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Electronic structure of the Al-GaAs(110j surface chemisorption system
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The electronic structure of an ordered half-monolayer coverage of Al on the GaAs{110jsurface is examined using a
self-consistent pseudopotential approach. We find the surface geometry in which the Al adatom is chemisorbed to a
substrate Ga atom is the one most compatible with experimental and theoretical considerations. Our conclusion on
the chemisorption site is in agreement with recent theoretical calculations employing quantum-chemical cluster
methods, but is in contrast with previous band calculations which have suggested an anion chemisorption site. In
addition, we assert the surface dipole of Al chemisorbed on intrinsic GaAs is positive; some previous interpretations
have suggested that this dipole is negative.

I. INTRODUCTION

The technological importance of Schottky bar-
riers in solid-state devices has led to numerous
investigations of the electronic states of metal
overlayers on semiconductor substrates. ' "
Here we will concentrate on the (110) surface of
GaAs and examine the nature of the chemical
bonding which occurs between the metal overlayer
and the semiconductor substrate. Specifically,
we hope to examine the interactions induced by
one-half monolayer coverage of Al on the GaAs
surface. While the electronic structure of the
Al-GaAs junction has been previously exam-
ined, ""certain aspects of this system remain
unclear. For example, a clear description of
the adatom-induced states does not exist. The
chemisorption site preference has been contro-
versial. And, the most definitive study of the
surface geometry" yieMs a sign for the surface
dipole which is in apparent contradiction to ex-
periment.

Before we can address these aspects of the
Al-GaAs(110) surface, we must obtain an accurate
description of the surface geometry. While the
clean surface of GaAs is fairly well understood,
the chemisorption site for Al on GaAs is not.
Low energy elec-tron di-ffraction -(LEED) analyses
for Al chemisorbed on the GaAs surface are dif-
ficult to perform and have yet to yield a definitive
structure for the metal-semiconductor system.
Therefore, it is fortunate that we have other
means at our disposal for obtaining structural
information.

One way of proceeding is to consider a specific
arrangement of surface atoms" and perform a
detailed electronic-structure calculation. '" If
we have reliable experimental data, we can com-
pare the measured surface-state spectrum with
the calculated one. Sometimes we may rule out
structures in this fashion. However, since the
method is indirect, an unambiguous determina-
tion is often not possible. Other methods, e.g. ,
total energy calculations, ' ' ' do not require ex-
perimental input and can yield results as accurate
as those from the best LEED analyses. " Un-
fortunately, ab initio total energy calculations
for solid surfaces are formidable and only a few
pioneering calculatioris exist." Hence, two dif-
ferent tacks have been pursued. One is a solid-
state-physics approach and involves a semiem-
pirical computation of total energies for different
structures. " The method is highly accurate for
intrinsic semiconductor surfaces, but it is non-
trivial to apply it to metal-semiconductor sys-
tems. The other approach has its origin in
quantum chemistry. " Within this approach, a
cluster of atoms modeled to represent a specific
surface is considered and total energies of the
cluster are calculated for different adsorbate or
surface configurations. While the method is ap-
plicable for the-problem of determining bond
lengths and bond angles, some solid-state prop-
erties cannot be obtained. These properties in-
clude all band-related features, e.g. , band dis-
persions and bandwidths. In the present effort,
we shall rely on total energy studies for struc-
tural determinations and we will concentrate on
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solid-state aspects of Al chemisorbed on the
GaAs substrate.

Even with a fixed geometry, one might raise
questions about obtaining information on metal-
semiconductor interfaces by considering a mono-
layer or submonolayer coverage of the metal
adatom. While this question is important in
principle, in practice it has been observed for
metal-semiconductor junctions that most fun-
damental properties of the interface are deter-
mined before multilayer coverage is.achieved. "'
From a formal point of view, it is likely that a
microscopic understanding of the monolayer or
submonolayer case is necessary before multi-
layer overlayer properties can be understood.
Moreover, in the submonolayer case we may
ignore the long-range strain fields which can
occur via lattice mismatch at the interface of a
multilayer metallic film and a semiconductor
substrate. Finally, unlike jellium-semiconductor
models" for the interface, within our submono-
layer geometry we are able to preserve the
directional nature of metal-semiconductor bonds.

