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Cluster growth of Al on stepped and unstepped GaAs(110) at 300 K:
A scanning-tunneling-microscopy examination
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Aluminum nucleation and growth on GaAs(110) was studied with scanning tunneling microscopy
(STM). The STM images for growth at 300 K demonstrate three-dimensional cluster formation on
atomically fiat surfaces, even for 0.015-monolayer (ML) deposition. Clusters with diameters ranging
from 35 to 60 A were produced by the deposition of -0.3 ML of Al. Deposition onto GaAs(110) sur-

faces with single-height [110] steps also resulted in cluster formation, with no evidence of preferred
decoration of step edges. Displacement of small clusters by the tip revealed undisrupted GaAs(110) sur-

face regions, but tip interactions with large clusters left cluster remnants. The differences suggest Al-

GaAs intermixing for the larger clusters.

INTRODUCTION

The processes associated with metal-semiconductor in-
terface formation have been studied for many years. '

One of the many interfaces investigated, Al/GaAs(110),
has received considerable theoretical and experimen-
tal ' attention. Zunger predicted that Al deposition
would yield three-dimensional clusters rather than an or-
dered overlayer characterized by distinct bonding sites
coordinated to As or Ga. Ihm and Joannopoulos calcu-
lated the Al chemisorption energy for a single atom per
unit cell and then determined the adsorption energy con-
tour on GaAs(110). Energy minimization for two atoms
per unit cell suggested that Al clusters would be more
stable than chains of chemisorbed atoms. They also pre-
dicted that activation energies for Al diffusion along the
[110]direction would be 0.5 eV for motion between the
zigzag chains and -0.3 eV atop the zigzag chains, con-
cluding that diffusion at 300 K was likely. Zhang,
Cohen, and Louie used ab initia pseudopotential calcula-
tions for thick Al overlayers and predicted that the
GaAs(110) surface would unrelax as the interface was
formed. They also concluded that metal-induced gap
states were not sensitive to the interface geometry and
that the local density of states was sufficient to pin the
Fermi level. Klepeis and Harrison used the tight-
binding formalism to determine bonding sites for indivi-
dual atoms on GaAs(110), finding that the lowest energy
site for Al involved bonding to a Ga atom.

Experimentally, interface formation for Al/GaAs(110)
has been investigated for growth temperatures from 60 to
300 K. Photoemission spectroscopy, ' ' ' Auger spec-
troscopy, ' " low-electron energy diffraction, electron-
energy-loss spectroscopy, ' and medium-energy ion-
scattering' studies have shown Al cluster formation but
also Al-CxaAs reaction during growth at 300 K. Deposi-
tion onto substrates at low temperature produced a more
planar Al overlayer because of suppressed diffusion,
but interfacial reaction was not quenched. ' Chang
et al. ' studied the inAuence of steps and step orienta-

tions in growth kinetics of Al on GaAs(100) and conclud-
ed that steps were active sites where Al nucleation was
favored. Still unresolved, however, was the issue of how
reaction was initiated on the surface, given the weak in-
teraction of individual Al atoms with the surface and the
strong evidence for intermixing.

This paper focuses on the growth of three-dimensional
Al clusters on flat and stepped GaAs(110). The goal was
to determine the microscopic pro6le of the surface with
the hope that distinguishing characteristics would be
found that would reAect the transition from clusters to
reaction products. The measurements show small Al
clusters having diameters of -20 A (-40 atoms) for Al
depositions of 8=0.015 ML at 300 K. For 8=0.3 ML,
the surface was decorated with clusters having diameters
ranging from -35 to -60 A. We found no evidence that
clustering occurred preferentially at [110jsteps. Cluster
displacements by the tip made it possible to observe por-
tions of the substrate previously covered by the cluster.
When the clusters were small, examination of the exposed
regions with atomic resolution showed that the underly-
ing areas were not disrupted. When the clusters were
large, however, tip interactions left remnants of the clus-
ters. We attribute the difference to the onset of reaction
triggered by the instability of the growing clusters on the
surface, i.e., Al-GaAs intermixing occurred at the bound-
ary between the large clusters and the substrate. Al-
though the atomic content of the remnant clusters could
not be determined with STM, we are guided in our inter-
pretation by previous studies of Al-GaAs interface for-
mation and chemical mixing. We note that cluster
growth and overlayer instabilities have been observed
previously with STM for Cr/GaAs(110) (Ref. 16) and
Sm/GaAs(110) (Ref. 17).

