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Photoemission spectroscopy is commonly used to study band bending at clustered metal-
semiconductor interfaces. However, these band-bending data have been difticult to interpret be-
cause of the nonuniform distribution of pinning sites. In this paper the interpretation of these mea-
surements is investigated in detail. Using three-dimensional Poisson integration programs, we ex-
amine the extent to which the band bending can be ascribed to states at the cluster-semiconductor
interfaces. First, the potential variations in the semiconductor near an individual cluster are calcu-
lated. The depletion of the semiconductor along the surface is found to be significantly less than the
one-dimensional depletion length. Next, the surface-potential variations are computed for systems
of known cluster morphology, assuming that the pinning states are restricted to the cluster-
semiconductor interfaces. From these potentials, the expected band-bending measurements are ex-

tracted and compared to experiment. At submonolayer coverages, we find that the experimental
band bending is greater than can be attributed to pinning states under the clusters. Thus, this low-

coverage band bending is interpreted in terms of surface states between the clusters. Defects, chem-
isorbed adatoms, and surface unbuckling are discussed as possible sources of these states. Above
one monolayer coverage, the clusters cover enough of the surface to uniformly pin the Fermi level.
Experimentally, however, a separation between the n- and p-type surface Fermi-level positions per-
sists to the highest coverages. This separation is also interpreted in terms of intercluster surface
states.

I. INTRODUCTION

This paper concerns the interpretation of band-bending
measurements based on photoelectron spectroscopy
(PES). PES has been the primary technique with which
Schottky-barrier formation on III-V semiconductor sub-
strates has been measured and correlated with overlayer
morphology and chemistry. One important class of over-
layers is the unreactive materials, such as, In, Ga, and
Ag, which cluster on room-temperature III-V substrates.
Partially reactive materials such as Al and Au have also
been observed to cluster on these substrates. Clustered
systems have a nonuniform distribution of pinning sites
on the surface, and a result, nonuniformities in the sur-
face potential are also anticipated. ' Such nonuniform sur-
face potentials complicate the interpretation of band-
bending measurements from these systems.

For clustered metals on III-V semiconductors, PES has
detected band bending at coverages as low as 0.01 mono-
layers (ML). Furthermore, for high coverages the n

and p-type surface Fermi levels are measured at separate
positions in the semiconductor gap. These positions were
initially attributed to donor and acceptor levels that were
associated with defects induced by the deposition pro-
cess. The band bending at submonolayer coverages was
then also interpreted in terms of the creation of such de-
fects by the initial deposition. However, other authors '

have interpreted the band bending at these clustered sys-
tems as a manifestation of metal-induced gap states
(MIGS) at the cluster-semiconductor interfaces. Refer-

ence 6 demonstrates that at submonolayer coverages
these clusters already exhibit metallic character. In the
context of the MIGS model, the high-coverage separation
of the n- and p-type positions is attributed to incomplete
pinning of the overall surface by these clusters.

In this paper we quantitatively investigated the role of
metal clusters in the overall surface-potential develop-
ment. We were specifically interested in coverages for
which the clusters may be treated as bulk metal. At
these coverages the full-coverage barrier height is estab-
lished beneath the clusters, by MIGS and any other con-
tributing mechanisms. A depletion region extends from
the cluster into the semiconductor as shown in Fig. 1(a).
From the cluster interface to the depletion edge, the
semiconductor potential varies by the barrier height b,P.
In particular then, potential variations on the order of b,P
will exist across the intercluster surface if the clusters are
sufFiciently separated.

Typical PES measurements have sampling depths of 15
A or less, and so PES band-bending measurements are in-
sensitive to the semiconductor potential beneath the clus-
ters. Instead they derive predominantly from the varying
intercluster surface potential. Our objective was to exam-
ine whether the measured potential development between
the clusters could be accounted for exclusively by the in-
terfacial charge that establishes the barrier beneath the
clusters.

In the first part of this paper, the influence of an isolat-
ed cluster on the surface potential near the cluster was in-
vestigated. The extent of the lateral depletion from such
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a cluster is quantified by the parameter A~~, as shown in
Fig. 1(a). In a prior study' the one-dimensional (1D) de-
pletion length formula

2c., EDDIC
+10 (1)

qAD

(where ND is the substrate doping) was used as an esti-
mate of 5 ~. Here the dependence of A~~ on the size and
shape of the cluster, as well as substrate doping, was
more accurately evaluated by solving the Poisson equa-
tion for the three-dimensional structure.

