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Geometric and electronic structure of antimony on the GaAs(110) surface studied
by scanning tunneling microscopy
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Antimony overlayers on the GaAs(110) surface have been studied by scanning tunneling micros-

copy and spectroscopy. The Sb is observed to grow as a 1X 1 ordered monolayer. The positions of
the Sb atoms in the surface unit cell are deduced from voltage-dependent imaging, and compared
with previously proposed structural models. A best fit is found for a model in which the Sb atoms

occupy positions similar to what would be the positions of Ga and As atoms at an unrelaxed
GaAs(110) surface, in agreement with the results from low-energy electron-di6'raction experiments.
The surface-state density is measured with tunneling spectroscopy. Two filled-state peaks and one
empty-state peak are observed in the spectra, as well as a band-gap region with a width nearly equal
to the bulk band gap. These observations are compared with previous photoemission results and
theoretical calculations.

I. INTRODUCTION

Because of the great practical importance of Schottky-
barrier formation at metal-semiconductor interfaces, the
adsorption of metal atoms on semiconductor surfaces has
been the subject of numerous experimental and theoreti-
cal studies. ' One of the more extensively studied systems
is antimony on GaAs(110). ' Early work by Skeath et
al. using low-energy electron diffraction (LEED) and
photoemission showed that room-temperature deposition
of one monolayer (ML) (Ref. 16) of Sb on clean
GaAs(110) results in a stable and ordered (1 X 1) adsor-
bate structure. Core-level spectroscopy indicated the ex-
istence of at least two chemically distinct Sb species at
the surface, while valence-band spectrosopy revealed Sb-
induced surface states just below the GaAs valence-band
maximum (VBM). Results from LEED and Auger-
electron —spectroscopy (AES) experiments by Carelli and
Kahn indicated that the Sb overlayer is formed through
a lateral growth of ordered 1-ML-high islands. Desorp-
tion experiments by the same authors show that the or-
dered Sb overlayer is stable up to temperatures of
-550'C, whereas any excess Sb desorbs at temperatures
as low as -250 C.

Duke et al. have studied the atomic structure of the
GaAs(110) 1 X 1-Sb surface in an extensive dynamical
LEED-intensity analysis of several classes of models.
The most satisfactory description of the experimental
LEED data was obtained for a model in which zigzag
chains of Sb atoms bridge the chains of Ga and As atoms
on a nearly unrelaxed GaAs(110) substrate, as shown in
Fig. 1. For this type of geometry, originally proposed by
Skeath et ah. , there are two inequivalent Sb atoms per
surface unit cell, one bonded to As and the other to Ga.

So far, two groups have calculated the surface-
electronic structure of GaAs(110)1 X 1-Sb. Bertoni et al.
performed a self-consistent pseudopotential calculation
using the optimal structural parameters as determined by

Duke et al., while Mailhiot et al. performed an empiri-
cal tight-binding calculation for an energy-minimized
surface geometry of the same type. The calculations indi-
cate the existence of filled surface states just below the
VBM, in agreement with early photoemission results, ' '

in addition to several lower-lying filled states, as well as
empty states near the conduction-band minimum (CBM).
More recently, the dispersion of four filled and one empty
surface-state band have been determined with angle-
resolved photoemission' '" and inverse photoemission. '

The experimentally determined dispersions show a quali-
tative agreement with the results from the surface band-
structure calculations, ' providing additional support for
the chain model shown in Fig. 1. It should be noted,
however, that no calculations have been reported for any
of the other models that have been suggested.

Since the Sb/GaAs(110) system is well characterized
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FIG. 1. Schematic diagram of the surface geometry for
GaAs(100)1X1-Sb as determined by LEED (Ref. 4). (a) Top
view. (b) Side view.
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and relatively simple, it is well suited for studies of
Ferm-level pinning, band bending, and Schottky-barrier
formation. There has, however, been some controversy
in the literature regarding the amount of band bending at
the GaAs(110)1 X 1-Sb surface. Work-function measure-
ments have resulted in a value of -0.6 eV for the band
bending at 1 ML coverage of Sb on both n- and p-type
GaAs, while surface-photovoltage and Raman-
scattering' experiments on n-type GaAs have indicated
that an initial band bending that occurred for submono-
layer coverages was removed for a coverage of 1 ML.
Recently, SchafBer et al. ' studied the inAuence of
thermal annealing on band bending and surface quality
using high-resolution core-level spectroscopy. They
showed that room-temperature deposition of Sb leads to a
partly disordered overlayer with a large Schottky barrier
as compared to surfaces that were annealed at 330'C.
These results were confirmed in the inverse-
photoemission experiment by Drube and Himpsel. '

