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X-ray photoemission results for interfaces prepared by cluster assembly with nanometer-size clus-
ters deposited on high-T, superconductors (HTS’s) show a reduction in reactivity because atom in-
teractions with the surface are replaced by cluster interactions. Results for conventional atom
deposition show the formation of overlayer oxides that are related to oxygen depletion and disrup-
tion of the near-surface region of the HTS’s. For cluster assembly of Cr and Cu, there is a very thin
reacted region on single-crystal Bi,Sr,CaCu,03. Reduced reactivity is observed for Cr cluster depo-
sition on single-crystal YBa,Cu;0;-based interfaces. There is no evidence of chemical modification
of the surface for Ge and Au cluster assembly on Bi,Sr,CaCu,04(100). The overlayer grown by Au
cluster assembly on Bi,Sr,CaCu,0Og covers the surface at low temperature but roughening occurs
upon warming to 300 K. Scanning-tunneling-microscopy results for the Au(cluster)/Bi,Sr,CaCu,04
system warmed to 300 K shows individual clusters that have coalesced into large clusters. These re-
sults offer insight into the role of surface energies and cluster interactions in determining the over-
layer morphology. Transmission-electron-microscopy results for Cu cluster assembly on silica show
isolated irregularly shaped clusters that do not interact at low coverage. Sintering and labyrinth
formation is observed at intermediate coverage and, ultimately, a continuous film is achieved at high
coverage. Silica surface wetting by Cu clusters demonstrates that dispersive force are important for
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these small clusters.

I. INTRODUCTION

The effects of intermixing caused by chemical reactions
for interfaces between the high-temperature supercon-
ductors (HTS’s) and other materials are important in
HTS device applications and studies of such fundamental
properties as the superconducting gap. Many studies
have focused on basic chemical interactions at interfaces
formed by the deposition of overlayers in vacuo onto
single-crystal and polycrystalline HTS surfaces.! Adatom
condensation has been shown to result in chemical
changes and structural disruption of the HTS surface re-
gion for a wide variety of overlayer materials.! ”!° In
most cases, interface reactivity can be related to the ex-
traction of oxygen from relatively weak Cu-O planar
structures as more favorable overlayer oxides are
formed.!~12 Such complex, largely uncharacterized in-
terface morphologies are not advantageous for basic or
applied studies of HTS’s that presume simple boundary
layers.

It has been shown recently that overlayers can be
formed by cluster assembly, i.e., deposition of clusters
containing tens to thousands of atoms onto a surface.
These clusters are preformed by atom deposition and nu-
cleation on a condensed Xe layer at 20 K. Cluster depo-
sition is accomplished by subliming the Xe at ~100 K,
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lowering the clusters to the substrate. One of the advan-
tages of this growth process is that it changes the kinetic
pathways at the surface enough to produce undisrupted
interfaces.!3> This growth technique offers the possibility
of examining HTS interfaces with little or no
modification of the superconducting surface region. In
addition, the relevance of macroscopic quantities such as
surface energies and heats of oxide formation can be ad-
dressed for small clusters where van der Waals forces
may play an important role.

In this paper we examine several cluster-assembled
HTS interfaces, focusing on issues related to surface
structure, surface chemistry, and reaction mechanisms.
Insight into the structure of overlayers on these HTS sur-
faces is given by transmission electron microscopy (TEM)
for Cu clusters deposited on silica substrates. Additional
insight into overlayer structure is obtained from
scanning-tunneling-microscopy (STM) images of a Au-
assembled layer on Bi,Sr,CaCu,04(100). The full range
of cluster reactivity with the HTS’s is explored with x-ray
photoemission spectroscopy (XPS) by considering Cr, Ge,
Cu, and Au overlayers. The tendency of atom-deposited
Au and Cr layers to form three-dimensional islands in ac-
cordance with energy minimization was also observed
with the cluster-assembled layers. In contrast, Ge
formed a uniform layer when deposited as atoms or clus-
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ters. Cu cluster assembly on Bi,Sr,CaCu,Oj resulted in a
more extended reacted region at low temperature than
observed for Cr, an overlayer expected to be very reac-
tive.  Finally, results for cluster assembly on
YBa,Cu;0,(100) show that this HTS surface is much less
stable than Bi,Sr,CaCu,03. At the same time, cluster as-
sembly for YBa,Cu;0; is much less disruptive than atom
assembly.

II. EXPERIMENTAL TECHNIQUES

Most of the experiments were conducted in an
ultrahigh-vacuum (UHYV) system with a sample prepara-
tion chamber attached via a gate valve to an analysis
chamber (base pressure 6X107!'' Torr). The latter
housed a high-resolution, small-spot x-ray photoelectron
spectrometer. A monochromatized Al Ka beam
(hv=1486.6 eV) was focused to a 300-um spot on the
sample, and the photoelectrons were energy-analyzed
with a hemispherical analyzer (acceptance angle 30°) and
a position-sensitive resistive anode. The overall resolu-
tion was 0.7 eV at a pass energy of 50 eV and 300-um
spot size, as determined by the width of the Fermi edge
for a gold standard. Samples were anchored to the cold
head of a closed-cycle He refrigerator using an in situ Ga
soldering procedure that allows sample interchange
without compromising base temperature or pressure.'*
Stable temperatures between 20 and 350 K were accessi-
ble using a heater to counteract the refrigerator. Tem-
peratures were measured with a Au-Fe/Chromel thermo-
couple located near the sample. In other studies, we have
noted that condensed O, and Ar rapidly desorbed 10 K
above the lowest temperature attained, while Xe multi-
layers were removed by an additional 20 K. From report-
ed vapor pressures for condensed gases, we estimated our
minimum temperature to be 20 K.'* Since the rigidly at-
tached samples had irregularly cleaved surfaces, the aver-
age takeoff angle was determined by measuring the at-
tenuation of the substrate emission for a series of Xe ex-
posures, with comparison to mean free paths determined
for Xe layers on mirrorlike GaAs(110) cleaved surfaces.
Areas used had measured average takeoff angles between
30° and 50°.