II. SURFACE GEOMETRY

Perhaps the earliest electronic-structure cal-
culation for Al on GaAs was performed by
Chelikowsky, Louie, and Cohen (CLC).'4 These
authors considered the case of a half-monolayer
of Al chemisorbed on GaAs and assumed that the
Al bonded to the substrate at an anion site. The
CLC work was based, in part, on the experimental
work of Home et g/. ,

' which suggested the anion
site mas preferred over the cation site for metal-
lic adsorbates. In solving for the electronic
structure of the GaAs(110)-Al system, CLC used
a self-consistent pseudopotential method. The
essential results of the CI.C calculation are that:
(a) extrinsic adatom states are introduced. into
the band gap, (b) the adatom states pin the Fermi
level, and (c) intrinsic anion surface states are
removed and strong adatom states are introduced
approximately 4.5 eV below the valence-band
maximum. While these results appear compatible
with experimental measurements, there are some
questions which remained unansmered. These
questions involve the exact position of the Fermi
level, the pinning mechanism, the sign of the
surface dipole, and the possibility of other sur-
face geometries.

A more recent study to address some of these
questions is that of Mele and Joannopoulos (MJ)."
In the MJ work, a parametrized tight-binding
scheme was used to solve for the electronic struc-
ture. Parameters mere obtained by fitting the
bulk valence bands of GaAs and AlAs. Owing to

the simplicity of the tight-binding approach, it
was possible to consider several models for the
surface geometry. Based on the observed chemi-
cal shifts, photoemission data, work-function
data, and Fermi-level pinning measurements,
MJ proposed that an exchange reaction mould
occur at the surface between Al and Ga atoms.
Moreover, they suggested a "counter relaxation"
of the surface which, unlike the intrinsic surface,
had the cations moving outward from the surface
plane and the anions inward. In their calculation,
MJ attached great emphasis to the photoemission
data which place an extrinsic state 4-5 eV below
the valence-band maximum. MJ found that the
position of this state was sensitive to the identity
of the onefold-coordinated cation species on the
surface. They concluded that an Al-Ga exchange
reaction took place on the surface with the Ga
becoming onefold coordinated. For the counter
relaxed exchange geometry, MJ could account
for the sign of the experimentally determined
surface dipole. However, as we shall discuss
in detail, we question their interpretation of the
surface dipole.

In this work, we examine an alternative model
for the chemisorption of Al on the GaAs surface.
Instead of assuming that Al binds to an anion site,
we place it over a cation site. This geometry
was first suggested on the basis of a quantum-
chemical calculation performed by Barton et a/. "
They considered a small molecular cluster to
replicate the GaAs surface and were able to ex-
plore several surface geometries. Although we
agree with the general features of their bonding
geometry, we question some of the details of
their calculation. Because of the smalI. size of
their cluster, we believe some significant Al-As
interactions may have been omitted from their
calculation. Explicitly, if the Ga dangling bonds
are capped off by Al, their cluster doep not
contain the nearest-neighbor Al-As interactions.
[For As atoms placed at the corners of the (110)
unit cell, Al intera, ctions with only half of the
As atoms were considered; i.e. , the dashed
Al-As interactions in Fig. 1 were not considered. ]
Moreover, their assertion of employing a three-
fold chemisorption site is not precisely correct.
Their calculated bond lengths place the Al slightly
off the dangling-bond direction and not in a true
threefold site.

With the above reservations, we have employed
a cation chemisorption site for Al as suggested
by Barton et a/. " The chief modification we have
made on their geometry is to rotate the Al to
align it with the true dangling-bond direction.
We have made this alteration on the basis of
solid-state energy minimization calculations. In
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Fig. 1, we display our geometry. It consists of
an Al-Ga bond length of 2.95 A with the Al placed
along a vector which forms equal angles with the
bonding directions of the substrate Ga to its three
substrate As nearest neighbors. We take the sub-
strate to be relaxed by a rotation which moves the
As atoms outward and the Ga atoms inward.
With respect to the surface plane, this corre-
sponds to a 21' rotation. " As in the Barton et al. ,
model, we do not allow bond-length changes in

the substrate. While we expect our geometry to
be more optimal than the Barton et a/. model, "
we do not expect major modifications of the elec-
tronic structure.