When A~~ is comparable to or smaller than the average
cluster separation, the intercluster surface potential will
be significantly diA'erent from the value beneath the clus-
ters. In the second part of this paper, we explicitly calcu-
lated for such coverages the expected variation in the sur-
face potential and the eff'ect of such variations on PES
core-level shifts and line shapes. Tang and Freeouf' have
previously employed a two-dimensional Poisson solver to

diameter D

se conductor

depletion region

discuss in general terms the inhuence of a nonuniform
distribution of pinning sites on the average surface poten-
tial. Here a full three-dimensional Poisson solution was
applied to metal-semiconductor systems of known cluster
morphology, under the assumption that the interfacial
charge is restricted to that which establishes the barrier
height beneath the clusters.

II. COMPUTATION

The Poisson equation was solved for metal clusters on
GaAs using the finite difference method employed previ-
ously by Tang and Freeouf. ' For isolated clusters we
used the program pIscEs (Ref. 11) which can solve the
equation over general two-dimensional regions of metal,
semiconductor, and insulator as well as three-dimensional
regions with rotational symmetry about an axis. To com-
pute the potentials for an array of clusters on a semicon-
ductor surface, we used STRIDE, a newly developed pro-
gram that can handle general three-dimensional regions.
In these PISCES and STRIDE calculations the surface Fer-
mi level position at the metal-semiconductor interfaces
was fixed at GaAs midgap, 0.7 eV above the valence-band
maximum. This pinning can represent any mechanism
that maintains a constant surface potential at the cluster,
whether it be MIGS, Schottky-type band alignment, or
defects isolated beneath the clusters. The same pinning
position is used for n- and p-type substrates: even when
defects control the pinning position, such an agreement
between n- and p-type substrates is predicted for a sub-
strate covered by a fully metallic overlayer. ' For isolat-
ed clusters the PISCES computation is more efficient than
that of STRIDE because it takes advantage of the axial
symmetry, but we verified that STRIDE provides the same
results as PISCES for these isolated clusters.

(a) III. SURFACE-POTENTIAL VARIATIONS
NEAR A SINGLE CLUSTER

depletion edge

(b)

FIG. 1. (a) A metal cluster and its underlying depletion re-

gion are labeled with the parameters used in the quantitative
analysis. (b) Cross section of the equipotential contour diagram
generated by pIscEs for a 100-A-high by 100-A-diam cylindrical
cluster on 2X 10"cm n-doped CxaAs.

We were interested in the extent of a metal cluster's
infiuence on the nearby semiconductor surface potential,
as represented by b,

~~

in Fig. 1(a). pIscEs was used to cal-
culate the dependence of this parameter on cluster size
and shape as well as substrate doping. ' Displayed in
Fig. 1(b) is an equipotential contour map generated by
PISCES for an isolated cylindrical cluster. Highlighted in
this figure is the contour for which the potential variation
from the interface to the bulk is 90% complete: this con-
tour is defined as the edge of the depletion region in the
present study. Depletion lengths were calculated for
various cluster diameters and shapes, and we found that
these lengths are insensitive to aspects of cluster shape
other than the diameter. For example, cylindrical clus-
ters with a 100 A diam may be varied in height from 200
to 25 A with less than a 1% variation in A~~. And A~~ for a
cylindrical cluster of 50 A height and a 100 A diam is
within 1% of A~~ for a hemispherica1 cluster with a 100 A
diam.

In Fig. 2(a), calculated b,
~~

are plotted as a function of
cluster diameter D for cylindrical clusters on n-type
GaAs. Also plotted for comparison is A~, the depletion
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length below the center of the cluster [see Fig. 1(a)]. The
calculations were carried out on clusters with height
equal to diameter, but as mentioned above, the 6 are in-
sensitive to the cluster height. For D as small as 25 A,
the clusters contain hundreds of atoms, and the assump-
tion that the clusters are metal is justified. A~~ is always
shorter than A~; the depletion region is in general ob-
served to be most narrow along the semiconductor sur-
face. In Fig. 2(b) the potential variation near the cluster
of Fig. 1(b) is graphed along two directions: parallel
[along the line marked

~~
in Fig. 1(b)] and perpendicular

(along l) to the surface. The initial potential variation
from the metal cluster is stronger parallel to the surface
than perpendicular, and this can be observed in the equi-
potential diagram of Fig. 1(b) as well. There is a strong
pinching of the contours near the corners of the cluster at
the cluster-semiconductor interface. So from these
three-dimensional calculations we conclude that the

range of inAuence of a cluster on the semiconductor po-
tential is shortest along the surface. Of course, it is only
along the surface that this infIuence can be measured
with surface sensitive techniques.