Single crystals of YBa,Cu;0; were grown from a melt
containing Y,0;, BaCO;, and CuO powders in a
0.095:0.238:0.667 molecular ratio, the melt was heated
to 1570 K for 4 h before cooling slowly to room tempera-
ture.!® After annealing in an oxygen flow at 820 K for
200 h, the samples showed superconducting transitions
that began at 93 K and reached zero resistivity at 90 K.
The YBa,Cu;0, samples were approximately 3X2X0.2
mm? in size. A melt containing CaO, SrCO;, Bi,0;, and
CuO was used to grow Bi,Sr,CaCu,0O; single crystals.
These samples were typically 6X4 X1 mm? in size. The
superconducting  transition temperature of the
Bi,Sr,CaCu,03 samples was 84 K and the transition
width was 3 K. Details concerning the samples can be
found in Ref. 16. Clean surfaces were obtained by
mounting the crystals onto a rigid post and removing the
top surface by prying off a rod epoxied to the sample.
Typical cleaved YBa,Cu;0, surfaces were flat and

smooth but they had irregular pits that were visible under
an optical microscope. The cleaved Bi,Sr,CaCu,Oy sur-
faces had flat, mirrorlike regions a few mm in size but
they also had rough fractured regions. While the use of
single-crystal substrates was important because issues re-
lated to grain boundaries were avoided, it is important to
recognize that even single crystals can contain inclusions
and contamination.! For our experiments, areas were
selected that were flat and had minimum amounts of con-
tamination, based on analysis of the O 1s spectra.

The overlayers were grown under identical conditions,
and they were examined in situ with XPS. For the TEM
measurements, the samples were exposed to the atmo-
sphere during transfer to the microscope. TEM bright-
field images were obtained with a Philips CM30 scanning
transmission-electron microscope (STEM) with 300-keV
electrons. The TEM substrates were prepared by depos-
iting ~200 A of Si onto a Formvar film that covered a
Au grid. The Formvar was removed and the silicon was
oxidized to an amorphous oxide by heating in an oxygen
atmosphere at 920 K for 36 h. The grids were then
sandwiched between Cu sheets attached to the HTS sam-
ple holder to ensure good thermal contact.

For the STM experiments, the Bi,Sr,CaCu,0O, sample

was epoxied to a thin Cu substrate and a Ag-based epoxy
was painted along its edge for electrical contact. After
cleaving and cluster assembly in UHV, the sample was
transferred to a portable vacuum system. Ultimately, it
was exposed to the atmosphere for ~10 min during
transfer to a low-temperature ultrahigh-vacuum STM.
Images were obtained with Pt-Ir (90:10) tunneling tips at
80 K in a constant-current mode (current 100 pA). Tip
bias voltages of —1 to —15 V were required to prevent
the tip from contacting the sample.
, For cluster assembly, depositions were done onto 50-
A-thick Xe buffer layers that were condensed on the HTS
surfaces at 20 K. The overlayer materials were evaporat-
ed from outgassed, resistively heated sources ~50 cm
from the sample at pressures <3X107!© Torr. The
amount deposited was monitored with a quartz-crystal
microbalance near the sample. Angstrom units will be
used here since the clusters are sufficiently large to have
the bulk density. Photoemission studies of the clusters on
the Xe layer showed that they were fully metallic, based
on the development of bulk valence bands. Such observa-
tions have been discussed previously.'> Heating to ~ 100
K desorbed the Xe buffer layers and allowed the clusters
to come into contact with the pristine HTS surface.

In the following, we will examine changes in substrate
core-level line shapes and photoemission intensities as a
function of the amount of material deposited. For cluster
deposition, the measured substrate photoelectron emis-
sion was derived from areas under the clusters and from
areas that remained exposed. During overlayer growth,
the amount of covered surface increased, and this insured
that the core-level line shapes increasingly reflected inter-
facial effects. Thick overlayers were grown by repeating
the cluster deposition process several times.

Information concerning the morphology of the
cluster-assembled layers can be obtained by examining
the rate at which the substrate emission was attenuated.
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Since cluster assembly results in a microscopically irregu-
lar surface, the rate of attenuation is slower than would
be observed for the same amount of material distributed
in a uniform layer. This deviation reflects clusters with
dimensions greater than the mean free path of the photo-
electron, with the discrepancy dependent on the cluster
shape. Such intensity analyses have been discussed by
Waddill et al.’® in their synchrotron-photoemission in-
vestigation of clusters with various size distributions.
They used a model based on uniformly shaped hemi-
spheres to estimate the cluster diameter as a function of
the amount of material deposited. For a deposition of 2
A, the cluster diameter was estimated to be ~30 A so
that a representative cluster contained ~500 atoms.
Here, the inelastic mean free paths are larger (10-40 A)
since hv=1486.6 eV but the shallower takeoff angle
reduces the probed depth by ~1. We note that the at-
tenuation is approximately exponential if the cluster
thickness is much less than the mean free path so that the
rate is approximately that for uniform layer growth.

III. RESULTS AND DISCUSSION

A. Transmission-electron-microscopy results
for cluster assembly

To develop an idea of the morphology obtained by
cluster assembly on the HTS surface, we deposited Cu
clusters onto silica layers supported by conducting Au
grids. These samples were examined with TEM after be-
ing warmed to 300 K and transferred from the XPS
chamber to the electron microscope. The upper panel of
Fig. 1 shows a TEM image for 2-A Culclusters) on silica
where irregularly shaped features cover ~25% of the
surface. A few clusters appear elongated, probably be-
cause two or more joined during the deposition process.
If we approx1mate the individual clusters as circular, then
the cluster-size-distribution peaks at ~45- A diam and
most have diameters between 35 and 55 A. A 45- A diam
cluster would have an average thickness of 8 A and
would contain 750-1000 atoms, based on buLk Cu densi-
ty, the measured surface coverage, and the 2 A deposited.
Variations in thickness are probably similar to the spread
observed in cluster diameter as the contrast between clus-
ters does not indicate large differences. This size is in
good agreement with the estimates of Waddill er al.!3
based on their photoemission-attenuation analyses. The
typical spacing between clusters is ~40 A, with some
separated by as little as ~ 10 A. The isolated clusters
show little apparent motion, even at room temperature,
since there is no evidence of significant coalescence for 2-
A cluster deposition.

