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DIRECT OBSERVATION OF SMALL CLUSTER MOBILITY AND RIPEWING
Klaus Heinemann and Helmut Poppa

Ames Research Center, NASA, Moffett Field, California 94035 (U.S.A.)

SUMMARY

New, direct evidence is reported for the simultaneous occurrence
of Ostwald ripening and short-distance cluster mobility during
annealing of discontinuous metal films on c!=an amorphous sub-
strates. The annealing characteristics of very thin particulate
deposits of silver on amorphized clean surfaces of single crystalline
thin graphite substrates have been studied by in-gitu transmission
electron microscopy (TEM) under controlled environmental conditions
(residual gas pressure of 10'“9 torr) in the temperature range from
25 to 450°C. 1t was possible to monitor all stages of the experi-
ments (i.e., sputter cleaning of the substrate surface, metal
deposition, and annealing) by TEM observation of the same specimen
area. Various techniques (e.g., pseudostereographic presentation
of micrographs in different annealing stages, the observation of
the annealing behavior at cast shadow edges, and measurements
with an electronic image analyzing systeu) were employed to aid
the visual perception and the analysis i1{ cranges in devosit
structure recorded during annealing. Slow Ostwald ripening was
found te occur in the entire temperatur: range, but the overriding
surface transport mechanism was shorc-distance cluster mobility.

This was concluded from in-gitu observations of individual particles



during annealing and from measurements of cluster size distributions,

cluster number densities, area coverages, and mean cluster diameters.

INTRODUCTION

Within the framework of studies aiming at a better understanding
of the interaction mechanism of atoms with solid surfaces, the
question of mobility of atom clusters on single crystalline or
amorphous substrates has been addressed by several 1nvestigatorsl-6
The results reported indicate that considerable discrepancies exist
between the experimental findings and in the interpretations of
substrate/deposit interactions at the substrate-adatom cluster
interface. In early studies, G. A. Basuettl observed the rotation
and possible translation of large clusters of silver (100 to 1000 ;)
on molybdenite and graphite. Sears and Hudson2 argued that spon-
taneous thermal mobility of large clusters is not a feasible
explanation for Bassett's experiments. They suggest that due to
the poor vacuum conditions, a film of contaminants had formed
between the silver clusters and the substrate, and that this film
had affected, in an uncontrolled manner, the adatom-substrate
bonding conditions. D. W. Ba:sett3 later showed theoretically that
the mobility of atom clusters should be considerably less than the
mobility of single adatoms (e.g., the mobility of a nine-atom
cluster should be less than 1% of the mobility of a single adatom).
As reasons for the observed high mobility of some clusters, he

suggested (a) a weak inter-atom bonding in the clusters, or (b) a

+ 3



weakening of the adatom-substrate bonding due to the inter-adatom
bond formation.

Métois et al.a conducted extensive studies of the mobility of
20 to 40 ; gold and aluminum clusters on KCl substrates. They
analyzed the particle density distribution C(x,t) as a function
of tue distance x from a cast shadow edge, and of annealing
time t for different annealing temperatures. They found a
significant decrease of the slope of C(x,t) with increase in
annealing time and temperature, which would indicate that some
clusters had migrated more than 1000 ;. Robertson5 estimated that
in the care of a migration mechanism of small crystallites, one
would expect a decrease in the number of clusters and an increase
in the average size. The fact that Métois et aZ.4 did not observe
such changes would indicate that either coalescence is inhibited
at the lower temperatures (<150°C), or the clusters do not in
fact move as entities. Robertson rationalized the inhibition of
coalescence as a consequence of electrostatic or elastic inter-
action between the crystallites. The latter mechanism involves
overgrowth-induced substrate lattice strains and is, therefore,
strongly dependent on the deposit/substrate system chosen for the
experiments.

Schwabe and Hayek6 were not able to reproduce the results of
Métois et aZ.‘. Both groups of researchers used indirect methods
to detect density profile changes along shadow edges, characterized
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by fixing particular annealing stages with a replicating Ta/W or
Cc film.

