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Atomic Structure of the (2% 2) Reconstructed GaAs (111) Surface:
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A new vacancy-complex model for the (2x2) reconstructed As-stabilized (111) surface of
GaAs in which the surface bilayer contains two As and three Ga atoms per unit cell is proposed.
Half the surface As atoms occupy stacking-fault sites, leading to nearly optimal rehybridizations of
surface-bonding orbitals. The surface As coverage is consistent with both mass spectrometry and
Auger data. The calculated surface electronic structure is nonmetallic and provides a satisfactory
description of polarization-dependent angle-resolved photoemission data.

PACS numbers: 68.35.Bs, 68.55.Bd, 73.20.—r

The determination of the surface atomic structure of
crystalline solids is a challenging problem of surface
science. Numerous studies have shown that substan-
tial departures from the ideal bulk structure occur on
many surfaces leading to reconstruction, i.e., to a
periodicity different from that in a corresponding bulk
plane. An interesting phenomenon is the occurrence
of two or more reconstructions on a clean surface of a
given orientation as a function of temperature or sur-
face preparation. The surfaces of tetrahedrally bonded
group-IV and I1I-V semiconductors exhibit a variety of
such reconstructions. For a compound semiconductor
such as GaAs there is, in comparison to an elemental
semiconductor, an additional important determinant of
surface structure: surface stoichiometry. This factor is
especially significant on polar surfaces where chemical
composition strongly influences surface periodicity.

The (111) polar surface of GaAs exhibits a number
of reconstructions which are correlated with the sur-
face As coverage.!”3 Very little is known about the
atomic structure of these surfaces. In this paper I ex-
amine the atomic structure of the (2Xx2) reconstruct-
ed (111) surface of GaAs and propose a new
vacancy-complex model to explain experimental data
from mass spectrometry,? Auger intensity analysis,’
and angle-resolved photoemission measurements.*>
The new multivacancy model is more stable than a
single-vacancy model of the type occurring on the
(111) surface.5-8 L

The As-stabilized GaAs (111)-(2x2) surface is
observed during crystal growth by molecular-beam epi-
taxy!=> (MBE) and is stable at 450 K. An important
result relevant to the problem of surface structure
comes from mass spectrometry? which shows 0.5
monolayer of As (in the form of As, molecules)
desorbing from the surface when the temperature is
raised to 845 K. A transformation from (2x2) to
(v19%+/19) periodicity accompanies the As desorp-
tion. The surface As coverage of the latter structure
was determined to be less than 0.1 monolayer.?
Vapor-pressure data from flash-desorption experi-

ments are also found to be consistent with a surface As
coverage of 0.5 monolayer on the (2x2) surface.? In
contrast, Auger studies* suggest a significantly higher
surface As concentration of =0.75-0.87 monolayer.
Even though the two measurements give apparently
incompatible results the structure discussed below is
shown to provide a satisfactory explanation for both
sets of data.

The proposed multivacancy model for the (2x2)
reconstructed GaAs (111) surface is shown in Fig. 1
and a perspective view is shown in Fig. 2. The surface
bilayer contains two As and three Ga atoms per (2x2)
cell. The Ga atoms are in ‘‘normal’ sites directly
above As substrate atoms. It can be seen from Figs. 1
and 2 that half the surface As atoms must occupy
stacking-fault sites. All atoms in the surface bilayer in
addition to substrate As atoms located in hollow sites
are threefold coordinated. There are no ‘‘wrong”’
atom bonds, i.e., all bonds are between Ga and As
atoms. The stacking-fault geometry for As atoms is
energetically very favorable since it forces each surface
Ga atom to become very nearly coplanar with the three
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FIG. 1. Top view of the vacancy-complex structure for
the (2x2) reconstructed GaAs (117) surface. The four
“hollow site”’ substrate As atoms define a (2x2) unit cell.
The primitive translation vectors of the (1x1) lattice are

denoted by u; and u,.
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FIG. 2. A perspective drawing of the vacancy-complex
model. The arrows point to three-fold coordinated substrate
As atoms in hollow sites. The surface Ga atoms are co-
planar with their nearest-neighbor As atoms. The dashed
lines indicate Ga—As bonds in the substrate layer.

As atoms to which it is bonded. Two of these As
atoms are in the surface plane above the Ga atoms and
the third is in the layer below, as shown schematically
in Fig. 2. This arrangement of atoms does not intro-
duce any additional strain as compared to the normal
stacking sequence. The surface Ga atoms would be
exactly coplanar with their three surrounding As atoms
if the very small lateral relaxations of third-layer As
atoms (shown in Table I) are ignored. The nearly
planar configuration for Ga leads to optimal sp? orbital
rehybridization.

