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GaAs(001) Surface under Conditions of Low As Pressure: Evidence for a Novel Surface
Geometry

Sung-Hoon Lee,1 Wolfgang Moritz,2 and Matthias Scheffler1

1Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
2Institut für Kristallographie und Angewandte Mineralogie, Universität München, Theresienstrasse 41, D-80333 München, Germany

(Received 19 April 2000)

Using density-functional theory we identify a new low-energy structure for GaAs(001) in an As-poor
environment. The discovered geometry is qualitatively different from the usual surface-dimer based
reconstructions of III-V semiconductor (001) surfaces. The stability of the new structure, which has
a c�8 3 2� periodicity, is explained in terms of bond saturation and favorable electrostatic interactions
between surface atoms. Simulated scanning tunneling microscopy images are in good agreement with
experimental data, and a low-energy electron diffraction analysis supports the theoretical prediction.

PACS numbers: 68.35.Bs, 61.14.Hg, 68.35.Md, 73.20.At
III-V semiconductors play an increasing role in micro-
electronics, such as light-emitting diodes and high fre-
quency, low noise devices for mobile phones, and are
important candidates for the development of devices in the
emerging field of spin electronics. The knowledge of the
surface atomic structure is a prerequisite to achieve under-
standing and controlling of the surface or interface elec-
tronic properties. As we will show below, however, up to
date analyses of surface structures of III-V semiconductors
are hindered by some prejudice on the type of structures
considered. For an example of the GaAs(001) surface, we
show the existence of a new type of surface reconstruction.

The bulk-truncated (001) surface of zinc-blende III-V
semiconductors (e.g., GaAs) has two dangling orbitals for
each surface atom and therefore is energetically unfavor-
able. As a consequence, the surface exchanges atoms
with the environmental gas phase, altering the surface
stoichiometry, and the surface atoms displace to assume
a more favorable bonding geometry [1]. The resulting
surface structure depends on the environment, i.e., the As
partial pressure and temperature. As-rich conditions have
attracted much attention in recent years, and several dis-
tinct geometries are known to exist. The so-called b2
structure, which has a �2 3 4� periodicity, has been safely
identified [2]: This is the most important surface under
As-rich conditions; its unit cell is built from two As dimers
followed by two missing dimers [cf. the b2�4 3 2� struc-
ture in the middle column of Fig. 1, but exchange Ga and
As atoms]. Recently, conditions with low As partial pres-
sure became important, because the resulting surface sto-
ichiometry is Ga rich and preferable for the deposition of
iron and cobalt [3], which can play a role in the nanotech-
nology of magnetic materials and spin electronics [4].

Most of the known atomic geometries of the III-V (001)
surfaces are characterized by the formation of surface
dimers. These reconstructions, realized by only a small
change of bond angles of surface atoms, are energetically
favorable because they reduce the number of dangling
orbitals [1,5]. Two known exceptions to this “rule” are the
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mixed-dimer structure for InP(001) [6,7] and the tetramer
structure for GaN(001) [8], but also for these systems the
reconstruction is achieved by simply changing bond angles
of surface atoms (though for the former system a top-layer
P atom is replaced by an In atom). In this Letter, we show
that the c�8 3 2� reconstruction of GaAs(001), observed
for As-poor conditions, involves a qualitatively different
mechanism to stabilize the surface. This mechanism has
not been considered before and is likely to occur at other
III-V (001) surfaces as well.

Up to now the c�8 3 2� surface is believed to con-
sist of b2�4 3 2� subunits (see Fig. 1, middle column).
There are Ga-dimer hills and trenches of 4 missing Ga
and 2 missing As atoms per �4 3 2� cell. At the bot-
tom of the trenches the Ga atoms are also dimerized. The
c�8 3 2� surface has been studied by density-functional
theory (DFT) [9] and by scanning tunneling microscopy
(STM) [10,11]. All these studies support the b2-based
model, which is also plausible in view of the knowledge