In a recent paper' we presented a scanning-tunneling-
microscopy (STM) study of submonolayer coverages of
Sb on GaAs(110) in which we directly observed the spec-
trum of states responsible for the Fermi-level pinning at
the Sb/GaAs(110) surface. These states were shown to be
spatially localized near the edges of Sb islands. In the
present paper we focus on the atomic and electronic
structure of the Sb overlayer itself. Using voltage-
dependent imaging, we obtain information about the re-
gistration of the two inequivalent Sb atoms with respect
to the underlying GaAs lattice. A comparison with pre-
viously proposed models shows that the chain model
in Fig. 1 gives the best agreement with our STM data.
Using tunneling spectroscopy we determine the energy
positions of filled and empty surface states, obtaining
good agreement with available photoemission' '" and
inverse-photoemission' data. A new spectroscopic
method is used here, which enables us to obtain the entire
spectrum, in a single scan, with high dynamic range. The
normalization of the conductivity spectrum is discussed,
and a method is introduced which overcomes some
difficulties associated with large band-gap regions in the
spectra.

II. EXPERIMENTAL DETAILS

This work was performed with two tunneling micros-
copics, one of which has been described previously. '

The second microscope has a similar design, and is incor-
porated in an ultrahigh-vacuum system with facilities for
LEED and AES, which were used to characterize the
samples. Tungsten probe tips were prepared by electro-
chemical etching, and cleaned in situ by electron-
bombardment heating. GaAs(110) surfaces were
prepared by cleaving in situ p-type wafers, doped with Zn
at concentrations in the range (1—4)X10' cm . The
orientation of the Ga and As dangling bonds on the clean
surface was established by anisotropic etching tech-
niques. With the samples at room temperature, high-
purity antimony was deposited using either a filament-
type evaporator or an effusion cell, with typical deposi-
tion rates of 0.2 and 0.05 ML/min, respectively. The to-

tal antimony coverages were estimated both from the
STM images and using quartz-crystal thickness monitors
assuming a sticking coefficient of unity. The background
pressure in the vacuum chambers was better than
6 X 10 "Torr, and the pressure never exceeded 2 X 10
Torr during evaporation with the filament, or 1 X 10
Torr during evaporation with the effusion cell.

All STM images shown here were recorded with a con-
stant tunneling current of 100 pA. For most images the
drift in the microscope was sufficiently low so that no
drift correction to the data has been necessary. In those
cases where a drift correction has been performed [Figs.
2(a), 2(b), 4, and 7], the drift rate was determined by com-
paring consecutive images. The crystallographic direc-
tions shown here in the images are all the same, with the
[110] axis oriented 45' counterclockwise from the hor-
izontal. Voltage-dependent images were obtained by
sequencing the sample voltage in the line scans to virtual-
ly eliminate drift effects between member images in a se-
quence. ' Spectroscopy measurements were performed
by the interrupted-feedback-loop method. ' ' To build
up a large dynamic range in the spectra, we move the
probe tip towards the sample during the voltage sweep,
thereby amplifying the current and conductivity. We use
a continuous linear ramp in the tip-sample separation,
moving the tip towards the surface as the magnitude of
the voltage is reduced. The conductivity is measured
with a lock-in amplifier, typically using 25 mV modula-
tion at 1 kHz. The differential conductivity dI/dV is
normalized to the total conductivity I/V in the manner
described in Sec. III E.

III. RESULTS AND DISCUSSION

A. Overlayer growth

Figure 2 shows a series of STM images of the
GaAs(110) surface with increasing Sb coverage. The
GaAs substrate can be seen as the dark portions of the
images, while the Sb-covered regions show up as the
lighter portions. At very low coverages most of the
GaAs substrate is bare, as can be seen in Fig. 2(a), which
was obtained for a coverage of 0.03 ML. The periodic ar-
ray of lines seen in this image represent the positions of
the As atoms, since negative sample bias corresponds to
tunneling from the filled states of the sample, which are
mainly localized on the As atoms. ' The antimony can be
seen as separated protrusions of varying shapes and sizes.
Even at the lowest coverages studied (0.02 ML) the pro-
trusions are relatively large ( R10 A width) and they
seem to correspond to clusters of Sb atoms rather than to
single atoms.

At 0.2 ML [Fig. 2(b)] the Sb clusters have started to
grow together, forming Aat terraces. The height of the
terraces above the GaAs substrate, as observed in the
STM images, is 2.5 —2.8 A, depending on the applied bias
voltage. As the coverage is increased to 0.7 ML [Fig.
2(c)] the Sb terraces coalesce, forming a continuous net-
work extending over the entire GaAs surface. It is clear
that the terraces are well ordered, although some pro-
trusions formed by excess Sb on top of the terraces are al-
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in images of the clean surface, which is about 1 X 10'
cm . This comparison suggests that defects do not play
a major role in the adsorption of Sb on the GaAs(110)
surface.

