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Schottky-barrier formation for Al on GaAs(110) was analyzed theoretically and with the aid of
synchrotron-radiation photoemission experiments as a function of the metal coverage. For various Al-
overlayer thicknesses we calculated the most stable geometries, using a consistent parameter-free linear
combination of atomic orbitals method. Our results show that for an Al monolayer, no density of states
appears near the semiconductor charge-neutrality level, in agreement with ultrahigh-resolution photo-
emission spectra. Theory and experiments agree in obtaining a shrinking of the gap. The theory also
shows that the Fermi level is pinned, and the Schottky barrier completely formed, for a coverage of two
metal monolayers. For this limit we recover the intrinsic-metal-states model and find good agreement
with the Schottky-barrier height for thick metal layers. The experiments reveal some complexity in the
intermediate-coverage interface-formation process, with the formation of metal clusters beginning at
nominal coverages of 2—4 monolayers; this is somewhat unexpected in the present study because of the

low substrate temperature.

I. INTRODUCTION

One of the main experimental facts, recently obtained
in the study of Schottky-barrier formation, is the evolu-
tion of the Schottky-barrier height as a function of the
metal coverage deposited on the semiconductor.! ™ Typi-
cally, for III-V semiconductors, the free surface shows no
Fermi-level pinning; the metal deposition introduces a
quick evolution on the interface Fermi energy which is
eventually pinned by a high density of states induced in
the semiconductor gap by one or two metal monolayers.
These results have yielded important information on the
mechanisms controlling Schottky-barrier formation.

These results have also stimulated theoretical work®*~¢
achieving a better understanding of the chemisorption
processes associated with metal deposition on semicon-
ductors, and their relation to the mechanisms of metal-
semiconductor interface formation. Much work®%7 has
been recently performed on the deposition of alkali met-
als on GaAs(110); this is a case that presents some partic-
ular advantages, because the metal atoms are very large
and do not seem to diffuse into the semiconductor. The
Schottky-barrier formation appears to be controlled in
this case by a competition between the formation of a
conventional conduction band that induces a high density
of states in the semiconductor energy gap, and typical
electron correlation effects that tend to open a gap inside
the metal conduction band (for low metal coverage), thus
reducing the density of states induced by the metal in the
semiconductor gap.

The aim of the present paper is to analyze the deposi-
tion of Al on GaAs(110) in the submonolayer and the
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overlayer regimes. Chemisorption properties, Fermi en-
ergies, and barrier heights are analyzed as a function of
the metal coverage. Our analysis tries to elucidate how
the Schottky barrier depends on the Al coverage, com-
pared with the results for the alkali-metal case. We shall
discuss the main differences and similarities between
these two cases.

We note that the deposition of Al on GaAs is compli-
cated by an exchange reaction whereby Al replaces Ga in
the last semiconductor layers. This reaction, which usu-
ally proceeds at room temperature, can be expected to be
mostly inhibited at the very low temperatures at which
the experiments reported here were performed. Our
theoretical work assumes that we are in this low-
temperature limit, and only considers how Al chemisorbs
when it is deposited on the semiconductor. Even with
this assumption, the problem is far from being a simple
task; we shall analyze different adsorption sites and look
for the geometry having the lowest energy.

The theoretical predictions, in particular, as far as the
states very near the Fermi level are concerned, were test-
ed by means of synchrotron-radiation photoemission ex-
periments performed at very high energy resolution
[Gaussian full width at half maximum (FWHM) of the
order of 20 meV]. We found full agreement with a num-
ber of significant results, notably the absence of states
near the charge-neutrality level for the monolayer-
coverage regime, and the shrinking of the gap. The ex-
periments, however, also revealed the formation of clus-
ters and some complexity in the interface morphology for
intermediates coverages.

The rest of the paper is organized as follows: in Sec. II
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we present a summary of our method of calculation; in
Sec. IITI we discuss our main results. OQur experimental
tests are described in Sec. IV; finally, in Sec. V we present
our main conclusions.