Figure 2(a) shows that h~~ and b, t are constant for large
cluster diameters. For large diameters the depletion side
lobes [shaded in Fig. 1(a)] constitute a small fraction of
the total depletion region, and a one-dimensional analysis
becomes appropriate to determine Az. Thus in this limit,
A~ approaches A, D, the depletion length determined by
PISCES for a continuous overlayer on the GaAs sub-
strates. ' And over the doping range studied (4X10' to
1X10' cm ), h~~ saturates at 0.6b, D. However, as the
cluster diameter is reduced below about A, D, a significant
fraction of the interfacial charge is now cancelled by de-
pletion charge in the side lobes, and the depletion region
shrinks in all directions.

Thus PISCES determines that the lateral extent of the
potential variation from a cluster on a semiconductor is
in general smaller than any one-dimensional estimate can
indicate. Even for large diameter clusters, the lateral ex-
tent of the depletion region is 40% less than the one-
dimensional depletion length. Specifically, the large-
cluster values of b,

~~

may be read from Fig. 2(a) to be 180
and 90 A for the 5X10' and 2X10' cm dopings, re-
spectively. For smaller cluster sizes A~I falls substantially
below these levels. In the large cluster limit the depletion
lengths A~~ and A~ exhibit an ND

' dependence on the
doping as given in the simple one-dimensional formula
(1). For smaller diameters this simple dependence is lost,
but the depletion lengths are always smaller for higher
doped substrates. For a 2X 10' cm doping 6 is less

0
than 100 A for all cluster sizes. Heavily doped substrates
will come into frequent usage in PES studies with the re-
cent recognition of photovoltaic efT'ects in lower doped

15—17samples, and for such substrates, consideration of la-
teral potential variations in clustered systems will be par-
ticularly important. Next we explicitly calculated the la-
teral potential variations for such systems.

0
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IV. SURFACE-POTENTIAL VARIATIONS
FOR CLUSTERED SYSTEMS: INFLUENCE
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FIG. 2. (a) A~I (triangles) and b& (squares) are graphed vs the

cluster diameter for cylindrical clusters on 5 X 10' and 2X 10'
cm n-doped GaAs. (b) The potential variation along the
paths

~~
and l of Fig. 1(b) is plotted with marks for the depletion

lengths along these directions.

To calculate the surface-potential variations for real
metal-semiconductor systems, experimental measure-
ments of clusters sizes and separations are needed. An
earlier estimate of such parameters for coverages of In,
Ga, and Ag on GaAs(110) was based on PES intensity at-
tenuation data. ' However, the ratio of cluster height to
diameter (the aspect ratio) cannot be determined from
core-level attenuations. In Ref. 18 this ratio was assumed
to be one: aspect ratios of greater than one are unphysi-
cal, so this assumption provides a homer limit on the actu-
al cluster separations. ' In fact direct images of clusters
on GaAs indicate that aspect ratios are closer to 0.5.
Some of these images come from the reAection high-
energy electron diff'raction (RHEED) and scanning elec-
tron microscopy (SEM) work of Savage and Lagally for
the In/GaAs(110) system. The parameters of interest
from their study are collected in Table I. All coverages
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TABLE I. Relevant parameters from Ref. 20.

Coverage Cluster height Cluster size Cluster separation
(ML) (A) (A) (A)

0.6
2
4
8

22
30
32
50

50
50
50
60

135
70
30
20

XXXXXXXX
XXXXXXXXX

XXXXXXXXXX
XXXXXXXXXXX

I XXXXXXXXXXXÃ
I-X4-X-54-X K4-XX4-X

I X
edge . diameter

quoted here are effective coverages, the thickness the
overlayer would have if it were uniformly covering the

0
substrate. The cluster diameters are close to 50 A for all
four coverages, and from Fig. 2(a), it is observed that the
lateral depletion length for this size cluster on a 2X10'
cm n-doped substrate is around 50 A. Referring back
now to Table I, this depletion length is seen to be less
than the average cluster separations for the 0.6- and 2-
ML In coverages. Thus for these coverages on a 2X 10'
cm doped substrate, distinct lateral potential variations
are expected, whereas the intercluster surface potential is
anticipated to reflect the barrier height beneath the clus-
ters for the 4- and 8-ML coverages.