B. Overlayer structure

OQ1 11Q
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FIG. 2. STM images of CzaAs(110) surfaces with increasing
amounts of Sb. The coverages are (a) 0.03, (b) 0.2, (c) 0.7, and

(d) 1.0 ML. The sample voltage was —2. 5 V for images (a)—(c)
and —2.0 V for image (d). The topographic height is displayed

by a grey scale, ranging from 0 (black) to 6.5 A (white).

Figure 3(a) shows a high-resolution image of a surface
covered with 1.0 ML antimony. In the ordered part of
the Sb overlayer there is an array of topographic maxima
separated by —5.6 and —3.9 A in the [001] and [110]
directions, respectively. These values are in good agree-
ment with the size of the unit cell of the GaAs(110) sur-
face, 5.65X4.00 A, which means that only a single
maximum per unit cell is seen in the image.

We have reproducibly observed a single topographic
maximum per unit cell in all images obtained at large
negative sample voltages, in the range —2 to —3 V. We
associate this maximum with the dangling bond attached
to one of the two Sb atoms in the unit cell, and conclude
that the second atom is not imaged at large negative volt-
ages. The fact that not all surface atoms are seen at some
particular voltage is a feature of STM which commonly
occurs on semiconductor surfaces. This feature arises
from the fact that the images actually reveal the electron-
ic states, and the various dangling bonds which compose

ways present, as well as some small holes, which will be
discussed further in Sec. IIID. Due to the excess Sb
there are some bare GaAs patches even at 1.0 ML cover-
age, as can be seen in Fig. 2(d). The excess Sb is present
already at low coverages on small terraces, and since it is
predominantly located at the terrace edges, most of it
seems to be consumed in the growth process.

The above results show that, for submonolayer cover-
ages, Sb grows laterally on GaAs(110), in 1-ML-high or-
dered patches, as deduced by Carelli and Kahn in their
early LEED and AES study. Due to the large size of the
Sb clusters even at low coverages, it is not possible to
determine the adsorption site of Sb on the GaAs(110) sur-
face. However, it seems clear that there is no preferential
bonding to either Ga or As atoms, except for possible
effects at the edges of the growing Sb terraces. This
is in contrast to a recent electron-energy-
loss —spectroscopy study by Striimpler and Liith, ' in
which a very rapid suppression of a Ga-characteristic ex-
citonic transition was interpreted as evidence for a prefer-
ential bonding of Sb atoms to Cza sites. From our STM
data we would expect that such a transition would show a
linear decrease in intensity as a function of coverage, as
was indeed observed in an earlier study by Li and Kahn.

By counting the number of clusters in a large number
of images, it is possible to estimate the density of adsorp-
tion sites for the Sb. For coverages of 0.02 ML we obtain
a value of (5.5+1.0) X 10' cm . This density of adsorp-
tion sites is larger than the average density of defects seen
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FIG. 3. (a) (120X90)-A STM image of antimony on the
CxaAs(110) surface, acquired with a sample voltage of —2.0 V.
The Sb coverage is 1.0 ML. The topographic height is displayed

by a grey scale, ranging from 0 (black) to 5 A (white). (b)
Cross-sectional cuts along the [110]direction, through the rows
indicated in the image.
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FIG. 4. STM image of the GaAs(110) surface covered with
0.7 ML Sb, acquired at a sample voltage of —2.0 V. The
dashed lines are drawn through the minima of the [110]corru-
gation, showing the registration of the Sb atoms with respect to
the substrate As atoms.

these states have amplitudes which are energy dependent.
It is therefore necessary to study the dependence of the
images on bias voltage to reveal the complete geometric
structure of the surface.

The registration relative to the GaAs substrate of the
Sb atom observed at large negative sample voltages is
shown in Figs. 4 and 5. In the [110]direction, Fig. 4, we
find a shift between the Sb maxima and the As maxima of
2.0 A, which corresponds to 0.50 unit cell along this
direction. Thus the Sb atoms are out of phase with the
As atoms in this direction. Qualitatively, this out-of-

phase relationship indicates that these Sb atoms are not
bonded to the As atoms. Indeed, when we consider
structural models in the following subsection, we find
that these particular Sb atoms (seen at large negative
voltages) are bonded to the Ga atoms of the substrate.
We refer to this Sb atom as Sb' '. For the [001] direc-
tion, Fig. 5, we find a shift between the Sb' ' m.axima
and the As maxima of 2.6 A, which corresponds to 0.46
unit cell along this direction.