II. MODEL AND METHOD OF CALCULATION

The electronic structure of GaAs is described using a
linear combination of atomic orbitals (LCAO) model with
sp3s* hybrids and the interactions discussed by Vogl,
Hjalmarson, and Dow.® The interaction between the Al
atoms and between Al and the substrate is analyzed by
means of a LCAO method’® that gives a prescription to
calculate the hopping elements between the different or-
bitals as well as the one-body and the many-body contri-
butions to the total energy of the chemisorption system.
A full discussion of this parameter-free method is
presented elsewhere:® here, we only quote its main
characteristics. We should mention that parametrizing
the semiconductor band structure and using our LCAO
method to calculate the metal-semiconductor interaction,
instead of using a full LCAO method for the whole sys-
tem, simplifies the calculation considerably and, also,
gives a good description of the bands around the semi-
conductor energy gap.

First of all, let us mention that the hopping integrals
T,; between two orbitals ¢; and ¢; (taken as the atomic
orbitals of two atoms) are related to the Bardeen tunnel-
ing current T;} by

Tz}-y ij (1)

=— f (¥, Yy, — ¢, Vpads , 2)

where v is typically around 1.3-1.5, a parameter that can
be calculated exactly.’

The overlap between different orbitals, S; = (1;|¥;)
introduces a contribution to the total energy that is found
to be well described by the following correction to the di-
agonal level 8E; of a given orbital ¢;:

8E;=— 3 §,;T; +‘ESU(E —E;), (3)
JFi JFi
where E; and E; are the mean levels of the i and j orbit-
als.
Many-body contributions are introduced by means of
the following terms in the total Hamiltonian:
ﬁMB: 2 Ui<0)ﬁiTﬁil+% 2 J(O)ﬁwﬁjo
i i#j,o
+1 3 T Rih, )
i*j,o
where U!% and Jij ‘0) are the intrasite and intersite bare
Coulomb mteractlons, respectively, and J T an effective’
intersite Coulomb interaction given by
TP =aP(+85)—J9 (5)

x,ij »

where cho,; is the exchange integral between the i and j
orbitals.

The terms given by Eq. (4) are treated using a many-
body approximation equivalent to the one given by Slater
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for a free electron gas. This means using a mean-field ap-
proximation supplemented by a Slater-like potential,
V. io- Thus, we replace Hamiltonian (4) by the following

mean-field Hamiltonian:

MB—zu“’ﬁ,g(ﬁwH S I R(R )

JjFi,o

+ 3 TR (8 )+2a ciocPic (6)

jFio
plus some constant terms canceling the double counting
in the electron-electron interaction. V, ;,, which is relat-
ed to the exchange pair distribution function g, (i,j), is
given by

Veio=— 2 78, J) (7)
Jj#Fi

where g, (i, j) is defined as
(ehejo (efein) =(R, )8, )) . (8)

In Eq. (6), a is taken to be Z: this is shown’ to include
interatomic correlation effects. This implies neglecting
intra-atomic correlation effects which could be, however,
included by using a perturbative approach. 1

In our actual calculation we have solved the LCAO
mean-field Hamiltonian using conventional Green-
function techniques.!! Moreover, self-consistency in the
charges is achieved by relating the induced potential (as
given by the many-body Hamiltonian) to the charges in-
duced in each atom. (The induced potential is calculated
by means of the intra-atomic, U, and interatomic, J,
Coulomb potentials introduced above.)

Let us finally comment that, in general, the semicon-
ductor surface is not allowed to relax. Different theoreti-
cal calculations have shown'>!3 that Al tends to elimi-
nate very efficiently the surface relaxation appearing at a
free semiconductor surface. Thus, in all our results, the
chemisorption energy of different overlayers are referred
relative to the semiconductor unrelaxed surface.

