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Bismuth-induced restructuring of the GaSb„110… surface
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The structure of the GaSb~110!~132!-Bi reconstruction has been solved using surface x-ray diffraction,
scanning tunneling microscopy, and photoelectron spectroscopy. The ideal GaSb~110! surface is terminated

with zigzag chains of anions and cations running in the@11̄0# direction. In the Bi-induced~132! reconstruction
we find that every second zigzag chain in the uppermost substrate layer is missing. The reconstructed surface
is terminated with a full monolayer of Bi atoms which also form zigzag chains. The Bi atoms in the chains
bond alternately to the first and second layer substrate atoms and the Bi chains are inclined at 34° to the~110!
plane.@S0163-1829~97!03335-3#
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Metal-semiconductor interfaces are of considerable in
est for both fundamental and technological reasons. M
vapor-deposited metals react with III-V semiconductors
form complex, nonstoichiometric interfaces, however, it
generally believed that the semimetals Sb and Bi form n
reactive ordered interfaces.1 Group-V metals on III-V semi-
conductors are frequently regarded as examples of i
adsorbate-semiconductor heterojunctions. In this paper
present a structural model which demonstrates that
simple picture is not universally true since, as we shall sh
bismuth can induce significant restructuring of t
GaSb~110! surface.

The deposition of one monolayer~ML ! of Sb or Bi on
most III-V~110! semiconductor surfaces at room temperat
results in the formation of a~131! reconstruction. There is
now a general consensus in favor of the epitaxial contin
layer structure~ECLS! for this reconstruction originally pro
pose by Skeathet al.2 In this model the surface is terminate
by a full monolayer of adsorbate atoms which form zigz
chains running in the@110# direction. The adsorbate atom
bond alternately to the anions and cations which move b
towards their bulk positions, i.e., the surface relaxation of
first substrate layer is reduced. The Sb, or Bi, atoms
located at positions similar to those that the anions and
ions would occupy if the crystal were continued. In t
ECLS the surface dangling bonds are fully saturated. T
bonding configuration of the adsorbate atoms is charac
ized by p2 bonding within the adsorbate chains and apz
backbond which interacts with thesp3 hybridized orbitals of
the substrate.3 This intuitively appealing picture, howeve
does not explain why the 131 structures of Bi on
GaSb~110! and InAs~110! are metastable and transform in
a stable ~132! structure upon heating, nor why Bi o
InSb~110! only forms a~132! reconstruction.1

The ~131! and~132! structures have significantly differ
ent electronic properties,5,6 which until now was thought to
arise from different atomic arrangements in the Bi lay
570163-1829/98/57~7!/3749~4!/$15.00
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Here we show that the transition from the metasta
~131! phase to the stable~132! phase of Bi on GaSb~110!
involves a major restructuring of the GaSb~110! substrate.
On the basis of our investigations using synchrotron rad
tion photoelectron spectroscopy, scanning tunneling micr
copy ~STM!, and surface x-ray diffraction~SXRD!, we have
been able to derive a structural model which explains all
experimental data available. We believe that the model m
be widely applicable and should apply to the other~132!
adsorbate-induced reconstructions on III-V~110! surfaces.

The preparation of the samples and the photoemiss
measurements were performed on the FLIPPER II beam
at the Hamburg synchrotron radiation laborato
~HASYLAB !. For the photoemission measurements sm
p-type ~1.231017 cm23) GaSb~110! surfaces were prepare
by cleaving. For the STM and SXRD measurements the s
faces were prepared by ion bombardment and annealing
films with coverages between 1 and 9 ML~1 ML corre-
sponds to 7.631014 atoms/cm2) were deposited on the sur
face. The~132) structures were prepared by slowly heati
the samples to sequentially higher temperatures to en
that equilibrium conditions were achieved. For anneal
temperatures between 200–330 °C sharp~132! low-energy
electron diffraction patterns were observed. For the STM a
SXRD measurements the sample was transferred in a
table ultrahigh vacuum chamber to the STM apparatus o
the surface diffractometer on the wiggler beamline BW2
HASYLAB. The SXRD measurements were performed a
glancing angle of 1° with an x-ray wavelength of 1.38 Å.

