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InAs(110)-p(1 X 1)-Sb(1 ML): Electronic structure and surface bonding
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Department of Physics, Queen’s University, Kingston, Ontario, Canada K7L 3N6

D. N. Mcliroy* and D. Heskett
Department of Physics, University of Rhode Island, Kingston, Rhode Island 02881

R. Ludeke and H. Munekata
IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
(Received 5 December 1994; revised manuscript received 13 February 1995)

The electronic structure of the InAs(110)-p(1X1)-Sb(l1 ML) system has been studied using angle-

resolved photoemission with a synchrotron light source.

The InAs(110) surfaces were grown by

molecular-beam epitaxy on GaAs(110) substrates. Four two-dimensional states were found and their

dispersion along the TX and T'X' directions of the 1X 1 surface Brillouin zone was determined. Al-
though there is excellent overall agreement between the experimental energy bands and the predictions
of a previously published tight-binding calculation, the bandwidth of two states, along the direction that
is orthogonal to the Sb chains, is underestimated. A possible explanation for this is proposed.

I. INTRODUCTION

Since Skeath et al. discovered"? that Sb orders epitaxi-
ally on GaAs(110), the GaAs(110)-p (1X1)-Sb(1 ML) sys-
tem has become one of the most intensively studied epi-
taxial overlayer systems. These studies have furthered
our understanding of epitaxial adatom growth on
GaAs(110) and of the nature of the surface chemical
bond. Although there are several possible atomic
geometries that provide the observed 1X 1 overlayer sym-
metry, Skeath et al. identified two likely candidates that
also satisfy electron-counting considerations. They pro-
posed that Sb atoms form zigzag chains which are posi-
tioned either on top or between the Ga-As zigzag chains.
The former structure is frequently called the p°
geometry, because the valence electrons of every second
Sb atom within the overlayer chain form a p*® hybrid
which allows the atoms to bond to two other Sb atoms
and a surface Ga atom. The latter structure puts the ad-
sorbates close to the atomic positions that the bulk atoms
would be in. Consequently, the model has become known
as the continued-layer structure or the epitaxial
continued-layer structure (ECLS). Soon after Skeath
et al’s experiments it was shown that the continued-
layer structure was favored by a dynamical analysis of
low-energy electron-diffraction (LEED) intensities.’

Later, calculations of the surface electronic structure
were reported. The calculations were performed using
the pseudopotential* and tight-binding methods.’~’ Fur-
thermore, the dispersion of the surface states was mea-
sured by two groups using angle-resolved photoemission
(ARPES).* !

Tight-binding calculations®’ identified a kind of bond
at the surface which is not found in bulk III-V semicon-
ductors, and which does not have a small molecule ana-
log. It was argued®’ that Sb intrachain bonding is pro-
vided by planar o bonds, formed from Sb p, and p, orbit-

0163-1829/95/51(20)/14271(7)/$06.00 51

als. The Sb p, orbitals form a 7-bonded manifold, and
the manifold bonds diffusively with the substrate. (The
coordinate system has x and y in the surface plane.) It is
this diffuse bond that has no small molecule analog.
Mailhiot, Duke, and Chadi®” ruled out the formation of
sp? hybrids after considering the bond angles within the
Sb chain. The Sb intrachain bond angle (91°) is close to
the value that is produced by p? bonding (90°), and is
much smaller than the tetrahedral bond angle (109.47°).3
It was this fact that led Mailhiot, Duke, and Chadi®’ to
treat the surface bonding in terms of chain states, and
this approach successfully reproduced the intrachain
bond angle.

This description of the surface bonding has been con-
tested by Manghi, Calandra, and Molinari,'*> who argue
that the most natural description of the surface bonding
is in terms of sp> hybridization although the intrachain
bond angle is smaller than expected. The Sb valence elec-
trons form sp3 hybrids which allow the atoms to bond to
two Sb atoms within the chain, an atom in the substrate
(cation or anion) leaving two electrons to form a lone-pair
orbital. The bonding between the chain and substrate is
provided by backbonds between the Sb atoms in the
chain and the Ga and As atoms in the substrate.
Manghi, Calandra, and Molinari'? argue that a sp*® hy-
brid structure does not necessarily imply an intrachain
bond angle of 109.47°, because the Sb atoms bond to non-
equivalent atoms.

