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It is shown that the atomic structure of column-V-element overlayers on GaAs(110) is in
the form of a zigzag chain arrangement by a combination of detailed experimental investi-
gation (using both photoemission electron spectroscopy and low-energy electron diffraction)
and simple theoretical analysis. Antimony (Sb), used as a representative column-V element,
spontaneously forms zigzag chains which are parallel to and in registry with the zigzag
chains of the GaAs(110) surface when deposited at room temperature. The close lattice
match between the size of the GaAs(110) surface unit cell and the zigzag chain constructed
with Sb favors a near-ideal (dehybridized Sb orbitals in the Sb—Sb bonds) structure for the
adatom chain when bonded to the substrate. The result is a new very-well-ordered atomic
arrangement on the surface with two Sb atoms inside the GaAs(110) surface unit cell. From
simple calculations, it is shown that the dehybridization of the states of the column-V atom
in the zigzag chain structure results in a surprisingly narrow (~ 1.5-eV) band of bonding p
states, when compared to the ~12-eV bandwidth of bonding p states in a linear chain.
Strong evidence for this narrow band of Sb p states is shown in the photoemission data.
Two schemes for attachment of the zigzag chain to the GaAs(110) surface are presented and
their electronic structure is analyzed. This analysis shows that the states generated by the
two attachment schemes fall in the same energy regions, and hence the present combination
of photoemission data and simple theoretical analysis does not identify with certainty which
scheme is the correct one. However, careful low-energy electron diffraction analysis by
Kahn, Duke, and co-workers does favor one attachment scheme over the other. It is con-
cluded that the combination of simple theoretical and detailed experimental approaches em-
ployed here are useful, in general, for determining the structure of column-V overlayers on
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III-V semiconductor surfaces.

I. INTRODUCTION

The bonding of column-V elements on the sur-
faces of III-V compounds is of interest for several
reasons. First, an understanding of the column-V
adatom to GaAs surface bond character (i.e., co-
valent versus metallic) and binding site gives insight
about the electronic structure and chemistry of the
semiconductor surface. Also, as will be shown
below, well-ordered column-V-element overlayers
can be obtained, in which case the structure (both
atomic and electronic) of the overlayer can be stud-
ied. Lastly, information on the bonding of consti-
tuent elements to a crystal surface should contribute
to our knowledge of the growth mechanism of the
crystal.

It has been established that changes in surface
valence-band electronic structure due to chemisorp-
tion of foreign atoms can be detected by proper
photoemission experiments.! The GaAs(110) sur-
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face [see Figs. 1(a)—1(c)] is most likely the best
characterized and understood of all compound semi-
conductor surfaces and was thus chosen for these
experiments. GaAs photoemission energy distribu-
tion curve (EDC) structure in the uppermost 5 eV of
the valence band have proved particularly sensitive
to changes in surface conditions?; thus, it is antici-
pated that a careful photoemission electron spectros-
copy (PES) study of the top 5 eV of the valence
band is essential for any understanding of the bond-
ing of the column-V atoms to the surface. Low-
energy electron diffraction (LEED) data provide
essential complementary information, which charac-
terizes the atomic structure of the ordered surface.
The technique of molecular-beam epitaxy® (MBE)
for growth of epitaxial layers on III-V compound
semiconductors should be easily applied for investi-
gations of crystal-growth mechanisms on an atomic
level at the crystal surface. With the exception of
the work by Bachrach,* who studied Al and Ga on

6246 ©1983 The American Physical Society



27 BONDING OF ANTIMONY ON GaAs(110): A PROTOTYPICAL ... 6247

GaAs (110) Surface

(a) Truncated Ga As 1st Layer
o) 2nd Layer
(001)
(b) Reconstructed 1st Layer
2nd Layer
(c) Surface
Lattice Orientation 1

angle
resolving
slit

(1?0){

(001)

01
.

(11)e
(d) LEED Spot

Pattern (10)e (0.0)

ane @ o

FIG. 1. Schematic illustrations of the GaAs(110) direct
and reciprocal surface lattices. (a) Side view of the
“ideal” truncated (unreconstructed) surface lattice, with
dashed lines indicating broken bonds of sp3 character. (b)
Side view of the reconstructed (110) surface lattice always
found on GaAs. The character of the nonbonding states
(indicated with dashed line) changes with the reconstruc-
tion such that there is an empty p-like state on the Ga
atom and a filled s-like lone pair on the As atom. Note
that the reconstruction is consistent with a planar (sp?)
configuration preferred by the column-III elements and
an atomiclike (dehybridized) configuration preferred by
the column-V elements. (c) Top view of the surface lat-
tice, showing only the first layer. The surface atoms are
arranged in zigzag chains, with a rectangular unit cell
containing one Ga and one As atom. The azimuthal an-
gle of the incident light’s propagating direction (labeled
hv) and angle-resolving slit, which are always 90° apart
from each other, are shown for orientation 1. (d) The re-
ciprocal of the surface lattice shown in (c). The LEED
diffraction beams referred to in this work are identified
by their corresponding reciprocal lattice point.

GaAs(110), MBE techniques have not been used to
uncover the basic mechanism by which adsorbed
atoms or molecules are bound into lattice sites.
(That is, where are the preferred adsorption sites for
Ga or As on a specific GaAs surface? How does the
adsorbed layer get into epitaxial alignment if these
are not GaAs lattice sites?)

For the study of column-V elements (Sb) adsorbed
on GaAs(110), the above techniques (PES, LEED,
and MBE) are combined. After giving the impor-

tant experimental considerations, PES and LEED
data are presented. LEED I-V profiles are shown
for two integral order diffraction beams as a func-
tion of coverage. PES was used to monitor both the
core levels (Ga3d, As3d, and Sb4d) and valence-
band electronic structure. Data are first presented
as a function of Sb coverage. Oxidation data for a
Sb monolayer on GaAs(110) are shown. The
remainder of the PES data is devoted to a study of
the Sb-induced valence states by both angle-
integrated and angle-resolved PES.

A list of characteristics of the Sb overlayer is as-
sembled at the start of Sec. IV. Structural models
are then proposed based on these characteristics and
on the chemistry of the GaAs(110) surface. The
electronic states associated with these models are
calculated by a simple linear combination of atomic
orbitals (LCAO) method. These calculated states
are then compared to those observed in the PES
data. It is concluded that the zigzag chain models
do account for the experimentally observed charac-
teristics of the Sb overlayer. The results of other ex-
perimental work on column-V elemeént adsorption
on GaAs(110) are also discussed.

II. EXPERIMENTAL CONSIDERATIONS

The photoemission portion of this investigation
was done using continuously variable, nearly mono-
chromatic light from the 4° beam line (60
eV <hv <500 eV) and from the 8° beam line (10.2
eV <hv <32 eV) at the Stanford Synchrotron Radia-
tion Laboratory.” The monochromator design for
these beam lines is such that the inherent polariza-
tion of the synchrotron light in the horizontal plane
is preserved. The experimental chamber layout (see
Fig. 2) is such that the light impinges on the sample
surface at near-grazing incidence (76° from the sur-
face normal); thus, the electric field of the light at
the surface is nearly perpendicular to the surface (A
is 14° from the surface normal—mainly p polarized).
A PHI 15-255G double-pass cylindrical-mirror
analyzer (CMA) with axis parallel to the sample sur-
face normal was used to obtain photoelectron and
Auger electron energy spectra. The CMA collects
electrons within a polar angle window of 42.3°+6°
and essentially integrates over azimuthal angles.
During part of the photoemission experiments, a slit
was positioned in front of the CMA to mask all but
a 15° segment of the azimuthal angles. The slit was
centered on a vertical axis in the chamber (perpen-
dicular to the horizontal plane of Fig. 2) below the
CMA axis.