III. METHOD OF CALCULATION

In order to calculate the electronic structure
of Al chemisorbed on GaAs, we invoke two
computational simplifications: pseudopotentials
and a supercell configuration. "'" The supercell
configuration is used to handle the lact of peri-
odicity perpendicular to the surface. We consider
a super cell consisting of a seven-layer slab of
GaAs separated by five layers of vacuum from
the neighboring slab. Each side of the slab ex-
poses a (110) surface with Al chemisorbed at the
cation site.

With the supercell so fixed, the remaining prob-
lem is the determination of a self-consistent
pseudopotential. As in previous studies, we pro-
ceed by considering ionic pseudopotentials for
Al", Ga", and As". Our potentials were fixed
by spectroscopic data and bulk-band calculations;
they contain no surface information. " These
potentials yieM a bulk GaAs spectrum which is
significantly more accurate than is attainable
through the use of ab initio pseudopotentials. It
is quite evident that with the deficiencies inherent
in available local density expressions for the
effective exchange-correlation potentials, we are
forced to choose between potentials which give
an accurate bulk spectrum or an accurate atomic

spectrum, but not both. We feel our potentials
which accurately reflect the bulk spectrum for
GaAs are sufficient for the purposes of this work.

We write the total crystalline potential as

V(r ) =g V,"„(r—R r—) + V„,(r ),

where V„, is the ionic pseudopotential for the
nth atomic species, V„, is the screening potential
in the Hartree-Fock-Slater sense, the sum is
over lattice vectors R, and 7' gives the position
of the ~th ion in the unit cell.

To solve the wave equation for this potential
we find the eigenvalues of the secular equation

[Htf g. (k ) —E(k )5g -.
)

= 0

with

a-, q, (k) =(a'/2~)(k+6)'~-, Z,

+ g Vlh (Q Ql)$%(Q Q/)$%(6 Ql)

+ V,„(6-6'),
where R is the wave vector, 6 is. a reciprocal-
lattice vector, and $ (6) is the structure factor
for the uth species. V„,(Q) and V, (6) are the
Fourier transforms of the ionic pseudopotential
and screening potentials, respectively. The
Fourier transform of the ionic potential was fit
to a four-parameter curve of the form

V„,(j)=(a,/q')[cos(a, q) +a,j exp(a, q') .
The parameters a,. are given in Table I.

As in any self-consistent calculation, we initiate
the process by an approximate potential. With
this potential, a charge density is calculated from
the eigenfunctions. Once the valence charge
density, p(r), is known in terms of its Fourier
components p(G), the screening potentials can
be easily evaluated. This potential consists of
two parts: V~, the Hartree potential and V„„ the
exchange-correlation local potential. VH is defined
by Poisson's equation:

V.(6) =4"p(6)/IQI'. (4)

TABLE I. Ionic pseudopotential parameters as in Eq.
(3). The normalization volume is 0,= 236.9 a.u. The
Ga ' potential is valid only for q &3 a.u.

Parameter As'+

FIG. 1. Surface geometry of Al chemisorbed on the
(110) surface of GaAs.

ag

a2
a3
a4

-2.4482
0.376

-0.870
-0.0824
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0.4466
0.007 05

-0.4548
1.044 80
0.16620
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The exchange-correlation term is of the form

V {G)=-a{S/2v)(Ss')' 'e' 'p' '(6)
where p'~3 is the Fourier transfox'm of the cube
root of the pseudo-charge-density in units of
(8jQ) and a is taken 'to be 0.8. The computa-
tional details of determining the charge densities
and diagonalizing the matrix in Eg. (2) are
identical to previous work on the intrinsic GaAs
sux'face.