In Figs. 6(a) —6(c) we show three STM images of a
well-ordered part of a Sb terrace, acquired simultaneous-
ly at sample voltages of —2. 5, —2.0, and —1.5 V, re-
spectively. The crosshairs are in identical locations in all
images. The images acquired at —2. 5 and —2.0 V are
very similar, with rows extending in the [110]direction;
there is no corrugation along this direction in these im-
ages. In the cross-sectional cuts shown in Fig. 6(d) it can
be seen that the rows have a spacing close to 5.65 A,
which means that there is one row per unit cell, in agree-
ment with the images in Figs. 3—5. We associate these
rows with the Sb' ' atoms, and the lack of corrugation
in the [110]direction is attributed to a probe tip which is
blunt in that direction. In Fig. 6(c), acquired at —1.5 V,
additional rows appear, located essentially midway be-
tween the original rows. We associate these additional
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FIG. 5. STM image of the GaAs(110) surface covered with
0.7 ML Sb, acquired at a sample voltage of —2. 5 V. The
dashed lines are drawn through the minima of the [001] corru-
gation, showing the registration of the Sb atoms with respect to
the substrate As atoms.

FIG. 6. (30X10)-A STM images of an ordered part of a Sb
terrace acquired simultaneously at (a) —2.5, (b) —2.0, and (c)—1.5 V sample voltage. The crosshairs are located in identical
positions in all images. The topographic height is displayed by
a grey scale, ranging from 0 (black) to 0.5 A (white). (d) Cross-
sectional cuts along the [100]direction in images (a) —(c).
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rows with the second Sb atom in the unit cell, Sb' ',
which is bonded to an As atom in the substrate. The
Sb' "atoms are only observed at small negative voltages.
In Fig. 7 an image acquired at —0.9 V is shown. Here,
we again see two rows per unit cell extending in the [110]
direction, thus revealing both of the Sb atoms in the unit
cell. The Sb' ' atoms are now resolved as individual
maxima in the image, although the Sb' ' atoms still ap-
pear as rows without any corrugation along the [110]
direction.

To determine the geometric structure of the overlayer
from the STM images, we measure the positions of the
observed corrulation maxima. Of course, the maxima ob-
served in the STM images do not exactly coincide with
the atomic locations due to shifts in the location of dan-
gling bonds relative to the surface atoms. %'e brieAy dis-
cuss here the possible magnitude of such shifts. The most
favorable case occurs for semiconductor surfaces in
which the dangling bonds are located almost exactly
above the atoms, such as the Si(111)7X7surface. There,
the maxima in the STM images are expected to give an
accurate measure of the lateral positions of the atoms,
with an uncertainty of about 0.1 A. A less favorable case
occurs for dimers or zigzag chains of atoms, such as the
Si(100)2X 1, Si(111)2X 1, or GaAs(110)1 X 1 surfaces.
There, the dangling bonds may be directed laterally away
from the atoms, and we expect the state density to be
shifted somewhat away from the atoms. The only system
for which this shift has been computed is GaAs(110), for
which the separation between atomic positions and state-
density maxima is found to be less then 0.5 A (Ref. 21).
In general, these types of shifts are not expected to be
much greater than the spatial extent of a dangling bond,
which is 0.5 —1.5 A. %'e emphasize that these relation-
ships between the corrugation maxima and the atomic
positions apply only to lateral position (i.e., in the plane
of the surface). In the uertical direction the relationship
between atomic positions and corrugation amplitudes is
much more uncertain, since the corrugation amplitudes
are greatly affected by the (unknown) electronic proper-
ties of the surface and also by the details of the probe tip.
Thus, we use the lateral position of the corrugation, but
not its amplitude, in our structural analysis.

For our measurement of the position of the observed
STM maxima, we first consider the location of maxima
associated with the Sb' ' atoms. The registration of

—Sb(Ga)
t-Sb(As~

FIG. 7. Perspective view of a Sb terrace with the sample at—0.9 V. The image extends over a lateral area of approximate-
ly 45X25 A .

these atoms relative to the GaAs substrate has already
been illustrated in Figs. 4 and 5. This type of measure-
ment has been repeated for several different samples and
probe tips. For the [110]direction, averaging over three
measurements performed with two different samples and
probe tips, we find an average shift of 1.84 A with an un-
certainty (one standard deviation) of 0.18 A. For the
[001] direction, averaging over five measurements per-
formed with four different samples and probe tips, we
find an average value of 2.92 A with an uncertainty of
0.25 A. The direction of this shift is that of the As dan-
gling bond.

Turning now to the location of the Sb' ' atoms, Figs. 6
and 7 provide their positions relative to the Sb' ' atoms.
For the [001] corrugation, we see in Fig. 6(c) a shift of
about 2.8 A (which corresponds to O. S unit cell) between
Sb' ' and Sb' "maxima. However, the Sb' ' maxima
in Fig. 6(c) are themselves shifted by about 0.7 A relative
to the maxima in Figs. 6(a) and 6(b). This shift is attri-
buted to the electronic properties of the surface, and it il-
lustrates the overall uncertainty in the relationship be-
tween the STM images and the atomic locations. In Fig.
7 we also find a shift of about 2.8 A between the [001]
corrugations of Sb' ' and Sb' ' atoms. We have never
observed any [110]corrugation along the rows of Sb'
atoms, and thus we cannot determine the location of
these atoms in the [110]direction.