FIG. 1. Top views (upper row) and side views (lower row) of
the b, b2, and z structures of Ga-rich �4 3 2� surface geome-
tries of the (001) surfaces of III-V semiconductors. The top
views display two �4 3 2� cells. The c�8 3 2� surface is ob-
tained by repeating the shown cell in the x direction ��110��, but
shifted by ay�2 in the y direction ��110��. Solid spheres denote
Ga atoms and open spheres As atoms. The sphere sizes re-
flect the distance from the surface. Dimer bonds are marked by
thicker lines.
© 2000 The American Physical Society



VOLUME 85, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 30 OCTOBER 2000
about As-rich surfaces. Nevertheless, to our estimation
the structure identification of the c�8 3 2� surface is not
fully convincing: The interpretation of the STM images is
not irrefutable, neither for the filled-states [12,13] nor for
the empty-states images [14], and moreover the reliability
factor of a low-energy electron diffraction (LEED) analysis
was 1

2 �RP 1 RDE� � 0.58 [15], which we do not consider
decisive.

The c�8 3 2� surface of GaAs(001) is built from �4 3

2� units, but the energy gain due to the period doubling
is minor [e.g., for the b2 structure it is less than 0.01 eV
per �4 3 2� cell]. Therefore we performed DFT calcula-
tions for various structural models of GaAs(001) with a
�4 3 2� periodicity. The results identify a novel surface
geometry as the lowest-energy structure. The new surface
structure has two Ga dimers in the second layer, which
are covered by a nearly planar atomic layer consisting of
sp2-bonded Ga atoms, sp3-bonded As atoms, and a Ga
dimer (see Fig. 1, right column). The DFT calculations
show that this z �4 3 2� surface structure is energetically
more favorable than all previously proposed models. Its
stability is found to be actuated by the electron counting
rule [16,17] (ECR), i.e., the filling of all As dangling or-
bitals and emptying of all Ga dangling orbitals, and a fa-
vorable electrostatic (Ewald) interaction between surface
atoms. Simulated STM images and a LEED analysis sup-
port this new structure identification.

Our DFT calculations [18] employed the generalized
gradient approximation [19] and norm-conserving pseu-
dopotentials [20,21]. The surface is modeled by a periodic
slab geometry. Each slab contains 7 or 8 atomic layers
and the bottom As layer is passivated by pseudohydro-
gen atoms [22]. The thickness of the vacuum region is
�9 Å. The electronic wave functions are expanded in a
plane-wave basis set with a cutoff energy of 10 Ry. The
k-space integration is performed with a mesh correspond-
ing to 64 k points in the �1 3 1� surface Brillouin zone.
In the course of structure optimization, we allow all the
atoms to relax except for the bottom As layer. All above
technical parameters were carefully tested to ensure that
the numerical accuracy of the below discussed energy dif-
ferences is better than 0.1 eV per �4 3 2� cell.

The top surface layer of the z �4 3 2� structure contains
6 Ga and 8 As atoms per surface unit cell (cf. Fig. 1).
Nevertheless, this structure represents a Ga-rich surface
termination. Interestingly, from the 8 subsurface Ga atoms,
4 engage into dimers. And from the 14 Ga and As atoms in
the top surface layer only two Ga atoms are found to dimer-
ize. The formation of the new geometry can be understood
by starting from the b structure (see Fig. 1, left column)
that has three Ga dimers and one missing Ga dimer. The
z �4 3 2� structure results when the center Ga dimer of the
b structure, together with its four second-layer As atoms,
is shifted by ay�4 along the y direction. This translation
forces the side Ga dimers to split into sp2 planar bonding
Ga atoms, and also the Ga atoms in the second Ga layer,
which are bonded to the moved surface As atoms, now
attain a threefold coordination. As a consequence these
second-layer Ga atoms form dimers, breaking the bonds
with the surface As atoms. The As atoms then move up
directing the broken bonds toward the vacuum region, and
the center Ga dimer moves down for the As atoms to as-
sume a nearly tetrahedral bonding geometry. This z struc-
ture exhibits 8 As and 4 Ga dangling orbitals (i.e., the pz

states of the sp2-bonded Ga atoms) on the top surface
layer, and there are 6 Ga dangling orbitals beneath the sur-
face. Thus, from the vacuum side the surface looks as if it
were As rich. But in contrast to true As-rich conditions the
As surface atoms do not dimerize, which gives the surface
a significantly different electronic structure and chemi-
cal activity. Counting the coordination, dangling orbitals,
and the number of valence electrons (five for each As and
three for each Ga atom) yields that in the z structure all
As dangling orbitals are filled and all Ga dangling orbitals
are empty. Thus, the ECR is fulfilled and it is understood
that the surface is semiconducting. We also note that per
�4 3 2� cell the z structure contains two GaAs pairs more
than the b2 structure, which is the so far believed surface
termination.