Finally, we will make use of a local-density-of-
states analysis. We define this density of states
by

GaAs (110)
WITH AI OVERLA

N~(E) = Q P-„(&,n)5{E—E„(R„))
&us"

(8)
;, (a)

&;„(~, ).Jf I~;„,.( )I'd',

„is the eigenfunction of the nth band at k„, 4
is an index refex'ring to the region of integration.
Vfe shall concentrate on three regions: one cor-
responding to the bulk which we take as the center
region of our slab, one corresponding to the first
layer of the substrate, and one coxresponding to
the chemisorbed overlayer.

&Ga

~Ga

IV. RESULTS: SURFACE-STATE SPECTROSCOPY
AND CHARGE-DENSITY. ANALYSIS

In Fig. 2, we present the total pseudo-charge-
density plotted in a plane perpendicular to the
surface. Two planes are displayed: one plane
passes through the Al adatom, the other through
the outermost As atom. The lattex' resembles
the pseudo-charge-density for the free GaAs(110)
surface. " This xesults from the cation chemi-
sorption site used in our calculations and is not
sux prising. With respect to the fox'mer plane,
the Al-Ga charge-density configuration is difficult
to characterize. Perhaps, the nature of the bond-
ing can be best described as "weakly covalent. "
Analysis of the states which contribute to the
density in this region support this characteriza-
tion. The bvo states, which dominate the charge
density along the Al-Ga bond, include an Al s
state which places most of the chax'ge density in
a nonbonding configuration and a Qa-Al P-state
interaction which places the remaining charge
density in a covalent bond configuration. If the
Al-Ga bond were shortened, the charge density
would become mox'e covalent. However, there
is indirect evidence that our bond length is ap-
propriate. First, the bond length used is sup-
ported by the calculations of Barton et nl. M

Second, we estimate from chemical arguments a
bond length of about 2.85 A in accord with our

FIG. 2. Total valence pseudo-charge-density for Al
chemisorbed on the GaAs(j, lo) surface. Two planes are
displayed: (a) is a (iTO) plane passing through the chemi-
sorbed Al atom and (b) is a (lXO) plane passing through
an As surface atom. The contours are spaced by units
of 0.5; the normalization is one electron per unit cell.
The unit cell volume is 4262.8 a.u.

model. " And third, we find a shorter bond length
leads to a Fermi-level position in strong dis-
agreement with experiment.

In Fig. 3, we present a projected band structure
for the Al-GaAs(110) system. The prominent
surface states and surface resonances are dis-
played. For the purposes of notation we label
the anion-associated states byA. , and the cation-
related states (either Al- or Ga-derived) by C, .
Not surprisingly, the anion surface features are
essentiaQy unaltered from the free GaAs sur-
face." The most tightly bound state, A.„is s-like
and derived from the lowest bulk GaAs band. The
three anion-related features near the valence-band
maximum, A„A.„and A4, are p-like states de-
rived fx om the upper valence bands. Figuratively,
we can think of these states an atomic As p states
which have become nondegenerate owing to
"crystal-fieM" effects. One set of the As-loca, l-
ixed P states, A„ is directed along the As-Ga
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fashion. The Al 3s atomic state is not strongly
perturbed and remains, more or less, intact to
form the C, surface band. The Ga s-like state
on the free surface is not strongly affected by
the adatom and forms the C, band. There is some
interaction between these bands, a detailed ana-
lysis indicates a "bonding-antibonding» relation-
ship exists between them. The lower band exhibits
a charge density considerably polarized along
the Al-Ga bonding direction. When we shorten
the Al-Ga bond length, this distinction becomes
quite sharp and the charge density for the C, band
forms a "bondlike» configuration along the Ga-Al
direction. Figure 4 displays the charge-density
patterns for the C, and C, bands.

The P-like cation states C„C4, C, in the band

gap are predominantly Al associated. Of the three
bands, the C, feature is the most important as
it pins the Fermi level. The C, band is formed
by an Al-Ga bonding combination of p-like states.