These results suggest that surface wetting occurs for
Cu clusters on silica, resulting in thin flattened-disk
shapes. Observations of Cu films grown by atom deposi-
tion on silica substrates at 300 K and higher tempera-
tures have shown a tendency to ball up, even when the
films are 500~5000 A thick. This is a result of the low-
substrate surface energy and the absence of strong bond-
ing of Cu to silica.!”!® Indeed, the surface free energy of
Cu and thin amorphous SiO, are 1.8 and 0.06 J/m?, re-
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FIG. 1. TEM images of Cu cluster assembly on silica. The
upper panel for 2-A deposition shows irregular clusters over
~25% of the surface (characteristic diameter ~40 A). The
lower panel shows the structure obtained by three successive 2-
A cluster depositions. In this case, the interconnected Cu la-
byrinth covered ~60% of the surface (estimated thickness ~ 10
A). The TEM images showed little contrast after ten such clus-
ter depositions.

spectively,'”?° and the interfacial energy of Cu and SiO,

is approximately 1.0-1.5 J/m?, based on other metal-
oxide energies.?! (By way of reference, 1 J/m> corre-
sponds to ~0.6 eV/atom for a surface with planar densi-
ty of 1X 10'® atoms/cm?; this is a typical surface density.)
This results in clusters that do not wet the silica, accord-
ing to Young’s formulation of wetting angles. However,
for clusters in our size range of tens of angstroms, the
long-range van der Waals (dispersion) forces must be con-
sidered in the expression of the contact angle.’>?3 (A dis-
cussion of the nature of these forces is beyond the scope
of this paper, but see Ref. 24. Moreover, they are gen-
erally unknown on these small-length scales. We note
only that they can be attractive or repulsive, as deter-
mined by the frequency dependencies of the polarizability
of the media involved.) Wetting of the Cu clusters here
suggests that an attractive dispersion force exists. The
strength of the force, which is expressed classically by the
Lifshitz—van der Waals constant,?® is similar for most
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metals and should reflect such effects in HTS surfaces as
well.

In the absence of cluster-cluster interactions on the
substrate, one would expect the surface to be covered in a
Poisson-like distribution because cluster deposition is a
random process, as is conventional atom deposition. For
atom deposition, growth shapes and structures reflect
substrate bonding, adatom-adatom bonding, and surface
stability. For clusters, the growth structures are again
subject to a balance between kinetics and the specifics of
cluster-substrate and cluster-cluster interactions. Here,
we could examine the interaction of clusters by investi-
gating their spacing on the silica substrate by repeating
the cluster deposition process, i.e., depositing clusters
onto surfaces already decorated by clusters. For assem-
bly by three consecutive depositions of clusters formed by
2-A Cu on Xe, the morphology represents a labyrinth, as
shown by the lower image of Fig. 1. Elongated metallic
lines are clearly visible with contrast that indicates varia-
tions in thxckness around an average that we estimate to
be ~10 A based on the total amount deposited and the
surface coverage of ~60%. Although a few of the lines
are isolated, most form part of a connected matrix. At
the same time, there are open connected areas over 100 A
in size.

Patterns similar to those of Fig. 1 have been observed
in the sintering of large particles®® and in the formation
of thin films on weakly interacting interfaces.'® A liquid-
like coalescence model has been used to explain the ap-
parent movement of clusters. In classical sintering
theory, the contact of two clusters results in the forma-
tion of a neck, as material is transferred primarily via
surface diffusion. To reduce the total free energy, the
neck broadens, thereby eliminating surfaces of high cur-
vature and causing a net inward movement of the indivi-
dual cluster centers. The formation of serpentine pat-
terns, however, cannot be accounted for by two-cluster
sintering. Instead, rotations resulting from surface-
energy anisotropies, multiple-cluster interactions, and
cluster-shape irregularities must occur to form the larger
open areas observed.?®?’ The observation of small en-
closed areas within the Cu pattern demonstrates that
nanocluster sintering may create voids similar to the
pores observed in classical sintering.

The twisting network of connected clusters shown in
Fig. 1 is not observed when the deposition process is re-
peated in 2-A increments to a total of 20 A (not shown).
Instead, a relatively uniform contrast in TEM suggests a
more homogeneous layer. From these results, we con-
clude that cluster assembly with small clusters formed on
Xe will cover more than half of the surface after three
depositions and all of the surface after ten depositions.
The complete coverage of the surface is important for in-
terpretation of the interface photoemission results (and
Schottky barriers for metal-semiconductor interfaces'?).

In the following, we will take heed of the results for
Cu(clusters) on silica when discussing Au, Ge, Cr, and Cu
‘cluster  assembly on  Bi,Sr,CaCu,04(100) and
YBa,Cu,0,(100). At the same time, differences should be
expected, and some will be noted. These differences
reflect the fact that interaction with the substrate is not
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identical to that for (chemically inert) silica. In addition,
the van der Waals interaction may be different for the
HTS’s, which are metallic and have different forms for
the dielectric function €(®@). Given the relative stability
of Bi,Sr,CaCu,Og, however, and the fact that the cleaved
surface is terminated by a layer of Bi-O, the analogy with
silica is reasonable. It is not so reasonable for
YBa,Cu;0,, and we will present evident for surfaces
modified by Cr clusters.