Our DFT calculations show that the z reconstruction has
3.3 meV�Å2 lower energy than the b2 structure. Thus, per
�4 3 2� cell (A � 134 Å2) the energy difference (DE �
0.44 eV) is significant. In Fig. 2 the calculated surface en-
ergies show that the z �4 3 2� structure is indeed the stable
phase in a rather wide range of the As chemical potential
at the Ga-rich side. Two points are worth noting. First,
the diagram reproduces previous DFT results [9,23], and
it shows a new feature: The a2�2 3 4� structural model
suggested for the InAs�001� surface [24] is more stable
than the b2�4 3 2� model in the whole allowed range of
the As chemical potential, which provides additional evi-
dence against the b2�4 3 2� structure of being a stable
phase. Second, the �2 3 4� counterpart of the z �4 3 2�

FIG. 2. Surface energies for GaAs(001) surface terminations
as a function of the As chemical potential. The thermodynami-
cally allowed range is between 20.58 eV (Ga-rich) and 0.0 eV
(As-rich). For figures of the geometries, we refer to Ref. [9],
except for the d and a2 structural models that were suggested
in Refs. [12] and [24], respectively.
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structure is energetically very unfavorable compared to its
surface-dimerized version, the b�2 3 4� geometry. This
is understood from that in the z �2 3 4� structure the dan-
gling orbitals of the second-layer As dimers have to be
filled: The resulting bonds between the As dimers and the
first-layer Ga atoms impose strong strain on the bonding
geometry (see also below).

The ECR holds for all three structures: b, b2, and z .
The high stability of the latter can be traced back to a more
favorable electrostatic interaction between surface atoms.
Because all Ga dangling orbitals are empty and As dan-
gling orbitals are full, the electrostatic interaction between
Ga and As atoms at the surface is different from that in
the bulk. To estimate the significance of the electrostatic
interaction, we calculated the Madelung energy for the pe-
riodic array of atomic charges at the surface (the charge
of Ga atoms in dimers is set 11�2, and that of all other
atoms is set 63�4), divided by the static dielectric constant
of GaAs, following an earlier approach of Northrup and
Froyen [9]. The calculated Madelung energies are 20.17,
20.67, and 21.57 eV per �4 3 2� cell for the b, b2, and
z models, respectively. Thus, electrostatically the z geom-
etry is clearly favored. (On the other hand, the z �2 3 4�
structure has a Madelung energy of only 20.27 eV, which
partly explains its contrasting stability.)

We now discuss the experimental support for the z struc-
ture. For this purpose, we calculated constant-current STM
images for various bias voltages using the Tersoff-Hamann
approach [25] (see Fig. 3). The low-bias filled-state im-
age (Vb � 20.4 V) shows bright double rows running
in the y direction ([110]) and gray protrusions in be-
tween. The bright row consists of individual features