The GaAs crystals were nearly degenerately
doped p-type (2 10'® cm~3 Zn, Laser Diode) and
n-type (5 107 cm ™2 Sn, Varian). Clean GaAs(110)
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FIG. 2. Schematic illustration of the experimental ap-
paratus. Single crystal GaAs cleaving bars are mounted
on a rotatable carousel in the center of the vacuum
chamber. A metal (Au) substrate and a quartz thickness
monitor (not shown) were also located on the carousel.
After cleaving in ultrahigh vacuum ( <10~'° Torr), char-
acterization of the surface can be done with the CMA
(used for photoemission electron spectroscopy and Auger
electron spectroscopy) or the LEED apparatus. Light im-
pinges on the sample surface at near-grazing incidence.
An evaporator flange containing three shuttered evapora-
tors and a second crystal-thickness monitor was used as a
source of Sb, Al, Ga, In, or Au for deposition on GaAs.
Transfer of samples into and out of the chamber was pos-
sible without breaking vacuum by use of a vacuum inter-
lock. The chamber was designed by Dr. P. Pianetta
(Hewlett-Packard Corp., Palo Alto, California).

surfaces were prepared by cleaving under vacuum.
Surfaces with low defect density can be produced by
this technique.>$

Sb was deposited on the sample by evaporating
from a shuttered bead or quartz crucible source.
The evaporation rate was determined by Sloan
crystal-thickness monitors mounted alongside the
evaporators and on the sample carousel, and the
amount deposited was calculated from the rate and
exposure time. The evaporation sources and deposi-
tion techniques are described in more detail else-
where.” We define monolayer (ML) coverage to be
the same as the number of atoms in the surface lat-
tice of GaAs(110) for convenience (0.89 10"
atoms/cm?). Sample exposures to antimony (Sb) are
given in terms of a dosage (in units of 10'° atoms

incident/cm?) instead of coverage, in consideration
of a sticking coefficient of Sb on GaAs which may
be less than unity. These dosages are determined by
referencing to an Sb-covered thickness monitor, and
thus they assume a unity sticking coefficient for Sb
on Sb. Thus, the absolute dosages may be in error
by a factor equal to the reciprocal of the sticking
coefficient of Sb on Sb, but relative dosages are well
determined.

Calibration of the actual Sb coverage was possible
in the core-level PES data from the ratio of Sb4d to
Ga 3d peak areas. For clean cleaved GaSb(110), this
ratio is 1.7 at a photon energy of 110 eV. Taking
into account that an Sb overlayer has about twice
the Sb atoms per unit volume as GaSb, ignoring in-
terdiffusion, and assuming an inelastic scattering
probability that is constant inside the solid and
drops abruptly to zero outside the surface,® the for-
mula

Asp

=3.4(et¥L_1)
AGa

was used to determine the coverage. Here, A, is the
area under the core-level peak of element x, L is the
scattering length (assumed the same in Sb, GaAs,
and GaSb), and d is the Sb layer thickness.

LEED beam intensity versus primary beam ener-
gy (I-V) data were obtained using a standard Varian
four-grid LEED optics (shielded by u metal) and a
Gamma Scientific T-5 spot photometer. Only a sin-
gle scan of each diffraction beam was done; thus,
only the gross features of each I-V curve are reliable
and the details are probably not accurate. In all
cases the data are normalized to the beam current.

III. RESULTS

A. Determination of order in Sb overlayers

The 1 X 1 LEED pattern was preserved along with
the mirror plane symmetry after 1X10° cm~2 Sb
adsorption at room temperature.” Thus the size and
basic symmetry of the surface unit cell was un-
changed by 1 ML Sb adsorption. To determine if a
change in atomic structure within the surface unit
cell had occurred, LEED I-V data were obtained be-
fore and after Sb deposition. Changes in the relative
diffraction spot intensities indicated the binding of
Sb to a specific site (or sites) within the GaAs sur-
face unit cell resulting in an ordered Sb overlayer.’

In a separate experiment (at Stanford University,
in which we gratefully acknowledge collaboration
with A. Kahn of Princeton University), LEED I-V
profiles for the (10) and (T11) beams were obtained
as a function of Sb dosage (see Figs. 3 and 4). At
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FIG. 3. Single-scan LEED I-V profiles of the (10)
beam vs Sb dosage. The baseline for each profile is indi-
cated by a dashed line, with an arrow to show what base-
line corresponds to a given dosage. Note that the profiles
are in relative units (no vertical scaling factors) and nor-
malized to the beam current after subtracting off the
background intensity.
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FIG. 4. Single-scan LEED I-V profiles of the (T1)
beam vs Sb dosage.

the lowest dosage (0.45% 10> Sb atoms/cm?), there
is evidence of damping or smearing of the I-V struc-
ture, particularly at very low energies ( <40 eV), and
slight indication of new structure. The I-V profiles
are markedly changed by the second Sb dose
(0.65% 10'° atoms/cm? total) with the appearance of
prominent new structure in the I-V profiles. The
new I-V profiles are essentially constant in the
dosage range 0.9—2.0% 10'° atoms/cm?. A larger
dosage of 5x10'° Sb atoms/cm? was made, from
which it was observed by eye that the I-V profiles
were very much the same as for the 1—2X 10"
dosage range, although the background intensity was
much greater. Thus there is only a single ordered
phase, 1—2 ML in thickness. The comparable dif-
fraction intensities (peak heights in the I-V profiles)
of the (10) beam for clean and Sb-covered surfaces
indicate that some asymmetry or deviation from a
“truncated diamond lattice” configuration'® remains
after depositing Sb.

More recently, Carelli and Kahn, and co-workers,
have shown that the ordered overlayer is 1 ML
thick, which forms islands at submonolayer cover-
age.11 It was concluded from their work that the
average island size was quite small (in the 10—100 A
range) compared to the coherence length of the
beam (300—400 A). The diffraction beam broaden-
ing, which indicated island formation, did not
display any obvious anisotropy and disappeared at
monolayer Sb coverage.

B. Chemical states of adsorbed
and oxidized Sb

Chemisorbed Sb on GaAs was studied by soft—x-
ray photoemission spectroscopy (SXPS) as succes-
sively greater amounts of Sb were deposited (see Fig.
5). Emission from the Sb4d core levél increased
dramatically after a total dose of 0.4x 10" cm™2,
suggesting that the sticking coefficient of Sb on this
surface had increased after the first two exposures.
For total dosages of 0.7 X 10" cm ™2 and higher, the
separation between Ga3d and As3d core levels be-
gan to increase: The Ga 3d remained fixed at a total
shift of 0.2—0.3 eV, while the As 3d shift increased
monotonically to a maximum of 0.6 eV (toward
higher binding energy). Since this effect was seen
mainly at higher coverages, it indicates a small
amount of diffusion of Ga and As into the Sb over-
layer. Changes in Ga 3d and As 3d core-level widths
were <0.15 eV throughout the series of Sb deposi-
tions (resolution is equal to 0.25 eV). The valence-
band emission resembles a superposition of bulk Sb
emission on GaAs emission after a dosage of
1.4 10" cm ™2, although some extra emission is ap-
parent near the valence-band maximum (VBM).
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FIG. 5. Core-level (hv=110 eV) and valence-band
(hv=90 eV) photoemission data for a sequence of Sb ex-
posures on GaAs(110). Sb dosages are shown in units of
10" incident atoms/cm? and, where important, the actual
coverage is given in parentheses (10" atoms
adsorbed/cm?). Note the increase in the resolution of the
Sb4d spin-orbit splitting at high coverage (>7x10"
atoms/cm?) compared to low coverage (<1.0Xx10%).
CMA resolution is 0.25 eV.