III. RESULTS

We have analyzed the geometries associated with
different Al coverages. We have considered three
different cases: ( A4) half a monolayer (ML), (B) a mono-
layer, and (C) two monolayers. (Here, a ML is defined as
2 Al atoms per semiconductor surface cell.) For each
case, we have looked for the most stable geometry.

A. Half a monolayer

Figure 1 shows the two most energetic geometries. In
one case, the Al atoms are bonded to As, while in the
second case, Al is bonded simultaneously to As and Ga,
occupying the midpoint of the largest bridge distance be-
tween the cation and the anion. Figure 1 also shows the
chemisorption energy for each case, as a function of the
distance between the Al layer and the last semiconductor
layer. The minimum of the interaction potential yields
the following chemisorption energies per adsorbed atom:
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E em(As bonded)=—1.8 eV,
E jem(bridge)=—2.1 ¢V .

We should also mention that, for Al bonded to Ga, we
find the following chemisorption energy:

E em(Ga bonded)=—1.0 eV .

B. The monolayer case

In this case we have two Al atoms per surface unit cell.
We have explored different geometries and have found
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FIG. 1. Chemisorption energy for half a monolayer of Al on
GaAsasa fuxalction of the metal distance to the last semiconduc-
tor layer (in A). (a) Bridge position. (b) As position. The insets
show the corresponding geometries.
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that the most favorable geometry corresponds to the case
of the Al atoms bonded to the As and Ga dangling bonds
(see the inset of Fig. 2). The chemisorption energy for
this geometry as a function of the distance between the
Al layer and the semiconductor surface is shown in Fig.
3(a). It is interesting to mention that the total chemisorp-
tion energy we find for the most stable geometry of the
monolayer, E ., = —5.3 eV, is larger than the sum of
the chemisorption energies calculated independently for
the cases of half a monolayer of Al bonded to either As
or Ga. This yields 2.8 eV, showing that the Al atoms at-
tract each other tending to form clusters on the
GaAs(110) surface. This geometry yields a more favor-
able geometrical configuration than having two Al atoms
chemisorbed on the bridge positions.

In Fig. 3(b) we show the chemisorption energy of the
Al monolayer as a function of the distance of one Al
atom to the semiconductor surface; here, the other Al
atom is placed in the equilibrium position found previ-
ously [Fig. 3(a)]. In the most stable geometry, the dis-
tance between Al atoms in the Al-Al chains is only 2.45
A, and this fact would usually imply a repulsive interac-
tion between Al atoms. However, in this case the ex-
change and correlation contributions to the total energy
increase significantly, more than compensating for the
repulsive interaction.

Figure 2 also shows the local density of states projected
on the two Al atoms and the As and Ga atoms of the last
semiconductor layer. We shall comment on these results
in the perspective of other theoretical approaches'? and
some experimental evidence. 14 First of all, the results we
have already presented for the geometries of half and one
monolayers are in good agreement with other results!?
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FIG. 2. Local density of states (LDOS) on the metal atoms
bonded to Ga and As, and on the cation and the anion of the
last semiconductor layer, for the monolayer case shown in the
inset. This case corresponds to the most stable Al monolayer
geometry. E =0 is the top of the semiconductor valence band.
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FIG. 3. (a) Chemisorption energy for the monolayer of Al on
GaAs shown in the inset of Fig. 2, as a function of the metal dis-
tance to the last semiconductor layer (in A). (b) Chemisorption
energy of the Al monolayer as a function of the distance of one
Al atom to the semiconductor layer (in A). The other Al atom
is placed on the equilibrium position found in (a).

obtained using a local-density approximation (LDA)
method. In particular, the LDA calculation has also ob-
tained the long-bridge position and the Ga and As
dangling-bond positions as the most favorable geometries
for half monolayer and one monolayer, respectively.
(These results differ from those obtained using the simple
tight-binding approach of Klepeis and Harrison. !3) This
good agreement between the two different theoretical ap-
proaches is very gratifying, because recently some experi-
mental scanning tunnel microscopy (STM) results'* have
suggested that Al adsorbed on GaAs should be located on
top of Ga. This conclusion is drawn from the different
spots that STM images show for positive and negative
biases: basically, these images show that for both biases,
the brighter spots appear on Ga. In order to see whether
these results are compatible with the most stable
geometry calculated by the theoretical results, we have
shown the different local density of states of an Al mono-
layer in Fig. 2. The important results one can draw from
this figure are the following.

