when it is
istry of the monolayer with respect to the GaN substrate. Apositioned directly above one of the atoms in layer 1, e.g., in
seen in Fig. 4, the energy of the laterally contracted monosite 1 of registryB, and farther from the tip when it is posi-
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tioned in hollow sites, e.g., sites 1 or 2 of regis&yIn this 100 . - . ‘ . .
particular case, the difference in height of the Ga atom is 907 Free-standing Ga bilayer
about 0.14 A. 80 ]

Figure 4 shows the energies of the laterally contracted
monolayer and bilayer structures together with those of the
2X2 Ga and N adatom structures. The<2 N-adatom
model is energetically favorable under very N-rigka-pooy
conditions, but as the chemical potential of Ga is increased,

Surface energy
8

the 2x 2 Ga-adatom model becomes more favorable than the 20+ a, amf
N-adatom modei® As the Ga chemical potential is in- 10 | 1
creased towards its maximum possible value, structures con- O 2e 27 28 29 30 31 a2

taining more Ga atoms on the surface become more favor-
able. Until now, though, none of these Ga-rich structures
were found to become more stable than the2Ga-adatom FIG. 5. The surface energfin meV/A?) (Ref. 16 of a free-
model. As shown in Fig. 4, when a lateral contraction of thestanding bilayer of Ga is plotted as a function of the in-plane hex-
Ga adlayers is included, we obtain bilayer structures that aragonal lattice constargin A).

energetically favorable in the Ga-rich limit.

A key factor in stabilizing laterally contracted bilayer |t has been determined by Hackeal. that in the Ga-rich
structures is the energy reduction due to the reduced Ga-Gagime where smooth growth is observed, the activation en-
spacing in the top layer. To illustrate this point we performedergy for Ga desorption is very close to the activation energy
total energy calculations for a free-standing hexagonal bifor evaporation of metallic GAThis result is explained natu-
layer of Ga as a function of its in-plane lattice constant. Therally by the Ga bilayer model, for which one expects that the
calculations establish that a substantial reduction in energy iénergy to remove a Ga atom from the top Ga layer is almost
achieved by reducing the in-plane Ga-Ga separation from the,o \vical to that of removing an atom from bulk Ga.
value corresponding to aX1 surface(3.17 Atoa Va'&f In conclusion we have demonstrated that laterally con-
that is closer to a typical Ga-Ga spacing in bulk @& A). tracted bilayer structures are energetically favorable under
AS shozvyn in Fig. 5, a reduction in surface enefgyf 25 . Ga-rich conditions. We have shown that the stability of these
meV/AZ is achieved by reducing the in-plane Ga-Ga spacingycryres may be traced to the energy benefit of a reduced
from a,,,=3.17 t0a,=2.75A. For perspective we note Ga_Ga spacing in the surface adlayers. We have shown that
that suzrface energies of GaN are typically of ordet00  he energy of these structures is insensitive to the lateral
meV/A”. Thus the contraction results in a substantial reducyosition of the adlayers, indicating that the lateral mobility of

tion in energy. It is also very important to note that the mini- e atoms in this adlayer may be high.

mum in the energy occurs for a hexagonal lattice constant

that is very close t@,=2.75A. This suggests that we are  This work was supported in part by the Office of Naval
able to capture most of the energy benefit of the reduce®esearch Contract Nos. N00014-99-C-016derox) and
Ga-Ga separation with use of th@xv3 cell. In any case, NO00014-96-1-0214CMU). Work in Berlin was supported
the energy shown in Fig. 4 is an upper bound on the energipy the German Science Foundati@ontract No. Ne 428/4-
of the optimal laterally contracted bilayer structure. 2).

Hexagonal lattice constant
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