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Reconstructions of GaAs(111) Surfaces Observed by Scanning Tunneling Microscopy
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Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo AltoC, alifornia 94304

(Received 26 March 1990)

We present scanning tunneling microscopy images of the As-rich (2x2) and the Ga-rich (J19x419)
reconstructions of the GaAs(111) surface produced in situ by molecular-beam epitaxy. From the exper-
imental results and total-energy calculations we show that the (2&& 2) surface consists of As adatom tri-
mers bonded to the underlying surface. The (Jl9&& 419) unit cell is dominated by a two-layer hexago-
nal ring.

PACS numbers: 68.35.Bs, 61.16.Di, 73.20.—r

The main driving force for reconstruction in

diamond-structured elemental semiconductors is the
minimization of the number of dangling bonds with their
energy near midgap. In III-V semiconductors the ener-

gy of a dangling bond on the column V (III) element is
pulled from midgap to the valence- (conduction-) band
edge (see, for example, Refs. 1 and 2). The surface en-
ergy is therefore minimized by filling group-V and emp-
tying group-III dangling bonds. Certain surface compo-
sitions of GaAs, to be specific, allow this autocompensa-
tion to be complete resulting in a locally neutral, semi-
conducting surface. In fact, all of the GaAs surfaces for
which structures are well accepted are consistent with
this notion (see Refs. 3-5 for examples). For the
GaAs(111) surface a (2x2) structure is found during
and after molecular-beam epitaxy (MBE) growth under
As-rich conditions, and subsequent annealing of this
surface in UHV results in a transition to a (J19x419)-
R23.4' reconstruction. ' The latter surface, with an
odd number of atoms per unit cell, cannot be fully auto-
compensated. In this Letter we present the first reported
scanning tunneling microscopy (STM) results for the
GaAs(111) reconstructions. We show that the (2&&2)

reconstruction again satisfies the autocompensation an-
satz; however, for the (419x 419) surface a dift'erent be-
havior is evident, namely, the presence of twofold-
coordinated Ga atoms and the occupation of Ga-derived
surface states. The existence of this structure implies an
alternative mechanism for energy minimization.

The experimental system has been described else-
where. Samples of n-type GaAs (Si doped, 3&&10'

cm ) with surfaces parallel to (111) within 0.5' were
prepared in the same way as described previously for
GaAs(100). After insertion into UHV, samples were
prebaked for several hours at 500 C. After oxide sub-
limation at 640 C, a homoepitaxial layer 300 nm thick
was grown by MBE. Samples were cooled to room tem-
perature in the As4 ambient and then, except where
specifically stated, heated to 300'C for 2 min in UHV to
sublime any excess As accumulated on the surfaces.

The as-grown samples showed sharp (2 x 2) low-

energy electron-diffraction (LEED) patterns. STM was
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FIG. 1. GaAs(111) (2 x 2) reconstruction. (a) STM
empty-state image, 11 nm&&20 nm (V, =+1.8 V, Ir =100 pA);
(b) filled-state image (V, = —1.8 V, lr =100 pA) with surface
stacking faults observable; (c) 2x enlargement of (b) to show
triangular adatom structure and rest atom feature; (d) As tri-
mer model: large open circles denote adsorbed As trimer
atoms, small open circles denote first-layer As atoms, and small
closed circles denote second-layer Ga atoms.

performed at room temperature; all images presented
here are raw data. Figure 1(a) is a typical constant-
current STM empty-state image (sample bias V, =+1.8
V and tunneling current IT=100 pA), reflecting the
(2 x 2) symmetry. Spacing between peaks is 8 A, in
agreement with the unit-cell dimension. Both filled- and
empty-state images had peaks at the same positions.
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The same topographic topology, namely, an isolated ada-
tom structure, surrounded by a connected lower layer
can therefore be inferred. Vacancy models ' for the
reconstruction are thus immediately ruled out. Figure
1(b) is a filled-state image with V, = —1.8 V. Although
tip artifacts cannot be ruled out, the adatom structure
looks consistently triangular in the highest corrugation
filled-state images and a satellite spot is observed lying
between the triangles [see enlarged area in Fig. 1(c)].
Frequently, surface stacking faults were seen to occur
over short lengths as can be seen in Fig. 1(b). With
respect to the underlying layers the local structure
around the adatoms is equivalent in the faulted and un-

faulted regions. The same structure was found even
when excess As, observed as a distribution of small local-

ized clusters, was allowed to remain.
Grown surfaces were isochronally annealed and

tracked with LEED, x-ray photoemission spectroscopy
(XPS), and STM. The intensity ratio p of the (As
2p)/(Ga 2p) core levels (the most surface sensitive avail-
able with Al Ka radiation) decreased by less tHan 5%
from room temperature to 450'C. The (2X2) symme-