SUR FACE STATE X'——SURFACE
R ESONANCE

X

; SURFACE FEATURE C~
: ATM

Ga

Aa &As

~ 5
~ r

X M

WAVE VECTOR

X'

Al
FIG. 3. Two-dimensional projected band structure for

the (110) surface of GaAs. Bulk features are given by
the shaded region; surface-state bands are indicated by
solid lines. Resonance-surface features are indicated
by dashed lines. Resonance-surface features are in-
dicated by dashed lines. The surface bands labeled by

A;(C;) are anion (cation) localized. The energy zero is
taken at the valence-band maximum.

". SURFACE FEATURE C2
AT X

~ As

bonds which extend inward toward the bulk. The
second set, A„runs parallel to the surface along
As-Ga bonds, and the third set, A.„are p states
which run along the As-Ga bond which has been
"broken» by the creation of the surface. We do
not exhibit charge-density maps for the anion-
related features;they are not significantly altered
from the free surface and they have been dis-
played elsewhere. "

The cation-related states can also be categorized
as "s -like» or "p-like. " C» C, are s -like states,
with C, localized predominantly on the Ga and C,
localized predominantly on the Al. We can think
of the Al interacting with the substrate in a weak

Ga

As
~As

FIG. 4. Pseudo-charge-density contour maps for the
cation surface features which reside below the valence-
band maximum. C~ is primarily a Ga "s -like" feature;
C2 is primarily an Al "s -like" state. Experimental
measurements confirm the presence of the C2 state (see
text). Normalization of the charge is as in Fig. 2.
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Essentially, an Al P state is directed along the
Al-Ga bonding such that it overlaps strongly with
the Ga "dangling-bond" p orbital. This is illus-
trated in Fig. 5. Also displayed in Fig. 5 are the
charge densities for the C, and C, states. C4, C,
are states which correspond to p-like orbitals
perpendicular to the Al-Ga bonding direction.
Band C, 'actually crosses the C, surface band and,
therefore, is partially occupied.

Figure 6 illustrates the local density of states

for Al on-GaAs. The bulk region is in good accord
with densities of states previously calculated with
bulk pseudopotentials. In addition, the convergence
of the local density of states (LDOS} to a bulklike
configuration" reassures us that our slab is suf-
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FIG. 5. Pseudo-charge-density maps for Al-induced
states within the band gap of GaAs. C3 pins the Fermi
level and corresponds to an Al-Ga partially saturated
bond. C3 and C~ are plotted in planes identical to Figs. 2
and 4. C4 is a plane which passes through the A.l atoms
and is perpendicular to the plane of Fig. 2. Note the
Al-N. interactions occuring for the C4 band (also Fig. 1).
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FIG. 6. Local density of states for Al chemisorbed
on the (ll0) surface of GaAs.
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ficiently thick to yield correct surface-state dis-
persions. The outermost layer of the substrate
reflects mostly As-related features. This result
is a natural outgrowth of the capping-off of only
the cation dangling bonds and the rather weak
interaction of the Al adatom with the substrate.
The relative intensity and energy positions of the
As features appear to be in good agreement with
previous calculations. " The C, feature is the
only significant cation feature which penetrates
to the second layer. The LDOS region corre-
sponding to the Al overlayer has a strong peak
corresponding to the C, states below the valence-
band maximum and three states within the band

gap (C„C„C,). The sharpness of the C~ peak is
a consequence of the small dispersion of this
band. The Fermi level is essentially fixed by
this band at approximately 1.0 eV above the
valence -band maximum.

V. DISCUSSION AND COMPARISON
O'ITH EXPERIMENT

Perhaps the strongest point we can make is
fairly self-evident. Namely, the Al does not
interact strongly with the substrate. If we ex-
amine our projected band structure (Fig. 3), there
exist four adatom-related features (C„C„C„
and C,) which owe their roots to the Al 3s and 3p
states. C„which represents the Al Ss state,
is very insensitive to the Al chemisorption site.
This state is not strongly altered if we place the
Al adatom over the anion site, nor is it altered
by small changes (-10% or less) in the Al-sub-
strate bond-length change. In addition, the Ga
4s-like state, C„ is not removed by the over-
layer and remains intact as a surface resonance.
With respect to the other adatom bands (C„C„
C,), they also retain their atomic roots. Upon
adsorption, these bands appear to arise from
linear combinations of Sp„, Sp„and Sp, states
along and perpendicular to the Al-Ga bonding
direction. If the Al interacted strongly with the
GaAs substrate, we would not expect the atomic
character of the Al bands to remain intact and
we would expect the Ga-derived surface states
to be obliterated by the Al overlayer.