Clearly, the most direct and promising approach to detect and
measure particle mobilities is by performing the entire surface
cleaning, deposition, and annealing experiment under constant
electron microscope control if effects of the imaging electron
beam can be shown to not appreciably affect the processes to be
studied. Honjo et al.7 recently reported results of in-gitu mo-
bility studies of palladium and gold clusters on (001) and (111)
Mg0 cleavage faces. They observed cluster mobilities of less than
20 ; within a period of 20 min, which is more than one order of
magnitude less than the value reported by Métois et al.a. Possible
principal limitations of Honjo's approach can be seen ir the
vacuum conditions (10"8 torr range), the lack of surface cleaning
facilities other than very high electron beam inteasity irduced
surface cleavage, and inaccuracy in the determination of the
deposition parameters.

The intent of a series of systematic invest .. -ions, of which
the present studies constitute an introductory part, is to perform
annealing experiments in 8itu under highly controlled conditions,
with improved EM resolution and specimen cleanliness in an analyzed
residual gas environment, and with reduced electron beam dosages.
Amorphized single crystalline graphite films were used as substrates
onto which silver clusters of 14 ; mean diameter were deposited.
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Individual clusters of less than 10 R in diameter were included in
the evaluation which was, in part, performed with an electronic
particle size analyzer.

The use of single crystalline support films is essential if
clusters of less than 10 ; in diameter are to be imaged and if
their behavior on the substrate surface is to be studied. This
is due to the phase contrast background structures, which are
inherent to images of amorphous support films and which stem from
the nonlinearity in the phase contrast transfer characteristic

8'9. Mihama

in the normal bright field mode of EM operation
et aZ.lo adopted the use of = noise-free support fiim and demon-
strated clearly that gold particles of less than 10 Z in diameter,
grown on NaCl and extracted by a single crystalline Be0O support
film, can be imaged. The studies reported here were performed

on single crystalline graphite substrates, which were exposed to
a short, intensive ion bombardment cleaning treatment. This
sputter process introduced bombardment damage in the top layers

of the snecimen, heavy enough tec virtually eliminate the ordered
state of the surface, but still insignificant in terms of its
effect on background image noise. A prolonged sputter treatment
results, however, in the amorphization of a large fraction of

the entire film, which is then also clearly visible in the dif-

fraction pattern and causes intolerable background image noise.



EXPERIMENTAL
Single crystalline graphite substrate films of several
L
hundred A thickness were prepared by a gelatine cleavage method

11 12. The films

first reported by Palatnik™ ™ &and refined by Lee
were mounted in a specimen heating stage inside the controlled
vacuum of a bakeable, stainless steel chamberl3. which replaced
the regular specimen chamber of a Siemens Elmiskep 101 transmis-
sion electron microscope (TEH)IQ. The specimen surface was
cleaned and amorphized in 8itu by a short argon ion bombardment
treatmentls under visual electron microscope control. During
sputter cleaning, the total residual background pressure, except
for argon, was below 2><1Cl-8 torr. After completion of the sputter
treatment, the total chamber pressure recovered quickly to thc
10_9 torr range. A pressure of 5x10'9 torr was then maintained
throughout the entire annealing experiment.

Immediately following the ion bombardment, about 1 ; of
silver was deposited at a rate of approximately 1 R/min from an
electron beam evaporator inside the UHV specimen chamber. The
silver deposition was monitored by a quartz crystal microbalance.
The deposition process was observed on the television monitor of
a TEM image intensification system16. The sputter treatment and
deposition were performed at an identical substrate temperature,
which was varied for different experiments between room temperature

and 120°C. Immediately after the completion of the silver
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deposition, the vilues for particle number density, mnean particle
diameter, and mean nearest neighbor distance were 7!1012 cm-z,

14 ;, and 35 R, respectively. A typical example is shown in

Fig. 1(c).

The films were annealed for several lhours at stepwise
increasing temperatures, starting with the deposition temperature
and ending at 450°C. The annealing process was usually terminated
when the particle number density had decreased to about one-
quarter of its original value.