try converted to the (J19X419) after annealing at
500'C for —10 min. At the transition, p decreased by
-45%. The sharpness of this transition in the As con-
centration indicates that there is only a single form of
(2 & 2) reconstruction present before conversion takes
place to the (419&~19) structure. A large-area scan of
the resulting (~19X419) surface is shown in Fig. 2(a).
The image, which is 120-nm square, is typical of the sur-
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FIG. 2. GaAs(111) (~19X419) reconstruction. (a) Filled-state image (V, = —1.8 V, Ir =100 pA) 120-nm-square scan; (b)
4.9-nm-square scan; (c) same as (b) with overlay of threefold As atoms from unrelaxed model; (d) detailed model: large open circles
denote top As atoms, medium closed circles denote second-layer Ga atoms, and small open circles denote third-layer threefold-
coordinated As atoms.
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face. Brighter regions are terraces 3.3 A higher (a bi-

layer step) than the equivalent lower terrace. The ob-
servable disorder also leads to significant broadening of
the LEED spots. In Fig. 2(b) we show a higher magni-
fication image. (The predominantly hexagonal units are
found as raised features also in the empty states; howev-

er, in that case the center of the hexagon is filled in. )
We can also make out atomic structure —3 A below the
hexagons. A simple, unrelaxed model for the surface is

overlaid on the image in Fig. 2(c) and will be described
in more detail below. Tunneling became unstable for ap-
plied bias voltages in the range —0.3 & V, & +0.3 V,
consistent with a small surface gap or metallic surface.
The equivalent range for (2X2) was —1.7 & V, & +1.7
V. It should be noted that inequivalent domains can be
generated (+ 23.4' rotation of the cell translation vec-
tors). Disorder from the coexistence of these structures
and substructures is evident here. Higher-temperature
anneals led to slightly greater order before Ga droplet
formation sets in.

The STM results for the MBE grown surface show a
2X 2 array of adatoms or adatom clusters. Although the
triangular aspect of the adatom units in the filled-state
images is quite suggestive, experimental resolution is not
adequate to determine structure internal to the adatom
species unambiguously. We should therefore consider
that models consisting of a single As (or Ga) adatom or
a triplet of As (or Ga) atoms are consistent with the
images. To decide between various possibilities, calcula-
tions of the atomic structure and relative surface ener-
gies of these four models and an As vacancy model were
performed. The local-density approximation and first-
principles pseudopotential method were employed in

these calculations as in previous work. ' In each case
the adatom or adatom clusters were placed in the T4 site,
in which the adatom unit has a Ga neighbor two planes
below. Forces were calculated to obtain the coordinates
which minimize the total energies. The surface forma-
tion energies 0 =E—TS no,pG, —ng, p—p„depend on

the chemical potentials of the As and Ga atoms and a
meaningful comparison of formation energies necessi-
tates a calculation of the bulk energies of As, Ga, and
GaAs to place appropriate limits on the allowed range of
chemical potentials. ' "The assumption that the MBE
grown surface is in equilibrium with bulk GaAs, and that

pp, & p~, (bU[k) and pG, & pG, (b„~k) leads to the following
constraints: p Ga+ p As p GaAs(bulk) and Apb —~H & ~p
& hpy+dH. Here hpb =pG (bulk) pAs(bulk), ~H is the

heat of formation of GaAs from Ga and As, and hp
=poa pAs.

The surface energies, relative to the As vacancy struc-
ture, are shown in Fig. 3 as a function of Ap over its al-
lowed range, which is 26H. Several conclusions can be
obtained from these results. First, the As adatom struc-
ture, the Ga trimer structure, and the As vacancy struc-
ture are thermodynamically unstable over the entire
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FIG. 3. Surface formation energies relative to the As vacan-

cy model for four GaAs(111) (2X2) models. The dashed line

has the correct slope (Ref. 12) for the (~19&419) model but
the height is undetermined.

range of allowed Ap. In the As-rich limit the As trimer
[Fig. 1(d)l is stable, but it becomes unstable with
respect to the Ga adatom model in the Ga-rich regime.
These results together with the assumption that MBE
growth of GaAs occurs in the As-rich regime imply that
the observed (2X2) structure is an As trimer. Addition-
al total-energy calculations predict that the As trimer is
slightly more stable [by (0.06 eV)/(2X2 cell)] in the T4
position that in the hollow site (Hi) position. The As-As
bond length in the trimer is 2.44 A. This bond length is
actually shorter than that found in bulk As, thus the in-
tratrimer bonding is quite strong. The As atoms in the
trimer are each bonded to one As atom in the first layer
(bond length =2.42 A), and the plane of the trimer is
2.28 A above the plane defined by these three atoms.
The remaining first-layer As atom in the unit cell (the
rest atom) is 1.89 A below the plane of the trimer. In
the adatom models, the As adatom plane is 1.12 A above
the As rest atoms, and the corresponding distance for the
Ga adatom model is 0.98 A. In the Ga trimer model, the
Ga trimer plane is 1.90 A above the As rest atom.