C. Structural models

Using the relative positions of the various components
of the corrugation determined in the preceding subsec-
tion, we now compare our results with models for the
surface structure. In Fig. 8 we show four structural mod-
els, previously studied by LEED analysis, along with a
summary of our experimental results. In the figure the
dashed rectangles outline a unit cell of an unbuckled
CxaAs surface. The model positions of the As and Ga
atoms beneath the Sb overlayer are shown by solid and
open circles, respectively, and the model positions of the
Sb atoms are shown by the heavy open circles. The ex-
perimental results for the location of the Sb atoms are
shown by the hatched areas. A.11 of the coordinates in the
figure repeat periodically to subsequent unit cells.

It is convenient in Fig. 8 to show the experimental re-
sults relative to an unrelaxed GaAs surface, whereas the
measurements described above were performed relative
to a relaxed (buckled) surface. We correct for this
difference by shifting the observed [001] Sb corrugations
by 0.42 A, which is a theoretical result for the [001] shift
of the As state-density maxima between a buckled and
unbuckled surface. ' The lateral extent of the hatched re-
gions in Fig. 8 depict the uncertainty in our structural
determination arising from the differences between the
atomic locations and the positions of the maxima in the
STM images. We use an uncertainty of +0.8 A, which
falls in the middle of the estimated range of uncertainties
discussed in Sec. III B. For the Sb' ' atoms, we were not
able to observe their lateral position in the [110]direc-
tion, and thus that uncertainty extends over the entire
unit cell.
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atoms on a relaxed substrate, with p bonding both
within the chain and between the chains and the sub-
strate. As shown in Fig. 8(d), we find good agreement for
the position of the Sb' ' atoms, while the agreement for
the Sb' ' atoms is slightly outside of our estimated un-
certainty range.

In summary, we find a best fit between experiment and
model for the bridging-chain model, and a second best fit
for the p model. In the latter case, the LEED analysis
gives a very poor fit, so we conclude that the best
structural candidate is the bridging-chain model pictured
in Figs. 1 and 8(a). One additional structural model con-
sidered in the LEED analysis is a "defect model" consist-
ing of only one Sb atom per unit cell. This model is in-
consistent with our experimental results on ordered ter-
races where we observe (at low voltages) two Sb atoms
per unit cell. However, the possibility of one Sb atom per
unit cell existing on disordered parts of the surface is fur-
ther discussed in the next section.

FIG. 8. Comparison of the spatial locations of the topo-
graphic features observed in the STM images with the positions
of the two inequivalent Sb atoms for various structural models
as given by the best-fit geometries according to the LEED
analysis in Ref. 4. The unit cell of the ideal clean surface is
shown by the dashed rectangle [for (a) and (b) the lateral posi-
tions of the Ga and As surface atoms are the same as the ideal
positions, whereas for (c) and (d) they are relaxed from the ideal
positions]. The data from the present experiment are shown as
the hatched symbols, with the extent indicating the uncertainty
as discussed in the text. We refer to the models as (a) bridging
chain, (b) overlapping chain, (c) dimer, and (d) p .

We are now in a position to compare our experimental
results with the structural models. We take the descrip-
tions and coordinates of the models directly from a
LEED analysis of this surface. First, we consider the
"bridging-chain model" shown in Fig. 8(a), in which the
Sb atoms form zigzag chains bridging the GaAs chains of
a nearly unreconstructed GaAs(110) substrate. The Sb
atoms are then approximately located at the positions
that would be occupied by Ga and As atoms in an addi-
tional GaAs layer. This model is the same as that shown
in Fig. 1, and is the best structural candidate from the
LEED analysis. As shown in Fig. 8(a), we find good
agreement between experiment and model for both the
Sb' ' and Sb' ' locations, although the latter lies near
the edge of our estimated uncertainty range. Second, we
consider the "overlapping-chain model" in which the Sb
adatoms still form zigzag chains, but the chains are locat-
ed directly on top of the GaAs chains of a nearly unre-
laxed substrate. Bonding between the Sb and GaAs
chains is accomplished via difFuse m bonding. As shown
in Fig. 8(b), we find disagreement between experiment
and model for the [110] corrugation location of Sb'
atoms. Third, we consider the "dimer model" consisting
of Sb2 dimers bonding to the empty dangling bonds of the
Ga atoms on a relaxed GaAs(110) substrate. As shown in
Fig. 8(c), we find poor agreement for the locations of the
[001] corrugation for both Sb atoms. Finally, we consid-
er the "p model" which consists of zigzag chains of Sb

D. Hole defects

The Sb overlayers we observe in the STM images are
nat perfectly ordered. When less than a full monolayer of
Sb is deposited, terraces form, bounded by a monoatomic
step at the terrace idge. On tap of the terraces excess Sb
sometimes forms small protrusions, and within the ter-
races small holes or vacancies appear. These vacancies
extend over one, a few, or many unit cells. Often, we find
that the apparent depth of these vacancies as seen in the
images is much less than the distance to the GaAs sub-
strate. This eff'ect is illustrated in Fig. 3(b), where we
show two crass-sectional cuts through the STM image.
In the image, dark-grey areas are seen, intermediate in
height between the black GaAs and the light-grey Sb ter-
race. In the cuts, these intermediate areas are marked by
the vertical lines located C.6 A below the ordered Sb.