At high coverages (>7X 10> cm~? dosage), the
Sb 4d spin-orbit splitting is much more well defined,
although no appreciable broadening or shifting
(>0.2 eV) of the Sb4d core level as a whole was ob-
served throughout the series of exposures. Since
shortening of the Sb4d core-hole lifetime is not ex-
pected to be greater in the monolayer than in bulk
Sb, we conclude that the less well-resolved spin-orbit
splitting at low coverage is due to the superposition
of two or more Sb4d core levels with a small chemi-
cal shift between them, and we note that it occurs at
submonolayer as well as monolayer coverage.

A single monolayer of Sb on GaAs(110) was given
a series of exposures to oxygen as another means of
characterizing the ordered overlayer. Following
deposition of the Sb, sharpening of the As3d core
level (judged by the increased visibility of the spin-
orbit splitting) was particularly noticeable on this
surface (see Fig. 6). This suggests that the surface
chemical shift of the outermost As atoms'? has been
reduced by the bonding of Sb to the surface. After
a 100 L O, exposure (1 L=1 langmuir=10""°
Torr sec), chemically shifted Sb4d emission is quite
clear.

For comparison to the oxidation of bulk Sb, a

thick (>50 ML) Sb film prepared by the same tech-
niques was given a single oxygen exposure of 107 L.
The oxygen uptake by “bulk” Sb was far greater
than that of the ordered monolayer of Sb on
GaAs(110) for equal exposures and exhibited a sin-
gle very-well-defined shifted component of the Sb4d
core level (see Fig. 6), most likely due to the forma-
tion of Sb,0;. The oxygen uptake by the Sb mono-
layer after a 10° L O, exposure is still less than that
of the “bulk” Sb film after a 10’ L O, exposure,
with no predominance of a single chemically shifted
Sb4d core level in the Sb monolayer.

The oxidation of the Sb monolayer can also be
compared to the oxidation of GaAs and GaSb(110).
For exposures of bare GaAs(110) to greater than 10’
L O,, a single chemically shifted As 3d peak is clear-
ly resolved such that, at 10’ L 0,, it is estimated
that oxygen is bonded to ~17% of the surface As
atoms and, at 10° L O,, the estimate is ~50%."
With the use of the same technique of comparing
the area under the chemically shifted versus unshift-
ed Sb4d core level, roughly the same oxygen uptake
by the Sb monolayer is seen for equal exposure to
oxygen, but without resolving a single chemical
shift. It should also be noted that oxygen uptake by
the GaAs is significantly reduced by the Sb mono-
layer.

OXIDATION OF Sb ON GaAs (110)
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FIG. 6. Core-level spectra for the oxidation of an Sb
monolayer on GaAs(110) and of “bulk” Sb. The Ga3d
core levels have been aligned at 19 eV binding energy to
eliminate shifts of the spectra due to changes in Fermi en-
ergy pinning. The “bulk” Sb4d core level is shown only
for the clean surface and for 10’ L O, exposure, to the
right of the corresponding “monolayer” Sb4d core level.
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In contrast to GaAs, the oxidation of GaSb
proceeds directly to bulk oxide formation."* Com-
paring the GaSb data to the oxidation data for
“bulk” Sb, it is clear that the oxygen uptake by the
“bulk” Sb is slightly faster and that the charge
transfer from the Sb (which is related to the oxida-
tion state) is essentially the same in the two cases.
Most interestingly, the oxygen uptake of the Sb
monolayer on GaAs(110) is slower than that of bare
GaSb(110); this suggests that oxygen more easily
disrupts the GaSb surface than the Sb monolayer on
GaAs.

The oxygen-induced valence-band structure of the
Sb monolayer and “bulk” Sb was measured by PES
during the same experiment. Comparison of the ox-
idized (10’ L) bulk Sb to the monolayer Sb on
GaAs(110) at the maximum exposure (10° L) again
reveals differences between these two cases (see Fig.
7). The oxygen-induced structure of the “bulk” Sb
sample bears a strong resemblance to that seen in
the oxidation of a thick As film, which Su et al. as-
sociated with As,O; formation.!* The oxygen-
induced structure at high binding energy is particu-
larly important in identifying the oxide species. The
distinct shoulder at —7 eV in the oxidized “bulk”
Sb curve, which is tentatively associated with Sb,0;
formation, is not seen in the oxidized Sb monolayer
valence band.

C. Valence electronic states of Sb
on GaAs(110)

The GaAs and Sb overlayer valence bands were
given a more detailed examination by photoemission
electron spectroscopy using lower photon energies,
where higher resolution and band-structure informa-
tion are more easily available. A single deposition

OXIDATION OF Sb
VALENCE BAND
PES: hy = 90eV !

BULK Sb +10” L 0,

N(E) (arbitrary units)

-15 -10 -5 VBM
INITIAL-STATE ENERGY (eV)
. FIG. 7. Valence-band spectra corresponding to the
core-level spectra of Fig. 6 for the unoxidized Sb mono-
layer (dot-dash), the Sb monolayer after exposure to 10° L
0, (solid), and “bulk” Sb after exposure to 10’ L O,
(dash).

of Sb was made on a p-type GaAs(110) surface
which displayed very sharp EDC structure (see Fig.
8). The appearance of the peak —1.5 €V below the
GaAs VBM and disappearance of the —2-eV peak
is clearly seen following a dosage of 1.6 10'* cm—2
Sb. A difference curve, obtained by subtracting a
scaled “clean-surface” EDC from the “Sb-covered”
curve, was obtained to emphasize changes in the sur-
face electronic structure. The difference curve bears
some resemblance to the “bulk” Sb (30 A thick, non-
crystalline) EDC, but with a sharp notch at —2 eV,
which may be due to the loss of the ‘“clean-surface”
GaAs EDC peak at that position. It should also be
noted that some evidence of peaks at —4 and —3
eV remains in the difference curve. This may indi-
cate either a slight change in the GaAs states at
these energies or new Sb-derived states. Consistent
with the LEED data (Figs. 3 and 4), only a single set
of new valence-band features was observed in the
coverage range from 0 to ~3 ML.}

The Fermi energy (Er) was found to shift from
0.25 eV above the VBM on the clean surface to 0.55
eV above the VBM after depositing Sb (see Fig. 8),
just above the emission associated with the Sb over-

Sb ON GaAs (110)
p-TYPE, CLEAVED
PES: hy=21eV

"BULK“

N(E) (arbitrary units)

| S U R
-8 -6 -4 -2 VBM

FIG. 8. PES valence-band EDC’s (azimuthal angle-
integrated) for clean and Sb-covered GaAs(110) with pho-
ton energy of 21 eV. The difference curve has been multi-
plied by 2, and a “bulk” Sb EDC has been included for
comparison.
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layer on GaAs(110), suggesting that both ordered
(first monolayer) and disordered (second or more
monolayers) phases of the Sb overlayer are semicon-
ducting. Crystalline Sb is thought to be semimetal-
lic,' while amorphous Sb is semiconducting.!®

To identify and characterize these new states and
to separate their emission from that of Sb, which is
not in an ordered phase, it is desirable to examine
EDC’s at monolayer Sb coverage (or submonolayer
coverage, considering the island formation seen by
Carelli and Kahn!!) for several photon energies.
Both azimuthal angle-integrated and angle-resolved
valence band EDC’s were obtained in the photon en-
ergy range 15—28 eV for coverages of ~0.3 and >2
ML, with three different sample orientations identi-
fied as 2, 3, and 4. Referring to Fig. 1(c), each
succeeding orientation involves a rotation of the
crystal by 90° such that orientation 4 has the light’s
propagation direction (arrow labeled 4v) pointing
“up” in the [110] direction. The hv arrow also
denotes the direction toward which the A vector is
tilted by ~15° from the surface normal, or [110],
axis.