B. Cluster assembly of Au on Bi,Sr,CaCu,04(100):
Weak substrate interactions

Several previous studies! have focused on surface prop-
erties for Bi,Sr,CaCu,0y4 samples cleaved in vacuo and
studied at 300 K, and there is general agreement as to the
XPS signatures of the clean surface. Here, we have used
XPS to establish the spectroscopic baseline for the
Bi,Sr,CaCu,04(100) surfaces used for cluster assembly.
This was done at 300 and 20 K. We found no significant
changes in the spectra as a function of temperature (reso-
lution ~0.7 eV) that would reflect surface degradation
due to oxygen loss or spontaneous surface deterioration.’
These clean-surface energy distribution curves (EDC’s)
are shown in the figures to be discussed later in conjunc-
tion with interface spectra. Briefly, the clean-surface
EDC’s show the Cu 2p; /, core-level emission consisted of
a broad main line at ~933 eV and a satellite centered at
~942 eV, characteristic of Cu?" bonding in CuO-based
HTS materials. The ratio of the Cu 2p;,, satellite rela-
tive to the main-line intensity was 0.42, and the full width
at half maximum (FWHM) of the main line was ~4.2
eV. The O 1s core level was centered at 528.8 eV and was
derived from inequivalent O sites in the unit cell, shifted
slightly in energy from one another.?® In addition, the O
spectra showed a contribution amounting to 5-10 % of
the total intensity in a feature at ~531 eV that has been
attributed to an impurity phase.! For our purposes, we
simply note that it exists and refer the reader to discus-
sions elsewhere.’?> The amount of carbon was less than
5% for any Bi,Sr,CaCu,0y cleaved surface, and there
was not significant increase during the experiment due to
condensation from residual gases.

Previous results for Au atom deposition on polycrystal-
line YBa,Cu;0,, La,4sSry;5CuO,, and Bi,Sr,CaCu,0O4
have shown the formation of nonreactive layers, with no
evidence for disruption due to adatom condensation.”®
These results have also indicated that Au forms clusters
at low coverage. The absence of surface reaction and the
tendency for clustering are indicative of weak interaction
with the HTS surface.

Our experiments involving Au cluster assembly on
Bi,Sr,CaCu,0; followed the procedures outlined above
with cleaving at 20 K, the formation of a buffer layer, the
deposition of 2- A Au onto the buffer, and then warming
to ~100 K to remove the buffer. Data acquisition was
done after the sample cooled to 20 K. As expected the
Au clusters were metallic for 2-A assembly,!® and the Au
emission showed bulk characteristics with the Au 4f,,,
emission at 83.9 eV. The EDC’s for Au (clusters) on
Bi,Sr,CaCu,0y are not shown because the overlayer and
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substrate core-level spectra did not change at any cover-
age for assembly from 2 to 20 A. We conclude that the
Au clusters did not react with the substrate. In drawing
this conclusion, it is important to note that the clusters
were sufficiently thin that the substrate could be seen and
chemical changes could have been detected. Analysis of
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substrate emission intensity at low temperature showed a
nearly exponential attenuation as a function of deposi-
tion. As proposed earlier, the simplest model for
Au(clusters) on Bi,Sr,CaCu,03 would be clusters thinner
than the photoelectron attenuation length, growing in a
fashion analogous to that of Fig. 1. The clusters then ap-
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FIG. 2. STM images for 202A Au cluster assembly on Bi,Sr,CaCu,04(100) after warming to 300 K and a brief air exposure. The
upper image for a 600>< 600-A" region taken with a —15-V tip bias and 100-pA tunneling current shows coarse patches with a typical
dimension of ~150 A and covering ~80% of the surface. The <12ark regions reflect voids formed by cluster coalescence and delam-
ination from the HTS surface. The lower image for a 150X 150-A area (—1V, 100 pA) shows a single patch that resembles an aggre-
gate composed of smaller clusters of characteristic dimension ~30 A. The calibrated gray scales on the right-hand side give an indi-

cation of height in A.
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peared to wet the surface and probably formed connected
patterns with sintering when clusters made contact. We
speculate that the 20- A Au(clusters) on Bi,Sr,CaCu,Oy
interface is composed of a large number of small crystal-
lites. However, since assembly was done at ~ 100 K, the
structure also reflects kinetic constraints. (Growth in a
fashion approaching thermodynamic equilibrium is more
likely for atom deposition; Au atom deposition at 300 K
produces large Au clusters that decorate the surface be-
cause of the mobility of the adatoms.)

To investigate the stability of the 20- A Au(clusters) on
Bi,Sr,CaCu,0y interface, we warmed the sample to 300
K in situ. There were no changes in the Au 4f line
shape, and the changes in the substrate line shape were
small (the Bi 4/ EDC’s broadened 0.1 eV, but there were
no changes in the Cu 2p;,, satellite-to-main-line ratio).
Although minimal chemical modification occurred, there
were clear changes in the morphology of the overlayer.
In particular, the Au 4f intensity decreased ~10% and
the Bi 4f and O ls intensities increased 50—80 %. This
suggests a delamination of the Au layer from the HTS
surface to reduce the total surface energy y of the Au
[7au=1.5J/m? (Ref. 20)].

Additional insight into the structural changes for 20- A
Au(clusters) on Bi,Sr,CaCu,03 warmed to 300 K was ob-
tained from the STM images of Fig. 2. These images
were obtained at 80 K for a sample exposed briefly to at-
mosphere during transfer from the portable vacuum
vessel to the UHV STM. The upper panel shows that
most of the surface was covered by large patches. The
appearance of the patches suggests aggregation of smaller
components into bunches in contact with others. The
typical dimensions of the aggregates are 100—150 A. The
packing of these irregular shapes resulted in depressions
that comprised 10-20 % of the total area for different
sections examined. Structure within these depressions
was not resolvable. The dark areas may correspond to
HTS surface regions exposed by the coalescence of the
cluster-assembled layer. This is consistent with estimates
based on changes observed in substrate photoemission in-
tensities. The aggregates appear to have a moundlike
structure, with the highest points reaching <50 A, and
with a much smaller average height. This upper limit is
in reasonable agreement with the nominal 20- A deposi-
tion, which would result in an average height of ~25 A
since the surface coverage was reduced. The height is
less than other aggregate dimensions, showing that the
HTS substrate continued to be wet by the Au at 300 K.