In principle, it should be possible to differentiate be-
tween these two bonding schemes using ARPES. For ex-
ample, the dispersion of the state associated with the
backbond should provide a quantitative measure of the
chain-substrate coupling. If the chain-substrate bonding
is provided by a conventional covalent backbond, the
dispersion of this state perpendicular to the chain should
be large. If the chain-substrate bonding is provided by
diffuse coupling between the 7 manifold and the sp3 hy-
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brids, the state dispersion orthogonal to the chain should
be smaller.

In this study we have examined the electronic structure
of Sb monolayers on InAs(110). This system belongs to a
larger family which includes GaAs(110)/Sb,%101L13
GaP(110)/Sb,'"! and InP(110)/Sb."* Furthermore, al-
though the surface bands have been calculated,’ to our
knowledge the system has not been studied before with
angle-resolved photoemission.

II. EXPERIMENTAL DETAILS

Experiments were performed at the U12B angle-
resolved photoemission beamline located at the National
Synchrotron Light Source (Brookhaven National Labora-
tory, Upton, New York).!> The experimental chamber
was equipped with a hemispherical electrostatic energy
analyzer!® which has an angular acceptance of +2°. The
combined energy resolution of the monochromator and
electron analyzer was =~ 150 meV.

The n-type, unintentionally doped, InAs(110) sample
was grown by molecular-beam epitaxy (MBE) at IBM
Yorktown Heights on a GaAs(110) substrate, and details
of the crystal growth can be found elsewhere.!”'® Subse-
quently, clean, atomically ordered surfaces were pro-
duced by several sputter-anneal cycles. The sample was
sputtered with a defocused beam of 1-kV argon ions for
10 min and then annealed to 400°C for 5-10 min. This
process produced surfaces that displayed reproducible
valence-band spectra, core-level spectra, and LEED pat-
terns. Core-level photoemission spectra of the In 4d
core-level comprised only two spin-orbit split doublets
(surface and bulk). There was no evidence, such as a
low-binding-energy doublet in the In 4d core level, to
suggest that there were In clusters on the surface.

The Sb overlayers were evaporated from a well-
outgassed boron-nitride effusion cell. During the eva-
poration the pressure did not exceed 3 X 10710 Torr, and
the pressure during the experiment was =~1X 1071 Torr.
The Sb coverage was calculated from timed exposures to
the evaporant beam and correlated with the ML break
point in the core-level intensity. After deposition, the
overlayers were annealed at 250 °C for 5 min to order the
overlayer. After annealing, the overlayers displayed clear
1 X1 low-energy electron-diffraction patterns. The sam-
ples were aligned so that the zigzag chains were vertical,
perpendicular to the A vector of the synchrotron light.

III. RESULTS

In Fig. 1, the result of depositing Sb on InAs(110) is il-
lustrated. The lower spectrum was collected from the
clean InAs(110) surface. The analyzer was positioned to
probe the As-anion-derived surface state at the X point
of the 1 X1 surface zone with 19.5-eV light. The figure il-
lustrates the effect of sequentially depositing Sb onto the
clean surface. As the Sb coverage is increased, the emis-
sion in the vicinity of the A s state broadens and the cen-
troid of the emission moves to lower binding energy (the
small band-bending shift of =170 meV has not been sub-
tracted from the spectra). At coverages of 1 ML the
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emission has broadened considerably. However, anneal-
ing the surfaces at 250 °C for 5 min separates the emission
located =~1.75 eV below Ej into two well-defined states
which have been labeled S' and S'. The figure also re-
veals the presence of a very intense feature S =<3 eV
below E and a shoulder S' at ~3.8 eV below E. Al-
though it is unusual for a valence-band spectrum to be
entirely dominated by surface-state emission, we will
show later that, at the X point, three of the four states
(ST, S™ and S') lie within gaps in the projected bulk
band structure of InAs. This provides strong evidence
that they are surface states. In contrast, S appears to be
in resonance with the bulk continuum at this point.

Three of the four states mentioned above (S, S, and
S1V) appear to disperse symmetrically about X, although
it was not possible to follow the states deep within the
bulk continuum. At first inspection the dispersion of the
ST state about X appears to lack the requisite mirror
symmetry (see below). However, we believe that, away
from the X point, the S state overlaps a bulk transition,
if photon energies in the range 19.5-22.0 eV are used to

Intensity (Arb. Units)

Binding Energy (eV)

FIG. 1. Photoemission spectra from the clean InAs(110) sur-
face (bottom curve) and for the same surface with various Sb
coverages which are indicated on the figure in ML. With the
exception of the top curve, the Sb overlayers were not annealed
after deposition. The top spectrum is a ML coverage which was
annealed at 250 °C for S min to order the overlayer. The intensi-
ty of the state located at =3 eV below Ej increases, and the
broad feature located ~1.75 eV below Ef splits into two well-
defined states (ST and S™). Annealing the surface also reduces
the diffuse background in the LEED pattern.
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probe the state. This fact makes it difficult to determine
the binding energy of S™ with a high degree of precision.