Evidence for the passivity of Al adsorption on
GaAs also arises from photoemission measure-
ments. Bachrach et a/. ,

"have examined the
clean GaAs(110) surface and the surface after
deposition of Al adatoms. In Fig. 7, we display
the photoemission measurements and compare
them to a calculated LDOS difference spectrum.
The difference spectrum was obtained by sub-
tracting the bulk LDOS spectrum from the Al
overlayer LDOS spectrum. Our calculation and
experiment indicate that below the valence-band

I I I l
I

)
I

(e)

I-
M
Z
LLII-z

i I

I
'

I
'

I
'

I
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AI

INDUCED

c

M0 0

LLI

z
LU

C
LU
LL
LL

0

(
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II

EF

CBM—

maximum, only one strong photoemission feature
appears under the exposure of GaAs to Al. This
feature appears approximately 5 eV below the
valence-band maximum and is in accord with
our calculated C, peak. Above the valence-band
maximum we find the Al adatom p-like states.
Since the Fermi level resides within the C, band,
we might expect some contribution from this
sharp level. No evidence for this assertion exists
in the photoemission work and, to date, all one-

-14 -12 —10 —8 -6 -4 —2 0 2

ENERGY (eV)

FIG. 7. {a) Experimental photemission spectrum for
the clean GaAs(110) surface and for the (110) surface
after deposition of approximately one monolayer of Al
from Ref. 11. (b) Calculated difference of the local
density of states for Al chemisorbed on the (110) surface
of GaAs. A positive contribution indicates an Al-in-
duced feature. Only one strong Al feature occurs below
the valence-band maximum. This result is confirmed
by the experimental curve. Surface photovoltage mea-
surements indicate the presence of Al-induced states
within the band gap (Ref. 12). The positions of the
valence-band maximum {VBM), the conduction-band
minimum (CBM), and the Fermi level are indicated in
the figure.
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electxon theories make this unfulfilled px'ediction.
Howevex, it is possible that matx'ix-element
effects, which have not been included in our
analysis~ may play R role lIl the suppl esslon of
emission from the gap state. Q~ speculation is
x'81Dfox'ced by R surface-photovoltage-spectx'oscopy
study by Brillson eE uE." For submonolayer
coverage, they find adatoxn-induced states 0.6-
0.7 eV below the conduction-band edge. Thus,
%'8 do hRve evidence fox" the Al-induced stRtes
(&» C~) which lie above the valence-band maxi-
mum. From Fig. V, the position of our calcu-
lated states in a LDQS difference spectrum occur
approximately 0.5 eV below the conduction-band
edge in good agreement with the surface-photo-
voltage measurements.

At this point, we shouM contrast our LDQS work
with the anion site models of CLC (Ref. 14) and
MJ' (Ref. 15). In the anion model, with one notable
exception, strong Al-induced features occur in
the approxima, te positions we have calculated.
The exception occurs Deax' the valence-band
maximum; here, anion site models find Rn Al-As
adatom state. There is no experimental evidence
for this spectral feature, Rnd we feel this sig-
nificant discrepancy tends to cast additional doubt
on RMon site geoDletries fox' the Al RdRtom. ID

our cation site model, we expect Do significant
contributions to the photoermssion spectr~ in
this x'eglon RIld we expect no slgniflcaB't alteration
of' the anion surface spectx"al features from the
free surface configuration.