After an annealing experiment was completed, the silver
deposit could be removed by sputter etching, leaving a freshly
cleaned, amorphous carbon surface for new experiments. This
process could be repeated once or twice and then the graphite
substrate film had been amorphized by ion bombardment to such a
degree that intolerably strong phase contrast background struc-
tures resulted from the amorphous carbon substrate. An example
of the experimental sequence of events is given in Fig. 1, where
(a) indicates a final anneaiing stage and (b) almost complete
removal of the silver particles after only 2 min of sputtering.
After 1 min more of ion etching, all silver particles had dis-
appeared except for one large cluster marked with a K. Fig. 1
(c¢) indicates renewed silver deposition; (d) and (e) indicate
further annealing treatments up to 380°C and 450°C, respectively.
The completely random arrangement of the new silver clusters,
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independent of the locations of the clusters in the preceding
deposition (Fig. 1(a)), is apparent. Finally, Figs. 1(f), (g),
and (h) show the samr specimen area after renewed sputtering for
1l min, 2 min, and 3 min, respectively. At that stage, the speci-
men was no longer vsable for a third deposition, as the phase
contrast background structures in Fig. 1(h) indicate.

Precautionary measures were taken to reduce the influence
of the imaging electron beam upon the results by using an image
intensification syutem16 and by carefully avoiding unnecessary
exposure of the specim2n to the electron beam. Preliminary
comparative studies after varying doses of beam exposure showed
no differences in anunealing behavior, which indicates that under
the prevailing experimental conditions, the effect of radiation
damage on the cluster mobility is probably negligible.

The experimental problem of relocating precisely the selected
sample specimen areas after annealing treatments for purposes of
recording the micrographs was alleviated by large and easily
recognizable marker particles, which were formed in the graphite
film as a result of an intensive outgassing treatment (several
bours at temperatures above 450°C) prior to the first deposition.
The size or these marker particles varied between 50 and 100 ;.
and it was established unambiguously by stereomicroscopy and ion
etching experiments that they are located inside the graphite film
and wot on the surface so that the annealing characteristics of
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silver clusters were noic inf.uenced by these marker particles.
In some annealing experiments, the number of marker particies
increased during the last, high temperat.re stage of annealing
(see, for example, in Fi;. 1(d) the particles indicated with an
M). 1In no case, however, could they be mistaken for silver
clusters since the sputter etching treatment at the end of an
annealing experiment clearly removed all silver clusters and
left all marker particles unaffected (see Figs. 1(b) and (f) -
(8)).

The electron micrographs taken at various stages of the
annealing process were evaluated by statistical measurements
(i.e., cluster number density and surface coverage) and by a
detailed comparative analysis of location, size, and relative
mobility of individual particles. An electronic image analysis
system (Zeiss Videomat) was employed for the statistical analysis.
S‘mple stereographic viewing of the same specimen area of micro-
graphs taken at two different annealing stages proved to be an
excellent means to detect changes of individual silver clusters
during annealing. The other, ususally more complicated method
used to detect such detailed changes was by superposition of
differently colored transparencies of micrographs of different

annealing stages.



RESULTS
General

A typical annealing series is shown in Fig. 2. The micrograph
(a) was taken after 5 min annealing at 120°C, which also was the
silver deposition temperature. Figures 2(b) and 2(c) were
recorded after additional annealing at the same temperature for
28 and 109 min, respectively. The annealing at 120°C was con-
tinued for a total of 24 hr, at which time the specimen tempera-
cure was increased to 250°C. Figs. 2(d) and (e) were taken
after 3 hr and 24 hr of annealing at 250°C, respectivcly. Easily
detectable changes were only observed in the micrographs after
the annealing temperature was furhter increased. Fig. 2(f) was
taken after an additional 20 hr annealing at 380°C. In Fig. 3,
the annealing behavior is studied at a shadow edge cast by a
large impurity particle during the silver evaporation. The anneal-
ing parameters (time/temperature) were 25 min/120° for Fig. 3(a),
2 hr/120° for (b), 24 hr/120° plus 3 hr/250° for (c), additional
21 hr/250° for (d), additional 154 min/380° for (e), and addi-
tional 160 min/450° for Fig. 3(f). It is apparent that no particle
movement over large distances (<100 ;) has occurred in all of
these experiments, because the shadow edge in Fig. 3(f) is still
well defined even after high temperature annealing. The obvious
reduction in cluster number density in the later annealing stages
can, therefore, only be explained by an Ostwald ripening process
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and/or by a mechanism involving short-distance cluster movement
that leads to coalescence. The two previously mentioned approsaches
of statistical and individual particle analysis were pursuea for
further evaluations and for a possible distinction between these

Lwo processes.