(a) The unoccupied states located just above the energy
gap have mainly a Ga character; in particular, the Al
bonded to Ga presents also a larger weight in this part of
the electronic spectrum.

(b) The occupied states located below the energy gap
have as much weight on Ga as on As, if not a little more.

This implies that the local states distributed around the
energy gap are mainly of Ga character; thus, these
theoretical data seem to explain the STM results, resolv-
ing the apparent contradiction between the most stable
Al monolayer as calculated here and in Ref. 12, and the
STM results.'* Tt is also of interest to mention that the
density of states shown in Fig. 2 presents an energy gap
of around 1.2 eV in good agreement with the value of 1.0
eV obtained by Suzuki and Fukuda'* using the scanning
tunneling microscope.
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C. The two-monolayer case

From the point of view of Schottky-barrier formation,
one is interested in knowing how the Fermi level is
pinned by the electron density of states created in the
semiconductor gap. For the monolayer case, we have
found that the induced density of states presents an ener-
gy gap around 1.2 eV wide. The crucial point is to know
how this gap is closed with further deposition of the met-
al. This has prompted us to analyze the two-monolayer
case. Figure 4 shows the geometry of the Al overlayer we
have considered; distances between the second Al layer
and the other atoms have been calculated by maximizing
the chemisorption energy. (This geometry has not been
minimized, however, with respect to many other geome-
trical configurations of the second and first Al layers. '¢)
The symmetry of the first layer suggests the use of the
geometry drawn in Fig. 4, since in this case the new Al
atoms are directly bonded to a large number of Al atoms
in the first layer. Figure 4 also shows the local density of
states that we have calculated for the two-monolayer
case, projected onto various metal layers and the last
semiconductor layer. The important point to notice is
that the interaction introduced by the second Al mono-
layer has closed the gap that appears in the monolayer
case. At the same time, we find that the Fermi energy is
pinned at 0.6 eV above the semiconductor valence-band
top. All these results show good agreement with the be-
havior of the GaAs(110)/Al interface for low metal cov-
erage, as shown in Sec. IV (see also Ref. 2). For a free
semiconductor surface, initially the Fermi level is not
pinned by any electron density of states; at very low met-
al coverage, we expect to have a few islands of monolayer
height, and then we should find the electron density of
states shown in Fig. 2. Thus the n- and p-type doped
semiconductor Fermi levels at the interface would ap-
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FIG. 4. Local density of states (LDOS) on the two metal lay-
ers and the last semiconductor layer for two Al monolayers de-
posited on GaAs(110). The second Al monolayer is 2.4 A above
the first metal monolayer.
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proach each other, but while still differing significantly.
Then, for further coverage, Al clusters start to grow, and
as soon as a second layer of the cluster is formed, the lo-
cal Fermi energy is pinned by a high density of states. A
macroscopic region will support Fermi-level pinning if
the whole surface is covered by Al; this is related, howev-
er, to how Al atoms grow on the GaAs surface. What is
important to realize is that the Fermi energy given by our
calculations for two monolayers should practically coin-
cide with the thick metal overlayer since the barrier
height depends only very slightly on the metal cover-
age,!” once we have created an important density of
states in the semiconductor gap. Now, comparing the
position of our calculated Fermi level with the experi-
mental one,? we find quite good agreement, giving further
support to the results presented in this paper.