EXPERIMENT

The STM experiments were performed in an ultrahigh
vacuum chamber at a pressure of -6X 10 "Torr using
a commercial microscope. ' GaAs(110) surfaces were
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prepared by cleaving 2 X 3 X 10 mm posts doped with Si
at 4X10' cm . Tungsten tips were prepared by elec-
trochemical etching in 10 wt% KOH in H20. Before
use, they were cleaned in situ by electron bombardment
heating. Aluminum was evaporated from resistively
heated W baskets. The deposition rate was 0.5—2 A/min,
and the pressure during evaporation was lower than
4X 10 ' Torr. Aluminum coverages were determined
by a quartz-crystal microbalance. One monolayer (ML)
on the GaAs(110) surface corresponds to 1.47 A of Al, as-
suming two atoms per surface-unit cell with a surface
atomic density of 8.85X10' atoms cm . The STM im-

ages were taken in the constant-current mode with
currents between 0.1 and 1 nA. The tip was biased posi-
tive relative to the sample with voltages ranging from 2
to 4 V. The images shown here were not corrected for
thermal drift.

RESULTS AND DISCUSSION

The cleaved GaAs(110) surface has been well charac-
terized with STM images obtained using positive- and

negative-tip biases to emphasize As and Ga sites, respec-
tively. ' Although most studies have focused on the ideal
surface, Yang et al. recently examined steps on
GaAs(110) created by cleaving. During the course of
these studies, we have been able to examine Al deposition
with both ideal and stepped surfaces where the steps were
single-height [110] steps. Al deposition onto such sur-
faces allowed an assessment of their effect on clustering.
The terrace width ranged from -50—1000 A over the re-
gion explored.

Figure 1(a) shows a mosaic of images for 0.015 ML of
Al condensed at 300 K onto a stepped GaAs(110) surface.
The rows of As atoms are clearly visible along the [110]
direction of the large terraces. Roughly parallel steps run
from upper left to lower right along [110]. The large ter-
race on the left half of the mosaic is also terminated by an
irregular step (I) in the center of the figure. The bright
features at the irregular step edge are small Al clusters.
The number density of small clusters along these steps
appears to be higher than along [110]steps Su.ch irregu-
lar steps are relatively rare, but we speculate that the

FIG. 1. STM images and a cross section for 0.015-ML Al deposition on a stepped GaAs(110) interface at 3QQ K. (a) 475 X 125 A
a«a acq»«d with a tip bias of 3.8 V and 0.1 nA showing large terraces decorated with Al clusters, [ 1 &O] steps (labeled S) with al-
most no Al, and clusters at the irregular terminals of the large terrace (labeled I). (b) A 125 X 125 A 3D rendered image displayed to
enhance the curvature.
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higher cluster density results because Al diffusion is per-
pendicular to these steps. In addition, the accommoda-
tion coefficient at these steps may be higher than that for
[110]steps because of the increased number of dangling
bonds. Significantly, the results of Fig. 1 for a stepped
surface show that the more regular [110] steps do not
serve as preferred nucleation sites for Al. The deposition
of 0.015 ML of Al produced clusters on the terraces that
contain as many as -40 atoms. The volume of the clus-
ter labeled B at the left of Fig. 1(a) was estimated to be
535 A, corresponding to -32 atoms, as determined by
integrating the height contours of the STM image. ' A
3D-rendered image from the mosaic of Fig. 1(a) that
enhances the curvature is shown in Fig. 1(b) to provide a
better perspective of cluster heights relative to the con-
tact area. It was not possible to determine a favored
chemisorption site at 300 K because cluster formation oc-
curred even for the lowest coverage studied (0.015 ML).
Clustering of Al adatoms is not surprising because of the
active diffusion of individual adatoms. The hopping fre-
quency of an adatom having sufficiently thermal energy
to surmount the potential barrier Eb for surface diffusion
can be approximated by vz exp( Eb/kT), wh—ere vz is
the substrate vibrational frequency. Such thermally ac-
tivated hopping is very probable based on estimates using
typical vibrational frequencies and the barrier for
diffusion calculated by Ihm and Joannopoulos. "