Statistical analysis

Specimen areas of about 0.02 um2 in size were analyzed
statistically. The size distribution curves of Fig. 4(a) were
extracted from histograms with 2 R size class increments, taken
from micrographs of a total of nine different annealing stages,
six of which (curves a, b, ¢, d, e, and f) are shown in Fig. 3.
The results justify a distinction between low temperature (up to
250°C) and high temperature annealing. The main change that
occurred in the low temperature range was found at the very
beginning of the annealing experiment (during the first hour of
annealing at 120°C, Fig. 4(a), curves a and b). The entire dis-
tribution curve is shifted by almost two R toward larger sizes,
the mean particle dm increasing from 14 to 16 R (Fig. 4(b)).
This trend continued, although at a significantly lower rate of
change, throughout the entire low-temperature annealing experi-
ment. The increase of annealing temperature from 250°C to 380°C
caused a significant broadening of the distribution curve, the
appearance of a second (large particle) peak, and a significant
increase in the half-width of the distribution curve ds which
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had remained constant (10 A) during ammes'‘ng up to 250°C.

™

ihe
area coverage Aa/a remained constant during low-temperature
annealing while the particle number density n decreased slightly
(30%) during the same treatment. However, both Aa/a and n
decreased simultaneously for annealing at 380 and 450°C. At the
end of the annealing treatment (Fig. 3(f)), the area coverage

and cluster number density have decreased to 70% and 26% of the
starting values, respectively. in accordance with the principal
limitations of the statistical analysis with an image analyzer,
the following error limits of these results have to be considered:
12 ; for the absolute value of the mean particle diameter, +0.5 ;
for the relative differences between the mean particle diameters
of the different curves, and +0.5 ; for the distribution half-
width. The measurements for curve d1 in Fig. 4(a) indicate

the existence of two maxima, but there is some uncertainty. The
1ccuracy of the particle number density measurements is within
+3%. An error of *10% has to be applied to the area coverage

measurements.

Analysis of changes of individual clusters

Upon close examination of micrographs 2 and 3 with the
preudostereoscopic or colored transparencies methods, a large
number of individual events were discovered in which particles
disappeared and neighboring clusters increased in volume. This
would seem to indicate an Ostwald ripening mechanism and can be
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seen particularly well, for example, between Figs. 2(d) and (e).
The increase in area was, however, often so pronounced and much
more than would be expected from a simple ripening process (see,
for example, the open arrow in Figs. 2(c) and (d)) that the con-
clusion seems justified that in these cases the formerly separated
clusters have moved toward each other without sintering into one
single, larger crystallite. Model mechanisms that would explain
these observations are schematically illustrated in Fig. 5. If
cluster mobility is the operating mechanism for the second type
of observations, it can be expected that in some cases both
particles move, and that the new particle is situated between
the former cluster positions. This was, in fact, observed repeat-
edly even for low-annealing temperatures (see, for example, the
center solid arrow in Figs. 2(a) and (b)). The mobility of small
clusters of atoms, although over only very small distances (usually
<20 ;) as one possible mechanism in the coalescence process at
relatively low temperatures is, therefore, directly confirmed by
these observations.

To examine mcre closely the existence of Ostwald ripening
as another viable surface mass transport mechanism, an annealing
experiment was conducted during which a large number of micro-
graphs were recorded in rapid sequence from the TV monitor of the
image intensification system. A number of characteristic stages
of this experiment are shown in Fig. 6 The solid arrows indicate
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three different locations, at which the gradual decrease in size
o

and the final disappearance of a cluster of approximately 15 A

in diameter can be observed. The process of ripening was, in all

three cases, observed over periods of several minutes.