IV. EXPERIMENTAL TESTS

Some of the most relevant predictions of our theoreti-
cal treatment were tested with synchrotron-radiation
photoemission experiments performed at the Wisconsin
Synchrotron Radiation Center. To study metal-
semiconductor interfaces the tests required a high energy
resolution; such a resolution was originally achieved to
investigate the excitation spectrum of high-temperature
superconductors, '* and the general problem of the energy
dependence of the broadening in Fermi liquids and poten-
tial non-Fermi-liquids.!® We took advantage of the ex-
ceptional characteristics of the instrumentation to per-
form tests on the GaAs(110)-Al system.

The experimental setup includes the Aladdin storage
ring, the 4-m Normal-Incidence Monochromator beam-
line, a Vacuum Science Workshop high-resolution hemi-
spherical electron spectrometer, and conventional acces-
sory equipment. Careful fine tuning of various parts of
the system, in particular, elimination of magnetic fields,
enables us to achieve an energy resolution of 20 meV
(combined electron and photon analysis, measured as a
Gaussian FWHM from the Fermi-edge line shape); in
some cases, the resolution was 17 meV. In all cases the
high-energy resolution accompanied by a high energy
resolution of +1°.

The experiments were performed at various angles of
photoelectron collection, and the results presented here
for normal emission were consistently confirmed by data
taken in other directions. Figure 5 shows several high-
resolution, normal-emission photoemission spectra taken
on in situ cleaved GaAs(110), and then on the same sub-
strate covered by an Al overlayer of increasing nominal
thickness.

We note three regimes of the interface formation pro-
cess: first, a decrease of the GaAs-related signal [curves
(b) and (c)], then the formation of metal clusters [curve
(d)], and finally the formation of metallic Al [curve (e)].
The first regime is illustrated in detail by Figs. 6 and 7.
In Fig. 6 we show the comparison between clean
GaAs(110) and the same substrate covered by an over-
layer whose nominal thickness is approximately one-third
monolayer. In Fig. 7 we show a similar comparison for
one monolayer.
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FIG. 5. High-resolution spectra for (a) clean cleaved

GaAs(110) taken with a photon energy of 25 eV, in normal
emission, at a temperature of 19-20 K, and (b) for the same sub-
strate covered by an Al overlayer with nominal thicknesses of %
monolayer. Curves (c¢) and (d) are spectra similar to curve (b)
but for normal thicknesses of 1 and 12 monolayers. Curve (e) is
for a thick overlayer.
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FIG. 6. Direct comparison of the clean-GaAs and the %

monolayer curves (a) and (b) of Fig. 5, over a more expanded
energy scale.
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FIG. 7. Comparison similar to that of Fig. 6, involving the
one-monolayer curve (c) of Fig. 5.
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FIG. 8. The formation of metal clusters is revealed by the
comparison between curves (a) and (d) of Fig. 5, shown here
over a more expanded energy scale.

From Figs. 5-7 we extract two significant points of
agreement with the theoretical predictions. First, we see
no evidence in this regime of states near the charge-
neutrality level. Second, we do observe evidence of a
shrinkage of the gap (signal buildup at energies above the
clean GaAs edge). This is in agreement not only with the
theoretical predictions, but also with the scanning tunnel
microscopy (STM) data of Suzuki and Fukuda.!* Note,
however, that our test is not affected by the extreme sur-
face sensitivity of the STM data; thus it can provide a
more general confirmation of the gap shrinkage.

For coverages beyond one monolayer, the experiments
reveal some complexity in the interface morphology. The
most significant finding is the creation of metal clusters.
Evidence for this is provided by data like those of Fig. 8
(for 12 monolayers): we see a Fermi edge for the clusters,
displaced to lower energy with respect to the Fermi edge
of the system. This result is in agreement with earlier
room-temperature data, both from photoelectron spec-
troscopy?®?! and STM experiments.!* In particular,
Stoffel, Kelly, and Margaritondo?® used angle-resolved
photoemission to analyze the morphology of the cluster-
covered surface, finding gallium besides aluminum in the
clusters.

