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Reconstruction of the GaAs (311)A surface
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We study the reconstruction of the GaAs (311)A surface with reAection high-energy electron-
diffraction (RHEED) and scanning tunneling microscopy (STM). The surface observed in situ with
RHEED during molecular-beam epitaxy is distinguished by a lateral periodicity of 3.2 nm perpendicular
to the [233] direction. This periodicity is confirmed employing in situ STM. High-resolution STM im-

ages furthermore reveal a surface reconstruction characterized by a dimerization of the surface As
atoms. We show how the reconstruction can be formed, applying a simple electron-counting model.
The excellent agreement with the experimental results further support this model, which was already
found to explain the reconstructions of the (100) and the (111)surfaces. In order to form a semiconduct-
ing surface, the three uppermost layers are involved in the reconstruction process, giving rise to a depth
modulation of 0.34 nm.

Molecular-beam epitaxy (MBE) of III-V semiconduc-
tors on different surface orientations has recently attract-
ed much interest in the quest for new growth modes as
candidates for the direct synthesis of quantum wires and
quantum dots. ' On unpatterned substrates, lateral
confinement of free carriers to dimensions below their
Fermi wavelength has so far been exploited successfully
for devices only for the case of one dimension, namely,
for quantum-well lasers. In order to extend this concept
to two or even all three spatial dimensions, different
growth techniques have been tried and proposed. Re-
cently, Notzel et al. , reported the formation of quantum
wires during the growth of GaAs/A1As superlattices on
the GaAs (311)A surface. This surface was anticipated to
spontaneously form a corrugation, with a lateral 3.2-nm
periodicity and a step height of 6 ML (1.02 nm), due to
the formation of I 331 I facets. In this Brief Report, we
present high-resolution scanning-tunneling-microscopy
(STM) images of the (311)A surface. The lateral periodi-
city of the reconstructed surface is found to be the same
as previously reported, whereas the step height is only 2
ML (0.34 nm) and, thus, substantially smaller than ex-
tracted from the high-energy electron-difFraction
(RHEED) study of Notzel et al. The reconstruction
can, in fact, be predicted by a model that has successfully
explained also the reconstructions on other GaAs surface
orientations.

The GaAs surfaces that have been studied so far by
STM are the (100) surface, the (110) surface, and the
(111)Bsurface. Only the (110) surface is nonpolar and,
with respect to the ideal, i.e., unreconstructed surface,
merely a relaxation has been found to take place on this
surface. The polar (100) and (111) surfaces, however,
undergo a substantial surface reconstruction to lower
their surface energies. The driving force for this process

has been outlined by Harrison. His work forms the basis
of most of the calculations on the different CxaAs sur-
faces, and can be expressed in a very simple model. This
electron-counting model formulates a recipe to form the
surface reconstruction and successfully describes all of
the semiconducting surface reconstructions found so far
on the (100) and the (111)surfaces of GaAs. It demands
that the surface reconstructs in such a way, that all the
As dangling bonds are filled and the Ga dangling bonds
are emptied. This notion also agrees with the results of
total-energy calculations that have been performed on the
(100) surface and the (111)surface. ' '"

Surface-energy calculations also exist for the (311)A
surface. ' In this work, an As dimerization is expected to
increase the stability of the surface significantly.

The experiments have been performed in a combined
MBE-STM chamber described elsewhere. ' After
thermal oxide desorption at a temperature of 630 C mea-
sured with a pyrometer facing the sample, the tempera-
ture is lowered to 580'C. An As4 background pressure of
3.8 X 10 Torr measured with an ion gauge close to the
sample position was used during the growth. The
RHEED pattern, measured at an electron energy of 10
keV, shows a (1 X 1) symmetry at this point. After the
growth of the first 2 nm at a growth rate of 0.1 pm/h, the
characteristic diffraction streaks along the [233] direc-
tion with a reciprocal lattice rod spacing of —„ofthe
spacing to the first-order bulk diffraction spot appear. In
general, we find that the optimum growth conditions on
this surface are very similar to those on the (100) surface.
After the growth of 20 nm, the complete set of diffraction
streaks from the specular beam to the first-order bulk
difFraction spot is observed as shown in Fig. 1. The first-
order bulk diffraction spot (a ' = S nm ') shows up from
behind the shadow edge at the 16th diffraction streak
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neling current of 65 pA, is shown in Fig. 2(b). In this im-
age we also observe a corrugation along and between the
rows shown in the large scan image of Fig. 2(a). The
higher resolution discloses a surface reconstruction, in-
volving the three uppermost layers. Between the two
rows of the first layer zigzagging along the [233] direc-
tion, we find two similar rows 1 ML (0.17 nm) below the
first, whose periodic corrugation along the [233] direc-
tion i.s phase shifted with respect to the uppermost rows
by 0.6+0. 1 nm. The trench between the rows in this
second layer opens a window to the third layer. The la-
teral distance between the rows in the second-layer mea-

FIG. 1. RHEED pattern taken along the [233] direction
with a 10-keV electron-beam energy. The position of the first-
order bulk diffraction spots is indicated by the arrows.

