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Using a localized orbital theory, we have studied the electronic and electrical proper-
ties of Al chemisorbed on GaAs(llo). %'e find that both the microscopic data and the
macroscopic induced barrier are fully explained by the electronic structure of a new Al-
As-Ga complex on the surface. This complex results from an exchange reaction in which
Al replaces the surface Ga and an unexpected structural relaxation induced by the chemi-
sorption of the metal.

The microscopic origin of the barrier which is
formed at intimate metal- semiconductor contacts
is currently an unresolved and controversial is-
sue. ' ' Although many recent experimental stud-
ies' have suggested the occurrence of a wide
range of chemical and physical phenomena at
these contacts, no direct connections between
these various interfacial phenomena and the ob-
served Schottky barriers have been established.
To address such a complex question sensibly, it
is necessary to consider some well-character-
ized and simple limiting cases. To this end, an
extensive experimental investigation of the elec-
tronic and electrical properties of Al chemi-
sorbed on the (110) surface of GaAs has recently
been carried out." In this Letter we show, for
the first time, that the chemistry and structural
relaxation associated with the chemisorption of
Al on GaAs completely determines the barrier
experimentally observed at submonolayer cover-
age. We find that two principal features of the
chemisorption process determine the induced sur-
face: Chemisorbed Al replaces the surface Ga
and the displaced Ga caps the surface As. This
is in agreement with the results of recent chemi-
cal-shift studies. ' ' This displacement reaction
involves a charge transfer from the Al to the sur-
face Qa which determines the surface dipole.
Second, the chemisorption of the metal induces
a unique surface relaxation which is uncharacter-
istic of the clean surface and is responsible for
the observed band bending at submonolayer cov-
erage. The total change in the work function,
which is the sum of the induced band bending and
the induced surface dipole, is thus completely de-
termined by the electronic structure of this new
chemisorption complex.

In this Letter we will first brieQy summarize
the major recent experimental findings concern-

ing this system. Second, we will present theo-
retical valence-band densities of states, calcu-
lated for several chemisorption geometries,
which indicate that Al displaces Ga at the sur-
face. Third, we will show that the observed band
bending at submono1ayer coverage is due to a
new structural relaxation which is induced by
chemisorption of the metal.

Experimental data for a submonolayer cover-
age of Al deposited on n-GaAs provide several
principal results. To summarize, the 1&&1 low-
energy electron-diffraction pattern persists, ' in-
dicating that the translational symmetry of the
clean surface is not perturbed. Photoemission
from the core states shows that the chemisorbed
Al 2p state is chemically shifted by 0.7 eV to in-
creased binding energy with respect to the 2p
state in Al metal, and the binding energy of the
surface Ga 3d core state is decreased 0.95 eV by
exposure to Al." This indicates that the surface
Ga atoms gain charge, with the chemisorbed Al
losing charge at the surface. The QaAs surface
work function increases by 0.45 eV after adsorp-
tion of a half-monolayer of Al, with approximate-
ly 0.2 eV of this increase attributable to band
bending as determined by a surface photovoltage
technique. ' The additional increase is attributed
to a negative surface dipole which provides a
0.25-eV discontinuity in the electrostatic poten-
tial across the interface. Furthermore, photo-
emission studies of the QaAs valence bands be-
fore and after Al exposure show changes in sever-
al key features which are attributable to changes
in the electronic structure of the surface layer. e

These changes are shown in Fig. 1. The spectrum
of the clean material shows three principal peaks
labeled a, b, and c.which correspond, respective-
ly, to emission from As-4s-derived states, Ga-
4s —As-4p-derived states, and As-4p-derived
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FIG. 1. Experimental photoemission spectra from
Ref. 6 for clean GaAs(110), and GaAs(110) after depo-
sition of - 1 monolayer of Al. The principal photoemis-
sion features of the clean and exposed surfaces are de-
noted by the unprimed and primed labels, respectively.
(The valence-band maximum occurs at =- 1 eV.)
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states. As Al is chemisorbed a new feature ap-
pears near —6 eV (the valence-band maximum
occurs s —1.0 eV in this spectrum), the peak la-
beled c broadens, and new states occur in the
bandgap (Z 8 —1.0 eV).

