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Nucleation, Growth, and Aggregation of Ag Clusters on Liquid Surfaces
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We report the formation of large, branched silver aggregates after deposition of Ag on silicone oil
surfaces. The origin of these ramified aggregates is traced to a two stage process, the first of which
involves nucleation and growth of disk-shaped Ag clusters during deposition. In the subsequent stage
after deposition, the clusters continue to diffuse on the liquid surface by Brownian motion and finally
aggregate. [S0031-9007(98)06633-2]

PACS numbers: 68.10.—m, 68.35.Fx, 81.15.Tv

In this Letter, we present results on the growth ofage of 10%—20% of the total area, and the nominal de-
Ag on silicone oil surfaces in the limit of low cover- posited film thickness of 0.15 nm, we conclude that the
age, i.e., below a few monolayers [1]. The most excit-Ag forms flat platelets with thicknesses between three and
ing and unexpected result is visualized in Fig. 1, whereseven atomic layers. From the cluster sizes, we get that
it can be seen that the deposited Ag forms branched ag platelet contains of the order ®0% Ag atoms. X-ray
gregates on the oil surface. Branch thicknesses up tdiffraction scans of thick films=£30 nm) grown on the oil
a few microns and total dimensions of several tens ofurface give evidence for a film texture with a preferential
microns are observed. The processes leading to theg¢&ll) orientation. One may therefore assume that the flat
“fractal” aggregates appear complex. Nevertheless, thefaces of the thin Ag clusters also expose (111) planes. By
shapes resemble the results of computer models for difnoving the focal plane of the microscope objective through
fusion limited aggregation (DLA) [2] of particles or the ail film, it is found that the Ag clusters are located at
even more closely to those of cluster-cluster aggregathe oil surface or, more precisely, not farther ttfe® wm
tion (CCA) [3] in two dimensions. In this Letter, we away from the top surface.
will demonstrate that the formation mechanisms of these To unravel the different processes occurring during and
structures can be understood with the aid of experiafter Ag deposition, a series of experiments was per-
ments comparing different growth rates and film thick-formed in which the deposition rate was varied between
nesses as well as by comparison to models for growti).01 and 0.20 nis. We then followed the evolution of
diffusion, and aggregation [2—5]. the Ag/oil surface morphology over time. Figure 2 com-

In order to prepare flat liquid surfaces of well definedpares the results for two different deposition rates. Using
thickness, silicone oil with a low vapor pressure [6] wasa low deposition rate of 0.03 nfg, the first image taken
spin coated at 6000 rpm ontb cn? transparent plas-
tic slides. The edges of the polycarbonate slides were
slightly roughened to prevent the oil layers from dewet-
ting the smooth plastic surface. The resulting oil films
had a uniform thickness of10 um. Silver 99.999%
pure was deposited by thermal evaporation in a vacuum
of 2 X 10~% mbar at room temperatur@ =+ 4 °C). The
deposition rate was varied from 0.01 to 0.20 fsm The
nominal film thickness deposited was 0.15 nm in all mea-
surements shown here except for those shown below in
Fig. 3(a). The film thickness was determined by a quartz-
crystal balance located near the substrate. The quartz-
crystal balance was calibrated by atomic force microscopy
and x-ray reflectometry for thick deposited films. After
deposition, the samples were removed from the evapora- : . :
tion chamber. The Adpil surface was characterized under FIG. 1. Ag aggregates on silicone oil formed by exposure
ambient conditions with an optical microscope mounted® Ag vapor from a thermal Ag evaporator. 0.15 nm of Ag
on a vibration isolation table. The first images were takeri deposited with a deposition rate of 0.2 fsn The image

; o Is taken through an optical microscope 18 h after deposition
between 30 minutes and 1 hour after deposition. Subsé€;,q has a sizeg o3 X ?7 wm?. The b?anch thickness (ﬁ’f the

quently, the evolution of the film structure with time was aggregates is abo0t7 wm, and their typical lateral dimension
followed up to one week. From the apparent Ag cover<{diameter of containing circle) i85 wum.
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may be subdivided into growth of disk-shaped clusters
during deposition (stage-l) and subsequent aggregation
of clusters (stage-1l). We assume for both stages that
silver atoms, clusters of various sizes, and aggregates of
clusters all migrate on the oil surface by a random walk
motion, due to statistical fluctuations in their momentum
by collisions with liquid molecules. Their mean square
displacement{Ar?) is given by(Ar?) = 4kTF~'At for

a two dimensional motion according to the theory of
Brownian motion [7], wheré is the Boltzmann constant,

T is the temperatured: is the time, andr is the friction
coefficient. The friction coefficienf’ will be a function

of the size and shape of the aggregates and is expected to
increase with the number of particles in the object. It is
related to the diffusion coefficied by D = kTF~!.