(marked with an arrow in Fig. 1). A lateral periodicity of
3.2 nm perpendicular to the [233] direction can thus be
deduced. The RHEED pattern differs, however, from
that previously reported in that no clear splitting along
the streaks was observed, although at incident polar an-
gles below 0.9' the intensity distribution becomes similar.
It can, therefore, not be excluded that there are
differences in the structures or the RHEED diffraction
conditions in this and the previous work. The previously
proposed model describes the corrugated surface as com-
posed of narrow (311) terraces and two sets of I 331 J

facets. In the interpretation of the RHEED pattern, it
has been assumed that the surface corrugation can be ap-
proximated by a two-level system of alternating upward
downward steps of 1.02 nm height. ' It cannot be exclud-
ed that the pronounced splitting observed in Refs. 3 and
14 might also be due to the slight miscut of the samples
used in their investigation.

The quenching of the surface reconstruction is
achieved in two steps. First the substrate temperature is
lowered to 450 C while the As source cools down to
room temperature. After the background pressure in the
MBE chamber has fallen below 2X10 ' Torr, the sub-
strate temperature is lowered to room temperature, and
the sample is transferred to the STM chamber and
mounted on the STM sample post. We point out that, , as
judged by eyes, the RHEED pattern does not change dur-
ing the quenching process nor after the STM imaging.
Thus, we assume that the surface reconstruction remains
unchanged.

Figure 2(a) shows a STM filled-state image of a
200X 200 nm area of the surface. A constant tunneling
current of 40 pA at a tip voltage of +2.94 V was used for
this image. We find rows running along the [233] direc-
tion with a lateral spacing of 3.2 nm as expected from the
RHEED pattern. Linescans reveal a ML height of
0. 17+0.02 nm. The highly anisotropic surface roughness
of 5 ML is typical for this surface. Filled- and empty-
state STM images look the same on this surface, which is
similar to the finding on the (100) surface and can be at-
tributed to the similarity of the topographic and the
density-of-state contribution to the tunneling current. '

A high-resolution 16X16 nm large STM empty-state
image, collected at a tip-voltage of —2.65 V and a tun-
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FICx. 2. STM images of the reconstructed (311)3 surface. (a)
A 200X200 nm larger filled-state image showing the 3.2-nm
periodicity perpendicular to the [233] direction. The surface
exhibits a mesoscopic scale roughness of up to 5 ML. (b} A
high-resolution empty-state image revealing the atomic struc-
ture of the reconstruction that involves the three uppermost
surface layers. The linescan in the inset reveals a height modu-
lation of the reconstruction within the same atomic layer of
0.3+0.5 nm.
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sures 1.2+0.2 nm and is larger than the distance mea-
sured between the second-layer row and the first-layer
row, which is measured to be 1.0+0. 1 nm. The inset in
Fig. 2(b) shows a linescan of the STM image along the
[011] direction. It includes the three As dimer rows of
the uppermost atomic layer as well as the step to the next
layer and one As dimer row in this layer. The linescan
reveals a height modulation within the same atomic layer
of 0.3+0.05 nm, which correspond to two atomic layers.
This is substantially smaller than the corrugation pro-
posed in Refs. 3 and 14.

With the help of the high-resolution STM images and
the electron-counting model, the surface reconstruction
can be identified. The (311)2 surface, shown in Fig. 3(a),
results by tilting the surface plane from the (100) surface
towards the (111)A surface by 25. 2 . It can thus be
viewed as a hybrid of ihe two surfaces, which manifests
itself also in the atomic structure of the ideal surface:
The surface atomic layer contains both As and Ga atoms
to the same amount. The layer of the twofold-
coordinated (100)-like As atoms is 0.043 nm above the
layer of the threefold-coordinated (111)3-like Ga atoms.
For the surface reconstruction, a (100)-like dimerization
can be constructed in accordance with the electron-
counting model as will be shown below. The unit cell of
the ideal surface is 0.4X1.35 nm large. Adjacent units
cells in the [233] direction are shifted by half a unit cell