The STM results provide particularly important in-
sight into the bonding of the clusters to the surface be-
cause clusters were occasionally displaced by the tip.
This occurred for (5% of the images. Figure 2(a) shows
a STM image of a highly stepped surface onto which 0.07
ML of Al had been deposited. The arrow indicates a
cluster with a diameter of 25 A and a height of -5 A
consisting of -40 atoms situated on a step. This cluster

FIG. 2. STM images for 0.07 ML of Al on a stepped
0

GaAs(110) surface. Both images are 100X 100 A and were ob-
tained with a tip bias of 2.5 V and a tunneling current of 0.6 nA.
The cluster bonded to the step (a) was displaced after repeated
scanning and the now-exposed area (b) shows no modification of
the surface beneath the small cluster.

was displaced upon subsequent scanning, as shown by
Fig. 2(b). The other surface features appeared un-

changed, and the atomic resolution of the tip was main-
tained. Examination of Fig. 2(b) shows that the substrate
exposed by cluster displacement was not disordered or in
any way different from other equivalent sites on the sur-
face. We conclude that the cluster with -40 atoms was
weakly interacting with the substrate and had not in-
duced surface disruption. This is particularly intriguing
because the heat of formation for A1As is 10 kcal/mole
higher than that for GaAs, and intermixing at the inter-
face has been reported at higher coverage (but not (0.1

ML). As will be discussed for higher coverages, however,
remnants of larger clusters were left behind on the sur-
face.

Tip-cluster interactions sufficient to move two-
dimensional islands have been observed for
Ag/Si(100). ' In that case, the Si substrate beneath the
two-dimensional island remained ideal. For Ag deposi-
tion on GaAs(110), Trafas et al. observed that a Ag
cluster containing —100 atoms was displaced and at-
tached with a larger cluster. Again, the exposed sub-
strate remained undisrupted. These observations were
easily reconciled by noting that interactions of the cluster
with the substrate was weak and Ag—Ag bonding was
strong.

Figure 3(a) shows a 1400X1400 A image obtained
after 0.3-ML deposition of Al on a surface with [110]
monatomic steps defining large terraces. In addition,
there is a pointed peninsulalike structure that originates
at the upper left and terminates near the lower right. It
is one layer higher than the terrace beneath it. In this
case, the Al clusters were typically 35—60 A in diameter
and 8—15 A high. Figure 3(b) shows a higher resolution
image of the part in Fig. 3(a) defined by the box. The
volume of the typical cluster labeled A was -4760 A

0
and the contact area was —1520 A, corresponding to a
cluster containing -290 atoms. In addition, there are
small protrusions along the [110] steps that have been
observed on clean cleaved stepped surfaces; they are not
due to Al accumulation at the steps. Figure 3(c) is a
400X400 A step-free area that demonstrates that similar
cluster size distributions are obtained for [110]-stepped
and -unstepped surfaces.