Data with orientation 4 will be used as an exam-
ple. Both azimuthal angle-integrated EDC’s and
difference curves were obtained at photon energies
of 21, 25 (Fig. 9), and 28 eV. The clean-surface
upper-valence-band EDC structure between —4 eV
and the VBM varied markedly with photon energy,

Sb ON p-TYPE GaAs (110) —— EDC
PES: hv=25¢eV,
ORIENTATION 4

--- DIFF.

21.8x
10'"5¢m2

N(E) (arbitrary units)

-2 10 -8 -6 -4 -2 VBM
INITIAL-STATE ENERGY (eV)

FIG. 9. Azimuthal angle-integrated EDC’s (solid) for
clean GaAs(110), ~0.3 ML, and ~2 ML Sb coverage us-
ing a photon energy of 25 eV, with difference curves
(dashed). Orientation 4 was used, with CMA resolution
equal to 0.15 eV. Note change in horizontal scale.

yet the difference curves for 0.3 ML Sb coverage
were relatively similar. Difference curves at all
three photon energies show a prominent peak ap-
proximately 0.5 eV below the GaAs VBM and a val-
ley at —2 eV. The position of the 0.5-eV peak
varied only slightly (~0.15 eV) between 21 and 28
eV at this coverage. The valley at —2 eV was also
seen for the other sample orientations and at higher
coverages (as an example, compare to Fig. 8). At
higher coverages (© >2 ML, Fig. 9), the difference
curves bear a much stronger resemblance to “bulk”
Sb. The structure of sharp peaks and valleys seen at
lower coverage (© ~0.3 ML) is replaced by broader
emission, consistent with the disordered state of
deposited Sb in excess of 1 ML.

More detailed information on the states associated
with the GaAs-Sb interface can be obtained by using
angle-resolved photoemission electron spectroscopy
(ARPES), in which the azimuthal as well as the po-
lar angle of photoelectrons sampled is constrained
(sampling a much smaller region of both the surface
and bulk Brillouin zone).

ARPES data were obtained from the same surface
used for the azimuthal angle-integrated PES data
for orientations 2, 3, and 4. (See Fig. 10 for electron

CMA
AXIS
4 r 2
(2) POLAR lgse
POSITION

1st Layer

2nd Layer

(b) AZIMUTHAL
POSITION

(110)

(001)

(c) RECIPROCAL ;
SPACE :

FIG. 10. Schematic illustration of the angle-resolving
slit position with respect to the crystal surface. (a) The
polar angle [CMA or [110] axis is equal to 0°] is fixed at
42.6°+6°. Orientations 2 and 4 have the detector in the
plane of the diagram. (b) The azimuthal position of the
detector for orientations 2—4. (c) The unit cell of the re-
ciprocal [110] surface lattice, showing principal symmetry
points.
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FIG. 11. Angle-resolved PES (ARPES) EDC’s for
orientation 2 before (dashed) and after (solid) deposition
of ~0.3 ML Sb. Each 0.3 ML Sb curve has been normal-
ized to the beam current of the corresponding ‘“clean”
curve. CMA resolution is 0.25 eV.
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FIG. 12. Angle-resolved ARPES EDC’s for orienta-
tion 3 before (dashed) and after (solid) deposition of ~0.3
ML Sb. Each 0.3 ML Sb curve has been normalized to
the beam current of the corresponding “clean” curve.
CMA resolution is 0.25 eV.
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FIG. 13. Angle-resolved ARPES EDC’s for orienta-
tion 4 before (dashed) and after (solid) deposition of ~0.3
ML Sb. Each 0.3 ML Sb curve has been normalized to
the beam current of the corresponding ‘“clean” curve.
CMA resolution is 0.25 eV.

analyzer positions; the principle variation is in the
azimuth of the electron analyzer.) Taking the (001)
direction as 0° azimuthally [see Fig. 10(b)] with in-
creasing angle counterclockwise, orientation 2 has
the angle-resolving analyzer slit centered at 0°, orien-
tation 3 at 90°, and orientation 4 at 180°. ARPES
data were obtained at photon energies of 15, 17, 21,
and 23 eV, so as to be able to observe any dispersion
of states associated with the Sb-GaAs(110) interface.

The ARPES data for ~0.3 ML Sb coverage is
overlayed on each of the clean-surface spectra (after
normalization to synchrotron electron-beam current
of the clean-surface spectra) in Figs. 11—13 for
comparison. There are several general trends in the
changes in the angle-resolved energy distribution
core (AREDC) structure associated with Sb adsorp-
tion. First, the attenuation of much of the sharp
AREDOC structure (seen with the clean surface) is in
excess of what would be expected from any reason-
able escape-depth considerations. The states associ-
ated with these strongly attenuated EDC structures
are apparently surface sensitive. Second, there is a
strong increase in emission near the VBM, as was
seen previously in the azimuthally integrated EDC’s.
This new emission near the VBM, a prominent
shoulder, does not show any marked variation in
structure with either photon energy or orientation of
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the angle-resolving slit. Third, there is no strong
evidence of other prominent new states. The Sb-
induced states seen in the azimuthal angle-integrated
difference curves between —2.5 and —4 eV ap-
parently do not exhibit strong emission in the sym-
metry directions used for the AREDC’s. It should
be emphasized again here that the data in Figs. 9
and 11—13 are all taken from the same surface.

Since the strong Sb-induced emission near the
VBM does not appear to vary markedly in structure
from one orientation to another, it is desirable to
also measure how this angle-resolved emission varies
in absolute magnitude as a function of analyzer
orientation. Variation of absolute magnitude can in-
dicate the orientation of the Sb—Sb or Sb—GaAs
bonds. For this purpose, the area under this emis-
sion above the bulk GaAs VBM was measured for
each of the 0.3 ML EDC’s. The absolute magni-
tudes of this averaged (areas from all four photon
energies summed for each orientation) and normal-
ized (to synchrotron beam current and to the corre-
sponding angle-integrated emission) Sb-induced
emission were found to be different: Orientation 3
had an emission area 1.08 X that of orientation 2,
while orientation 4 had emission area 1.34 X that of
orientation 2. Thus there is some asymmetry of the
Sb-induced emission about the surface normal
within the mirror plane of the surface unit cell.
Further interpretation will be made with reference
to the Sb overlayer models in the discussion section.

van Laar et al.!” have performed angular-resolved
photoemission and low-energy electron-loss mea-
surements on GaAs(110) with In, N, P, and As over-
layers. As a general feature, concerning the lack of
change in EDC structure seen by van Laar et al. fol-
lowing P and As deposition, we note that some com-
plications may have arisen form the ‘“cracking of
AsHj; or Ph3” technique used by van Laar et al. to
deposit As and P.