In Fig. 2 the emission from the clean InAs(110) surface
is shown in the lower portion of the figure. The analyzer
is positioned to probe the intense feature located 2 eV
below Ep at the X' point with 19.5-eV light. Directly
above this is a spectrum from the annealed ML system
which was taken with the same photon energy and with
the analyzer in the same position. Although there is a
remnant of the intense feature that is present on the
lower spectrum, there is additional emission to both
lower and higher binding energies. These additional new
features have been labeled S! and SV, respectively.
From studies at other photon energies and from compar-
ison with spectra taken from the clean surface,!® we know
that the emission between these two states arises from a
bulk feature and at least one other two-dimensional,
surface-localized state (S') which is located ~500 meV
below ST at X'. We found little evidence for an addition-
al surface band (e.g., S™) located between S and S'V.
(The labeling of the surface features will be explained
below.) The upper three spectra in Fig. 2 were obtained
by moving the analyzer further off-normal, so that the re-
gion of reciprocal space beyond X’ toward the T point of

+1 ML Sb

[+1 ML Sb
__J+1MLsb
L r =g
= I'X
oD
S |+1 ML Sb 6
< | +4°
=
‘»
o
[
E

InAs(110)
clean

hv =195 eV

Binding Energy (eV)

FIG. 2. Photoemission spectra from the clean InAs(110) sur-
face (bottom curve) and from the InAs(110)-p (1X1)-Sb(1 ML)
system (all other curves). In the bottom curve the analyzer is
positioned to probe the large peak 2 eV below Ep at the X’
point. In the other spectra the analyzer is moved beyond X’, by
the angle indicated on each spectrum, toward the T point of the
second zone.
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the second zone is probed. As the analyzer is moved
beyond X', S! disperses upwards and SV disperses down-
wards.

The second state (S™) is visible in Fig. 3. All the spec-
tra were collected with 19.5-eV light, and the analyzer
was positioned along the I'X direction. Although three
states are visible with this photon energy, the initial-state
dispersion along T'X is very shallow. Both STand S" are
clearly visible near the X point (~23°). Of the three, S'V
is the only state visible near T.

In Fig. 4 the strong dispersion of the ST state along
the TX' direction is clearly visible. The S'V state reaches
the X" point at §=~15°. The S’ state is also visible as a
shoulder near this X point with the photon energy.

The two-dimensional nature of the three states S1, ST,
and S, is illustrated in Fig. 5. The upper spectrum was
collected with 19.5-eV light. The analyzer was positioned
16° off-normal along I'X’. The lower spectrum was col-
lected with 22-eV light with the analyzer 14.7° off-
normal. Both energy distribution curves can be modeled
using four Voigt functions® and a function to describe

Intensity (Arb. Units)

I'X
hv=19.5eV

-8 -6 -4 -2 0
Binding Energy (eV) Er

FIG. 3. Photoemission spectra from the InAs(110)-p (1X1)-
Sb(1 ML) system taken with 19.5-eV light along I'X. In this en-
ergy range three two-dimensional, surface-localized states are
visible, although their dispersion is very shallow. Near the zone
center the emission from both S and S is swamped by bulk
emission (marked B). The numbers on the curves indicate the
position of the analyzer relative to the surface normal.
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the secondary electron background.?! The four Voigt
functions are associated with the three two-dimensional
states that are described above and a bulk state (marked
B in the figure). Nonlinear least-squares analysis allows
the position of the states to be established when the peaks
are not completely resolved in the energy distribution
curve. The three states ST, S, and SV are probed at
values of k\l which lieoin the range 0.6310.05, 0.62
40.05, and 0.61+0.04 A~} respectively. The binding-
energy shifts for the surface states are in all cases less
than the experimental error (i.e., 30 meV). This confirms
their two-dimensional nature. In contrast, the state that
we have labeled B in Fig. 5 shifts by =~ 100 meV, illustrat-
ing that it is truly a bulk state. As we shall argue below,
by comparing our results with tight-binding calculations,
it is possible to make a one-to-one assignment of the ex-
perimental and theoretical surface bands. This leads us
to believe that there may be another surface band be-
tween the states we have labeled S and STV. However,
we were not able to locate this band because core-level
emission from second-order light limited the range of
photon energies we could use in the experiment.