The photoemission results are summarized in Fig
which shows background-corrected7 energy distribution
curves of electrons excited from Ga 3d, Sb 4d, and Bi 5d
core levels. A photon energy of 80 eV was chosen to ens
high surface sensitivity and similar escape depth (;4 Å! for
the electrons from the Ga 3d, Sb 4d, and Bi 5d core levels.
The overall resolution was typically 200 meV. A curve
fitting procedure using approximated Voigt functions w
3749 © 1998 The American Physical Society
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3750 57BRIEF REPORTS
used to analyze the data.7 The individual spin-orbit split Bi
5d peaks contain two components of similar intensity se
rated by 0.37 eV. In the~131! phase, the separation is on
0.32 eV—the higher kinetic component is associated w
Bi-Ga bonds and the lower energy component with Bi-
bonds.7 Angle-resolved valence-band photoemission stud
indicate that the Bi chains remain intact during t
(131)→(132) phase transition6 so it is reasonable to
make the same assignments for the Bi components in
~132! phase. The spectra from the substrate support
conclusion: In addition to the bulk component both the
3d and Sb 4d spectra exhibit a component shifted by 0.
and 0.35 eV to higher kinetic energy. The shifted comp
nents can be attributed to Ga and Sb atoms bonding to
This is different from the~131! phase, where only a singl
component for both the Ga and the Sb bulk atoms and at
bonding to Bi was observed.7 Hence, the difference betwee
the ~131! and~132! phase must be more involved than ju
a reordering of the Bi chains, as suggested by McIlroyet al.6

The nearly equal intensity ratios of the substrate compon

FIG. 1. Ga 3d, Sb 4d, and Bi 5d core-level spectra from the
GaSb~110!-~132!-Bi reconstructed surface. The dots represent
experimental data; the solid lines show the different compone
and their sum.
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and of the two Bi components indicate that the surface c
tains a similar number of Bi-Ga and Bi-Sb bonds.

Figure 2 shows an STM image of the~132! phase re-
corded with21.2 V sample bias and 2.3 nA tunneling cu
rent. The outlined area corresponds to a~132! unit cell with
dimensions 4.3312.2 Å2. The shorter side of the unit cell i
oriented in@11̄0# direction while the longer side is parallel t
the @001# direction. Each~132! unit contains two protru-
sions, namely, a bright protrusion located at the corner of
outlined unit cell, and a darker protrusion which is located
the center. The apparent height difference of the two pro
sions is; 0.3 Å. Simply attributing the protrusions in th
STM image to Bi atoms would be at variance with mode
which have zigzag chains of Bi atoms on the surface. T
discrepancy can be removed if one assumes that the zi
chains are tilted in opposite directions so that only ev
second Bi atom is visible in the STM image.

In order to determine the detailed atomic structure of
~132! reconstruction we performed extensive surface x-
diffraction measurements. In total 98 fractional-order and
integer-order in-plane reflections were measured~of these 43
and 11 were nonequivalent! and in addition 12 fractional-
order rods were collected. The structure factor intensi
were obtained by correcting the measured integrated in
sity with a Lorentz factor, for the variations in active samp
area, and for polarization factors in the out-of-plane da8

All reflections are indexed with respect to a reciprocal s
face unit cell given byb15@11̄0#bulk , b25@001#bulk in the
surface plane, andb35@110#bulk normal to the surface.

The in-plane fractional-order structure factors were us
to calculate the Patterson function, shown as a contour
in Fig. 3 ~upper panel!, which provides a map of the inter
atomic vectors within the surface unit cell of the~132! re-
construction projected onto the surface plane.8 Apart from
the peak at the origin, seven interatomic vectors are see
the Patterson map. Four of these can easily be correl
with interatomic distances between the adsorbate atom
the two Bi zigzag chains as can be seen from the struct
model in Fig. 3~middle panel!. The other three strong peak
can be attributed to interatomic vectors between subst
atoms and Bi atoms. However, if the substrate layers wer
maintain a~131! symmetry, the half-order reflections woul
have no scattering contributions from the substrate ato
Which means that the fractional-order Patterson map sho
not include any interatomic vectors involving substrate
oms. Hence, to explain all the features in the Patterson m

e
ts

FIG. 2. STM image of a 100360 Å2 area of the~132! phase
of Bi/GaSb~110! acquired at21.2 V sample bias and 2.3 nA tun
neling current. A~132! unit cell is outlined.
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57 3751BRIEF REPORTS
a significant reordering of the substrate must be include
the structural model. The substrate reconstruction was fo
using the electron density difference Fourier-synthesis te
nique which highlights the differences between the tr
structure and the data.8,9

The lowest panel in Fig. 3 shows the electron dens
difference mapDr calculated from the half-order in-plan
structure factors and with phases derived from a star
model which only included two Bi zigzag chains. The po
tive peaks in the plot indicate electron density which is mi
ing in the trial structural model and the negative peaks in

FIG. 3. Top panel: Contour map of the Patterson function of
GaSb~110!~132!-Bi reconstruction calculated from the in-plan
fractional-order data. The seven positive maxima correspond to
seven interatomic vectors indicated the model of the surface
cell shown in the middle panel. The dotted circles indicate the
sitions of the atoms in the missing substrate chain. Bottom pa
Electron density difference plot produced by subtracting the st
ture factors calculated for a trial model with only two Bi zigza
chains from the experimental in-plane data. Positive contours
marked with solid lines and the negative contours are dashed.
in
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cate excess electron density. The largest positive peaks in
difference map can be associated with atoms in three s
strate zigzag chains which are indicated by solid lines in
electron density map. The dashed zigzag line in the elec
density difference map indicates a substrate chain whic
missing in the~132! reconstruction.