The gallium is produced by an exchange reaction,
confirmed by the appearance of a free-gallium component
in the Ga 3d spectrum. Evidence for a weak component

— GaAs clean T=20K 1
2] = —
§ \ KX ®=0°
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FIG. 9. Comparison of the clean GaAs curve (a) and thick
Al curve (e) from Fig. 5.
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of this kind was found in our experiments. We note that
the formation of clusters at such a low temperature is
somewhat surprising, since the surface mobility is re-
duced, and aluminum should tend to form nearly epitaxi-
al layers.

The latest stage of interface formation, illustrated by
Fig. 9, corresponds to the creation of a thick metal over-
layer with a well-defined Fermi edge. The edge provides a
reference for the conclusion based on Figs. 1 and 2 that
no states are created at low coverages near the charge-
neutrality level.

V. CONCLUDING REMARKS

The aim of this paper has been to understand
Schottky-barrier formation in the case of Al deposition
on GaAs(110). It has been established that this barrier
formation depends critically on the interaction between
the semiconductor and the first metal layers deposited on
the surface.!”?? These facts have prompted us to analyze
the chemisorption energy of the first metal layers deposit-
ed on the semiconductor and determine the most favor-
able geometries. Our results present a good agreement
with other theoretical results and have shown to be in
agreement with the available experimental evidence. Us-
ing the most favorable geometries, we have analyzed
Schottky-barrier evolution as a function of coverage. The
main conclusion of our analysis is that for an Al mono-
layer there appears an energy gap around the Fermi ener-
gy in the density of states induced by the deposited metal.
This explains why, for very low Al coverage, the Fermi
level cannot be pinned by the intrinsic states predicted by
the induced density of interface states (IDIS) model*>?
to appear around the semiconductor charge-neutrality
level. Our results also show that for a larger deposition,
as soon as a second Al layer is formed (probably, by the
formation of Al clusters at the surface), a significant den-
sity of states is induced by the metal around the semicon-
ductor charge-neutrality level. Then, the IDIS model be-
comes applicable, and the interface Fermi level should be
located close to that charge-neutrality level. This basical-
ly implies that the barrier is completely formed, and that
no further evolution of the Schottky barrier and the Fer-
mi level would appear with further metal deposition.

It should be emphasized that this picture of Schottky-
barrier evolution is at variance with what has been found
for the alkali-metal atoms.%”2%2 1In this latter case, the
atoms have a large size and for the first monolayer depo-
sition, only one atom is deposited on the semiconductor
per unit cell. Also, the alkali-metal atoms on the semi-
conductor surface tend to repel one another, and the
chemisorption energy, for coverages lower than 1 ML,
decreases with increasing coverage. The monolayer case
presents a narrow half-filled surface band induced by the
adsorbed alkali-metal monolayer, located near the
charge-neutrality level of the semiconductor, in which in-
trasite correlation effects are important.”!® These effects
reduce dramatically the electron density of states at the
Fermi energy, where a Kondo-like peak is found to pin
the Fermi level; also, two other peaks in the local density
of states appear below and above the Fermi energy. 10
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Further deposition of alkali-metal atoms reduces these
effects, and a substantial density of states is finally in-
duced at the Fermi level. For Al on GaAs(110), we find a
different case: the semiconductor dangling bonds drive
the Al atoms to a geometrical configuration, for the
monolayer case, where two metal atoms per unit cell are
deposited on the semiconductor. More importantly, that
geometry (the natural continuation of the semiconductor
surface) implies a kind of surface semiconductor electron
structure for the first deposited monolayer. Schottky-
barrier formation is, then, related to the closing of this
gap due to further deposition of the metal on the semi-
conductor.
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