The surface As concentration of 0.5 monolayer for
this model is the same as that obtained experimentally
from mass spectrometry.? The model is also consistent
with Auger data® suggesting an As coverage of =0.75
monolayer because of the presence of the threefold-
coordinated substrate As atom at the hollow site of the
unit cell. This atom should give as strong an Auger
signal as a surface atom. The desorption of only 0.5
monolayer of As from the surface at elevated tempera-
tures? indicates a higher mobility and recombination
probability for surface relative to substrate As atoms.

The structure of the vacancy-complex model was
optimized via tight-binding-based energy-minimiza-
tion calculations’ and the resulting surface atomic
coordinates are given in Table I. Minimal strains on
substrate layers are caused by the surface reconstruc-
tion; even the surface Ga atoms are close to their bulk
terminated positions. The largest strains are in the
surface As to Ga bonds which are stretched by 4%
from their normal bulk value. The angular distribu-
tions are nearly ideal with values of 103.1° for As and
115.7°, 114.9°, and 129.4° for Ga surface atoms,
respectively. The hollow-site As lies on a threefold

TABLE 1. The reduced atomic coordinates (a,b,c) in a
hexagonal coordinate system for the (2x 2) ideal and for the
multivacancy (2% 2) reconstructed (111) surfaces of GaAs.
Atomic coordinates are determined from the relation
r=au, + bu;+ cu;, where u; and u, are lattice vectors of
the (1x1) lattice shown in Fig. 1 and u; is the outward nor-
mal to the surface wc',ith magnitude equal to the bulk bilayer
spacing of =0.816 A.

(a,b,0) (a,b,c)
Atom Ideal (2x2) surface Reconstructed surface

As (0.667,0.333,0) Vacancy

As (1.667,1.333,0) Vacancy

As (0.667,1.333,0) (0.667,1.333,0.323)
As (1.667,0.333,0) (1.333,0.667,0.323)
Ga (0.000,0.000,—1) Vacancy

Ga (1.000,0.000,—1) (1.000,0.000,—1.014)
Ga (0.000,1.000,—1) (0.000,1.000,—1.014)
Ga (1.000,1.000,—1) (1.000,1.000,—1.014)
As (0.000,0.000,—4) (0.000,0.000,—3.648)
As (0.000,1.000,—4) (0.005,1.003,—4.029)
As (1.000,1.000,—4) (0.997,1.003,—4.029)
As (1.000,2.000,—4) (0.997,1.995,—4.029)
Ga (0.333,0.667,—5) (0.319,0.638,—4.989)
Ga (0.333,1.667,—5) (0.319,1.681,—4.989)
Ga (1.333,0.667,—5) (1.333,0.667,—4.981)
Ga (1.333,1.667,—5) (1.362,1.681,—4.989)

axis of symmetry and has angular distribution of
101.8°.

The (111)-(2x2) surface prepared by MBE is ob-
served to be stable when there are no beams of Ga
atoms or As, molecules incident upon or desorbing
from the surface.? The stability of a structural model
for this surface requires that, in equilibrium, the free
energy of the combined surface-substrate-bulk system
should be a minimum with respect to (i) atomic posi-
tions, and (ii) exchange of atoms between the surface
and the bulk. The first condition can be met by find-
ing the atomic coordinates which minimize the total
energy for a given atomic configuration. The second
condition requires a comparison of competing structur-
al models. In general, these will have different
stoichiometries since an exchange of atoms between
the surface and bulk leads to an alteration of the sur-
face chemical composition. In order for the lowest-
energy structure obtained in this way to be ‘‘correct”
its surface stoichiometry must be consistent with that
observed experimentally. Otherwise, a search for a
new structure must be made. The stability of the
vacancy-complex configuration relative to two other
plausible structures, a Ga adatom model and a simple
%-monolayer As vacancy model, both derived from it
via the exchange of surface and bulk atoms, is dis-
cussed below.

The model shown in Fig. 1 can be obtained from the
ideal surface through the addition of two As and three
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Ga atoms per (2% 2) unit cell. The energy of this sur-
face is calculated to be lower than the system consist-
ing of the ideal surface, a free As, molecule, and three
free Ga atoms in the vapor phase by 14.6 eV per
(2x2) unit cell. Starting from the ideal surface the
three Ga and two As atoms can be used to create a dif-
ferent structure: Two Ga and two As atoms per
(2x2) cell are used to create the next Ga-As bilayer
(covering % the sample surface)!? and the remaining
Ga atom is put into an adatom geometry in which it is
bonded to three surface As atoms. In this process two
Ga and two As surface atoms of the vacancy-complex
model have been, effectively, incorporated into the
bulk. With use of the total-energy calculations of Kax-
iras et all! for the Ga adatom model, the vacancy-
complex model is found to be stable by 0.3 eV with
respect to this rearrangement. The above exchange of
atoms can be taken one step further: The Ga adatom
and a surface As atom can, in principle, be removed
and incorporated into the bulk creating a (2x2)
single-vacancy model in which —",— monolayer of As
atoms are missing from the ideal surface. This struc-
ture, after allowance for atomic relaxation, is also
found to be =0.3 eV less stable than the vacancy-
complex model. These results are consistent with
those obtained from analyses of low-energy-electron-
diffraction data'?> which show that neither the simple
vacancy nor the adatom structure provide a satisfactory
description of the observed 7 -V spectra. L