The lower panel of Fig. 2 shows an image of an aggre-
gate with boundaries that result from the attachment of
smaller ~30-A diam clusters. The individual cluster
sizes are consistent with those we expect to have formed
on the Xe buffer. Sintering to form aggregates when
smaller clusters come into contact during growth is ener-
getically favorable, as surface area is reduced. In turn,
the energy released upon sintering facilitates atom rear-
rangement in these nanoscale particles. Warming to 300
K further enhances aggregate growth because of
enhanced surface diffusion on the substrate and on the
Au clusters. Indeed, recent STM experiments have
shown Au atom diffusion on Au over several lattice spac-
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ings per sec at 300 K.? The STM images of Fig. 2 show
that the overlayer retains its cluster-bonded-to-cluster
form, even at 300 K, and this assures polycrystalline
character rather than the growth of very large crystal-
lites. We note that cross-sectional TEM studies have im-
aged the lattice planes of a large composite Au cluster on
GaAs, showing distinct crystallites. '

From these results, it is evident that Au cluster assem-
bly at low temperature produces an overlayer that in-
teracts weakly with the rather inert Bi-O-terminated sur-
face. Cluster-substrate van der Waals interactions result
in wetting, as for Cu clusters on silica, but kinetic factors
trap the system in a metastable configuration at low tem-
perature. Upon warming to 300 K, the clusters tend to
delaminate and structures appear that have smaller sur-
face areas, as shown by the STM images. These results
can be understood in terms of the competition between
equilibrium thermodynamic growth structures (in this
case clusters of Au because of surface free energy con-
sideration) and low-temperature growth constraints im-
posed by limited transport and van der Waals attraction.
Indeed, it is these constraints on atom motion by assem-
bly with clusters that gives different interface structures,
as we shall see in the following for reactive systems.

C. Atom and cluster assembly of Ge on Bi,Sr,CaCu,04(100)

Cluster assembly and atom deposition with Ge offers
the opportunity to investigate a semiconductor-
superconductor heterostructure. Previous studies of Si
atom deposition on Pb-doped Bi,Sr,CaCu,O; have shown
substrate reaction and Si oxidation during the initial
stages of overlayer formation,® and we expect reaction for
Ge atom deposition as well. Figure 3 shows representa-
tive core-level EDC’s for such atom deposition of Ge
onto Bi,Sr,CaCu,04(100) at 300 K. The spectra are nor-
malized to constant height to emphasize changes in bond-
ing configurations. The bottom EDC of each set of
EDC’ s (except Ge) is for the clean surface, as discussed
above.! A Ge 2p,,, peak appears at 1219.1 eV below Ep
for 1-A deposition, and a new O ls component develops

at ~530.5 eV. By 2- A deposition, a second Ge 2p;,,
feature appears at 1217.5 eV and it then grows, as shown,
and attenuates the first feature. We attribute this behav-
ior to the initial formation of GeO,-like bonding
configurations at the surface’ followed by the nucleation
of elemental Ge on the GeO,-like layer. [Note that 2 A
corresponds to 8.88X 10'* atoms/cm?, compared to the
planar density of Bi,Sr,CaCu,04(100) of 1.37X10"
atoms/cm2 The complete formation of GeO,-like bond-
ing for 2- A Ge would require the equivalent of all the ox-
ygen from the Bi-O plane and oxygen from subsurface
layers.]

The Cu 2p;,, and Bi 4f substrate features are de-
creased rapidly for the first ~2 A, while the total O 1s is
reduced only slightly. The O 1s substrate emission
broadens and shifts 0.3 eV to higher binding energy with
1-A Ge deposition, indicating that the HTS bonding
configurations are changed in the surface region by O
redistribution and outdiffusion. The substrate Bi 4f
features also shift 0.3 eV and broaden as a new spin-
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FIG. 3. Core-level EDC’s for Ge atom deposition on

Bi,Sr,CaCu,04(100) at 300 K, normalized to constant height to
emphasize line-shape changes. For 1-A deposition, reaction is
evident by the GeO,-like bonding features in the O 1s and Ge
2p;,, spectra. Bi released from the Bi-O surface plane is evident
as the feature that grows at lower binding energy. Changes in
the Cu 2p,,, results indicate conversion from a valence of +2
to +1. Elemental Ge formed on the reacted region after a 2-A
deposition.

orbit-split doublet appears at ~ 1.4-eV lower binding en-
ergy. This doublet reflects Bi atoms released by disrup-
tion of surface Bi-O planes, as reported for other reacted
Bi,Sr,CaCu,0Oy interfaces.">~ %1% For ~2-A Ge atom
deposition, the ratio of the Cu 2p; , satellite to the main
line also decreases, indicating some disruption of Cu-O
planes. There were no significant line-shape changes
after 2 A for Cu and O or for Ge because reaction was
largely curtailed by kinetic limitations on oxygen release
and transport. Once nucleation of elemental Ge was ini-
tiated, the HTS substrate and GeO,-like emission was at-
tenuated at a rate consistent with approximately uniform
overlayer growth, with no indication of the formation of
Ge clusters. Thus, Ge appears to wet the GeO,-like reac-
tion product. In contrast, emission from the released Bi
was not attenuated as effectively so that its intensity in-
creased relative to the substrate. This is an indication of
segregation rather than trapping in the boundary layers.
These observations are then typical of reaction,! and they
can be used to compare interactions for cluster deposi-
tion.

Figure 4 shows normalized core-level EDC’s for Ge
cluster assembly on Bi,Si,CaCu,04(100). Assembly was
done in 2-A steps to 20 A, then in 5-A steps to 30 A total.

T. R. OHNO et al. 43

Ols Bi 4f Cu2p,,
2
JLpe
R
3+
) M3

I S Y Y S S N S R
534 530 526 165 15

Binding Energy (eV)