The difference map provides clear evidence for a str
tural model in which every second substrate chain in
uppermost substrate layer is missing. The positive peak
the electron difference plot can be associated with the at
of one zigzag chain in the first substrate layer and to
atoms of two zigzag chains in the second substrate la
Note that the missing substrate row structure reproduces
of the features in the Patterson map. The intensity variati
along the fractional-order rods as a function of the mom
tum transferQz perpendicular to the surface normal sugg
that relaxations in deeper substrate layers have to be inclu
in the structural model.9

A least-squares refinement was performed in the final d
analysis. The positions of the atoms in the two Bi zigz

FIG. 4. ~a! 3D ball and stick model of the
GaSb~110!~132!-Bi reconstruction.~b! Top and side views of the
final structural model of the GaSb~110!~132!-Bi surface.
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3752 57BRIEF REPORTS
chains were refined allowing horizontal and vertical d
placements down to the fourth substrate layer, while ma
taining the substrate symmetry. An overallx2 of 1.4 was
obtained for both the in-plane reflections and the fraction
order rods. In the final model, shown in Fig. 4~a! the two Bi
zigzag chains of the~132! reconstruction are tilted toward
the substrate missing row. The tilt angle, which is defined
the ~110! plane and the plane of the Bi chains, was found
be 34°63°. The Bi intrachain bond anglev1 @see Fig. 4~b!#
is 90°62°, which is closer to thep2 bond angle within the
Bi chains than in the~131!-phase where the angle wa
found to be 93°62°.4 All the back bond anglesv2-v5 of the
tilted Bi chains to the substrate were found to be arou
100° instead of 109° in the~131! phase~with an accuracy of
61°). The Bi-Ga bond lengths are 2.7960.08 and 2.87
60.08 Å and the Bi-Sb bond lengths are 2.8760.07 and 2.96
60.07 Å, which are close to the sums of the correspond
covalent radii~Bi 1.46 Å, Sb 1.4 Å, and Ga 1.26 Å!. In the
topmost substrate layer we determined Ga-Sb distance
2.5760.06 and 2.7760.07 Å, corresponding to a 2.6% con
traction and a 4.9% expansion relative to the bulk value
2.64 Å.

The structure of the~132! phase of the Bi/GaSb~110!
system presented in Fig. 4 with strongly tilted Bi zigz
chains bonded alternately to Ga atoms or Sb atoms in
first and second substrate layer is in agreement with the p
toemission data. The Bi zigzag chains of the~131! phase
remain intact on the surface during the transition from
~131! to the~132! phase. The changes in the photoemiss
spectra are not only due to charge transfer from the bond
of the Bi chains either to Ga or Sb atoms, but also the cha
in Madelung energy at the surface due to the strong tilt of
Bi chains. Electron counting reveals that all of the surfa
dangling bonds are fully saturated as confirmed by our re
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nant photoemission measurements.
The corrugation maxima in the STM images correspo

to the top Bi atoms of the strongly tilted Bi chains. Th
apparent height difference of the maxima of; 0.3 Å in Fig.
2 is not a geometrical effect because the heights of the at
are the same to within the experimental uncertainty of 0
Å. The apparent height difference must be an electronic
fect due to charge transfer in the Bi chains, as evidenced
the two different components in the Bi 5d core-level spectra
and the fact that the apparent heights of the Bi atoms
verted when the sample bias polarity was changed in
STM measurements.

In conclusion, our results provide clear evidence that
GaSb~110!-~132!-Bi reconstruction consists of a monolay

coverage of tilted Bi zigzag chains running in the@11̄0# di-
rection with a missing-row structure in the uppermost su
strate layer and concomitant subsurface relaxations. The
atoms are bonded to Ga and Sb atoms in both the first
second layers of the substrate. While the substrate b
angles remain at the values comparable to the~131! phase,
the adsorbate bond angles in the~132! phase are closer to
the idealp2 and pz bond angles than in the~131! phase.
Therefore, we propose that the formation of the reconstr
tion is driven by the very favorable bonding geometry in t
adsorbate chains. This immediately explains why Bi
InSb~110! only forms a~132! reconstruction; the larger lat
tice constant of InSb relative to GaSb produces even la
adsorbate bond angles which destabilize the~131! structure.
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