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Microscopic structure of GaSb„001… c„236… surfaces prepared by Sb decapping
of MBE-grown samples
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In this study we report on the microscopic structure of GaSb~001! c(236) surfaces prepared by Sb decap-
ping. Molecular beam epitaxy grown GaSb~001! layers capped with a protective Sb layer were transferred
through the atmosphere into an UHV-analysis system and investigated by scanning tunneling microscopy
~STM! and low energy electron diffraction~LEED!. After thermal desorption of the capping layer clear
c(236) LEED patterns were observed. STM images show flat surface areas with a rowlike, somewhat
disordered structure. High-resolution images resolve individual Sb dimers on the surface. The surface is
covered by an incomplete layer of dimerized Sb, adsorbed on a complete second layer of Sb, which is also
dimerized in that regions not covered by the fractional Sb top layer.@S0163-1829~97!00503-1#
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I. INTRODUCTION

Despite the technological relevance of III-V~001! sur-
faces, their structural and electronic properties are not w
understood yet. Most of the basic research effort has con
trated on GaAs~001! surfaces so far. There are a number
experimental and theoretical studies that have been
formed to determine the interplay between stochiome
structure, and electronic properties.1–6 Other III-V~001! sur-
faces are rather believed than known to reveal similar pr
erties as found for the GaAs~001! model case.

One reason for the comparably few investigations of
V~001! surfaces has to do with reproducible preparation
well ordered surfaces, since preparation by sputter/annea
leads to nonideal surfaces. Ideal surfaces can be investig
on in situ molecular beam epitaxy~MBE! grown epilayers,
which, however, requires a combination of MBE and surfa
analysis equipment in the same ultrahigh vacuum~UHV!
apparatus. Another solution of the preparation problem is
capping of MBE-grown layers by a protective adlayer f
transfer through atmospheric surrounding to a sepa
UHV-analysis chamber, where finally a clean surface is
stored by thermal desorption of the cap. This so-called
capping technique has successfully been used to s
GaAs~100! surfaces.7 Also for GaSb~001! it has been dem-
onstrated that a Sb-capping layer is able to protect the
face against contamination during ambient storage: Au
electron spectroscopy and low energy electron diffract
~LEED! experiments have shown that clean,c(236) recon-
structed GaSb~001! surfaces can be prepared by the S
decapping technique.8 More recently, thec(236) recon-
struction prepared by decapping was studied by mean
reflectance anisotropy spectroscopy to access op
anisotropies related to surface dimers. However, in cont
to studies on GaAs~001! surfaces only weak surface aniso
ropy contributions were found.9

In this work we present a study of the microscopic surfa
550163-1829/97/55~23!/15401~4!/$10.00
ll
n-
f
r-
,

-

-
f
ng
ted

e

e

te
-
e-
dy

r-
er
n

-

of
al
st

e

structure of GaSb~001! c(236) surfaces prepared by Sb d
capping. Atomically resolved scanning tunneling microsco
~STM! images show a structure built up by a fractional lay
of dimerized Sb atoms adsorbed on a complete second
layer. This structure is similar to the As-terminate
c(434) surface of GaAs~001!, but less well ordered and
both the outermost Sb layers are partly dimerized yielding
dimers along both the@110# and @11̄0# direction.

II. EXPERIMENT

GaSb layers (p-doped, 331016 cm23) were prepared by
MBE growth on GaAs~001! substrates after initial depositio
of an AlSb nucleation layer. After growth an additional S
passivation layer was deposited on top of the GaSb.9 The
MBE grown Sb caps were investigatedex situ by Raman
spectroscopy. After intermediate storage under nitrogen
mosphere, the samples were inserted into an UHV cham
equipped with STM and LEED facilities. Clean surfac
were prepared by thermal desorption of the Sb cap. LE
patterns of the decapped GaSb~001! surfaces were recorde
using a four-grid reverse-view LEED optic equipped with
digital video camera. The STM images were taken in a c
stant current mode. The bias values refer to the sample v
age with respect to the tip held at virtual ground. All me
surements were performed at a base pressure be
1310210 mbar.