FIG. 4. Core-level EDC’s for Ge(clusters) on
Bi,Sr,CaCu,04(100) at low temperature. The Cu 2p;,, EDC’s
are corrected for small contributions from condensed Xe, and a
linear background is subtracted. No changes in peak positions
or shapes are evident because cluster assembly prevented reac-
tive intermixing. The addition of 2-A Ge atoms on the cluster-
assembled layer does not change the EDC’s. Small changes ob-
served when warming to 300 K (RT) reflect limited amounts of
cluster HT'S reaction at the buried interface.
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The Ge EDC’s showed no changes with coverage, as ex-
pected for clusters containing hundreds of atoms.
Significantly, there is no indication from the Bi 4f and O
1s EDC’s that changes of the sort observed for Ge atom
deposition at 300 K were taking place. For the Cu 2p;,,
emission, the spectra are distorted by small background
changes, and contributions from Xe M N, sN, s Auger
and direct Xe 3p; , emission could be identified. (Xe can
recondense since these measurements were done at 20 K.
We estimate that ~0.2 ML of Xe recondensed during
data acquisition by measuring the Xe 3ds,, intensity. It
could be removed by warming to ~100 K.) No
significant changes are observed in the Cu 2p;,, EDC
after correction for the adsorbed Xe. As with Au clus-
ters, intensity analysis shows an exponential decrease of
the substrate component, indicating a relatively uniform
layer derived from thin clusters. This can be seen from
the attenuation curves of Fig. 5 where the O and Cu
emission intensities are shown normalized to the emission
from the clean suorface. Finally, to test for exposed areas,
we deposited 2 A of Ge atoms directly onto the 30-A
cluster-assembled interface at low temperature, expecting
that these atoms would induce disruption and oxygen
withdrawl from exposed surfaces. The results, shown in
Fig. 4, indicate no significant changes. We conclude that
Ge cluster assembly frustrates the relatively mild reaction
observed for Ge atom deposition.

Low-temperature growth may result in a more abrupt
interface for Ge clusters because transport processes in-
volving oxygen are constrained. To investigate the chem-
ical stability of the interface, and to determine if delam-
ination occurs, we warmed the (30+2)-A Gelclusters) on
Bi,Sr,CaCu,0O; interface to 300 K. No changes in the
substrate intensities were observed, indicating that the
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FIG. 5. Attenuation curves for O 1s and Cu 2p;,, emission
for Ge and Cr cluster deposition onto Bi,Sr,CaCu,04(100). Ge
clusters yield an exponential attenuation because of simple over-
layer growth and wetting of the surface. The nonexponential
behavior for Cr clusters reflects a more complex interface struc-
ture with Cr cluster agglomeration at the overlayer formation
temperature, as driven by the tendency to reduce surface area.

overlayer morphology was not altered in any significant
way. The difference between the behavior of the Au and
Ge layers can be explained by noting that the surface free
energy of Au is 50% greater than Ge. Upon warming,
there were changes due to chemical effects at the bound-
ary, as reflected by a 0.2-eV shift and slight broadening of
the Bi 4f emission, a 10% reduction of the Cu 2p;,,
satellite-to-main-line ratio, and a sharpening of the Cu
main line. These results indicate intermixing and disrup-
tion but on a scale much less than for atom deposition.

A model of the cluster-assembly procedure must ex-
plain the stability of the clusters at low temperature, the
increased reactivity of the cluster at elevated tempera-
ture, and the different final state obtained by this growth
method. Atom deposition on a solid HTS surface that
contains oxygen can be simply described with a reaction
diagram by the separation of the atom from the nearest
loosely bound oxygen. For the clean Bi,Sr,CaCu,Oy sur-
face, reaction requires only a small amount of energy to
disrupt the surface bonding once the atom is on the sur-
face, and this broadening releases energy. This results in
the oxidation of the adatoms, even at 20 K. As the reac-
tion products form, however, they represent a diffusion
barrier that must be overcome for further oxidation to
occur. This barrier is more easily surmounted at higher
temperature and a thicker reaction region forms for atom
deposition at 300 K. The reaction pathways are more
complex for cluster deposition since the reaction coordi-
nate is not simply the particle separation and the large
number of atoms in the cluster results in additional dy-
namics. When a preformed cluster is deposited at 100 K,
the energy released upon bond formation is also reduced
since the cluster is already in a lower-energy state than
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was the free atom. Moreover, there is an activation bar-
rier against intermixing with substrate atoms since any
such cluster atom must now be released from the cluster
into the interfacial region. At low temperature, thermal
activation is insufficient to overcome this barrier and re-
action is suppressed. However, when the substrate tem-
perature is increased, dissociation from the cluster is
more likely if oxygen is present. The overlayer still
differs from that formed by atom deposition at 300 K
since the barrier against releasing a cluster atom remains.

D. Atom and cluster assembly of Cr on Bi,Sr,CaCu,04(100)

The transition-metal elements have shown the greatest
reactivity with HTS surfaces for atom deposition because
of their high heats of oxide formation. For instance, the
heat of formation® of Cr,0; (AH;=—1128 kJ/mol) is
larger than either GeO, or Au,0; (AH,=—536.8
kJ/mol for GeO,, AH,=+81 kJ/mol for Au203) The
effects can be seen by examining results for Cr atom
deposition at 300 K on Bi,Sr,CaCu,04(100) summarized
in Fig. 6. Again, the lowest EDC’s for O, Bi, and Cu are
for the clean surface. For 0.25-A deposition, the Cr 2p; ,
emission suggests a bonding configuration similar to
Cr,03, based on its energy and linewidth.>? Only 0.25 A
of Cr induces an overall shift in the O 1s emission, and

Photoemission Intensity (arb. units)
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FIG. 6. Core-level EDC’s for Cr atom deposition on
Bi,Sr,CaCu,04(100) at 300 K. By 4- A Cr atom deposmon
effectively all of the Cu atoms within the probed area of ~30 A
have been reduced from +2 to +1 valence due to oxygen loss
and surface-region disruption. Line-shape changes for Bi 4f in-
dicate extensive reaction with O from the Bi-O layer and surface
segregation of the released Bi atoms.
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there is a shoulder at ~531 eV that reflects Cr—O bond-
ing. By 4-A Cr atom deposition (3.3X 10" atoms/cm?),
the nucleation of metallic Cr on the oxide has started, as
is evident from the Cr 2p;,, emission at 574 eV.
Significantly, the Cu 2p;,, core-level spectra show com-
plete loss of the satellite by 4 A as all of the Cu within the
probe depth is reduced from formal +2 to +1 valence.
Cr atom deposition also induces a shift of 0.3 eV and a
broadening of the Bi 4f substrate emission because of
surface modification. The Cr-induced Bi 4f dogblet at
lower binding energy grows to dominance by 4 A, indi-
cating substantial redistribution of Bi from disrupted Bi-
O planes. Both Bi features were attenuated at the same
rate after 6-A Cr as they were trapped beneath the thick-
ening metal. After 30-A atom deposition, the Cu 2p; ,,
emission was approximately three times larger than pre-
dicted for layer-by-layer growth, and we conclude that Cr
grows as three-dimensional clusters on the Cr,03-like lay-
er. Although the consequences in terms of disruption are
similar for overlayers of Ge and Cr, the extent of disrup-
tion is much greater for Cr.