Both the triangular adatorn structure and the satellite
feature are consistent with the trimer model [cf. Figs.
1(c) and 1(d)]. We can also use the experimental tip-
height variations in conjunction with the calculated
atomic positions to discriminate between the models.
The measured corrugation was found to be 1.3+ 0. 1 A
(at V, = —1.8 V) by averaging many traces passing di-
agonally through unit cells. 1.3 A is larger than one
would estimate for the simple adatom model. Moreover,
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in the case of nonflat surfaces, tip-height displacements
are a lower bound on the actual topographic corrugation
because the tip does not track to the bottom of a hole
with radius of curvature smaller than the tip. The de-
gree of this underestimation can be inferred from the
(J19X419) images and we find a correction of -60%.
The (2X2) electronic corrugation would then be 2.2 A,
in close agreement with the 1.9 A of the trimer topogra-
phy and significantly larger than the 1.1 A of the adatom
model. In summary, we believe that the shape of the
images in Fig. 1(c), the corrugation measurements, and
the theory, each favors the As trimer structure. Further-
more, our XPS results imply that only this one (2X2)
structure is stable as Ap is varied from the point where
excess As is found on the surface until the surface con-
verts to (419x 419).

When the (2X2) is annealed under UHV conditions, a
stoichiometrically abrupt structural transition to a
(J19X419) structure occurs. On the basis of the STM
images [cf. Fig. 2(c)] we propose the model shown in

Fig. 2(d). In this model the primary structural unit con-
sists of six As atoms in the top layer and twelve Ga
atoms in the second layer. We refer to this as a hexago-
nal ring. However, the rotational symmetry is strictly
threefold, so the six As atoms in the top layer occupy two
inequivalent sites relative to the underlying layer as do
the six twofold Ga atoms at the vertices. We therefore
expect some inequivalent relaxation of these atoms. The
third layer consists entirely of As atoms, twelve of these
As are fourfold coordinated, bonded to four Ga atoms,
and seven are threefold coordinated, bonded to three Ga
atoms. The unit cell is too large for us currently to per-
form total-energy calculations as above. However, ac-
cording to the experimental results, the (419X v 19) is

the most stable structure in the Ga-rich regime, and a
transition from the (2 x 2) As trimer to the (419x 419)
structure occurs as the surface is depleted of As. We in-

dicate this by the dashed line in Fig. 3. ' According to
the models, this transition requires the desorption of 1.07
monolayers of As and migration of 0.37 monolayer of
GaAs to steps. This is in reasonable consistency with es-
timates by Arthur given the difficulties in making abso-
lute measurements. It is also compatible with the ter-
raced structure seen in the large-area scan, Fig. 2(a).
The surface, under the constraint of high pg, —pp„

lowers its energy by introducing relaxed twofold Ga
atoms thereby also allowing the hexagon As atoms to ap-
proach their ideal p configurations. We note that an
array of identical hexagons packed in a 2X2 config-
uration by merging twofold Ga atoms into single-
bridging Ga atoms would result in Chadi s alternating
vacancy structure, but experiment shows that separa-
tion of the hexagons results in an energy lowering prob-
ably by freeing the otherwise frustrated relaxation of the
capping As atoms. This energy reduction comes at the
expense of occupying Ga-derived states, thus violating
the autocompensation ansatz.

In summary, we have presented STM images and
first-principles total-energy calculations which determine
the atomic structures of the GaAs(111) (2X2) and

(~19X419) reconstructed surfaces. We conclude that
the (2X2) consists of one adsorbed As trimer (T4 site)
per cell, and the (419x 419) is a complex structure
featuring a strongly relaxed As-capped hexagonal ring.

We would like to acknowledge useful conversations
with D. J. Chadi during the course of this work.

'D.J. Chadi, Phys. Rev. Lett. 41, 1062 (1978).
zW. A. Harrison, J. Vac. Sci. Technol. 16, 1492 (1979).
S. Y. Tong, G. Xu, and W. N. Mei, Phys. Rev. Lett. 52,

1693 (1984).
4M. D. Pashley, K. W. Haberern, W. Friday, J. M. Woodall,

and P. D. Kirchner, Phys. Rev. Lett. 60, 2176 (1988).
~D. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L.-E.

Swartz, Phys. Rev. B 41, 5701 (1990).
6A. Y. Cho, J. Appl. Phys. 41, 2780 (1970).
7J. R. Arthur, Surf. Sci. 43, 449 (1974); (private communi-

cation).
sD. J. Chadi, Phys. Rev. Lett. 57, 102 (1986).
E. Kaxiras, Y. Bar-Yam, J. D. Joannopoulos, and K. C.

Pandey, Phys. Rev. B 35, 9625 (l987). (These authors also
found the As trimer to be lowest in energy under As-rich con-
ditions but ruled it out due to assumed kinetic constraints. )

'oJ. E. Northrup, Phys. Rev. Lett. 62, 2487 (1989).
''Guo-Xin Qian, R. M. Martin, and D. J. Chadi, Phys. Rev.

B 38, 7649 (1988).
' Note that ri =E—TS —

—,
' (no, +nAg)pogAs(baulk) 2 (noa

—nA, )hp Thus, t.he surface energies of structures with the
same ng. —nA, have the same dependence on hp.

455