Another feature of the photoemission which
merits attention is the relative separation of the
bulk peak at approximately -7 eV and the adatom. -
lnduced peRk ai —5 6V. M616 Rnd Joannopoulos
suggest that the separation between the two peaks
ls R fundaxnental Rspect in fRvox' of Rn exchange
reaction ai the sux'face. However, we achieve
a separation of about 2 6V without resorting to
an Al and Ga exchange. " %8 note thai, in the
early stages of deposition, an exchange rea, ction
appears difficult to rationalize. Since the Ga
substlRte Rtonl ls threefold cooldinatedy the
exchange x'eaction would involve the bx'caking of
three bonds and would be expected to have an
Rppx'eclRble activation barrier.

Experimental data beyond photoemission are
available on the Al-GaAs(110) system. In partic-
ulRx', BrillsoD ha.s perfornled Measurenlents
to determine the magnitude of the suxface-
lnduced dipole. He concludes that the sux'face
dipole is approximately -0.34e Ajatom. The sign
of this dipole impbes that the overlayer is more
negatively charged than the substx'ate layex's below
are. %'8 find this result surprising as it disagrees
with our calculation and that of Barton ef, Nl."

All exRII11Ilatlon of olll' charge&enslty nlRp (Flg. 2)
indicates that the chax"ge density ax'ound the Al
atom is polarized inward toward the substrate;
the form of the charge density is imcompatible
with a negative dipole.

Although we have no reason to question Brig-
lson's xneasurements, ' we do question the in-
terpretation of his results which associate the
negative dipole with the Ssh gN8$c px'opex'ties of
the Al-GRAS system. If Al mere more electro-
negative than the GRAs substrate, then we would
expect charge Gow from the substrate to the Al
overlayer. Qne common measux'e of electro-
negativity is the work function of the material;
the lax'gex' the wox'k fUIlctlon, the larger ls the
electronegativity. 8 In Brillson's study, s owing to
the I-type sample used the work function of Al

exceeds that of Gahs. If the measured dipole is
not intrinsic but arises from band bending, then
it is Dot surprising that he finds R flow of chaxge
fx'om GRAs to Al. However, the GRAS work func-
tion is dependent upon doping l.evels. %6 may
alter the work function of Gahs by nearly 1.5 eV,
if we pass fxom Rn I-type sample to a p-type
sample. For ap-type sample, we expect a lax gex
work function fox' GRAS than Al and we prMjeg
for p-type GaAs that the measured (extrinsic) surface
dipole will Dot be negative, but will be positive. Thus,
we assert that the surface dipole measured by
Brilison is not an intrinsic property of Al on
GRAs, but is dependent on whether the substrate
ls II type 01' p type. Fol' 811 intrinsic GRAS we
expect, on the basis of our work, to find a positive
dipole.

Qnly one theoretical study, thai of Mele Rnd

Joannopoulos, "has achieved a px edicted negative
dipole. They find a. Charge transfer from the mox'6

electronegative As to the less electronegative
GR. This is a dix'ect consequence of the counter-
relaxed geometx'y used in theix' calculation. This
geometry raises the energy of the As orbitals
relative to the Ga orbital and induces charge
transfer away from the As. Since the preponder-
ance of cl1arge lD tIle substrate x'esides ln AS-
derived orbitals, it is difficult to see how a
countex'-relaxed geometry couM result in a lowex-
ing of the total enex'gy of the system.

Another experimental source of information
on the Al-GaAs(110) system comes from core-
level measurements of the chemical shifts
At low covex'ages of Al, the Al 2p moves to a
stronger binding energy, the Ga. M moves to a
weaker binding energy, and the As M states move
in an ambiguous fashion. These shifts can be
intel px'eted Rs removing chax'ge fronl the Al Rnd

increasing charge on the Ga. Within our calcu-
lation, the Al shift j.s fairly apparent; the Ga shift
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is not. Consider the charge density in Fig. 2.
The Al charge is decidedly polarized toward the
substrate. On the basis of Figs. 4 and 5, we see
Al charge has been transferred from the Al site
to the bond site. This transfer is in accord with
the chemical shift observed; however, from our
charge densities it is difficult to quantify the Ga
charge density. Unfortunately, by their very
nature, pseudopotentials eliminate core states
and, hence, prohibit a px'ecise calculation of
chemical shifts.