(0.2 nm) into the [011]direction. Since there are twice as
many As dangling bonds than Ga dangling bonds per
unit area, this surface is polar. As a qualitative measure
for the surface energy and the polarity of the surface, we
calculate the dangling-bond density and the excess elec-
tron density and compare these values with other ideal
and reconstructed GaAs surfaces. The excess electron
density is given by the di6'erence of the number of elec-
trons originating from the As and the Ga dangling bonds
and the number of electron states below the Fermi ener-
gy, which is twice the number of As dangling bonds (spin
up and down). A positive value means an excess of elec-
trons, whereas a negative value corresponds to an excess
of As dangling bonds. For nonpolar surfaces like the
(110) or the (211) surface, as well as for the reconstructed
surfaces this value has to vanish according to the
electron-counting model. In Fig. 4, the dangling-bond
density and the excess electron density are plotted for the
GaAs surfaces between the (100) surface and the (111)A
surface as a function of the interplanar angle a. For the
ideal surfaces, filled circles and solid line in Fig. 4, the
dangling-bond density decreases continuously with cosa,
and the excess electron density increases linearly with cx.
Also shown are the corresponding values for the recon-
structed (100) (2X4) and the (111) (2X2) surfaces, '6 as
well as for the (311)A surface reconstruction we propose
below (filled squares). The open circles show the values
for the surface corrugation proposed by Notzel et al.
The (2X2) reconstruction of the [111] components of
the [3311 facets according to an advanced model' has
not been taken into account. The changes in the
dangling-bond density and the excess electron density due
to the reconstruction process are indicated by the arrows
in Fig. 4. The electron-counting model requires the ex-
cess electron density to be zero. Especially interesting is
that the reconstruction decreases the dangling-bond den-
sity for the (100) surface, whereas it allows an increase for
the (111)A surface. From this we conclude that the non-
polarity requirement outweighs the dangling-bond
minimization.

The reconstruction of the (311)A surface shown in Fig.
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FIG. 3. Ball-and-stick model of (a) the ideal and (b) the
reconstructed (311)A surface. (b) The (8X 1) unit ce11 is shown
as a hatched square.
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FIG. 4. Calculated (a) dangling-bond density and (b) excess
electron density of the ideal (circles and line) and recontracted
(squares) GaAs surfaces between the (1M} surface and the
(111)A surface as a function of the interplanar angle o.. The
vertical arrows indicate the changes due to the surface recon-
struction. The open circles show the values for the surface cor-
rugation proposed by Notzel et al.



14 724 BRIEF REPORTS 51

3(b) is constructed out of the ideal surface as follows:
pairs of GaAs molecules lying eight unit cells apart in the
[011] direction are added to the ideal surface, and one
GaAs molecule is released halfway in the middle. In this
way, a three-layer system as observed in the STM images
is formed. A dimerization of the As atoms in the first
and second layers results in a structure that is nonpolar
according to the electron-counting model: within the
newly formed (8 X 1) unit cell we find six As dimers each
having two dangling bonds, all together containing six
empty states. Six additional empty states are located on
the eight threefold-coordinated As dangling bonds each
filled with —,

' electrons. These 12 empty states are exactly
filled by releasing the electrons of the 16 Ga dangling
bonds. The high-resolution STM image confirms this
surface structure. The zigzagging of the dimer rows
along the [233] direction, the phase shift of the corruga-
tion along this direction between the first-layer and the
second-layer dimer rows, as well as the lateral separation
of the dimer rows, proves excellent agreement with the
STM image. The observed As dimerization on the
GaAs(311) A surface also confirms the prediction by
Chadi. ' In his calculation of the surface energy, the As
dimerization was expected to reduce the surface energy
very close to that of the (110) surface.

The surface corrugation according to the original mod-
el proposed by Notzel et al. is energetically not favored
by the electron-counting model, as shown in Fig. 4. Al-
though the dangling-bond density is decreased almost to
the value of the surface reconstruction proposed in this
work, the excess electron density is decreased only by
15%%uo compared to the ideal (311) surface and does not
vanish as required by the electron-counting model. The
anisotropy in the optical response and the dc transport
reported in Ref. 3 might also be due to the anisotropic

surface roughness on the mesoscopic scale evidenced in
the large-scale STM images [see Fig. 2(a)]. This surface
roughness is likely to be present also at the GaAs/A1As
interface, thus, giving rise to an anisotropy in the exciton
confinement and the interface roughness scattering. A
redshift of the photoluminescence due to a 3.2-nm
periodic corrugation of the quantum wells is not expected
according to Ref. 17 and may also be attributed to the
mesoscopic scale surface roughness.

In conclusion, we have investigated the (311)A surface
of GaAs with STM and RHEED. The experimentally
observed surface reconstruction can be explained by a
model, that has successfully described also the surface
reconstructions on the (100) and the (111) surfaces. The
excellent agreement between the model, the high-
resolution STM images„and the RHEED measurements
confirms this notion. From our experimental finding, we
expect the the electron-counting model can be general-
ized also other GaAs surface orientations. The recon-
struction via As dimerization involves three atomic sur-
face layers resulting in a vertical corrugation of only 0.34
nm in contrast to the previously proposed 1.02 nm. The
reported anisotropy in the optical resonance and the dc
transport as well as the exciton confinement that was
linked to the formation of quantum wires may also be
explained by the anisotropic surface roughness on the
mesoscopic scale observed by STM in this work.
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