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Stable adsorption sites and potential-energy surface of a Ga adatom on a GaAs„111…A surface
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We theoretically investigated the stable adsorption sites and potential-energy surface of Ga adatoms on a
GaAs(111)A surface. Although Ga-vacancy sites on the surface were expected to be the most stable for Ga
adatoms, the first-principles calculation results contradict this. Comparing the results with those obtained by
the empirical interatomic potential calculations, we found that electronic contributions, such as valence elec-
tron redistribution, are crucial for stabilizing Ga adatoms on a GaAs(111)A surface. Based on the energies at
several sites, a potential-energy surface was also obtained and the diffusion barrier height of a Ga adatom was
estimated. The estimated height was 0.4 eV, which is much lower than that calculated for a GaAs~001! surface.
This is consistent with the experimentally observed results. The present calculation results further suggest that
mechanisms of Ga-vacancy-site stabilization, such as the self-surfactant effect, play an important role in
epitaxial growth processes.@S0163-1829~99!07939-4#
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GaAs(N11)A (N51 – 4) surfaces are currently receivin
considerable attention, because Si-doped GaAs layers gr
on these surfaces by molecular beam epitaxy~MBE! show
bothn- andp-type conductivity depending on growth cond
tions, such as the substrate temperature and the
overpressure.1 This amphoteric nature of Si is very attractiv
because by using Si as the only dopant,p-n junctions could
be manufactured. The (N11)A surfaces are also attractive fo
investigating the epitaxial growth mechanism, since the a
photeric nature indicates that the impurity incorporati
mechanism is very different from that on a~001! surface,
which is widely and conventionally used. Recently, it h
also been reported that highly mismatched InAs layers
be grown two-dimensionally on a GaAs(111)A surface,2

which clearly shows that the growth mechanism of t
(111)A surface is very different from that of the~001! sur-
face. For a GaAs~001! surface, which has been widely use
as the growth substrate, the physical properties and mi
scopic growth mechanisms have been extensively stu
both experimentally3 and theoretically.4 For GaAs(N11) sur-
faces, however, the study of the growth mechanism has
been advanced. In this paper, we report calculations of st
adsorption sites and potential energy surface of Ga adat
on a GaAs(111)A surface, which are the basic properti
determining the growth processes and the impurity incor
ration processes.

A GaAs(111)A reconstructed surface has a (232) struc-
ture. A Ga-vacancy structure has been proposed by analy
low-energy electron diffraction measurements.5 Scanning
tunneling microscope~STM! measurements have confirme
the structure.6,7 In this structure, one of the four Ga atoms
the (232) surface unit cell is missing. A differen
(232)-reconstructed surface structure, which is called
As-trimer structure, was also observed by STM.7 Because
this structure was observed under very limited conditio
such as a very high As pressure, the structure is thought t
less stable than the Ga-vacancy structure under the con
PRB 600163-1829/99/60~16!/11509~5!/$15.00
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tional MBE growth conditions. The formation energy calc
lation results8 are consistent with the experimental resu
that the Ga-vacancy structure is the most stable reconstru
structure except for when the surface is close to equilibri
to the As bulk. Therefore, the Ga-vacancy structure may
the most stable surface structure in the wide range of M
growth conditions.

In the present theoretical investigations, we assumed
Ga-vacancy structure is the reconstructed surface struc
Although the surface primitive cell has a (232) periodicity,
the larger unit cell of (434) was used in the calculations t
avoid the interaction between the neighboring Ga adato
The top view of the Ga-vacancy structure is shown in Fig
In the figure, the ideal zinc-blende lattice sites of Ga atom
the top atomic layer and those of As atoms at the sec
atomic layers are shown. Some of the adsorption sites c
sidered in this study are also indicated.

We used the first-principles pseudopotential method ba
on the local density functional formalism. Conventional r
peated slab geometry was used to simulate the surface.
slab comprised seven atomic layers. The surface not of
terest was terminated by fictitious H atoms that have non
teger electrons and noninteger nuclear charges.9 We adopted
Kleinman-Bylander-type separable pseudopotentials.10 The
basis was expanded by plane waves. The potential cu
radius was carefully chosen in order to prevent gh
bands.11 The conjugate-gradient technique was used to o
mize both the electronic structure and atom
configurations.12 The position of the Ga adatom in the@111#
direction was optimized, while the positions in the plane p
pendicular to the@111# direction were fixed. The positions o
the substrate atoms were fully optimized. The validity of t
calculation conditions used was carefully checked by lar
calculations.13

In order to qualitatively discuss the stabilization mech
nism of Ga adatoms, we also carried out energy calculati
by using the energy formulaE5Ebond1DEbond.