Constant final state (CFS) photoemission spectros-
copy'® has been found to be useful for observing a
sharp transition from the Ga3d core level to an
empty state near the GaAs conduction-band
minimum. Experimental evidence indicates that the
empty state is localized on the surface Ga atoms
(with Ga3d core hole) and is excitonic in nature,
with bonding energy ~0.5 eV.!° This transition is
notably stronger in GaSb than GaAs and, for this
reason, the “excitonic” transition was monitored on
both GaAs and GaSb(110) as'Sb was deposited. The
results were essentially the same, and thus only the
Sb on GaSb data (which give better signal-to-noise
ratios) are presented here. The “excitonic” transi-
tion appears as a doublet at 19.0- and 19.5-eV pho-
ton energy due to the spin-orbit splitting of the
Ga 3d core level (see Fig. 14). There was a notable

PHOTON ENERGY (eV)

19.04 {195 27.5{}27.9
CFS SPECTRA | | 1
GaSb (110) }
n-TYPE |

1

1
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|

|

Sb OVERLAYER
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FIG. 14. Effect of room-temperature deposition of Sb
on the “excitonic” transition (seen at 19.0 and 19.5 eV
photon energy) thought to be from the Ga3d core level
into the empty Ga p state [C. A. Swarts et al. (Ref. 20)]
on the GaSb(110) surface. Note the lack of shift in the
““excitonic” transition and its extinction at 210" (~2
ML) coverage. The sharp peak on the right is the Ga 3d
core level which shifts from 27.9 to 27.5 eV due to band
bending. A final state energy of 4 eV above the vacuum
level was used.

damping of the excitonic transition after a 0.6 X 10"
Sb atoms/cm? dosage (~0.5 ML coverage), and the
transition is completely gone after a 2X 10! Sb
atoms/cm? dosage (~2 ML). A similar extinction
of the excitonic transition occurred after a dosage of
1x 10" cm~2 Sb on GaAs(110). This indicates that
the bonding of Sb to the surface strongly perturbs
the states at the surface, consistent with the previous
data.

IV. DISCUSSION

A. Characteristics of the Sb overlayer

The characteristics of the Sb overlayer on
GaAs(110) derived from this work may be summa-
rized as follows:

(1) Sb forms a well-ordered overlayer in registry
with the GaAs(110) surface lattice when deposited
at room temperature.

(2) The size (1 X 1) and mirror symmetry of the
surface unit cell are preserved after Sb deposition.

(3) Only a single-ordered phase of the Sb over-
layer, limited to the first monolayer or two of Sb
deposited, was observed after deposition at room
temperature for coverages ranging from 0.25 to 5
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ML (result obtained at Stanford University in colla-
boration with A. Kahn of Princeton University).

(4) The dominant new valence-band photoemis-
sion peak associated with Sb absorption is located at
0.5—1.0 eV below the GaAs VBM.

(5) Some electronic states associated with the
GaAs are strongly perturbed by the Sb overlayer.
Furthermore, the Sb monolayer is likely to be bond-
ed to both the surface Ga and As atoms, based on
the apparent reduction in Ga3d and As3d surface
chemical shift.

(6) The ordered Sb monolayer has an even number
of Sb atoms (probably two atoms) per unit cell and
is semiconducting. At least two chemically distinct
states of Sb are always present in the coverage range
between 0 and 2 ML.

(7) The Sb monolayer resists oxidation compared
to “bulk” Sb, cleaved GaSb(110), or cleaved
GaAs(110).

Carelli and Kahn!! subsequently reproduced
points 1—3 and deduced that there were two atoms
per unit cell in the ordered overlayer. They further
demonstrated that (i) annealing at sufficiently high
temperatures ( >250°C) desorbs any Sb that is in ex-
cess of 1 ML, leaving only a monolayer of Sb in the
same ordered phase seen before annealing, and (ii) is-
land formation occurs at submonolayer coverage.

These characteristics taken as a whole suggest
that the ordered Sb monolayer is quite stable both
structurally and chemically. It should be noted that
there is self-consistency in the data since, bringing in
a second Sb atom per unit cell, one is able to put all
Sb p electrons in o or strongly bound states (as will
be shown below), producing a configuration that is
much more stable electronically. The increased
resistance of the ordered Sb monolayer to oxidation
could be related either to a lack of weakly bound or
nonbonding electrons in the ordered Sb monolayer,
and/or to steric hindrance of the dissociation of O,.
In the following development of models for Sb
monolayers, an absence of weakly bound or non-
bonding electrons will be taken to be an essential ele-
ment.

B. Chemistry of Sb and GaAs(110)

It is necessary to first develop some general guide-
lines for the chemistry of both Sb and the
GaAs(110) surface before attempting to construct
models of the ordered Sb overlayer. The column-V
elements (other than nitrogen) tend to retain their
dehybridized configuration when their coordination
number is 3 or less; on the GaAs(110) surface,2%?!
the average angle between bond orbitals around the
As atom is reduced from 109° to ~95°. The same
effect is found in simple compounds in which Sb is

triply coordinated’? (SbH; has bond angles of 91.6°,
and SbCl; has bond angles of 97.2°). The general
tendency of Sb to minimize its hybridization will be

.adopted here as a guideline.

The bond lengths will be slightly smaller than the
corresponding nearest-neighbor distance in the bulk
due to the lowered coordination. The percentage
reduction seen of bond length in As, and As, com-
pared to bulk As was used to calculate the Sb radius;
for singly coordinated Sb, the radius r =1.31 A and,
for triply coordinated Sb, r =1.39 A. The covalent
radius for As is 1.21 A (Ref. 23). which can be sub-
tracted from the GaAs bond length to obtain 1.24 A
as a covalent radius for Ga. For comparison,
Pauling’s covalent radius for Sb is 1.41 A.

The chemical nature of the GaAs(110) surface,
which is determined by its electronic and atomic
structure, must also be considered. The surface elec-
tronic states near the band gap will be most active in
the chemistry of the (110) surface. A reconstruction
occurs on the clean (110) surface such that the sur-
face Ga atoms move 0.5 A toward the crystal, and
the surface As atoms over 0.2 A away from the crys-
tal*»2’ [see Fig. 1(b)].

Electronically, the reconstruction alters the par-
tially occupied “dangling-bond” states (sp®) of the
unreconstructed surface such that these states are
shifted away from the band gap.2"?6 The partially
occupied “dangling-bond” state of the unrecon-
structed surface Ga atom shifts up in energy and be-
comes an empty p orbital [straight dashed lines in
Fig. 1(b)], and the partially occupied ‘“dangling-
bond” state of the unreconstructed surface As atom
is replaced by a doubly occupied, s-like, “lone-pair”
orbital, located well below the VBM. Most impor-
tant on the reconstructed surface is the empty p
state on the surface Ga atoms which theory predicts
is 1—2 eV above the conduction-band maximum
(CBM) in energy.?~2® Occupied states near the
VBM on the reconstructed surface, such as the p-
like back bonds of the surface As atoms, are prob-
ably less dominant in the bonding (except in the case
of electronegative adatoms) but should still be con-
sidered. The unreconstructed surface, on the other
hand, has both Ga and As “dangling- bond” states
near the band gap.