Examination of Figs. 3(a) and 3(c) indicates that the
clusters were randomly distributed on stepped and un-
stepped surfaces, with no indication of preferentia1 bond-
ing at [110] steps. Indeed, the density was 1 —3X10'2
clusters/cm on both [110]-stepped and -unstepped sur-
faces for 0.3-ML deposition with cluster diameters rang-
ing from 35 to 60 A. In contrast, Chang et al. ' deposit-
ed 5 A of Al on miscut GaAs(100) containing [110) and
[ill] steps and concluded from photoemission measure-
ments that those stepped surfaces had increased surface
reaction compared to flat (100) surfaces. They associated
the increased reactivity with the larger number of dan-

gling bonds. It will be intriguing to examine the different

morphologies of these surfaces with STM to see how Al
deposition on miscut GaAs(100) produces enhanced nu-

cleation.
Comparison of Figs. 3(a) and 3(b) reveals that the 50-
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FIG. 3. STM images showing a GaAs(110) surface with [110]steps onto which 0.3 ML of Al has been deposited. The clusters ap-
pear randomly distributed with no preferential bonding to the step edges. (a) A 1400X 1400 A image acquired with a tip bias of 3 V
and 0.1 nA. (b) A higher resolution 260X 260 A image of the boxed region in (a). The cluster marked by an arrow in (a) is missing in

O2.
(b); the remnant cluster is marked with an arrow. (c) A 400X400 A image of clusters on a step-free area. (d) A cross section of the
cluster identified in (a) and (b) before (solid line) and after removal (dashed line).

0
A-diam cluster marked by an arrow in Fig. 3(a) was par-
tially removed upon subsequent scanning. The remnant
cluster was -25 A in diameter and 5 A in height, as
shown by the cross sections in Fig. 3(d) measured before
and after removal. For Al on GaAs(110), the largest
cluster that did not leave behind a footprint was 25 A in
diameter (-40 atoms); clusters that left behind remnants
were 35—50 A in diameter ( —115—300 atoms). The com-
plete displacement of smaller clusters was observed 20
times during our measurements and the partial removal
of larger clusters occurred five times. We associate the
remnant cluster with Al-GaAs intermixing beneath the
cluster, even though the atomic makeup of the remnant
could not be determined with STM. As an alternate ex-
planation, it could be argued that the force exerted by the
tip was incapable of completely removing larger clusters
because they were larger and had greater surface contact.
However, once the fragement was created, it remained at
the same place, with no subsequent tip effects observed
during repeated scans. As for the case of small and large
clusters, the remnant cluster did not show any order. At-
tributing the remnant cluster to atomic intermixing
beneath a large cluster is in agreement with medium-
energy ion-scattering' results where chemical reactions
beneath the clusters were reported. In addition, photo-
emission results for Al coverages as low as 0.14 ML have
demonstrated that Ga atoms released from the substrate
mix and segregate on the clusters. ' Indeed, the issue has
not been whether the Al-GaAs interface exhibits reaction
but rather why Al is so mobile that clusters, which
represent the precursors to reaction, form on the surface.

Zunger has suggested that reaction beneath large clus-
ters may occur because the condensation energy released
upon clustering is sufficient to promote local chemical re-

actions. Although the dynamics of the process is not
known, the cluster size plays an important role in deter-
mining whether the cluster is stable or not on GaAs(110).
A critical coverage threshold has also been used to ex-
plain photoemission results for Ce growth on Si(111)
when a cluster-induced reaction was observed for Ce cov-
erages ~0.6 ML. Trafas et al. ' showed that Cr clus-
ters formed at low coverage but also that those with di-
ameters as small as 20 A had induced intermixing with
the surface and had incorporated Ga and As atoms.