Each cluster geometry described in Table I was
modeled with sTRIDE as a periodic array of clusters as
shown in Fig. 3(a). ' The discrepancies introduced by
modeling the interfaces as a regular array of identical
clusters are discussed below. In Fig. 3(b), we show the
surface potential calculated for the clusters in Fig. 3(a) on
1 X 10' cm p-type GaAs.

We wished to determine how such potential variations
would manifest themselves in a surface sensitive PES
spectrum, X(E), taken from the clustered interface.
X(E) may be constructed from Xo(E), a spectrum taken
at the clean, unpinned surface:

separation

(a)

surface
potential
relative
to bulk (V)

0.8
0.6
0.4
0.2

FIG. 3. The parameters in Table I are converted to a period-
ic array of clusters as an input to STRIDE. (a) View from above
of an array representing the 2-ML In coverage. The dashed box
encloses the STRIDE input region (Ref. 21). The crosses
represent points in the x-y plane from which the STRIDE poten-
tial is sampled in order to carry out integral (2). (b) Plot of the
surface potential relative to the bulk as calculated by STRIDE for
the array of clusters shown in (a) on 1 X 10' cm ' p-doped
GaAs.

X(E)~ f dx f dy f dz exp( —z/A. )XO(E+ V(x,y, z)),

(2)

where V(x,y, z) is the semiconductor potential with
respect to deep in the bulk, and A. is the escape depth of
the photoelectrons. This integral was computed from the
sTRIDE potentials, V(x,y, z), by adding together the spec-
tra Xo(E + V(x,y, z)) over an evenly spaced grid of coor-
dinates (x,y, z) with a weighting of exp( —z/A, ). At the
coverages of interest, the clusters are thick enough that
the semiconductor beneath the clusters makes no contri-
bution. Based on the periodicity and reflection symmetry
of the cluster array, this sum was taken in the x-y planes
only at the points marked with a cross in Fig. 3(a).

In Fig. 4, such a constructed spectrum, X(E), is com-
pared to an experimental spectrum, X'(E), for the As 3d
core level taken with 100-eV photon energy. X(E) was
constructed for 2 ML of In on 1 X 10' cm p-type
GaAs, and the X'(E) is from 1 ML of In on this same
doping of p-type GaAs. The experimental spectrum for
3-ML coverage, when normalized, is very similar both in
line shape and energy position to the experimental 1-ML
spectrum. The spectra Xo(E) and X'(E) were taken with
a cylindrical mirror analyzer (CMA) mounted on a stan-

As
hy

53 54 55 56 57 58

kinetic energy (eV)

FIG. 4. Plotted here are Xo(E), an As3d spectrum from a
cleaved, unpinned p-type GaAs(110) surface; X(E), the "spec-
trum" constructed for 2-ML In on 1X10' cm p-type GaAs;
and X'(E), the experimental spectrum for 1-ML In coverage on
this doping of GaAs. The peak intensities of the three spectra
are normalized to the same value.
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dard vacuum chamber at Beamline I-1 of the Stanford
Synchrotron Radiation Lab. Further experimental de-
tails may be found in Ref. 10. Xo(E), X(E), and X'(E)
were curve fit with single bulk and surface com-
ponents to extract energy shifts and linewidth varia-
tions. The calculated band bending for the 2-ML In cov-
erage is 0.16 eV, whereas the measured band bending at 1

(or 3) ML is already 0.4 eV.
For 1X10' cm p-type GaAs as well as 2X10' and

4X10' cm n-type GaAs, we repeated this process of
(1) taking the cluster geometries from Table I, (2) using
STRIDE to compute the potentials around arrays of such
clusters, (3) constructing spectra based on these poten-
tials, and (4) curve fitting these spectra to determine ener-

gy shifts. Step (4) emulates how experimental spectra are
analyzed to determine band bending.

In Fig. 5 the energy shifts of the bulk components are
translated into surface Fermi level positions in the GaAs
band gap. We noted above that for the 2 X 10' cm n-

doped GaAs, A~~ at 0.6-ML coverage is substantially less
than the average cluster separation, and Fig. 5 shows that
these clusters are calculated to give a band-bending mea-
surement of less than 0.2 eV. On the other hand, the
4X10' cm n-doped material has roughly ten times
larger values of A~~, and even at the lowest calculated cov-
erage of 0.6 ML, the band bending is near completion.
Experimental band-bending data are also plotted in the
figure: these In/GaAs data are typical for clustered
metal —GaAs interfaces. For the 4X 10' cm doping
there is rough agreement between the calculation and ex-
perimental band bending, particularly near the two
lowest calculated coverages. For the higher dopings, on
the other hand, substantial band bending was measured
for In coverages at which the calculated band bending is
nearly zero. In fact for the p-type GaAs, band bending
was first measured at a coverage 3 orders of magnitude
lower than that at which the clusters can significantly
inAuence the overall surface potential. So the observation
of metallicity in clusters does not necessarily imply that
the measured band bending is attributable to this metal.