C. Structural models of the ordered
Sb monolayer

Considering the strong tendency for column-V
elements to form diatomic molecules and knowing
that the ordered Sb monolayer has two atoms per
unit cell, it is natural to think first in terms of an
Sb, molecule bonded inside each surface unit cell.
The empty p state on the Ga atom is a likely site for
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bonding, but this takes care of, at most, two of the
four Sb, electrons in 7 molecular orbitals, leaving
two Sb, electrons in a weakly bound state. Based on
the characteristics of the ordered Sb, monolayer ob-
served experimentally, this is not a satisfactory ar-
rangement: All electrons must be in stable (more
tightly bound) states.

The As atom on the reconstructed surface does
not have any partially filled or empty states near the
band gap and thus offers no sites for bond orbitals
involving the Sb electrons remaining in 7 molecular
orbitals. If, however, the second Sb atom [denoted
by Sb(2)] of the Sb, molecule is allowed to bridge be-
tween the Sb(1) atoms which are bonded to the Ga
atom in each unit cell (assuming monolayer cover-
age), then each Sb atom is bonded to two other Sb
atoms in a zigzag chain configuration [see Fig.
15(a)]. The Sb zigzag chain is similar to the zigzag
chains of alternating Ga and As atoms on the (110)
surface and, in this model (Model 1), they are super-
imposed [see Fig. 15(b)]. In this configuration, all
Sb p electrons are in tightly bound o-bond orbitals;
Sb(1) is triply coordinated with two p electrons in
the Sb(1)—Ga bond orbital and one p electron in the
Sb(1)—Sb(2) bond orbitals, while Sb(2) is doubly
coordinated with all three p electrons in Sb(1)—Sb(2)
bond orbitals. The Sb s electrons are in tightly
bound “lone-pair” orbitals.

The only constraint imposed by the GaAs lattice
in this case is that the distance between Sb(1) atoms
equals the distance between surface Ga atoms (4.0
A). The zigzag chain structure accommodates this
constraint perfectly; taking a bond length of 2.7 A
(shorter than the bulk bond length of 2.87 A due to
the lowered coordination) yields a 95.6° angle be-
tween bonds.

If the reconstruction of the GaAs surface lattice
can be changed to an unreconstructed (truncated) lat-
tice, then the Sb chain may occupy the ‘“next-
lattice-layer” sites [Model 2, see Fig. 15(c)] as an al-
ternative configuration, with half the Sb atoms
bonding to Ga and the other half bonding to As.
The Sb—As bond energy may be sufficient to com-
pensate in part for the energy required to remove the
GaAs(110) reconstruction [estimated to be 1.2 eV
(Ref. 20)]. In this configuration, some distortion of
the sp> hybridization of the ideal GaAs surface lat-
tice, along with increased hybridization of the Sb or-
bitals, appears necessary to form Ga—Sb and As—Sb
bonds.

The zigzag chain models of the Sb overlayer are
quite consistent with the characteristics determined
experimentally. The chain has unit-cell dimensions
and mirror symmetry like that of the substrate
(1X1) with two Sb atoms per unit cell, is semicon-
ducting (even number of electrons per unit cell), and

(a) TOP VIEW
Isolated
Sb Chain
(used in both
Model 1 and
Model 2)

(b) END VIEW
Sb Chain on
GaAs (110),
Model 1

(c) END VIEW

Sb Chain on
GaAs (110),
Model 2

FIG. 15. Zigzag chain model for monolayer Sb adsorp-
tion on GaAs(110) at room temperature. (a) Structure of
the isolated chain. Note that the chain axis is parallel to
the [110] direction. (b) The first configuration for at-
tachment of the Sb chain to the semiconductor lattice.
The reconstruction of the GaAs surface lattice shown
here is the same as that of the clean surface for the sake
of illustration and will be referred to as Model 1A; an al-
tered reconstruction is possible (see text). The correspon-
dence between parts (a) and (b) of this figure is indicated
by arrows. (c) A second configuration for attachment of
the Sb chain to the surface. The GaAs surface lattice is
shown completely unreconstructed to emphasize that, in
this configuration, the Sb chain acts as an additional lat-
tice layer on top of the surface layer of the GaAs. The
dashed circles indicate the positions that would be taken
by an additional unreconstructed or truncated GaAs lat-
tice layer, with dashed lines along the axes of the sp? bond
orbitals. The optimum structure of the GaAs surface lat-
tice and the Sb overlayer may differ from the simple
structure shown here (this must be determined by an ener-
gy minimization calculation or by further experiment).

is electronically stable (no nonbonding or weakly
bound electrons), implying resistance to oxidation.
It is clear that island formation at submonolayer
coverage is energetically favorable for the chain
models, in agreement with Kahn’s results.!! In
favor of Model 2, Goddard has pointed out that the
Sb valence electrons are distributed more evenly in
the bridging configuration [Fig. 15(c)] as compared
to the superimposed configuration [Fig. 15(b)] and
that the increased coordination number of the Sb(2)
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atoms in Model 2 may contribute more to the resis-
tance of the overlayer to oxidation.?’

Before proceeding to calculate the electronic
states associated with Models 1 and 2, it is of in-
terest to examine the situation of lighter column-V
elements on GaAs(110) in terms of a chain configu-
ration. As the bound length (d) is decreased, the an-
gle () between bonds within the chain increases rap-
idly.’ Recalling the tendency of column-V elements
to retain their dehybridized configuration, it seems
likely that As or P probably shows an increased ten-
dency to adsorb molecularly from unexcited gas
phases. The results of Kibler et al. suggest that the
observed 1X1 As overlayer is not well ordered,*
which may be accounted for by either molecular ad-
sorption with random orientation or by short dis-
torted zigzag chain segments. It is interesting to
note that the zigzag chain model can account for
their results.

D. Calculated electronic states
of the isolated Sb zigzag chain

The two models of the ordered Sb monolayer are
both zigzag chains, differing mainly in how they are
attached to the lattice. Since the Sb—Sb bond orbi-
tals do not mix strongly with thé Ga—Sb (or
As—Sb) bond orbitals, and are therefore relatively
independent, it will be useful to first obtain the elec-
tronic states of an isolated zigzag chain for the pur-
pose of testing whether or not the Sb monolayer is,
in fact, a zigzag chain. Second, differences arising
from the site of the chain’s attachment to the GaAs
surface will be considered.

A tight-binding approach is used here for calcu-
lating the electronic states, employing a linear com-
bination of atomic orbitals (LCAO) as basis states
and universal matrix elements between atomic orbi-
tals to form bond orbitals, as developed by Har-
rison.”> We may use this LCAO method first to
verify the earlier statements about the greater elec-
tronic stability of a chain structure over isolated Sb,
molecules (or single Sb atoms) within the surface
unit cell. It is anticipated that the atomic orbitals
most involved in bonding a single Sb atom to the
GaAs(110) surface are the empty Ga p state and one
of the half-filled Sb p states, based on the chemistry
of the GaAs(110) surface as discussed above. The
bond orbital may be doubly occupied by putting two
Sb p electrons into the p state used for the bond orbi-
tal (the resulting increase in p-state energy is neglect-
ed). This leaves one Sb p electron in a nonbonding
orbital above the CBM [see Fig. 16(a)], which is in-
consistent with the experimental data. The end situ-
ation for an Sb, molecule in each unit cell is
similar—once again, there are electrons in nonbond-
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FIG. 16. Schematic representation of the orbital ener-
gies associated with (a) atomic Sb adsorbed on the Ga site
and (b) Sb, adsorbed on the Ga site. Note that, in either
case, occupied states are obtained 2 eV or more above the
VBM, in sharp contrast with experimental data.

ing or weak bond orbitals [see Fig. 16(b)].