To investigate Cr cluster assembly on
Bi,Sr,CaCu,04(100), we formed clusters in 2-A steps up
to 14 10\, then in increments of 4 and 12 A to 30 A. These
clusters were fully metallic at all coverages, based on the
Cr 2p;,, emission, and there were no changes in Cr 2p; ,
emission. Representative core-level EDC’s for 2 and 30
A shown in Fig. 7 demonstrate that cluster assembly pro-
duces limited Bi,Sr,CaCu,0Oy surface changes. Indeed,
the Cu 2p; /, line shape was unchanged by 30-A Cr clus-
ter assembly at 77<100 K. The O 1s emission did
broaden to higher binding energy and the Bi 4/ emission
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FIG. 7. Core-level emission EDC’s for Cr(clusters) on
Bi,Sr,CaCu,04(100). The Cu 2p;,, EDC’s have been corrected
for small contributions from condensed Xe, and a linear back-
ground has been subtracted. The appearance of a shoulder on
the Bi 4f features indicate slight substrate disruption, and there
is a small reduction of the Cu 2p; ,, satellite. The addition of 2-
A Cr as atoms at 20 K does not change the substrate line
shapes, indicating that the surface was covered. Warming to
300 K led to further reaction at the buried interface but the
amount was small compared to that seen for atom deposition.
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showed a new (but small) component, as in Figs. 3 and 6.
These results indicate substrate modification that was
probably restricted to the terminal Bi-O layer.

Figure 5 shows the substrate attenuation for Cr clus-
ters. The rate of attenuation is similar to a uniform layer
for the first three cluster-assembly cycles, but the Cr clus-
ters apparently coalesced at higher coverage. This behav-
ior is consistent with the trends in ¥, namely, vy, =2.3
J/m?, ¥ 4u=1.5J/m?, and y5.=1.0 J/m? (Ref. 20). (Ge
clusters did not delaminate and coalesce into large aggre-
gates at 20 or 300 K, while Au clusters did at 300 K, but
not 20 K.) Although surface diffusion would be slow at
~ 100 K, the amount of energy released by the formation
of a Cr-Cr grain boundary, ~3.9 J/m?, is considerably
greater than for Au clusters. This very low temperature
sintering in the presence of a substrate probably also
gains from the small volume-surface ratio of the nano-
clusters as the energy released is dissipated by a small
volume. Despite this surface rearrangement of the clus-
ters, the reactivity with the substrate is still very small.

The coalescence of the Cr clusters introduced some un-
certainty as to whether the HTS surface was completely
covered. This was tested by atom deposition of 2-A Cr
over the 30-A cluster-assembled layer. The results shown
in Fig. 7 reveal no substantial changes in the substrate
EDC’s. Figure 7 also shows the effect of subsequent
warming to 300 K, namely, an increase in the low-
binding-energy Bi emission, a reduction of the Cu
satellite-to-main-line ratio to 60% of its clean-surface
value, and a sharpening of the main line. The changes
upon warming are greater than those observed for Ge
clusters, but they are significantly less than for Cr atom
deposition at 300 K. These results therefore provide
another indication of the barrier formed by cluster depo-
sition and the temperature dependence of the reaction
pathway.

E. Interfacial reaction of Cu(clusters) on Bi,Sr,CaCu,04(100)

The low heats of formation of CuO and Cu,O
(AH;=—155 and —166 kJ/mol, respectively) suggest
the Cu overlayers might not result in the disruption ob-
served for Ge and Cr, even for atom deposition. Howev-
er, Hill et al.'® reported disruption of both Bi-O and Cu-
O planes and the conversion of substrate Cu from +2 to
+1 upon deposition of small numbers of Cu atoms.
Hence, we might expect the results for Cu cluster deposi-
tion to provide additional insight into surface processes
where there are modest thermodynamic driving forces.

For Cu cluster deposition onto Bi,Sr,CaCu,04(100),
the emission intensity variations for O 1s and Bi 4f core
levels follow the pattern established for Ge clusters in
Fig. 5, namely, attenuation that is approximately the
same as a uniform layer, as with Au and Ge clusters.
There is no evidence of changes in the O 1s emission that
would suggest reaction since the O 1s substrate feature at
528.8 eV did not shift or broaden. Likewise, no changes
were observed in the Bi 4 line shape or peak position for
depositions up to 20 A. Intriguingly, however, the Cu
2p5,, satellite was reduced much more rapidly than
would be predicted for a growing nonreactive overlayer,
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and this provides the evidence for Cul(clusters) on
Bi,Sr,CaCu,0y reaction. Indeed, the deposition of 2 A of
Cu reduced the satellite more than would be expected for
reacting clusters decorating the surface as in Fig. 1. The
satellite intensity was negligible by ~4 A. It appears,
therefore, that more complete wetting of the surface has
occurred for Cu cluster deposition.

The observed reactivity following Cu cluster deposition
suggests that the barrier formed was much less effective
than for the other systems. Although the binding energy
of the intermediate state of the activated process is not
known for any overlayer, transfer of a Cu atom from the
Cu cluster to the Cu-O-based HTS is equivalent to the
formation of a Cu defect in the HTS, a relatively low-
energy process. If this were the case, the intermediate
state might not be energetically costly and it could ex-
plain the low-energy barrier.

Warming the 20-A Cu(clusters) on Bi,Sr,CaCu,0Oq in-
terface to 300 K resulted in further roughening of the
overlayer, as evidenced by an increase by ~20% of the
Bi 4f substrate emission and a decrease by ~40% of the
Cu 2p;,, emission. This similarity to the Au cluster-
assembled layer reflects the similar values for the surface
free energies,” i.e., ¥5,=1.5 J/m? and y,=1.8 J/m?
Warming also produced a new Bi 4f component because
Bi atoms were released from the disrupted Bi-O plane by
a Cu-Bi,Sr,CaCu,Oy reaction.!”