III. RESULTS AND DISCUSSION

Surface preparation was performed by stepwise annea
of the samples up to at least 450 °C. For each annealing
changes in the LEED patterns were monitored after coo
to room temperature. At approximately 350 °C the deso
tion of most of the Sb-cap layer is indicated by a increase
pressure up to 531028 mbar followed by a fast pressur
decrease. For incomplete Sb desorption, facet spots in
LEED pattern are observed as being assigned to Sb cry
lites of fixed orientation with respect to the GaSb~001! sub-
15 401 © 1997 The American Physical Society
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FIG. 1. LEED pattern taken at 22 eV electron energy, observed after annealing the sample at 450 °C. Thec(236) structure is clearly
revealed.
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strate. This finding is supported byex situRaman experi-
ments on the capped samples. They reveal theEg andA1g
phonon modes of Sb indicating a crystalline capping lay
After complete desorption of the capping layer by furth
annealing a clearc(236) LEED pattern is observed~Fig. 1!.
The integral as well as the fractional order spots are sh
and intense, clearly revealing the centered symmetry of
reconstruction. Figure 2 shows a large scale STM im
(5003500 Å2) of a sample with a LEED pattern of opt
mum quality. At a sample bias of24 V filled surface states
are imaged. In accordance with previous results,10 the STM
image shows somewhat disordered rows mainly arrange
a distance of three lattice constants. At some locations,

FIG. 2. STM image (5003500 Å2, sample bias24 V! of the
c(236) reconstructed GaSb~001! surface. Somewhat disordere
rows along the@11̄0# direction mainly arranged in a distance
three lattice constants appear.
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fourfold distances are observed. Annealing to higher te
peratures causes degradation of the surface, already by
cal inspection the surface appears rough and another typ
facet spots occurs in the LEED patterns. These can eithe
due to the formation of GaSb facets or Ga islands upon p
longed annealing.8,9

The microscopic structure of thec(236) GaSb~001! sur-
face has previously been investigated by Franklinet al. on
MBE-grown samples by soft x-ray photoemission spectr
copy ~SXPS!, MEED, and STM.10 SXPS revealed two Sb
4d- and one Ga 3d-surface components besides the bu
emission lines. From the surface core level shifts and
intensities of the Sb and Ga emission lines a basic (133)
surface structure was proposed: the topmost layer sh
contain Sb and Ga atoms, the Sb forming dimers orien
along the@110# direction allocated in rows along the@11̄0#
direction, separated by rows of single Ga atoms. This t
most layer should be adsorbed on a complete second lay
Sb. Their STM images supported the presence of the p
posed Sb-dimer rows in the outermost layer. The dimer ro
however, were not perfectly ordered, and thec(236) sym-
metry of the diffraction pattern could not be identified in th
STM images. Thus, even if the large scale STM patte
observed in this study are in accordance with those of Fr
klin et al., their preliminary structure model cannot expla
the real structure giving rise to clearc(236) LEED patterns
as observed on the decapped GaSb~001! surfaces. This dis-
crepancy should be resolved by high-resolution STM i
ages.