Finally, while we are not in a position to calcu-
late total energies, we can make some germane
comments on which chemisorption site the Al
atom should find enex'getically favorable. Our
comments are similar to those made by Barton
et cE." If we examine the pseuodopotential cal-
culations for intrinsic QaAs, we find fox all the
geometries studied (relaxed, ideal) a doubly-
occupied anion dangling bond and an empty cation
dangling-bond state. Since the As dangling bonds
are satux'ated "nonbonding" orbitals, they are
basically inert. If we place an Al atom over the
As orbitals, we expect the Al. valence electrons
to avoid overlap with the As orbital, s. This is the
configuration found in the pseudopotential work
on anion site adsorption. " We find the Al Ss'
electrons remain inert and essentially atomiclike.
The Al SP electron deposits itself in a P orbital
running parallel to the surface as opposed to
interacting with the substrate. The charge-
density configuration for these states is similar
to the C, states found for the cation site (Fig. 5)
and, in the anion-site case, they pin the Fermi
level. Consequently, in the anion-site-adsorption
case the pinning mechanism is inherently extrinsic
to the substrate. If we place the Al over the cation
site, we have empty orbitals which can form bonds
with the Al adatom. Again, we expect the Al 3s'
electrons to remain "inert, » but we expect an
Al-Ga bond to be composed of the Al Sp electron
and the Ga empty orbital. Since this bond is not
saturated, the Al-Ga states (C, ) pin the Fermi
level. Physical, ly we expect the Al-Ga bond to
be of Lower energy than the Al-Al intex action
occurring in the anion site model; this is con-
firmed by total energy calculations. "

pseudopotential charge -density analyses suggest
the Al adatom interacts more strongly with the
substrate when chemisorbed at the cation site
as opposed to the anion site. The saturated nature
of the anion site dangling bond appears to preclude
significant intera, ction with any "electropositive"
metal adatoms such as Al.

On the basis of experimental measurements
involving photoemission, sux'face photovoltage,
and chemical shift data we find further suppox't
for the Ga site. With respect to photoemission, "
we find only one significant Al-induced feature.
This feature has been interpreted as an induced
adatom Al 3s state. No other features, such as
an Al-As bond might induce„are observed within
the valence-band spectrum by photoemission mea-
surements. Thus, the photoemission data agrees
with our calculation, but not those involving anion-
site chemisox'ption. Sur face photovoltage spec-
troscopy" px edicts adatom-induced states within
the band gap, a result predicted on the basis of
our model. Moreover, we find these states pin
the Fermi level at approximately 1.0 eV above
the valence-band maximum; this position is con-
firmed experimentally. ' With respect to the
chemical shift data, ""'"we appear to be in qualita-
tive agreement with experiment on the basis of
a pseudo -charge-density examination.

One prediction of our study is that the surface
dipole for AL chemisorbed on GaAs need not be
negative for the intrinsic system. We feel the
negative dipole a,s measured by Brillson 'is a
consequence of employing ~-type GaAs and is not
the intrinsic dipole.

Finally, consideration of a more detailed com-
parison with experiment must await the elimina-
tion of some deficiencies for currently available
electronic-structure calculations. As an example,
we have no way of quantifying effects resulting
from heterogeneous deposition of Al on GaAs.
From our calculations, and as has been suggested
elsewhere, "we expect significant Al-Al intex-
actions. These interactions ax'e enhanced by the
weakness of the Al-substrate interaction. To the
extent the Al-Al interaction results in nonuniform
deposition of Al on GaAs, our surface-band ana-
lysis need not be sustained by experiment. ~'

VI. CONCLUSIONS

In summary, we believe a model of cation-site
chemisorption for Al on the (110) surface of GaAs
is compatible with present experimental and the-
oretical considerations. %'ith respect to theory,
total energy calculations based on quantum-chem-
ical techniques" indicate the cation site is ener-
getically favored over the anion site. Moreover,
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