We observe areas of intermediate height not only in the
middle of terraces, but also at the edge of the terraces (as
can be seen, for example, surrounding the GaAs part of
Fig. 3). In principle, this sort of intermediate-height re-
gions can be due to "ghost images" arising from tunnel-
ing to a secondary portion of the probe tip. In the
present case, hawever, a close examination of the images
reveals that these regions are seen near some terrace
edges but not at others (with nominally the same orienta-
tion), thereby indicating that it is not a tip-convolution
eft'ect. The intermediate-height regions can extend over
many unit cells, and in a few cases we can faintly resolve
same corrugation within these regions.

We suggest here one possible origin of the vacancies
and edge regions, namely that they arise from a half-
monolayer coverage of Sb on the GaAs. Whereas the or-
dered terraces consist of two Sb atoms per unit cell, a
half-monolayer coverage would contain one Sb atom per
unit cell. It is unclear how such a species would bond to
the substrate, although it seems probable that the vertical
distance to the substrate would be less than that of the
ordered overlayer. In a separate work, we have observed
unique spectroscopic results which occur only at the
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edges of the Sb terraces. ' The half-monolayer Sb cover-
age discussed here would form one possible structural
model to use in a theoretical description of the terrace
edges.

E. Spectroscopy

For our spectroscopy studies of the surface-state densi-
ty with the STM, we have used a new method which
yields high-quality spectra with a large dynamic range.
This method is principally useful for systems which
display a large surface-state band gap, in which case con-
ductivity measurements over 3—4 orders of magnitude
are required to properly define the band edges and probe
the gap region for the existence of states. We obtain this
high dynamic range by varying the tip-sample separation
as a function of voltage. We apply a continuous linear
ramp to the tip-sample separation, moving the tip to-
wards the surface as the magnitude of the voltage is re-
duced. The total variation in the tip-sample separation
over a spectrum is typically in the range 4—6 A.

Our data-acquisition method is illustrated in Fig. 9. In
Figs. 9(a) and 9(b) we show raw data for the conductivity
and current, as a function of voltage, obtained from a
well-ordered region of the Sb overlayer. In the spectra
we find a well-defined band gap in the region —0.4 to 1.0
V, along with some distinct spectral features on either
side of the gap. The relative tip-sample separation, as a
function of voltage, is shown in Fig. 9(c). To normalize
the conductivity data, we take the ratio of dI/d V to I /V.
The resultant "normalized conductivity" has been previ-
ously demonstrated to provide a measure of the state den-
sity which is approximately independent of tip-sample
separation.

For the present case of a system with a large surface-

state band gap, we find that a significant problem enters
into the normalization of the conductivity. Near the
band edges, I/V generally approaches zero faster than
dI/dV, so that the ratio of the two tends to diverge. This
divergence is illustrated is Fig. 10(a), where we plot the
ratio of dI/dV to I/V, computed directly from the data
of Fig. 9. We see that the band edges (near —0.4 and 1.0
V) are not well defined. Also, (dl/dV)/(I/V) is ex-
tremely noisy within the gap region, since I /V is close to
zero. The origin of this problem can be seen by writing
dI/dV~p(eV)T(eV), where p(eV) is the surface-state
density and T(eV) is a transmission factor. The role of
I/V in the normalization is to provide an estimate of
T(eV). This estimate of T(eV) is completely invalid in
the gap region, in which the transmission itself does not
approach zero. However, at suSciently large voltages,
I/V may still provide a meaningful estimate of T(eV).
We have found that a workable (albeit empirical) solution
of this problem is to broaden the quantity I/V. The
broadening is done with a one-pole Fourier low-pass
filter, with the pole frequency given by AV '. In Fig.
9(d) we show I/V with no broadening, and with a
broadening of 5V= 1 V.

In Fig. 10 we show results for the normalized conduc-
tivity, using various amounts of broadening AV. We em-
phasize that the differential conductivity dI/dV is not
broadened —the procedure is only applied to the total
conductivity I/V. Figure 10(a) shows the result using no

20

Av =

(a)0 v10—

O.O

(b) Sbjp-GaAs
0.3

0.2
C
l—

0. 1 z
CC
CC

0.0

(b) 0. 1 V10—

5—

0
(c)10—

og
t—

Q
LLI

CL

(c} (d)

Av = 0 0.10
O

AV = 1 V — 0.05 )
0.00

0
Idly

.~.L~~'~v es a

—2 —1 0 1 2

I I I I

—2 —1 0 1 2 3

L L
'F WW 'W

SAMPl E VOl TAGE (Vj

FIG. 9. Raw data for (a) the differential conductivity, and (b)
the current, as a function of sample voltage. The applied varia-
tion in tip-sample separation is shown in (c). The total conduc-
tivity I/V is shown in (d), with no broadening (solid line) and a
broadening of 5V= 1 V (dashed line).