Vacancy-complex formation on the GaAs (111)
surface transforms this polar surface into a nonpolar
one. It is interesting to note that on the (111) surface
such a transformation comes about from the ordering
of + monolayer of Ga vacancies.*” The nonpolarity
of the resulting (111) surface is easy to see from the
close similarity of its local-bonding configuration to
that on the (110) surface. For the (111) surface the
nonpolarity of the surface can be derived explicitly by
following a procedure introduced by Harrison!® or,
more qualitatively, by noting that the vacancy-complex
structure and the simple i—-monolayer As vacancy
structure (which is also nonpolar) are related, as noted
above, by a rearrangement of atoms in which no
Ga—Ga or As—As bonds are introduced.

The calculated surface electronic structure for the
vacancy-complex model is nonmetallic and the first
empty surface state lies =2.35 eV above the bulk
valence-band maximum. The occupied surface states
lying within 1 eV of the valence-band maximum are
shown in Fig. 3. These states are all predominantly
As-p, in character. This result is consistent with that
derived from photoemission meausrements*? which
show maximum electron emission for p-polarized
light. The band labeled 1 in Fig. 3 has a mixed As-
and Ga-p, character. Band 3 is the most strongly sur-
face localized state and is primarily (80%) As-p,
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FIG. 3. (a) The dispersion of As-derived surface states
near the bulk valence-band maximum along symmetry
directions of the surface Brillouin zone. (b) The two-
dimensional Brillouin zone.

derived with some (20%) Ga-(p,+p,) mixing. The
wave function for band 2 is localized on the As atoms
located in the hollow sites. The position of this band is
sensitive to substrate relaxation with the band moving
down by =0.25 eV when the substrate is allowed to
relax. The contribution of this band to the surface
As-derived electronic density of states is calculated to
be only about 30% of that of band 3.

The angle-resolved measurements of Bringans and
Bachrach® show several surface states. Two strong
states with energies at I' of 0.7 and 1.75 eV below the
valence-band maximum can be identified with bands 1
and 3 of the present calculation. The measured (calcu-
lated) splittings of the bands are =1.05 eV (0.98 eV)
at T and =0 eV (0.13 eV; less if band 2 is included)
at the K point of the Brillouin zone shown in Fig. 3(b).
The calculated and measured bandwidths of
=0.4-0.45 eV for each band are also in good agree-
ment. The only major discrepancy is a uniform up-
ward shift of 0.75 eV of the calculated bands with
respect to the measured ones which is probably caused
by the neglect of electrostatic effects at the surface.!*
Overall, the multivacancy model does much better in
explaining the experimental photoemission results
than the simpler single-vacancy model (with % mono-
layer of As vacancies) for which either the bandwidths
are smaller by a factor of 2 or the bands have the
wrong disperison.

The vacancy-complex model provides a microscopic
explanation for why crystals grown on the (111) sur-
face by MBE generally give poor luminescence, indica-
tive of a large defect concentration.’® For crystal
growth to proceed an As atom on a stacking-fault site
has to break at least one bond to move to a normal
site. Defects would be generated if as a result of the
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activation barrier for this process some As atoms
remain in stacking-fault positions.

In summary, the proposed multivacancy model for
the As-stabilized (111) surface of GaAs provides a
satisfactory explanation of experimental data from
mass spectrometry,? Auger,’ and photoemission mea-
surements.*3 The present work suggests, in agree-
ment with previous expectations,'? !¢ that the (2x2)
ordered (111) and (111) surfaces of 1II-V semicon-
ductors have characteristically different reconstruc-
tions. The simple vacancy model of the (111) surface
(after replacing anions with cations and vice versa) is
not suitable for the (111) surface even though, after
relaxation, it would lead to essentially the same local
atomic environments for the surface Ga and As atoms
as on the (111) surface. Ion-scattering measure-
ments'” 18 which have proven sensitive to stacking or-
der on the Si(111)-(7x7) surface'® should prove very
useful in similar tests on the (111) surface. It
remains to be seen whether the vacancy-complex
model which should be appropriate for (11 1) surfaces
prepared by MBE is also applicable to the (2% 2) struc-
ture observed recently when a simultaneous ion bom-
bardment and annealing procedure was used in prepar-
ing the surface.?
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