From Table I and Fig. 2(a), we observe that at cover-
ages above 1 ML, the cluster separations have dropped to

a level at which the clusters are expected to deplete the
overall surface. As a result the calculated spread among
the n- and p-type surface Fermi levels falls rapidly from
1.3 eV at 0.6-ML coverage to 0.2 eV at 8-ML coverage.
Experimentally, however, neither the n nor the p-type
band bending exhibits any sudden increases within this
coverage range in which the clusters are calculated to
take control of the surface Fermi level: the measured
spread is around 0.4 eV throughout this coverage range.
Absolute comparisons between, for example, the calculat-
ed and experimental p-type positions are not possible in
this study because the pinning position beneath the In
clusters is unknown and not necessarily the value chosen
in the model.

Strong lateral variation in the surface potential should
manifest itself as a broadening of the core-level line
shapes taken from such surfaces. A slight broadening
can be observed in the constructed As 3d spectrum of
Fig. 3(b). In Table II we list the best fit Gaussian widths
obtained in analyzing the constructed spectra. Of course,
the broadening produced by integral (2) is not truly
Gaussian. The intercluster potentials calculated by
STRIDE exhibit broad valleys around the band-bending
minima [see Fig. 3(b)j. The value of the potential at these
minima dominates integral (2), and thus for p-type sub-
strates the broadening is skewed toward higher kinetic
energy.

A Gaussian width of 0.43 eV obtains the best fit for the
clean cleaved spectrum Xo(E). The widths of the con-
structed spectra are as much as 25% higher for the inter-
mediate coverages, and they fall oA at high coverages
when the overall surface potential approaches the value
beneath the clusters. On the other hand, for experimen-
tal coverages ranging from 0.001 to 10 ML, the best
Gaussian fits for the core spectra all fa11 in the range of
0.42 —0.44 eV. Other workers with better instrumental
resolution have reported some broadening with overlayer
deposition and have partially attributed it to surface-
potential inhomogeneity, but certainly no broadening
on the scale of Table II was seen in our data. This im-

plies that the surface potential of the experimental inter-
faces is more uniform than expected from pinning ex-
clusively by the clusters.

The papers by Savage and Lagally are the only sys-
tematic measurement of cluster sizes on cleaved III-V
semiconductors available in the literature. Thus, only
with the In/GaAs(110) system were surface-potential cal-

TABLE II. Best Gaussian widths for X(E), the constructed
spectra. The Gaussian width for Xo(E), the unpinned surface
spectrum, is 0.43 eV. With the 4X10' cm n-type GaAs sub-
strate, the best width remains 0.43 eV for all four coverages.

V@M
clean

t

0.001
I

0.01
I

0.1 1.0 100

Coverage
(ML)

Width for
2X ]0" cm '

n-type GaAs (eV)

Width for
1X10' cm

p-type GaAs (eV)

coverage (ML)

FIG. 5. The calculated surface Fermi level evolution for In
on GaAs(110) is compared to the results of PES measurements.
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culations and core-level constructions carried out for
various coverages and compared to experiment. Howev-
er, Svensson, Kanski and Andersson do provide a mea-
surement of cluster sizes on the (100) surface of GaAs.
These authors studied Ga clusters with SEM for effective
coverages of 20, 30, and 50 A on this surface. For 20-A
coverage they report an average cluster diameter of 235
A, with a surface coverage of 25%. These measurements

0

translate to an edge separation of roughly 200 A. Figure
2(a) indicates that for clusters of this size on 2 X 10'
cm n-doped GaAs, the lateral depletion is about one-
quarter of the edge separation, and a strongly varying
surface potential is anticipated. An As 3d spectrum was
constructed for an array of these clusters on this GaAs
doping, and the shift of this spectrum was determined to
be 0.19 eV. Experimental data for the Ga/GaAs system
were taken on the (110) surface of 2X 10' cm n-doped
GaAs, and for 20-A coverage the band bending was
much higher, nearly 0.8 eV. The Gaussian width of the
clean cleaved As 3d spectrum is 0.37 eV, and it jumps to
0.46 eV for the constructed spectrum, but the experimen-
tal Gaussian width for this same coverage is only 0.39 eV.
The cluster morphology on the (110) surface of the PES
experiment will differ somewhat from that measured on
the (100) surface in Ref. 27, but qualitatively the same
strong contrast between constructed and experimental As
3d spectra is observed for both In and Ga on GaAs.