Figure 3 shows a high resolution STM image taken in
surrounding of a step edge. On a scale of 1053105 Å, the
rows are resolved, they consist of individual elongated f
tures oriented perpendicular to the rows. These featu
should represent individual Sb dimers of the outermost lay
The partial disorder of the surface is a consequence of
fact that after a sequence of several Sb dimers~most times
three dimers! along the@11̄0# direction the rows are inter
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rupted by a shift of the following dimers by one lattice co
stant in the@011# direction. Since the shifts of neighborin
rows are not in phase, local regions are formed where
dimer rows are separated by four lattice constants instea
three. Another source of disorder arises from the fact that
all of the Sb atoms of the outermost layer are dimerized.
many locations, the protrusions in the rows are not elonga
but round shaped. These round protrusions are appare
related to single Sb atoms in the outermost layer, occur
as a consequence of a missing Sb atom required for
dimerization. Between the Sb-dimer rows and at the s
edge the second atomic layer, also consisting of Sb atom
exposed. Especially at the step edge and at that region
the terrace where the distance between the topmost d
rows is larger than three lattice constants, pairs of elonga
protrusions along the@11̄0# direction are clearly visible in the
STM images. These pairs of protrusions indicate the ex
ence of a double row of Sb dimers in the second layer,
ented along the@11̄0# direction. In some STM images~not
shown here! local regions at step edges are imaged where
second-layer Sb dimers of the double row are shifted by
lattice constant with respect to each other, clearly revea
the orientation of the dimers along the@11̄0# direction. Apart
from the step edges, also on the terraces the dimerizatio
the second layer Sb is clearly evident~see Fig. 3!. These

FIG. 3. High-resolution STM image (1053105 Å2, sample bias
22.18 V!. The rows consist of individual features. The elonga
ones represent individual Sb dimers, the round features corres
to single Sb atoms. At the step edge pairs of elongated protrus
along the@11̄0# direction are clearly observed, which indicate t
existence of Sb dimers in the second layer, perpendicular to tho
the outermost layer. On the terraces the second-layer Sb dimers
occur in between the rows of first-layer Sb dimers.
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second-layer dimers give rise to the twofold periodic
along the @11̄0# direction found in the LEED pattern
whereas the separation of the Sb-dimer rows of the ou
most layer build up the threefold periodicity along the@110#
direction. A centered arrangement is derived by a shift
neighboring second-layer Sb-dimer rows by one lattice c
stant along the@11̄0# direction. In fact, in the STM images
~see Fig. 3! locations revealing a shift of neighborin
second-layer Sb dimers can be identified. All these ST
results corroborate thus with the structure model depicte
Fig. 4, keeping in mind that some degree of disorder is a
part of the microscopic surface structure.
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FIG. 4. Model for thec(236) reconstructed GaSb~001! sur-
face. The marked centered surface unit mesh contains four
dimers along the@110# direction in the topmost layer and two S
dimers one double layer below, perpendicular to those of the
most layer.~a! shows the ideal arrangement, and~b! the real struc-
ture, as observed in STM.
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The previous structure model of Franklinet al., in con-
trast, can be ruled out with certainty. First, it does not e
plain thec(236) LEED pattern which has been observed
several groups.8,9 Even more convincing, furthermore, is th
fact that the presence of single Ga atoms in between
outermost Sb-dimer rows can be ruled out unambiguou
since our high-resolution STM images show dimeriz
second-layer Sb there. In comparison with the much be
characterized GaAs~001! surface structures we find that th
GaSb c(236) structure is rather similar to thec(434)
GaAs surface.2 Both surfaces are composed of two atom
layers of group V atoms. In both case the outermost grou
atoms form dimers. The main difference is the structural
rangement of the outermost dimers. In case of GaAs each
atom of the second layer has at least one bonding to the
dimers of the outermost layer, thus no dimerization of
second layer occurs. In case of GaSbc(236), instead, the
second-layer Sb in the intermediate rows has two dang
bonds giving rise to a dimerization of these Sb atoms.
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IV. CONCLUSION

In conclusion, we have investigated MBE grow
GaSb~001! surfaces by LEED and STM under UHV cond
tions. We have shown that the Sb-richc(236) surface of
GaSb~001! consists of a Sb-dimer structure adsorbed on
second layer of Sb. The outermost Sb dimers form ro
along the @11̄0#-direction terminated by shifts of a singl
lattice constant in the@011# direction. The second Sb layer i
dimerized where it is uncovered, i.e., between the rows of
outermost Sb dimers.
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