14 Here,
11 509 ©1999 The American Physical Society
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Ebond is a bond formation energy described in terms of int
atomic energies based on the empirical interatom
potential.15 DEbond is the energy originating from the elec
tronic contribution due to the electrons remaining in the d
gling bonds. Based on the first-principles calculations
GaAs~001!-b2 surface, it was found thatDEbondcan approxi-
mately be given by 0.4uDZu. Here, DZ is the number of
electrons remaining in the dangling bonds on the surface.14,16

This energy formula has been successfully applied to inv
tigate major contributions to the stability of Ga adatoms
the As-stabilized GaAs~001! surfaces.16 In the energy calcu-
lation procedure, an optimization process similar to that u
in the first-principles calculations was employed.

For completion of the GaAs zinc-blende lattice duri
epitaxial growth on a GaAs(111)A surface, Ga-vacancy
(VGa) sites should be occupied by Ga atoms. Therefore,
naturally expected thatVGa sites are the most stable for G
adatoms, and thatVGa sites are occupied by Ga atoms at t
first stage of epitaxial growth. However, the total energ
calculated by the first-principles pseudopotential meth
show contradictory results, as can be seen in Table I.

FIG. 1. Top view of the Ga-vacancy structure of th
GaAs(111)A surface. Open circles denote the Ga atoms at the
atomic layer, and closed circles denote the As atoms at the se
atomic layer. The (434) unit cell, which was used in the calcula
tions, and (232) primitive cell are shown. Some of the sites, tho
at which the total energy was calculated, are indicated byVGa, A,
B, C, D, andE. The sites were defined in the perpendicular plane
the @111# direction. TheA, B, andE sites are above the ideal lattic
sites of substrate atoms. TheVGa site is the Ga-vacancy site. TheC
site is the center of a hexagon formed by adjacent threeA sites and
threeB sites. TheD site is the center of another hexagon formed
sites that include twoA sites, twoB sites, oneE site, and oneVGa

site.

TABLE I. Relative energies obtained by the first-principles c
culations at several sites shown in Fig. 1. The energy for theVGa

site was taken as the reference.

Site VGa A B C D E

Relative energy
~eV!

0.00 0.52 0.43 20.13 20.13 0.70
-
c

-
r

s-
n

d

is

s
d
e

striking feature is thatC andD sites have lower energy tha
the VGa site, although the energies forA, B, and E sites,
which are the sites above the substrate atoms, are m
larger than the energy for theVGa site, as expected.

It has been shown, based on the studies of~001!-oriented
semiconductor surfaces,14,17 that the number of electrons i
the dangling bonds can be used as a criterion to exp
stability of the reconstructed surface and to investig
growth processes. The criterion is called the electron cou
ing model ~ECM!. According to the ECM, the most stabl
structure is one in which the As dangling bonds are filled a
the Ga dangling bonds are empty. Additionally, the fir
principles calculations for the~001! surface have shown tha
an increase in the number of electrons in the Ga dang
bonds results in an increase in the total energy.18 Applying
these guiding principles to the (111)A surface, the presen
first-principles calculation results can be understood. Bef
Ga adatoms are adsorbed on the surface, the surface take
Ga-vacancy structure and satisfies the ECM. When a Ga
tom is adsorbed at theVGa site, the adatom forms thre
strong bonds with As atoms at the neighboringA sites. How-
ever, the three valence electrons of the Ga adatom do
contribute to the bond formation, since the dangling bonds
the As atoms atA sites are already filled. The electrons r
main in the Ga dangling bonds, and this enlarges the t
energy. On the other hand, when a Ga adatom is adsorb
theC or D site, the valence electrons of the Ga adatom w
used in the bond formation with substrate atoms, because
dangling bonds of the Ga atoms atB sites are empty.