For all the clustered systems that have been studied
with PES, we can always look at intensity attenuations to
estimate cluster sizes. As mentioned above, a lower limit
on the cluster separations can be extracted from attenua-
tion data by assuming that the cluster aspect ratios are
one. These lower limits verify that the submonolayer
band bending observed at these various systems is greater
than can be caused by the clusters alone. The lack of
substantial broadening in the substrate core-level line
shapes from these interfaces provides further con-
firmation that the surface potential has greater uniformi-
ty than is anticipated from the overlayer structure. We
conclude that the low coverage band bending at clustered
interfaces cannot be attributed to states restricted to the
cluster-semiconductor interfaces. Furthermore, the sur-
face Fermi level positions achieved in the low-coverage
range often persist at higher coverages, when the clusters
should control the surface Fermi level position. In par-
ticular an n-to-p separation of 0.25 eV or more remains to
coverages at which the clusters are expected to pin n- and
p-type surfaces at the same position.

V. DISCUSSION

In this section we will consider the implications of the
discrepancies between calculation and experiment, illus-
trated by Fig. 5. But first, we need to review some ap-
proximations made in the calculation and show that the
discrepancies are not an artifact of these approximations.
First of all, experimental factors such as evaporation rate
and cleavage quality may lead to some differences in mor-
phology between the samples studied by Savage and La-
gally and the samples from which the In/GaAs band
bending was measured. But the experimental band bend-

ing for the 2X10' and 1X10' cm dopings occurs
over coverage ranges that are orders of magnitude
different than those calculated: such strong qualitative
differences cannot be attributed to sample preparation.
As mentioned above, PES intensity attenuation provides
a lower limit on cluster edge separations that is obtained
directly during the band-bending measurements. These
edge separation estimates confirm that the clusters can-
not be responsible for the low-coverage band bending.

Replacing the regular array of clusters in Fig. 3(a) with
a more realistic distribution of clusters is beyond the
scope of the present calculation but should primarily re-
sult in a broadening of the constructed line shapes, X(E).
However, it was observed above in Table II that the line
shapes constructed from the ordered cluster array al-
ready exhibit greater broadening relative to the clean sur-
face spectrum than is observed in experiment. The effect
of disordering the cluster distribution on the energy posi-
tions of the constructed spectra would be small at cover-
ages low enough that the clusters are separated by sub-
stantially larger distances than the lateral depletion
lengths. Furthermore, at coverages high enough that the
calculation predicts full depletion of the intercluster sur-
face, a disordering of the distribution will not alter this
prediction.

We must further consider that the cluster sizes used in
the sTRIDE model are average values: the actual inter-
faces consist of a range of cluster sizes. Taking the aver-
age cluster dimensions of Savage and Lagally, Adams,
Hitchon, and Holzmann have calculated the range of In
cluster sizes on GaAs(110) by simulating the surface
diffusion process. They find that the cluster sizes are
peaked strongly about the average value, particularly for
the 0.6- and 2.0-ML coverages. A secondary peak in the
distribution of cluster sizes occurs at the smallest sizes
and the inhuence of such small clusters will be discussed
below. Among clusters large enough to be considered
metallic, the range of sizes is limited enough that the
model of Fig. 3(a) is accurate. Figure 3 of Ref. 28 shows
that for a simulated distribution of clusters at 8-ML In
coverage, the cluster separations are not substantially
different from those of the ordered array.

Thus it is safe to conclude that metal clusters cannot
be responsible for the experimental low-coverage band
bending at these interfaces, particularly for dopings in
the 10' -cm range or higher. Thus a source of charge
must exist between the clusters to account for the low-
coverage band bending observed at the higher dopings.
The density of surface states needed to produce such
band bending (on the order of 0.7 eV) is only 10' cm
because these intercluster states are not screened by a me-
tallic overlayer. ' This density corresponds to less than
0.01 ML.