Insight into the growth of Al clusters was obtained by
comparing volumes to areas in contact with the substrate.
The volumes were determined by integrating height con-
tours from the STM images, as has been done else-
where. ' Cluster volumes were measured for five Al
coverages from 0.07 to 0.8 ML and with different tips to
ensure reproducibility. A two-parameter fit was used for
the power-law equation V=CA", where Vis the volume
and A is the contact area. Figure 4 shows the data for
more than 70 clusters together with the best fit obtained
for n =1.19. For comparison, Fig. 4 also shows the be-
havior ex~ected for hemispherical growth of
V=(2/3&m)2 ' and for 2D growth V=1.472. Here
1.47 is the thickness of one Al monolayer in angstroms
on the GaAs(110) surface. We find that the clusters are
more two dimensional in shape for Al deposition at 300
K. It is interesting to compare these results to those for
Fe/GaAs(110) where the best fit to the power law for
growth at 300 K was with n =1.2. For Fe/GaAs(110)
where Fe deposition promotes the release of Ga and As
atoms, those released atoms become incorporated in the
clusters and their presence may affect cluster growth.
Unfortunately, STM is unable to distinguish atomic
species in the clusters, identifying the segregated Ga and
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FIG. 4. Cluster volume vs area for various Al coverages.
The solid line is the best fit to the cluster volume area power law
with V=CA" . The short-dashed line depicts ideal hemi-
spherical growth, V =(2/3&m. ) A ",and the long-dashed line is
for 2D growth, V=1.472.

As atoms observed with photoemission. For the nonreac-
tive Ag/GaAs(110) system, the best fit gave n = 1.57.

Figure 5 shows an STM image for 30 A of Al deposited
on a stepped GaAs(110) surface. The image and cross
sections of various features of the surface demonstrate
that the surface roughness does not change appreciably
with growth. Indeed, the grain size of the polycrystalline
film observed after 100-A deposition resembled those at
10 and 30 A, and there was no tendency to form an atom-
ically smooth surface (surface rms roughness 2.5—3.5 A).
The maximum peak-to-valley distance was -25 A for the

0
30-A coverage and the height-to-diameter aspect ratio of
a typical grain was -0.25. In Fig. 5, the grains appear
to be aligned along the substrate [110]direction but oth-
er images show different alignment. We speculate that
the fine-grain structure results from the small ratio of the
substrate temperature during deposition to the melting
temperature of Al. Increasing the substrate temperature
will probably result in larger grains because of the in-
creased Al surface diffusion.

There is no evidence of the formation of clusters evolv-
ing into distinct crystallites with faceted surfaces for
Ag/GaAs(110) growth at 300 K. Instead, the fine-

grained morphology resembles that for the weakly reac-

FIG. 5. STM image of 30 A of Al on GaAs(110). This
1400X 1400 A image was obtained with a tip bias of 3.1 V and
tunneling current of 0.15 nA. It shows surface grains with sizes

0 0

up to 60 A and an overall rms surface roughness of 2.5—3.5 A.
The alignment probably reflects the existence of multiple height
steps on the cleaved surface. Growth to 100 A of Al at 300 K
resulted in equivalent surface roughness and appearance.

tive Fe/GaAs(110) interface where Dragoset et al. re-
ported features with 40-50 A diameters and a rms rough-
ness of -3 A after 10-A deposition of Fe. The evolution
of the reactive Cr/GaAs(110) interface' showed similar
asperities for all coverages and a surface rms roughness
of -2.3 A after 5-ML deposition. In each case, growth
is influenced by kinetic constraints but we suggest that it
is also be inAuenced by the presence of Ga and/or As
atoms in the surface region. These atoms are released
during the early stages of overlayer formation (Cr, Fe, Al
but not Ag) but are not trapped at the buried interface.
Instead, they continue to segregate to the surface region
during slow growth at 300 K. For Al/GaAs(110), photo-
emission results have shown the segregation of Ga be-
cause of its low solubility in the growing Al layer. These
atoms should have an effect on the growth structures and
the kinetics, but the details in terms of local bonding
configurations and surface-free energies are not yet
known. In any case, disruption occurs despite the fact
that the lattice mismatch is only —l. 3%%uo.
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