The number of electrons in the dangling bonds can
counted by investigating the band structure. Figure 2~a!
shows the band structures for the Ga-vacancy structure.
clearly seen that the structure has a band gap, and the F
level is located at the middle of the gap. This confirms th
the Ga-vacancy structure satisfied the ECM. The band st
tures when a Ga adatom is adsorbed at theVGa site and theC
site are shown in Figs. 2~b! and 2~c!, respectively. It can be
seen that the band structure also has the band gap in t
cases. When a Ga adatom is adsorbed at theVGa site @Fig.
2~b!#, the Fermi level is rather high in the conduction ban
The number of electrons in the conduction band was e
mated to be three. This confirms the previous considera
that the three valence electrons of the Ga adatom rema
the dangling bonds. On the other hand, when a Ga adato
adsorbed at theC site @Fig. 2~c!#, the Fermi level is not so
high in the conduction band. In this case, only one elect
remains in the conduction band. The band structure whe
Ga adatom is adsorbed at theD site is quite similar to that in
Fig. 2~c!, and the number of electrons in the conduction ba
is one. Therefore, also for a GaAs(111)A surface, the energy
is larger when the number of electrons in the Ga dangl
bonds is larger. The number of electrons in the Ga dang
bonds can be used as a guide to discuss the stability of
Ga adatoms.

In order to investigate the stabilization mechanism
more detail, the energies were calculated by the energy
mula based on the empirical interatomic potential. The re
tive energies of interatomic energiesEbond are 0.0, 1.5, and
2.0 eV atVGa, C, andD sites, respectively. The bond ben
ing energy at theVGa site is lower than that at theC andD
sites. This clearly shows that electronic interactions, such
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FIG. 2. ~a! Band structure for
the Ga-vacancy structure.~b! and
~c! are the band structures when
Ga adatom adsorbed at~b! the Ga-
vacancy site and~c! at C site, re-
spectively. The Fermi energy wa
taken to be zero. In every figure
the band gap can clearly be see
The rather high Fermi level in the
conduction band is seen in~b!.
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the redistribution of the valence electrons, are crucial in s
bilizing the Ga adatom. The effect of the electrons remain
in the dangling bonds was taken into account by using
term of DEbond. As described, the first-principles calcul
tions for the~001! surface show that this term can be e
pressed as 0.4uDZu. For the (111)A surface, we used the
number of electronsDZ53, 1, and 1, which were deduce
from the band structures. The relative energies estimated
0.0, 0.7, and 1.2 eV atVGa, C, and D sites, respectively
These values indicate that theVGa site is still more stable for
Ga adatoms than theC and D sites are, despite taking int
the account theDEbond term. The reason for the discrepan
from the first-principles calculation results can be quali
tively understood by considering the bonding nature. At
VGa site, the bonds between the Ga adatom and substrat
atoms atA sites aresp3-like bonds. The bond length betwee
the Ga adatom and the As atom is 2.44 Å, which is qu
close to the Ga-As bond length in the GaAs bulk, 2.45 Å.
C and D sites, however, Ga adatoms cannot formsp3-like
bonds, sinceC and D sites are not zinc-blende lattice site
At these sites, the distance from the Ga adatom to the
atom at theA site is much larger than thesp3 bond length.
The distances are 4.02 Å for theC site and 3.75 Å for theD
site. Such non-sp3-like bonds must be weaker than th
sp3-like bonds, and the weaker bonds result in the sma
bond bending energy. The energy of such a non-sp3-like
bond formation is not properly estimated by the empiri
interatomic potential. In order to include the effect of t
non-sp3-like bonds to the present energy formula,Ebond
1DEbond, a correction termDEsp , which expresses the
bonding nature, must be added.DEsp is almost equal to zero
for a ~001! surface, because the adsorption atoms basic
form sp3-like bonds on the surface. This is because the f
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mula without theDEsp term has been successfully applied
investigations of the As-stabilized GaAs~001! surfaces. In
contrast,DEsp is not zero for a (111)A surface due to the
non-sp3-like bond formation. AlthoughDEsp cannot be cor-
rectly estimated at present, taking account of theDEsp term
would be important and it will be helpful to investigate d
namics of adatoms near kinks and steps on the surfaces