One possible source of such states goes back to the
original suggestion mentioned in the Introduction: a con-
centration of defects left in the intercluster surface during
adatom deposition or cluster condensation. A detailed
model has been formulated by Spicer et aI. for the role of
antisite defects in inAuencing the surface Fermi level po-
sition of GaAs. In this model antisites created near the
GaAs surface during the interface formation lead to pin-
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ning in the neighborhood of defect levels at 0.5 and 0.75
eV above the valence-band maximum.

Another possible source of intercluster surface charge
is a submonolayer coverage of adatoms or small nonme-
tallic clusters between the larger metal clusters. The cal-
culations of Adams, Hitchon, and Holzmann predict
such a concentration of small clusters. Of course the ex-
act densities of these clusters depends strongly on the de-
tails of the surface diffusion model. Since the density re-
quired for substantial band bending is only 0.01 ML,
these small clusters would not be detectable in either the
substrate PES attenuation or the PES signal from the
adatoms themselves. Certainly they would not be detect-
ed by RHEED or SEM. Various workers have discussed
how individual chemisorbed adatoms or adatom com-
plexes will bend the GaAs bands.

A final potential source of surface states is unbuckling
of the intercluster surface due to the presence of the met-
al clusters. Such removal of the reconstruction at the
GaAs surface is expected to move donor- and acceptor-
type dangling bond states into the GaAs band gap. In-
terfacial states of this type have been reported in a scan-
ning tunneling microscopy (STM) study of submonolayer
Sb coverages on GaAs(110). In this study the states
were localized at the periphery of two-dimensional Sb is-
lands. Unless the three-dimensional clusters unbuckle
the surface more extensively than this, such unbuckling
states, like the clusters themselves, are too inhomogene-
ously distributed to explain the band-bending measured
at low coverages.

We argued above that the high-coverage n-to-p spread
observed for these clustered systems is greater than can
be attributed to incomplete pinning by the clusters. This
spread does not exhibit any significant decrease within
the coverage regime in which the clusters are expected to
take control of the surface Fermi level. Photovoltaic
band Aattening can certainly be ruled out as the source of
residual spread: for the high-doped substrates at room
temperature, this effect is calculated to be zero. ' Tang
and Freeouf' have previously discussed the effect of the
PES probing depth in separating n- and p-type barrier
height measurements. Specifically, the semiconductor
potential is sampled for some distance into the substrate,
and as a result, the measured potential barrier for both n-
and p-type is less than the actual barrier at the surface.
This effect has been taken into account in the calculated
surface Fermi level positions through the

f dz exp( —z/A, ) term in Eq. (2), and its influence ac-
counts for part of the small ( (0.2 eV) spread seen in the
calculated n- and p-type positions of Fig. 5 at 8-ML cov-
erage. This spread also includes some incomplete pinning
by the clusters: the calculated n and p positions are still
moving closer at 8 ML. The experimental spread is
greater than can be accounted for by the combination of
the probing depth and incomplete pinning by the clus-
ters.

Thus even when the clusters merge close enough to es-
tablish the overall surface Fermi level, the experimental
band bending is still an extrapolation of movement ob-
served from submonolayer coverages. This suggests that
the intercluster states that caused the initial band bend-

ing are now preventing the surface Fermi level from mov-
ing to the level at the cluster interface. In other words,
the intercluster states may still pin the surface Fermi lev-
el even when the clusters are well within a lateral de-
pletion length of one another. We plan to use the Poisson
solvers to investigate the influence of donor and acceptor
charge states at the intercluster surface. It is of particu-
lar interest to determine the density of these states re-
quired to pin the surface in the presence of nearby metal
clusters.

It is of interest to briefly consider the dependence of
the band bending at clustered interfaces on the substrate
doping. In Ref. 10, this dependence was investigated for
In, Ga, and Ag overlayers on three dopings of n-type
GaAs: 4 X 10I6 5 X 10', and 2 X 10I8 cm 3. The band
bending for In is shown in Fig. 5 for 4X10' and 2X10'
cm dopings. For all of these overlayers, the band
bending is faster on the lower doped substrate, whereas
the overlayer morphology is certainly not dependent on
the doping. Figure 2(a) of the present paper shows that

A~~ is always larger for lower doping, and so calculations
of the type performed in Sec. IV predict just such a dop-
ing dependence. However, it was suggested above that
even when 4~~ becomes larger than the average cluster
separation, intercluster states may strongly inhuence the
surface Fermi level position. The band bending AP pro-
duced by intercluster charges is also anticipated to be fas-
ter for a lower doping: for a given surface charge density
0,

hp=o. /2E, EoqXD . (3)

The low-coverage band bending in Ref. 10 and Fig. 5 is
not as strongly dependent on doping as Eq. (3) indicates.
The photovoltaic effect' may suppress some of the low-
coverage band bending of the lower doped substrates.