In order to discuss stage-l, we define a stable cluster
as one that more probably grows than shrinks [8]. In
the present case of cluster size dependent mobility the
stability of a cluster implies (i) that the rate of material
dissociation from the cluster is smaller than the rate
of material incorporation and (ii) that the probability of
the mobile cluster to become incorporated into an even
larger cluster is negligible. At the beginning of stage-l,

FIG. 2. Deposition rate and time dependence of the morpholpecal'lse Of. de-pOSItlon the Concen_tratlon Of- Ag atoms
ogy. In (al) and (a2) the deposition rate was 0.0¥snand  1Creases with time. These atoms migrate rapidly over the
in (b1) and (b2) it was 0.1 nfis. (al) and (a2) were taken 1 liquid surface forming small Ag clusters upon encounter.
and 30 h after deposition, respectively, and (b1) and (b2) 1 an$ubsequently, larger, slower, and stable Ag clusters are
3 h after deposition, respectively. Image sizélGsx 42 um*.  formed at the expense of mobile Ag atoms and small,
unstable Ag clusters. The deposition rate sets the time
and thereby the distance available for diffusion of small
1 h after deposition exhibits only compact Ag clustersatoms and unstable clusters. Thus the number density
with a typical diameter o2.5 um [Fig. 2(al)]. How- of stable clusters will increase with deposition rate. The
ever, over the course of time, we find that the sin-stable clusters efficiently deplete their surroundings of
gle clusters move in a random fashion with respect tmdatoms and small clusters and hence, after a short
each other. When two clusters touch, they irreversiblynucleation phasajo more stable clusters are formed\s
adhere to each other and from then on move as onthe diffusion of large clusters is slow, the encounter of
unit. These units do not coalesce into a more comiwo stable clusters is a rare event and the number density
pact shape. Only very few events were observed, foof stable clusters remains almost constant during their
which two clusters separated again after they adheredubsequent growth (i.e., saturates). As the stable clusters
After 30 h, all single compact clusters are aggregated teommunicate via their diffusion fields and grow for
large branched islands [Fig. 2(a2)]. These structures resimilar times from nucleation until the end of deposition,
semble the ramified aggregates shown in Fig. 1, but arat this time a relatively narrow size distribution of
larger in size and branch thickness. In the large agelusters is expected. The growing clusters do not develop
gregate of Fig. 2(a2), the individual clusters from whichbranches during growth since Ag surface self-diffusion is
the branched chains are composed can still be discerneefficient at room temperature [9]. The scenario presented
In the case of a sample deposited using a high dehere corresponds largely to classical nucleation theory
position rate of 0.10 nits, the image taken after 1 h in epitaxy with the additional assumption of cluster size
[Fig. 2(b1)] already exhibits branched aggregates wittdependent mobility as in the deposition, diffusion, and
a typical branch thickness of about0 wm. Nonethe- aggregation (DDA) model [5,10].
less, these aggregates still perform random motion, and Stage-ll starts at the end of deposition and implies
if two of them touch, they adhere to each other anda switch in time scales. While stage-l is completed
form an even larger aggregate. The situation 3 h afteafter a few seconds, those changes in the island density,
deposition is shown in Fig. 2(b2). Again large ramified size, and shape, which are characteristic for stage-Il, are
aggregates similar to Fig. 1 result. observed on a time scale of hours or even days. On this
Based on these observations, we suggest a two stagiee scale, the Brownian motion of the compact clusters
description of aggregate formation. Schematically, itformed during deposition is no longer negligible, and

623



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

mean square displacements of the orderumh occur. (a) 30 ——
The large clusters migrate, and if two clusters touch they
adhere to each other. They do not coalesce because either ]

the surface material transport is too small on this size 20+ /\i —3 .
scale or an adsorbed layer of oil molecules around the ; ¥

individual clusters prevents direct contact. The scenario
we assume for stage-Il corresponds largely to the cluster-
cluster aggregation model [3] with the ingredients of an
initial distribution of similar sized clusters performing
Brownian motion, which adhere upon impact. 0 — T T T