SAMPLE VOLTAGE (V)

FIG. 10. Normalization of the conductivity spectrum (from
Fig. 9), where I/V is broadened by various amounts AV. In
curve (a) the normalized data become extremely noisy near 0 V,
and that section of the curve is not plotted.
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broadening, b, V=O V, and Figs. 10(b)—10(d) show re-
sults for b V=0. 1, 1, and 5 V, respectively. We see that,
with some broadening, the band edges become well
defined, forming a band-gap region with normalized con-
ductivity close to zero. The spectral peaks themselves are
slightly shaped by the normalization, but their positions
do not significantly vary with different b, V. The final
spectrum, Fig. 10(d), bears a close resemblance to the raw
data shown in Fig. 9(a). This resemblance is not acciden-
tal, since our choice of z ramp in the spectrum is one
which tends to minimize the variation of I/V across the
spectral range.

In Fig. 11 we display various spectra, all obtained from
ordered regions of Sb terraces on p-type GaAs. Figures
11(a) and 11(c) were obtained from the same sample with
the same probe tip, and the other spectra were obtained
from different samples using different probe tips. The
depth of the z ramp varies, with values of 6, 6, 4, and 6 A
for Figs. 11(a)—11(d), respectively. The normalization of
the spectra is as described above, using broadening inter-
vals in the range 1.0—1.5 V. All of the spectra show two
peaks on the filled-state side ( V (0), and a single peak on
the empty-state side ( V & 0). The spectra display a
band-gap region with zero conductivity. In Fig. 11 we
center the observed band-gap region relative to a bulk

gap of 1.43 eV, with bulk gap edges denoted by Ez and
Ec (this relative positioning of observed gap and bulk gap
is discussed in more detail below). The amplitudes of the
observed peaks vary among the spectra, although their
positions, relative to the band edges, are constant to
within a few tenths of an eV. (The shifts in the absolute
positions of the band edges are due to variations in the lo-
cal band bending at the surface. ) We find the average po-
sitions of Ez —0.4 eV and Ev —1.4 eV for the peaks on
the filled-state side, and E~+2.0 eV for the peak on the
empty-state side.

In addition to the results shown in Figs. 10 and 11, we
have tried various other normalization schemes on the
spectra. In Fig. 12(a) we show a constant-z normaliza-
tion, again applied to the data of Fig. 9. In this method
we multiply the conductivity by exp(2x. b,z), where Az is
the known variation in tip-sample separation. We use
x=0.85 A ', which is a typical value for the decay con-
stant measured on this surface. The resulting normalized
conductivity is then plotted on a logarithmic scale, Fig.
12(a). The detection limit shown in the figure corre-
sponds to the noise level of our measurement, scaled by
the same exponential factor. An advantage of this partic-
ular normalization method is that its effect on the data is
quite straightforward, although a disadvantage is that
small features in the spectra are diScult to see on the log-
arithmic scale.

Another normalization scheme is shown in Fig. 12(b).
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FIG. 12. Other normalization schemes for the spectral data:
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the conductivity to the quantity I/(V —V;), where V;, i =1,2,
are the onsets of the conductivity on either side on the band
gap.
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There, we again normalize the conductivity to the
current. But then, rather than multiplying that quantity
by V as in Fig. 10(a), we multiply by V —V;, where V, ,
i = 1,2, are the onsets of the conductivity on either side of
the band gap. Use of this modified form for the voltage
multiplier eliminates the divergence problem discussed
above while avoiding the procedure of broadening the
current. The resultant spectrum is shown in Fig. 12(b).
For this particular spectrum, we have V, = —0.33 V for
the filled states and V&=1.02 V for the empty states.
This procedure constrains the spectrum to equal zero at
the band edges, and the spectrum is undefined within the
band-gap region. The spectral features seen in Fig. 12(b)
can be compared with those of Fig. 11(b) (which come
from the same raw data). We see essentially the same
features in both cases, although in Fig. 12(b) the S6 peak
looks more like a plateau, and the S7 8 peak is much re-
duced in size. Figure 12(b) probably gives the best repre-
sentation of the surface-state density, although this nor-
malization method is not completely general since it does
not provide any results within the band gap.