To examine the surface diffusion of a Ga adatom,
calculated the total energies at 20 points in the 232 primi-
tive cell. The contour plot around theVGa site is shown in
Fig. 3~a!. The ideal positions of the substrate atoms and th
bonds are also indicated. The energy separation of the
tour lines is 0.09 eV. TheA, B, and E sites correspond to
local peaks, whereas the three low-energy sites,VGa, C, and
D, are local minimum sites. Ga adatoms are expected to
fuse via these three local minimum sites. Because the po
tial barrier between neighboringVGa andD sites is very low
~about 0.16 eV from theD site to theVGa site!, a Ga adatom
easily moves among oneVGa site and the three surroundin
D sites. To diffuse on the surface, a Ga adatom at theD site
has to move to the neighboringC or D site. The estimated
potential barrier heights forD-C andD-D are 0.40 and 0.43
eV, respectively. Therefore, the dominant surface diffus
barrier is represented by a potential hill between neighbor
C and D sites. The estimated rather low barrier height
related to the weak nature of the bonds between the Ga
toms and the substrate atoms, because during the diffu
the smaller energy is required to break the bonds due to
weaker bonds.

To obtain a clearer image of the diffusion, the thre
dimensional potential-energy surface is drawn in Fig. 3~b! in
a larger area than that of Fig. 3~a!. The obtained energy
potential surface is rather flat. This reflects the small relat
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energies within 1 eV range shown in Table I. Because of
threefold rotation symmetry of the (111)A surface, there are
three equivalent̂ 110& directions. The expected diffusio
paths in such equivalent directions between theC andD sites
are indicated by arrows in the figure. Due to the low diff
sion barrier height, a Ga adatom can easily diffuse in th

FIG. 3. ~a! Contour plot of the total energy around theVGa site.
The ideal positions of the substrate Ga and As atoms are indica
Dashed lines are the bonds between the substrate atoms. The e
separation between the adjacent contour lines is 0.09 eV. TheA, B,
andE sites correspond to the local peaks of the potential, while
VGa, C, andD sites are local minimum sites.~b! Potential-energy
surface in a larger area than~a!. The three arrows indicate the ex
pected diffusion paths between theC andD sites in three equivalen
^110& directions.
th
a,

m

e

e

directions. Moreover, a Ga adatom can easily change its
fusion direction due to the lower barrier height between
D and VGa sites. Therefore, diffusion anisotropy on
GaAs(111)A surface will be small. This is contrast to th
diffusion on a~001! surface. For a~001! surface, twô 110&
directions on the surface are not equivalent. Therefore,
fusion anisotropy is expected, and different diffusion barr
heights have been calculated.19–21

Comparing the diffusion barrier height for a (111)A sur-
face with that for a~001! surface, the estimated barrier heig
for a (111)A surface is much smaller than that for a~001!
surface estimated by similar first-principles calculations. F
the ~001! surface with theb1 structure, the reported value
are 0.87 eV for the@ 1̄10# direction and 1.15 eV for the@110#
direction.19 For the~001!-b2 structure, 1.2 eV for the@ 1̄10#
direction and 1.5 eV for the@110# direction were reported.20

The low barrier height suggests a longer surface diffus
length on the (111)A surface than on the~001! surface, and
such a longer diffusion length has actually been reported
experiments.22

As previously shown, theVGa site is not the most stable
one for Ga adatoms, although occupation of theVGa site is
indispensable for complete GaAs growth with the zin
blende lattice maintained. Considering the experimental
that growing GaAs films on the (111)A surface requires a
larger V/III ratio ~high As pressure! than growing them on a
~001! surface does, As atoms at the surface must play
important role in maintaining the epitaxial growth. Prelim
nary total energy calculations for the As-atom adsorpt
suggest that theVGa site becomes stable by the As-adato
adsorption.23 The As-adsorption effect and the stabilizatio
mechanism will be discussed in a future publication.

In conclusion, we investigated the stable sites and dif
sion of Ga adatoms on a GaAs(111)A surface. AlthoughVGa
sites were supposed to be the most stable,C andD sites were
found to have lower energies. It was clearly shown that el
tronic contributions, such as valence electron redistributi
are crucial in stabilizing Ga adatoms on a GaAs(111)A sur-
face. Based on the obtained potential-energy surface, the
fusion barrier height was estimated to be about 0.4 eV. T
value suggests a rapid surface diffusion of Ga atoms
longer diffusion length than on a~001! surface, which are
consistent with the experimentally observed results. The
culated results further suggest that mechanism stabiliz
VGa sites plays an important role in epitaxial growth pr
cesses.
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