The results of our band-mapping studies are presented
in Fig. 6. The dispersion of the three states (dots) is plot-

Intensity (Arb. Units)
i

hv =22.0 eV

Binding Energy (eV) Ef
17

FIG. 4. The dispersion of the SV state is clearly visible along
the I'X’ direction. The SV state hits the X' point ~16° off-
normal.
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hv =19.5 eV
0=16°

~ Intensity (Arb. Units)

-4 -3 -2 -1 0
Binding Energy (eV) Ep
FIG. 5. The two-dimensional nature of the three states S,
ST, and S is illustrated. The analyzer was positioned so that
the projection of the free-electron momentum vector onto the
surface plane was approximately the same in both cases. The
states labeled S, S, and SV (within the experimental uncer-
tainty) do not change binding energy, whereas the state labeled
B does. This indicates that the feature labeled B arises from a
band which is truly three dimensional.
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FIG. 6. The results of band-mapping studies along the TXT"
and T'X'T" directions. The points are the experimental initial-
state dispersions, which were extracted from energy distribution
curves collected with 19.5- and 22.0-eV light. The dashed lines
are the calculated surface eigenvalue spectrum of the S;-S¢
states (Ref. 7). The full lines are the edge of the projected bulk
bands (Ref. 7). The energy scale is referenced to the valence-
band maximum. For clarity the projected bulk bands have not
been shaded.
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ted along the 'X’ and T'X high-symmetry directions, and
compared with the results of a tight-binding calculation.”
The experimental points were extracted from energy dis-
tribution curves that were collected at both 19.5 and 22.0
eV. The dashed lines are the calculated surface bands (la-
beled S;-S¢), and the full lines are the edge of the pro-
jected bulk bands. _

Several points are worthy of note. (1) Around X’ the
dispersion and binding energy of S! are in excellent
agreement with the calculated dispersion of the S band.
(2) At X the ST state is within 250 meV of S, and the
dispersion of the S' band is shallower than the dispersion
of the S¢ band. (3) The dispersion of S™ appears to fol-
low the projected bulk band edge in the vicinity of X’
point, and there seems to be little correspondence with
the calculated dispersion of the S5 band in this region of
the surface zone. (4) At the X point S™ is at higher bind-
ing energy than S, but the dispersion of the band along
I'X is in excellent agreement with the dispersion of the S5
band. (5) The S™ state appears within a projected bulk
band gap at the X point of the surface zone. Although
the dispersion of this state about X does not appear to be
completely symmetric, we believe this is because the state
overlaps a bulk transition in the narrow range of photon
energies that we used in the experiment. This makes it
particularly difficult to extract the binding energy of the
state. (6) At X', the binding energy of the SV band is
within 200 meV of S;. Consequently, the experimental
state has been labeled S. (7) The dispersion of S7
along I'X'T" is much larger than the dispersion of either
of the S; or S, bands. (8) The binding energy of SV at X
is within 250 meV of S;.

IV. DISCUSSION

It is obvious from Fig. 6 that there is a good level of
agreement - between the experimental and calculated
bands.” This allows a fairly straightforward assignment
of the experimental bands to be made (e.g., S'=Sq,
Sl=g,, sM=g, and S'V=S$,). In the following discus-
sion it must be borne in mind that the tight-binding
bands that we have reproduced in Fig. 6 were calculated
a decade ago, long before the dispersion of the bands
were experimentally determined. Furthermore the tight-
binding calculation represents one of the first attempts to
predict the surface-state eigenvalue spectrum. Consider-
ing both these facts the agreement between experiment
and theory is very impressive. Although there are some
differences in detail, that will be discussed at length
below, the predictions of the calculation regarding the
number and location of the bands are in good overall
agreement with experiment.

We will now turn to a detailed comparison between ex-
periment and theory. First, we notice that the binding
energy and position of the S! state matches the predicted
binding energy and dispersion of the S state. This is
particularly true along the I'X’ azimuth. Along I'X the
calculated dispersion appears to be overestimated, al-
though the location of the state is in good agreement with
experiment.

Second, although the calculations reproduce the
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dispersion of the S state remarkably well about the X
point, the calculated binding energy appears to be ap-
proximately 250 meV too small. About the X' point the
situation is quite different. The calculation predicts that
the dispersion of S5 should almost be flat, whereas the
dispersion of S™ is very pronounced and it appears to fol-

-low the projected bulk band edge. Although it is not un-

common to see indirect emission from band edges in
angle-resolved photoemission spectra (e.g., Ref. 22), we
have no reason to attach any special significance to this.