If, however, Sb, molecules are allowed to bond to
Sb, molecules in adjacent unit cells along the GaAs
zigzag chain (the [110] direction) via the p states of
the other Sb, 7 orbital, an Sb zigzag chain is ob-
tained. In effect, this creates a second 20 state ~ 1
eV below the VBM (degenerate with the first). Ow-
ing to the strong coupling between states in the
chain along the [110] direction [the-chain axis, see
Fig. 15(a)], some dispersion of the states is expected
along this direction. The translational unit cell of
the Sb chain contains two atoms and, taking advan-
tage of the glide plane symmetry, the unit cell can
be reduced to one Sb atom with only three atomic
orbitals in the plane of the chain (p,, p,, s, or py, p,,
s, see Fig. 17).

The Hamiltonian matrix of the zigzag chain
shown in Fig. 17 was constructed for electronic
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"IDEAL" ZIGZAG CHAIN STRUCTURE

FIG. 17. Schematic representation of the atomic p
states in the ideal zigzag chain structure. Note the glide
plane symmetry of the p states, which is also true for the s
states. Dispersion of these states was calculated for Bloch
states propagating along the chain (see text). The p, states
are perpendicular to the illustrated plane.

states propagating along the chain axis (see Table I).
In this matrix, €, is the atomic p-state energy, €; is
the atomic s-state energy, V, is the contribution to
the energy due to coupling between s states, and so
on as defined by Harrison.! Owing to the lack of
hybridization in this simple model, the coupling be-
tween s and p states-will be neglected for the first
analysis. Setting V, to zero, the energy eigenvalues
are

E(k)=€,+2V,, cos(kd /V2)

for the p, states perpendicular to the plane of the
chain,

E(k)=¢€,+2V, cos(kd /V2)
for the s states, and
E(k)=6€,%[Vppo+Vipr
+2Vppo Vppr €OS(V 2kd) 1/

for the p, and p, states within the plane of the
chain. Knowing that V,,, is only one-quarter as
large as V,,,, we may have been tempted to ignore
Vpr t00, but then the cos(V'2kd) term in the last
equation would have been zero, and the strongly
bonded p states in the plane of the chain would have
lacked dispersion. This is because of the special

ISOLATED "IDEAL" ZIGZAG CHAIN
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FIG. 18. Band diagram for states propagating along
the zigzag chain axis. Solid lines represent neglect of sp
coupling (¥, =0), while dashed lines indicate the disper-
sion when sp coupling is included. The s band and lower
Px Py band are filled, while the p, band is only half-filled.

geometry of this “ideal” zigzag chain in which the
bond angles are 90°. As a result, p; (or p,) states
couple only to p, (or p,) states on adjacent atoms—
never to themselves. Thus as a Bloch wave function
along the chain axis is constructed atom by atom,
one finds that the coupling of p, and Dy states be-
tween successive atoms is alternately V,,, and then
Vppr As a result, the band constructed out of the p,
and p, states is very narrow (~1.6 €V, see Fig. 18)
compared to the ~12-eV bandwidth (4¥,,,) expect-
ed for a linear chain of p states. The alternation of
Vipo and V,,, coupling is also the reason for the
halved periodicity of the p, p, band in k space com-
pared to the s and p, band.

TABLE I. Hamiltonian matrix of the isolated “ideal” zigzag chain for states propagating along the chain axis.
Virm=N1m(h2/md?): ng=—1.40, Nep = 1.84, Nppo=3.24, Npp,= —0.81.

€, +2Vpprcos(kd /V'2) 0
0 €
0 I/ppoel'kd/‘/i+ Vppﬂe—ika'ﬂ/i

0 Vspeikd/\/i

0 0
Vot —ikd/V2 | Vppﬂeikd/\/i Ve —ikd/V2
c _ Vspeikdﬂ/i
_Vspe—"’“"/‘/E € +2V, cos(kd /V2)
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The neglect of sp coupling may have strong conse-
quences for the dispersion relations; therefore, it is
important to see the effect of including the sp cou-
pling (V;5#0). The numerical solution is shown
with dashed lines in Fig. 18, from which it is clear
that the change in dispersion due to the inclusion of
sp coupling is a relatively small perturbation on the
dispersion without sp coupling. The p, p, bands,
now with some s character, no longer have the
halved Brillouin zone of the translational unit cell,
and the p, band is unaffected since the p, states are
orthogonal to the s states.

E. Calculated electronic states
of the Sb—GaAs bonds

The bonding of the chain to a (110) surface lattice
should be considered next. In considering the states
associated with the bonding of the Sb chain to
GaAs, what amounts to a cluster calculation is done,
which ignores the dispersion of the electronic states.
The simplest scheme is to use the attachment con-
figuration of Model 1 [Fig. 15(b)], since then it is
mainly the p, states of the chain and the empty Ga p
states which are involved in the bonding of the
chain to the (110) surface. With the use of only the
Ga and Sb p states, and a bond length of 2.63 A, a
bond orbital is obtained at —0.3 eV (below the
GaAs VBM) and an antibond orbital is obtained at
+ 7.2 €V (above the GaAs VBM). Including the Ga
s state, states at —3.0 eV (mainly the Ga s state),

+ 0.7 eV (mainly the p bond orbital), and + 7.4 eV
(mainly the p antibond orbital) are obtained. Thus a
Ga—Sb p-like bond orbital near the VBM is expect-
ed with the attachment scheme of Model 1. With
no change in the GaAs surface lattice, there is
strong overlap between the p state of the essentially
dehybridized surface As atom (which bonds to a

second-layer Ga atom) and the empty Sb(2) p state
[see dashed line in Fig. 15(b)]. With the use of only
p states on Sb and As and an sp> hybrid on the Ga,
the energy of the As back-bond state is lowered by
~1.4 eV from —2.5 to —3.9 eV, mainly due to a
lowered average energy of the states involved.

In the case of complete removal of the GaAs(110)
reconstruction in Model 1, the nonbonding states on
the surface As and Ga atoms have sp> character,
and the Sb chain interacts principally with the Ga
sp® “dangling bond.” The Ga—Sb bond orbital is
then ~—1.5 eV below the VBM (d =2.63 A).
With the removal of the GaAs reconstruction, the
GaAs surface electronic states are altered: All
Ga—As bonds are now constructed from sp? states,
with energy ~4.8 eV below the VBM (ignoring
dispersion), and the surface As nonbonding orbital is
now a sp’ “dangling bond” ~0.8 eV below the
VBM. The Model-1 attachment configuration with
a reconstructed GaAs lattice will be referred to as
Model 1A and with the unreconstructed GaAs lat-
tice as Model 1B.

For simplicity in calculating the states associated
with Model 2, the symmetric structure illustrated in
Fig. 15(c) is used, assuming complete removal of the
GaAs surface lattice reconstruction. Pure p states
on the Sb atoms and pure sp> hybrids on the surface
Ga and As atoms were used as a first approxima-
tion. In this case, a bond energy 1.5 eV below the
VBM is again obtained for the Ga—Sb bond and 3.7
eV below the VBM for the As—Sb bond. These re-
sults are summarized in Table II.

F. Comparison of calculated states
and photoemission EDC’s

In the interest of simplicity, an imprecise but easi-
ly applied method was used to calculate the electron-

TABLE II. Summary of calculated energies.