For these clustered systems the band bendings for the
various n-type dopings merge at coverages for which the
n-to-p separation is substantial. For example, in Fig. 5,
the n-type band bending is nearly the same (-0.75 eV)
for the 4 X 10' and 2 X 10' cm dopings despite the fact
that the n-to-p separation is nearly 0.4 eV. Intercluster
midgap states with distinct donor and acceptor levels
could account for such behavior. The slightly greater
high-coverage barrier height for the lower doped material
(in which the range of iniluence of the metal clusters, A~~,

is larger) indicates that the states at the cluster-
semiconductor interfaces may also have some inAuence
on the surface Fermi level. It is reiterated, however, that
the 0.4-eV n-to-p separation cannot be due only to incom-
plete pinning by the clusters or to the PES probing depth:
the inhuence of such factors on the measured band bend-
ing is more strongly doping dependent.

Another work related to the present discussion is the
cluster deposition study of Waddill et al. These au-
thors deposited "preformed" metal clusters onto GaAs
surfaces by initially forming them on a Xe buffer layer
and then subliming this buffer. At the highest coverages
they examine, the interfaces show less band bending than
the normally formed interfaces: 0.3-eV barrier heights
for n-type substrates and a distribution of heights concen-
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trated around 0.4 eV for p-type substr ates. Their
method of interfacial growth may inhibit the formation
of either defects or small adatom clusters between the
large metal clusters. These authors observe a distinct
step in the band bending between 1- and 10-ML Ag cov-
erage for 2 X 10' cm p-doped GaAs, such as was calcu-
lated for this range of doping in Fig. 5 for In clusters
grown in the absence of intercluster band-bending states.

Having suggested that the band bending measured on
clustered systems is controlled by states at the unmetal-
lized surface, one may ask what relevance these measure-
ments have to real Schottky barriers, for which the entire
surface is covered. As mentioned previously, separations
between n- and p-type surface Fermi levels on the order
of those observed in the PES studies cannot be main-
tained at the metallized surface. ' The metal is also ex-
pected to inAuence the energy position and energy distri-
bution of any interfacial gap states. ' Finally the con-
centrations of these states must be considered and com-
pared to the MIGS density. The band bending observed
by PES at the clean surface puts a lower limit on this
state density of only 10' cm . However, this band
bending is substantial at coverages as low as 0.01 ML,
and so much higher densities are readily conceivable at
the full interface. Tersoff has suggested that the midgap
pinning of full metal-semiconductor interfaces can be ex-
plained in terms of MIG-S alone, but recent calculations
based on the method of linear muon tin orbitals have
indicated that intrinsic states at metal-semiconductor in-
terfaces give rise to a greater variation in barrier heights
than is observed experimentally. Certainly it would be
surprising if the band bending toward midgap observed in
the PES measurements is completely unrelated to the
midgap pinning determined by electrical measurements
at full Schottky barriers.

VI. CONCLUSIONS

In this paper the inAuence of metal clusters on the sur-
rounding semiconductor surface potential has been

quantified. A three-dimensional solution of the Poisson
equation shows that the one-dimensional depletion length
overestimates the clusters' inAuence, particularly for
small clusters. The surface-potential development was
calculated for specific cluster geometries on GaAs, as-
suming that the pinning states are restricted to the
cluster-semiconductor interfaces. We conclude from
these calculations that the submonolayer band bending
measured by PES from high-doped GaAs is beyond the
inAuence of the clusters and must be attributed to some
surface charge states between the clusters. The per-
sistence of a separation between the n- and p-type surface
Fermi level at higher coverages implies that these inter-
cluster states continue to inAuence the band-bending
measurements even when the average cluster separation
has shrunk well below the lateral depletion length. To
correlate the PES-measured barrier development with
that of full metal-semiconductor interfaces, the density of
these states relative to MIGS, as well as the inAuence of
the metal on these states, must be considered.

Finally, future experiments are proposed, which may
shed further light on the barrier formation at clustered
metal-semiconductor interfaces. First, STM images can
be taken from such systems to identify sources of surface
charge between the clusters. The STM can also measure
the potential variation near the edges of the clusters.
And as mentioned above, we will be using the Poisson
solvers to study the inAuence of donor and acceptor
charge states in the presence of nearby metal clusters.
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