Third, the lower bands S; and S, are assigned to the
experimental STV and S™ bands. We note that the bind-
ing energy and the dispersion of the S band is in very
good agreement with the binding energy and dispersion
of the S5 band about the X point. However, the splitting
between the S™ and the SV bands at X is much greater
than the corresponding splitting of the S; and S, bands.
As we have mentioned above, in the experimental energy
distribution curves the S™ state overlaps a bulk transi-
tion. Consequently, the location of the S™! state about X
is only known to within =100 meV. We believe that the
close proximity of the bulk transition produces the asym-
metry of the measured initial-state dispersion about the X
point. Both S™ and SV disperse into projected gaps in
the bulk band structure. Consequently they must be
surface-related features. -

Fourth, the curvature of the STV band about X’ is in
excellent agreement with the calculations, and the pre-
dicted binding energy of this band is also in good agree-
ment with experiment. However, the bandwidth of the
STV long TX' is almost a factor of 2 larger than the band-
width of either S; or S,.

Perhaps one of the most striking differences between
the measured and calculated surface-state dispersions
presented in Fig. 6 is the difference between the predicted
and measured bandwidths along the I'X' direction. The
experimental dispersion of both the S and SV states are
substantially larger than the calculated bandwidths of the
S, S4, and S5 bands. Consequently, the tight-binding
calculation appears to underestimate the strength of the
wave-function overlap in the direction orthogonal to the
Sb chains. In the direction that is parallel to the Sb
chains, the initial-state dispersion of the surface bands is
reproduced remarkably well by the calculation.

The dispersion of the surface bands have also been
measured in the InP(110)-p(1X1)-Sb(l1 ML) system,'
and the same trend is found. Although there is good
overall agreement between the tight-binding calculation’
and experiment, the calculations underestimate the
dispersion of the low-lying states along I'X’ (see Table I).

We note that although Martensson et al.® performed a
very thorough mapping of the GaAs(110)-p (1X1)-Sb(1
ML) system, they were unable to measure (presumably
because of overlap with bulk states) the bandwidth of the
lower-lying surface states along I'X’. Consequently, at
this time, it is not possible to determine whether this is a
general trend. However, in the following we will briefly
explore the implications of this finding.

As we emphasized above, the experimental picture is
far from complete. However, the first band-mapping
studies of the III-V (110)-p(1X1)-Sb (1 ML ) family sug-
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TABLE 1. A comparison between the experimentally deter-
mined bandwidth of the S™ state with _the calculated dispersion
(Ref. 7) of the S; and S, bands along I'X’. All bandwidths are
measured in eV. In Ref. 14, McGovern et al. studied the
InP(110)-p (1X1)-Sb(1 ML) system and identified a state which
was labeled 8. It was shown to have surface provenance, and it
clearly corresponds to the SV state described in the main text.

System Experimental A Sa
InP(110)/Sb 1.63 (Ref. 14) 0.53 0.53
InAs(110)/Sb 1.20 (this study) 0.68 0.73

gest that although the tight-binding calculations per-
formed by Mailhiot et al.%7 are in good overall agree-
ment with experiment, they do underestimate the disper-
sion of the lower-lying surface states along I'X’. In the
direct lattice, this direction is orthogonal to the Sb chains
and our results suggest that the wave-function overlap
along this direction is significantly larger than previously
thought. Although the nearest-neighbor tight-binding
method should reproduce the strength of the chain-
substrate interaction, it is possible that it may underesti-
mate the strength of the chain-chain interaction which
may be mediated by subsurface valence electrons.

V. CONCLUSIONS

The surface-state eigenvalue spectrum of the
InAs(110)-(1X1)-Sb(1 ML) system has been studied using
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ARPES and compared with the results of some tight-
binding calculations.®” Four surface bands (S, ST, s
and S'V) were detected and their dispersion along the
I'X’ and I'X directions of the surface Brillouin zone was
measured. We found very good overall agreement be-
tween the experimental and the calculated bands.*’” Con-
sidering that the surface bands were calculated a decade
before band-mapping studies, such as this one, could pro-
vide information about the surface-state eigenvalue spec-
trum, the agreement between the tight-binding calcula-
tions and experiment is very impressive. A detailed com-
parison between the experimental and calculated bands
revealed that the bandwidth of two of the lower-lying ex-
perimental bands along the 'X’ direction is larger than
the tight-binding calculation predicted. One possible ex-
planation for this discrepancy was proposed.
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