Given the above two stage description, the depen- 0.0 0.1 0.2 03 04 05
dence of the fractal appearance upon deposition rate in h (nm)
Figs. 2(al) and 2(b1) can be explained. For low deposi- (p) 107 T
tion rates, a small number density of large clusters results. ]
Since the motion of the correspondingly large clusters is ]
slow, at the moment of our first observation, they are  _ | slope = - 0.69 + 0.05
still compact clusters—relatively unchanged from their g
appearance at the end of deposition [Fig. 2(al)]. Itisonly 3
after about 10 hours that the aggregation has considerably 14 _
proceeded and fractals are formed [Fig. 2(a2)]. In con- ] \.\
trast, for high deposition rates, the small compact clusters ]
present at the end of deposition have a much higher mo- 0.01 o 1
bility. Consequently, at the moment of our first obser- ' '
vation, 1 h after deposition, they are already aggregated f(nm/s)

[Fig. 2(b1)] and subsequently we only observe the assenk|G. 3. (a) Cluster density} measured 1.5 h after deposition
bly of these aggregates to even larger fractals [Fig. 2(b2)ls a function of the deposited amount, expressed as nominal

If the description of stage-l is correct, we expect theﬁ“;f)1 ggtczfne;?]}tlé D(E?C,Z\S\jg?g éatgr;)r-]gﬁ qﬁékn'ggg ‘é?[?sr][gft
cluster num_ber density to sat.urate at a 'certaln depOSItetaggregateg vs deposition rqt% The solid line is a linear fit to
amount, as in the corresponding theoretical models [4,5f;]e data.

We measured the cluster number density as a function

of film thickness for a deposition rate of 0.03 psn

[Fig. 3(a)] [11]. Indeed, the cluster number density ex-the relative mean square displacemént-?) between
hibits a broad saturation maximum between 0.06 andwo clusters increases linearly with time. The resulting
0.3 nm deposited. At 0.45 nm we already observe percadiffusion coefficients are of the order db~!' cm?/s.
lation. Nucleation theory [4] and the DDA model [5] both The cluster group with the larger total area [see Fig. 4(a)]
predict scaling of the saturated cluster densitywith the  has the smaller diffusion coefficient, in line with our
deposition ratef of the form of N, « fX, at least as long assumption of a size dependent friction coefficient. For
as the friction coefficient' scales to some power with Brownian motion of spherical clusters consisting of
cluster size. Unfortunately, we are unable to measure thatomsin a liquid, according to Stoke’s law, a friction
cluster number density precisely at the end of depositioroefficient F « n!/3 is expected. For Brownian motion
for a wide range of deposition rates. Therefore we anaef plateletson a surface with the friction proportional
lyzed the average branch thicknegsof the aggregates, to the contact area, one expedisx n'. We measured
which we assume in good approximation to be identicathe friction coefficient of the clusters over little more
to the average cluster diametér N, « %ﬁ“ for a fixed than an order of magnitude in size, in the size range
coverage®,,,. Our results are displayed in the log-log of n = 103-10° atoms per aggregate. As expected the
plot in Fig. 3(b). Indeed, the branch thickness scales witHriction coefficientF increases with increasing cluster size
the deposition flux ag o« f~%99=005 which gives rise to and theoverallfriction coefficient is about 0.6. However,
an exponenty = 1.38 = 0.10. This value is unexpect- the data are not unambiguous, and it appears that there is
edly large in view of the fact that in nucleation theory not a uniform friction exponent. A clear dependence of
x just approaches 1 in the case of large unstable clustéhe friction on the cluster shape is found. The friction of
sizes. However, including diffusion of the clusters as ina branched cluster aggregate is larger than the one of a
the DDA model leads to a significant increaseyin5]. compact cluster with the same size.

If the description of stage-ll is correct, Brownian Clusters and cluster aggregates do not perform only
motion of the clusters on the liquid surface is expectedrandom lateral motion. As soon as their shape deviates
This is consistent with the results shown graphically insignificantly from a disk, another kind of lateral motion
Fig. 4(a), where for the two cluster groups representetbecomes apparent. Clusters and cluster aggregates also
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(a) 1 : : : : ; different fractal dimensions for the two classes of systems
™) are most likely due to the fact that motion of atom or

cluster aggregates is absent on solid substrates, while

Brownian motion for cluster aggregates is also present on

— 12
g 10 By LEXI0 et 5 1 the liquid surface.
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