DISCUSSION
Ripening

It has been Suggestedl7 that the ripening process is slow and
will, therefore, be of significance only during annealing and not
during the deposition of a thin discontinuous film. The present
observations, that the Ostwald ripening processes take place over
periods of more than 103 sec, support the concept of a slow speed
process. According to Chakravertyla, the size distribution in
ripened discontinuous films is a distinct asymmetric &-function,
which is furthermore characterized by complete absence of clusters
beyond twice the mean diameter in size. Both postulations are
clearly not fulfilled in the present studies. The size distribu-
tions (Fig. 4(a)) have, within the limits of accuracy, Gaussian
shape and show definitely the existence of large particles, the
number of which increases with increasing annealing time and
temperature. It can, therefore, be concluded that Ostwald
ripening is not the only mechanism by which the observed decrease
in cluster number density with annealing can be explained, although
many individual events that support such a ripening mechanism have

been found during our experiments.
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Cluster mobility

The combined results of t .esent observations lead to the
conclusion that cluster movement plays a significant role in the
low- and high-temperature annealing behavior of silver island
deposits on amorphized graphite substrate films. The specific
results that support a cluster mobility wodel can be summarized
as follows:

(a) The development of large particle tails in the eize
distribution hiestograme (Fig. 4(a)). This contradicts, for the
reasons given in the preceding paragraph, an Ostwald ripening
process as the only coalescence mechanism.

(b) The behavior of the area coverage functiom (Fig. 4(b),
Aa/a). The invariance of this function in the low-temperature
annealing range, when compared to the noticeable'decrease of the
cluster number density function (Fig. 4(b), n) in the same
temperature range, indicates that clusters have moved together
but not yet sintered. (The surface area occupied by a sintered
coalesced particle would be less than the area origimally occupied
by the coalescing clusters, whereas coalescence without sintering
would not affect the surface coverage.) It can, therefore, be
concluded that the first stage of coalescence by cluster mobility,
which is characterized by movement of the clusters toward each
other until they meet, leads to a metastable condition. Sintering
does not have to occur instantaneously. The fact that, during
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high-temperature annealing, the area coverage d es decrease might
be indicative of a thermally aided increase of the sintering rate
of coalesced clusters.

(e) The direct, visual observations of cluster movement
(Pig. 7, No. 2,4,6,9). Van der Merwe's auggestionlg that repulsive
elastic forces could serve as driving force for a surface diffusion
process by which atoms are transported from the nearer to the
farther sides of two small interacting islands, does not apply to
the present observations. The repulsive forces introduced by
Van der Merwe are due to an overlap of strain fields induced by
island pairs in the substrate, and do not cause an overall move-
ment of the islands toward each other.

(d) The observation of small overall displacemente (of a
few E in distance) of many small clusters within the time period
between two photographic exposures. This provides additional
proof of cluster mobility. The atom-by-atom surface diffusion
transport mechanism proposed by Van der Merwel9 cannot be eliminated
in this case, however,

(e) The decrease of the cluster number density n (Fig.
4(b)), and the corresponding slight increase of the average
eluster size dm (Fig. 4(b)) in the low-temperature annealing
range. This agrees with Robertson's model5 that such a behavior

should be expected if, in fact, the clusters move as entities.



CONCLUDING REMARKS

More detailed studies are clearly nreeded to clarify some of
the still unanswered questions about the mechanisms of material
transport on solid surfaces. In particular, the quantitative
dependence of Ostwald ripening and cluster movement processes
on annealing temperature and time remains to be explored, and
the discrepancies between the large cluster mobilities observed
by Métois et al.a and the minute mobilities observed in the
present studies, and by Honjo7 and Schwabe and Hayek6 need to
be resolved. These studies must include both highly accurate,
statistical, nearest-neighbor measurements and evaluations of
individual particle changes at short time intervals during

in-gitu annealing experiments in a clean environment.
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coverage Aa/a, and cluster number density n.
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