F. Cluster assembly of Cr on YBa,Cu;0,(100)

To generalize our results for cluster assembly on HTS
surfaces, we investigated Cr cluster assembly on
YBa,Cu;0,(100). From atom deposition studies,
YBa,Cu;0, is less stable than Bi,Sr,CaCu,QO,, probably
because of self-passivation due to the Bi-O terminal
planes. In Fig. 8, we show results for Cr(clusters) on
YBa,Cu;0,(100). The bottom curves for the clean sur-
face* agree very well with those reported by Fowler
et al.® for single-crystal surfaces, with sample-to-sample
variations similar to what they discussed. The Cu 2p; ,,
emission is typical of a +2 formal valence. The Ba 3d
and 4d features are interesting because they show two
spin-orbit-split features, with the high-binding-energy
feature at 528.0 eV. Our best single-crystal results for
cleavage at 20 K (or 300 K) had ~15% surface contam-
ination based on the O 1s feature at 531 eV, probably due
to inclusions formed during growth.

For Cr(clusters) on YBa,Cu;0,(100), we formed clus-
ters in 2-A increments up to 14 A. As shown in Fig. 8,
the Cu 2p; , satellite-to-main-line ratio decreased to 60%
of the clean value by 6-A Cr cluster deposition while the
main line sharpened, consistent with +2 to +1 conver-
sion. The Ba 3ds,, emission broadened as the high-
binding-energy surface doublet was reduced, and addi-
tional intensity was added at higher binding energy be-
cause of a reacted feature. The O 1s EDC’s (not shown)
reveal a new component at ~531 eV due to Cr-O forma-
tion, and this contribution increased until ~6 A. There
were no_changes in line shape for the substrate features
after 8-A Cr cluster deposition. This indicates that the
reaction had been curtailed. The Cr 2p;,, emission was
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FIG. 8. Cu 2p;,, and Ba 3ds,, EDC’s for Cr(clusters) on
YBa,Cu;0,(100). Cluster deposition results in partial loss of Cu
2p3,, satellite emission and a small shift of the Ba 3ds,, cen-
troid. These changes are very small compared to atom deposi-
tion onto YBa,Cu;0;. Even this reaction was curtailed by ~ 6-
A clusters. Warming to 300 K resulted in some additional reac-
tion, as shown by an increase in the reacted Ba 3ds,, component
at ~780 eV and loss of Cu satellite emission. The addition of 2
A of Cr atoms at 300 K produced no further changes because
the overlayer was complete.

characteristic of metallic Cr, although comparison to re-
sults for Cr(clusters) on Bi,Sr,CaCu,04(100) suggested
oxidation at the buried interface because there was addi-
tional intensity at higher binding energy.

Warming to 300 K produced chemical changes at the
interface, as is evident from the EDC’s of Fig. 8. In par-
ticular, there was a shift and broadening of the Ba 3d;,,
emission because of conversion of the substrate com-
ponent into the reacted-Ba component at ~780 eV. This
reaction product is similar to that formed upon reactive
atom deposition, as for Ti on YBa,Cu;0, but to a lesser
extent.” Remarkably, the persistence of the Cu 2p, /o sa-
tellite indicates that substantial amounts of Cu?"
remained in the probed area. There were no changes in
the intensities of the various components that would indi-
cate delamination. To rule out the possibility of contri-
butions from uncovered areas, we deposited 2 A of Cr as
atoms at 300 K onto the cluster-assembled layer. As
shown, there were no changes in the substrate emission.
The significant amount of remaining Cu 2p;,, satellite
and the unmodified Ba 3ds,, substrate emission demon-
strate that Cr cluster deposition provides a method for
forming relatively abrupt junctions with YBa,Cu;0,,
even for very reactive materials.

IV. SUMMARY

The formation of Au, Ge, Cu, and Cr overlayers by
cluster assembly has been investigated for single-crystal



7990

HTS substrates with XPS. TEM and STM structural
studies have provided additional information concerning
the way these nanoclusters interacted with the substrate
and with each other. The observed overlayer reactivities
and morphologies are consistent with trends in the bulk
heats of oxide formation and surface free energies. They
show minimal reaction on Bi,Sr,CaCu,0O; at tempera-
tures below ~100 K. Warming to 300 K resulted in no
changes for Au, limited reaction for Ge, and somewhat
more reaction for Cr, in accordance with oxide heats of
formation. Cr clusters aggregate at the low growth tem-
peratures while Au showed aggregation at 300 K and Ge
clusters remained uniformly spread, reflecting differences
in the surface energy of the nanoclusters. The
nanometer-sized clusters wetted silica and

T. R. OHNO et al. 43

Bi,Sr,CaCu,04(100), and there was sintering at 7' <100
K. Cu clusters on Bi,Sr,CaCu,0O; were reactive and
showed the lowest barrier against reaction. These results
demonstrate that the physical properties of the interface
can be altered by cluster assembly.
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FIG. 1. TEM images of Cu cluster assembly on silica. The
upper panel for 2-A deposition shows irregular clusters over
~25% of the surface (characteristic diameter ~40 A). The
lower panel shows the structure obtained by three successive 2-
A cluster depositions. In this case, the interconnected Cu la-
byrinth covered ~60% of the surface (estimated thickness ~ 10
A). The TEM images showed little contrast after ten such clus-
ter depositions.



FIG. 2. STM images for 20;;\ Au cluster assembly on Bi,Sr,CaCu,04(100) after warming to 300 K and a brief air exposure. The
upper image for a 600X 600-A" region taken with a — 15-V tip bias and 100-pA tunneling current shows coarse patches with a typical
dimension of ~150 A and covering ~80% of the surface. The dark regions reflect voids formed by cluster coalescence and delam-
ination from the HTS surface. The lower image for a 150X 150-A" area (— 1 V, 100 pA) shows a single patch that resembles an aggre-
gate composed of smaller clusters of characteristic dimension ~ 30 A. The calibrated gray scales on the right-hand side give an indi-
cation of height in A.