To model this system theoretically, we have
applied an empirical tight-binding model to the
GaAs(100) surface, "using an effective-field
technique discussed in detail elsewhere. ' The
empirical parameters describing the GaAs and
AIAs bonds are obtained by fitting critical points
from a bulk- sensitive photoemission experiment"
and from a self-consistent orthogonalized-plane-
wave calculation, "respectively. In the process
of fitting these parameters, we observe that the
diagonal matrix element representing the "self-
energy" of the Al Ss state tends to lie significant-
ly higher (1.8 eV) than that of the Ga 4s state.
This result reQects a similar trend in the isolat-
ed atoms, for which a Hartree-Fock-Slater cal-
culation yields a difference of 1.27 e7."

This relative shift of the cation valence s levels
is the most significant difference between the
AlAs and GaAs models, and provides a means
with which to identify the coordination of these
species on the surface. This analysis is demon-
strated in Fig. 2. In the figure, we show surface
densities of states for clean relaxed GaAs(110)
and for Al chemisorbed on GaAs(110) in three
distinct geometries, shown in the insets. For
the clean surface, shown in the top panel, we
identify the peaks labeled a, b, and c with the
three prominent features observed in the photo-
emission data of Fig. 1. However, since only
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FIG. 2. Theoretical densities of states for clean re-
laxed GaAs(110} (top panel) and for Al chemisorbed on
GaAs(110) in three different configurations shown in
the insets. In all cases the valence-band maximum oc-
curs at 0.0 eV. The dashed lines in the lower traces
represent the clean spectrum for comparison. EF de-
fines the Fermi energy for an n-type sample for each
configuration.

20-30%%ur of the experimental photoyield is surface
derived, we are merely interested in the strong
metal-induced surface features in the theory
which give rise to the observed changes in the ex-
perimental traces after Al exposure. Consider
theoretical geometries 1 and 2 which differ mere-
ly by having the Al and Ga interchanged on the
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surface. The surface is assumed to be unrelaxed
in both cases, with the additional metal atom
capping the surface As as though the lattice were
continued. In geometry 1, in which Al is the
singly coordinated species, we obtain a promi-
nent feature labeled b' occurring roughly 3.5 eV
above the feature labeled b in the clean spectrum.
These states are strongly localized on the 3s or-
bitals of the singly coordinated Al. The analo-
gous states which are localized on the Ga s orbit-
als when the Ga is the singly coordinated capping
species occur only 1.5 eV above the peak labeled
b in the top panel. Further calculations show
that the locations of these states labeled b' are
relatively insensitive to relaxations of the sub-
strate surface layer. Therefore, the location of
these states is principally determined by which
species is singly coordinated at the surface. The
photoemission data of Fig. 1 clearly show that Al
chemisorption induces states within 2 eV of the
clean spectral feature labeled b. Therefore, we
conclude that the Ga is the singly coordinated
species at the surface, with the Al multiply (most
probably threefold) coordinated.

This exchange reaction immediately explains
the origin of the induced surface dipole. %e have
calculated the electronic structure of surfaces
exhibiting this exchange reaction in the unrelaxed
and in various relaxed geometries. In all of these
cases a charge transfer from 0.1e to 0.2e occurs
from the threefold-coordinated Al to the singly
coordinated Ga. This result is thus consistent
with the relative charge states inferred from the
core-level photoemission measurements, "and
in addition it predicts a negative surface dipole,
in agreement with the experimental observation.
It is important to note that the chemical-shift
studies are consistent with the sign of the ob-
served surface dipole only if the Ga atoms are
further from the bulk than the chemisorbed Al.