Our results for the spectroscopy can be compared with
photoemission results, ' ' "*' and theoretical calcula-
tions. ' In angle-resolved photoemission, ' '" two peaks
are seen near the top of the valence band. These peaks
are associated with the S5 and S6 surface-state bands.
The behavior of these bands, as found both in photoemis-
sion and theoretically, is as follows: S6 is clearly visible
over the entire surface Brillouin zone (SBZ), dispersing
downwards in energy with increasing wave vector. S5
can be seen near the edge of the zone, located at slightly
lower energy than S6, while it is strongly resonant with
bulk bands near the zone center. The average separation
of these two surface-state bands is observed in photoemis-
sion to be about 1 eV. The position of the two bands is in
good agreement with the observed positions of the two
peaks on the filled-state side of our spectra, and thus we
associate the observed peaks with the S~ and S6 bands, as
labeled in Fig. 11(a). The precise shape of the tunneling
spectrum is not expected to agree with that seen in
angle-resolved photoemission, since the matrix elements
for the processes are completely different.

In inverse photoemission, an empty state is observed,
located 2.0 eV above the valence-band maximum. ' This
value is in agreement with theoretical predictions ' for
the energy of a surface state, S7, at the center of the SBZ,
although the dispersion observed in experiment and
theory do not agree. A second state, S8 is predicted to
occur at an energy slightly above that of S7. The posi-
tions of these two states are in good agreement with the
spectral feature we observe at about 2.0 eV above the
valence-band maximum, and we associate that feature
with some combination of the S7 and S8 bands.

We now turn to the positions of the valence-band max-.
imum (Ez) and conduction-band minimum (Ec) as seen
in Fig. 11. In general, the size of a band gap observed in
a tunneling spectrum may be smaller than that in the
buIk due to the occurrence of surface states within the
bulk band gap. This is clearly seen, for example, for the
Si(ill)2X1 surface. ' The observed gap will not be

larger than the bulk gap as long as sufhcient sensitivity is
available in the measurement. For the case of the Sb
overlayers, we find an observed gap which is very close in
size to the bulk gap of 1.43 eV, as shown in Fig. 11. In
some spectra the conductivity appears to extend into the
gap region by 0.1 or 0.2 eV, possibly indicating that sur-
face states extend into the bulk gap by this small amount.
For comparison, angle-integrated photoemission finds 0.3
eV band bending for ordered Sb overlappers on p-type
substrates, thus establishing an upper limit of 0.3 eV for
the extent of the occupied surface state into the gap re-
gion. ' As indicated above, inverse photoemission finds
the empty states to lie outside of the gap region. ' These
experimental results are in good agreement with the tun-
neling spectra observed here, and confirm that the gap we
observe in the tunneling spectra is practically coincident
with the bulk band gap.

Finally, we return to the voltage-dependent imaging of
Sec. III B, and consider those results in terms of the ob-
served tunneling spectra. At large negative voltages ( —2
to —3 V) we found that the Ga-bonded Sb atoms Sb'
was seen. At small negative voltages ( —1.5 to —0.9 V)
the As-bonded Sb atom Sb' ', also appears, although it
has a smaller amplitude than that of the Ga-bonded Sb
atom. The nature of the surface state bands is known
from theoretical considerations: ' the S5 band occurring
at large negative energies consists mainly of As-bonded
Sb character, whereas the S6 band occurring at small
negative energies consists mainly of Ga-bonded Sb char-
acter. The tunneling current integrates over a window of
states, with the tunneling matrix element always favoring
higher-lying states. This selection is consistent with the
STM images, in which we mainly observe the Ga-bonded
Sb atom associated with the higher-lying S6 state. The
fact that we see both atoms at small negative voltages
may be due to that fact that at those energies we are
probing states near the center of the surface Brillouin
zone, and these states have significant weight on both Sb
atoms in the unit cell.

IV. SUMMARY

In summary, we have used the scanning tunneling mi-
croscope to study the geometric and electronic properties
of antimony overlayers on the GaAs(110) surface. The
Sb is observed to grow as a 1 X 1 ordered monolayer. The
position of the Sb atoms in the unit cell has been deduced
from voltage-dependent imaging. These positions are
compared with various models for the surface structure,
and a best fit is found for a model in which the Sb atoms
form zigzag chains that bridge the GaAs chains on a
nearly unrelaxed GaAs(110) substrate. The surface-state
density has been measured with tunneling spectroscopy.
A new spectroscopic method is used here, which enables
us to obtain the entire spectrum, in a single scan, with
high dynamic range. The normalization of the conduc-
tivity spectrum is discussed, and a method is introduced
which overcomes some difhculties associated with large
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band gaps. A band-gap region is observed in the tunnel-
ing spectra, with width nearly equal to the bulk band gap.
Two distinct spectral features are seen on the 611ed-state
side, and we associate these features with the S~ and S6
surface-state bands. On the empty-state side we see one
broad spectral peak, which we associate with some com-
bination of the S7 and S8 surface-state bands.
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