FIG. 3. Simulated STM images of the c�8 3 2� z structure of
GaAs(001) for different bias voltages, Vb , which are given with
respect to the valence band maximum, EVB. The images map the
height of constant electron density [n��r� � 5 3 1026 bohr23]
for the electron density integrated over an energy range between
EVB and EVB 1 eVb . The constant density surface is at 3–4 Å
above the atomic surface and has a height corrugation of �1.5 Å.
Full dots mark positions of Ga atoms and open dots mark
As atoms.
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spaced almost equally by ay�2 in the y direction. The
gray protrusions, bound together by four of them, ex-
hibit a c�8 3 2� symmetry. All these features are in good
agreement with the high-resolution STM images of Xue
et al. [11] and Skala et al. [12]. It has to be noted that
the topmost As atoms underlie the gray protrusions and
the edge ones the bright rows, while the former is 0.7 Å
higher than the latter. This is because the dangling or-
bitals of the former have higher binding energies than
those of the latter. As a consequence, at higher bias volt-
ages the contrast between the bright and gray sites reduces
and eventually reverses (Vb � 21.5 V). Interestingly, the
early STM study of Biegelsen et al. [10] showed bright
double rows exhibiting a c�8 3 2� symmetry, which is
consistent with the simulated high-bias image. In other
words, the z structure accounts well for all the existing
filled-state STM images and resolves the discrepancies be-
tween them due to different bias voltages, or different
Fermi-level pinning. It also provides a good explanation
for the empty-state STM image [14], in which two bright
rows running in the y direction are separated by �ax�2
and each of the rows consists of protrusions spaced by
ay . The simulated empty-state image (Vb � 11.5 V) in-
dicates that the two bright rows come from the empty pz

states of the sp2-bonded Ga atoms, and that the observed
ay spacing of protrusions in a row is due to a small differ-
ence in the pz energy level between the two inequivalent
sp2-bonded Ga atoms (cf. Vb � 11.8 V).

We further tested the correctness of the z structure by
performing a LEED analysis. An extensive data set of
the c�8 3 2� reconstruction has been published previously
[15], in which a best fit [ 1

2 �RP 1 RDE� � 0.50] was ob-
tained for the b model. The present LEED calculations
were performed using the layer doubling method and a
least-squares optimization scheme [26,27]. Up to 12 phase
shifts were included depending on the energy. The non-
structural parameters were a constant optical potential of
4.5 eV and an energy dependent real part of the inner po-
tential with V0 � 2.8 2 66.0�

p
E 1 10.0 eV, where E is

in eV referring to the muffin tin zero. The parameters for
the energy dependency of the inner potential have been
fitted to the data. Isotropic thermal vibrations were used
for all layers where the temperature factors of the 8 top-
most atoms have been optimized while for deeper atoms
Debye temperatures of 275 K for Ga and 285 K for As,
derived from x-ray measurements [28], were used. Re-
finement with anisotropic vibrations has not been tried in
this analysis. There are in total 16 symmetrically indepen-
dent atoms in four layers which have been set free in the
refinement. This leads to 30 free positional parameters and
together with 8 temperature factors and the parameters for
the inner potential to a total of 40 free parameters. The
data set of Ref. [15] consists of 18 symmetrically inde-
pendent beams with a total energy range of 2020 eV. In a
first step the structure from the DFT calculation was used,
and the inner potential, real and imaginary parts, were
optimized. Then, the temperature factors in the top layer
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FIG. 4. Comparison between experimental (solid line) and cal-
culated (dashed line) LEED curves for the c�8 3 2� z struc-
ture of GaAs(001). The overall R factors are RP � 0.39 and
RDE � 0.38.

(top 8 atoms) were optimized. The further refinement pro-
ceeded in steps, in which z positions, lateral positions, and
temperature factors were optimized separately, and in a fi-
nal step all parameters were set free. The final R-factor
is RP � 0.39 and RDE � 0.38 (see Fig. 4) which is a sig-
nificantly better value than that of the previously favored
structural model. The I�V � curves show practically all
peaks in the right positions. Our LEED analysis yields
atomic positions which differ mostly by less than 0.05 Å
from those determined by the DFT calculation. The re-
maining misfit may be attributed to surface defects: The
surface, prepared by Ar ion bombardment and annealing,
as used in the LEED experiment, exhibits a nearly regular
arrangement of surface defects [29].

In conclusion, we have shown that the GaAs�001�-c�8 3

2� surface is reconstructed with the z �4 3 2� structural
unit. The structure and detailed geometry was found by
DFT calculations. The theoretical results were used for
simulations of STM images and for a LEED analysis, both
of which are compared well with experimental data. We
note that this new type of reconstruction has consequences
for electronic structures, surface diffusion, and growth pro-
cesses, and also opens the way to structural models for a
number of presently unknown and important semiconduc-
tor surface reconstructions.
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