Zigzag chain
(isolated)

Model 1A
(GaAs fully
reconstructed)

Model 1B
(GaAs
unreconstructed)

Model 2
(symmetric, GaAs
unreconstructed

Sb—Sbp-like band between —1 and + 0.5 eV
Sb—Sbs-like band between —9 and —3.5 eV

Ga—Sb bond centered at + 0.7 eV
As back-bond shifts from —2.5 to —3.9 eV
due to Sb

Ga—Sb bond centered at —1.5 eV
As back-bond shifts from —2.5 to —4.8 eV
As “dangling bond” centered at —0.8 eV

Ga—Sb bond centered at —1.5 eV
As—Sb bond centered at —3.7 eV
Ga—As bonds more bulklike
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ic states. As an indication of the magnitude of the
errors in this method, the energy of bond orbitals
was compared with and without inclusion of s-p
coupling (V). In the case of the Sb—Sb or Ga—Sb
bonds, this resulted in a shift in the bond-orbital en-
ergies of <1.0 eV. Thus the calculated energies of
the states are probably only correct to within 1 eV.
Nonetheless, the calculated energies are very useful
in interpreting the data.

First, the data should be reexamined to see if the
calculated states obtained from the zigzag chain
configuration (see Table II) are consistent with the
Sb-induced structure of the EDC’s. From the model
calculations, it was found that the zigzag chain has
four of the six Sb p electrons per unit cell in Sb—Sb
bond orbitals which form a narrow p-like band be-
tween —1 and + 0.5 eV (see Table II). The p elec-
trons have a strong photoemission cross section in
this photon energy range, and it is therefore con-
cluded that the dominant angle-integrated emission
from a zigzag Sb chain would be from the Sb—Sb
bonds near the VBM. The p-like doubly occupied
Sb—Ga bond also falls into the same region in ener-
gy (+0.7 eV for Model 1A and —1.5 eV for
Models 1B and 2; see Table II) and will contribute
some additional emission near the VBM.

In fact, as shown in Figs. 8, 9, and 11—13, the
predominant new emission associated with sub-
monolayer Sb deposition was a peak centered at
—0.5 eV (see Fig. 9). For this reason, the prominent
peak centered at —0.5 eV in the 0.3 ML Sb differ-
ence curves is associated with the Sb—Sb bonds of
the zigzag chain, with the possibility that the
Sb—Ga bonds may also contribute to the peak.

Before the zigzag chain model can be accepted, it
remains to be considered why the —0.5-eV peak
does not display any obvious dependence on photon
energy (i.e., dispersion) or on angle-resolved PES
orientation. The parallel component of the initial-
state wave vector for the —0.5-eV peak increases
from 0.9 to 1.2 A~! in the photon energy range
21-28 eV. Owing to the small bandwidth (~1.6
eV), together with the expanded unit cell of the Sb
chain (see Fig. 18), variations in peak position with
photon energy in the range 21—28 eV are therefore
expected to be slight. Thus the almost negligible
(~0.15 eV) change observed in peak position within
this photon energy range is not surprising. Perhaps
more importantly, the submonolayer Sb islands ob-
served by Carelli and Koahn11 were thought to be in
the range of 10 to 100 A diameter. At 0.3 ML cov-
erage, the average island diameter was probably near
the low end of this range and the extended nature of
the chain’s electronic states lost. In this situation,
both dispersion and variation in azimuthal emission
may be greatly reduced due to nonextended initial

states and nonconservation of momentum parallel to
the surface (see, for example, Ref. 32)..

The analysis of other features in the photoemis-
sion data relates more to the attachment scheme of
the Sb chain to the surface rather than to the Sb
chain itself. First, a strong loss in emission from the
GaAs states ~2 eV below the VBM occurred fol-
lowing deposition of one or more monolayers of Sb
(see Fig. 8). Theoretical calculations of the
GaAs(110) surface electronic states have predicted
two states near this energy: an As “back-bond”
state and a mixed first- and second-layer state which
is mainly As p-like.6~2% The strong perturbation of
this state is consistent with a change in the GaAs
surface lattice reconstruction and/or bonding of Sb
to As in the surface lattice as described above.
Second, the GaAs(110) surface excitonic transition,
which is thought to be localized at the surface Ga
atoms,'® is removed (not shifted) by Sb deposition.
This may or may not be due to a change in GaAs
surface lattice reconstruction but would be expected
with the bonding of Sb to Ga in the surface lattice.
Third, weaker Sb-induced structure was observed in
photoemission difference curves between —2 and
—4 eV. Each of the attachment schemes for the
zigzag chain model described earlier was expected to
have these effects (see Table II) and, although it is
possible to conclude that both Ga- and As-derived
states are strongly perturbed, these data cannot dis-
tinguish between the attachment schemes. Fourth,
the data showed an increase in average yield of the
normalized angle-resolved PES emission above the
VBM of ~34% in going from orientation 2 to
orientation 4. This result can easily be accounted
for by a contribution to the emission above the
VBM from the Ga—Sb bonds as predicted by the
calculations above (see Table II). Recently, however,
calculated LEED I-V profiles®> for both Models 1
and 2 have been compared to experimental data for
an Sb monolayer on GaAs(110). Poor results were
obtained for the Model-1 attachment scheme, but
very good results were obtained for a slightly asym-
metric Model 2 (with reliability factor R =0.19).

V. SUMMARY AND CONCLUSIONS

The nature of Sb overlayers on GaAs(110) has
been characterized by photoemission and LEED. Sb
forms an ordered monolayer which bonds strongly
to the GaAs and is chemically quite stable against
oxidation. Several models for the ordered Sb mono-
layer were considered. A zigzag chain configuration
was found to be the most consistent with the feature
of stability and had electronic states that were quite
consistent with the data (the single atom or Sb, mol-
ecule models were inconsistent with the data). From
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the lack of dispersion of the Sb-induced states in the
photoemission data at low (0.3 ML) coverage, it may
be concluded that island formation does indeed
occur at submonolayer coverage, as earlier reported
by Carelli and Kahn.!! Furthermore, the island size
at 0.3 ML coverage may be quite small—again, due
to the lack of dispersion in the Sb-induced states.

The calculational techniques®' used here, though
imprecise, were extremely useful for identifying the
basic character of the electronic states associated
with the overlayer. The use of such a simple
theoretical approach greatly increases the ability of
the experimentalist to properly interpret his data.

A very easy approach to determine which of the
two attachment schemes (Models 1 and 2) for the
zigzag chain is correct would be to do a LEED ex-
periment on Ge(110) instead of GaAs(110). Owing
to the slight ionicity of GaAs, the zigzag chain is
likely to be asymmetric (rotated) with respect to the
surface plane even in the case of a Model-2 attach-
ment scheme. However, the Model-2 scheme, if
correct, should be symmetric with respect to the
Ge(110) surface and all (10) diffraction beams
should be extremely weak or disappear.'°

The zigzag chain model also hints at why the
(110) surface of GaAs has never been particularly
favorable for growth by molecular-beam epitaxy.
The Sb zigzag chain structure is quite stable chemi-
cally and, while an As overlayer may not form along
continuous chains, it may still be quite stable, thus
inhibiting growth (this could lead to faceting).

Lastly, this system [column-V elements on
GaAs(110) surface] is in need of more theoretical
analysis. Total energy calculations would be useful

for comparing the two models and for determining
the reconstruction of the GaAs(110) surface lattice
with an Sb chain adsorbed. A more careful deter-
mination of the electronic states associated with the
chain on the surface would be of obvious importance
in relation to angle-resolved photoemission measure-
ments of Sb on GaAs(110) or Ge(110).
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