For a half-monolayer of Al chemisorbed on a
1&1 GaAs surface, there are an odd number of
electrons in each surface unit cell, and thus the
surface is "metallic" with the Fermi energy de-
termined by a partially filled surface band. In
geometry 2 the partially filled band is a three-
fold-coordinated Al dangling-bond band, d', which
is centered 0.4 eV above the conduction-band
edge. Thus model 2 predicts that the bands will
bend downward by 0.4 eV at the surface of an n-
type sample, in conflict with the upward 0.2-eV
band bending found experimentally.

However, note that the presence of intrinsic
charge in cation-derived dangling-bond states is

a feature which is very uncharacteristic of the
clean semiconductor surface. At the clean sur-
face, the analogous states (a Ga dangling bond)
is empty and is pushed into the conduction band
by a relaxation in which the surface Ga shifts
towards the bulk. " The presence of charge in
the cation dangling-bond orbital at the metallic
surface, as in geometry 2, prevents such a re-
laxation, - since pushing these electrons further
into the conduction band requires additional sur-
face electronic energy. In fact, after chemisorp-
tion of Al the 1&&1 surface can lower its energy
by relaxing such that the threefold-coordinated
Al moves a~ay from the bulk as in geometry 3.
Integrating the valence-band spectrum shown for
this new geometry, we find that the surface elec-
tronic energy is lowered by 0.3 eV per unit cell
by allowing the threefold-coordinated atom to ro-
tate away from the bulk, reducing the As-Al-As
bond angle to 94'. Although bond lengths are
slightly distorted in this particular geometry, '4

we find a similar energy reduction in '-'counter-
relaxed" geometries in which all bond lengths
are held fixed. Thus after the chemisorption of
Al, the surface energy is lowered in a counter-
relaxed configuration.

This surface counterrelaxation not only lowers
the surface energy but also explains the experi-
mentally observed band bending. As shown in the
lowest panel of Fig. 2, the Fermi energy which
is determined at the surface by the partially filled
band, d', falls 0.15 eV below the conduction-band
edge. This agrees very well with the 0.2-eV band
bending measured experimentally.

In addition, this particular geometry is also
consistent with all of the previously mentioned
experimental data. The partially filled band at
the Fermi energy is responsible for the observed
photoyield from states in the bandgap (-1.0 (E
(0.0) in Fig. 1. The states labeled c' in geome-
try 3 of Fig. 2 are associated with the apparent
broadening of the peak c into c' in the photoemis-
sion spectrum, and the theoretical peak labeled
b' is associated with the presence of a singly co-
ordinated Ga at the surface as noted previously.
Geometry 3 predicts a charge transfer of 0.15e
from the chemisorbed Al to the surface Ga, in
agreement with the relative charge states inferred
from the core-level photoemission. Moreover,
if we take the distance from the Al to the surface
Ga measured along the surface normal as the ef-
fective dipole width (shown as d in Fig. 2), and
screen the surface electrostatic potential with an
appropriate q-dependent dielectric function, "we
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obtain a surface dipole potential of 0.2 eV, in re-
markably good agreement with the 0.25-eV poten-
tial inferred experimentally. " We emphasize
that the electronic structure of the counterrelaxed
configuration of Fig. 2 is in good agreement with
both the core-state and valence-state spectro-
scopic studies of this system and the observed
electrical properties of the exposed surface.
Thus the surface barrier induced by chemisorp-
tion of a half-monolayer of Al on GaAs is com-
pletely determined by the electronic structure of
a simple Al-As-Ga chemisorption complex. Note
that this relaxation should not be peculiar to Al-
QaAs and may be expected for the chemisorption
of many group-III metals on III-V-compound sub-
strate s.

Finally, we should emphasize that while we
are gaining a better understanding of the inQu-
ence of a submonolayer coverage of metal on a
semiconductor substrate like QaAs, the physics
at higher coverages seems to be significantly
more complicated. Several workers have ob-
served the diffusion of Ga away from the inter-
face as the deposited Al thickness increases, '
and similar phenomena have been suggested at
other interfaces. " Since the interfacial chemis-
try is likely to be changing significantly in this
limit, a microscopic understanding of the Schott-
ky barrier ultimately formed at contacts will
await a more complete treatment of these inter-
face bonds.
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