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Abstract

Fractal islands are normally observed when the growth is a result of many random coalescence events of small islands
or atoms with the growing cluster. In this paper, we show that fractalization can be observed also for growing islands at
a coverage which is close to 0.5 monolayers. This was shown for a Si(1 1 1) surface covered by 0.53 monolayer of silicon.
This fractalization is explained by the simple conservative Ising model, where the diffusion of a single atom is simulated
by a single spin flip. In this model, fractal islands are observed over a finite scaling range where smaller islands have a
dimension of 2 and larger ones are fractal. The fractal dimension and the scaling range are dependent on the fraction
(equivalent to coverage) p of spin up (or down). Both the dimension and range increase as p approaches 0.5. We show

that the growth of the clusters is in agreement with a classical -** law [Phys. Rev. B 34 (1986) 7845].

© 2002 Published by Elsevier Science B.V.
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1. Introduction

The diffusion of atoms or clusters and their co-
alescence may sometimes give ramified islands
with distinct fractal dimension. These ramified
fractal islands were investigated many times with
scanning probe microscopy on different surfaces
[2-6]. This normally happens when the growth of
the islands happens according to the scenario de-
scribed by the diffusion limited aggregation (DLA)

* Corresponding author. Tel.: +972-7-6472-153; fax: +972-7-
6472-904.

E-mail address: manassen@bgumail.bgu.ac.il (Y. Manas-
sen).

and related models. In the past the possibility of
getting domains of fractal structure in systems
where a dynamic phase separation of a mixture of
two phases occurs (Ostwald ripening) was dis-
cussed. It was claimed that in the case where the
two phases are comparable, the early stage mor-
phology is fractal [7].

Ostwald ripening [8-10] is the non-equilibrium
dynamics of a two phase system after a quench to
a state in which it is no longer at equilibrium. The
nucleation starts with a creation of small clusters
and their on-going non-equilibrium dynamics is
the issue which is under consideration. This is one
of the classical problems in condensed matter
physics. If the coarsening is dominated by atomic
diffusion between islands the driving force to do-
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main growth is the surface tension. The classical
mean field theory of Lifshitz, Slyozov [11] and
Wagner [12] (LSW) would hold. This theory as-
sumes a small coverage (in two dimensions). For
higher coverages one can observe correlations be-
tween the clusters [13]. Other possible models for
coarsening are conservative surface models where
coarsening occurs through the migration of atoms
between neighboring sites. The simplest model of
this type is the conservative Ising model (CIM). At
higher coverages, the clusters are no longer com-
pact. In this case, the shortest distance between the
boundaries of different clusters, their minimal
scale, is used to characterize their dynamics. It was
argued by Huse [1] and confirmed in more exten-
sive simulations that the minimal scale in such a
process should be proportional to #-** [19]. Ren-
ormalization group arguments lead to the same
results [10,14]. In a later paper there was an initial
attempt to simulate the scales of realistic clusters
in the problem [15].

We are interested in the characteristics of larger
islands. We have studied this point experimentally
by looking at the morphological evolution of a
surface covered by half a monolayer. In this case,
the two phases that separate are atoms and va-
cancies. We have studied the problem theoretically
by using the CIM to simulate coverages close to
half a monolayer.

We find that silicon clusters at a coverage close
to 0.5 monolayer are fractal with a well defined
fractal dimension. In the experiment, the islands
were fractal up to a system scale which is deter-
mined by the scan range of the STM. Although we
could see a negligible number of larger islands at
larger images, the resolution in this case did not
permit any analysis.

We also find that clusters in the CIM case have a
fractal dimension over a limited range, which
seems to diverge at p = 0.5. There are two char-
acteristic scales which define the behavior of the
system at long times. These are the lower and
upper scales of the fractal range. The upper scale,
initially much smaller than the system size (lattice
taken for the simulation), grows until it reaches
this size. The ratio between the upper and the
lower scale becomes a constant as a function of
time. Clusters in the CIM case have a changing

fractal dimension which is a function of the cov-
erage p.

We find that at initial stages all the clusters do
not show any fractality. At later stages, clusters
with dimension of 2, appear at the smaller scaling
range and at the larger scaling ranges the clusters
are fractal over a limited fractal range. As the
clusters grow in time the ratio between the upper
and the lower scales in this range is constant. As p
is enlarged, the fractal dimension and the fractal
range grow. This is an indication that as p ap-
proaches 0.5 the fractal range grows to infinity. In
addition we show that the dynamics of growth of
these clusters is in agreement to the one observed
by Huse.

In the first section we discuss the STM images of
Si islands. The shape of these islands is not com-
pact and they have a self-affine configuration. Such
islands indicate a dynamics which is dominated by
coalescence and were observed before in a cover-
age close to 0.5 [16]. We get that the islands are
fractal over a limited scaling range. In the second
section we discuss the CIM. In the last section we
draw some general conclusions from these two
observations.

2. STM of silicon fractal islands

A Si(111)7 x 7 surface with a coverage of silicon
atoms close to a half was chosen in order to dem-
onstrate this phenomenon. Our experiments were
performed with a custom—made STM. The ex-
periment begins by deposition of silicon from an
electron gun evaporator on a clean Si(111)7 x 7
surface—at room temperature. The coverage was
monitored by a quartz crystal monitor with an
accuracy of approximately +5%. After the depo-
sition which created half a mono-layer of silicon on
the Si(111)7 x 7, the surface was annealed for 5
min for 550 °C. This induces crystallization of the
adsorbed layer and afterwards, starts the coarsen-
ing process. In previous studies [17,18] this was
used for studying the low coverage (of voids) case.

STM images of this surface show that the sur-
face is covered by ramified islands that were lo-
cated very close to each other. Fig. 1 shows two
typical STM images with fractal atomic islands
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Fig. 1. Two STM images of a Si substrate after deposition of
0.53 monolayers of silicon and heating. The size of the STM
images is 180 x 180 nm?.

formed after a deposition of 0.53 monolayer. One
can see a significant number of large clusters which
are truncated by the boundary of the image.

We find that there is a continuous void back-
ground even when the coverage of voids is only
0.47. In order to analyze quantitatively the islands
within this background one can calculate the ra-
dius of gyration R, of the clusters or the boundary
length b. We find scaling of the area (S) with the
radius of gyration R, and the boundary of the
clusters b of the type:

S=R? (1)

S=0b> (2)

10° 10¢

Fig. 2. The area of clusters observed in the experiment as a
function of the radius of gyration of the cluster (top). Fitting
the results to a power law we get D = 1.58. The area of the same
clusters as a function of the their boundary (bottom). Here we
get Dy, = 1.36.

Note that these exponents are different from the
well known Hausdorff dimension of the perimeter
A careful analysis of the shape of the islands was
done to eliminate the area (defined as the number
of pixels) of the clusters S, the radius of gyration
of the clusters R,, and the length of the boundary
of the clusters b. In Fig. 2 we show log-log plots of
S as a function of R,. 500 islands were analyzed to
observe these plots. According to the fit to the
power law, D = 1.58 +0.04. We also found that
D, = 1.36 £0.04 (defined at Eq. (2)). The limited
range of the fractal dimension is a result of the
finite size of the images. This suggests that fractal
islands exist also beyond this size, and that the
range of fractal dimension is larger. The islands
are fractal over the whole scaling range although
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we see that the smallest islands have a higher di-
mension. The reason for this will be explained la-
ter.

Another experiment was performed at a cover-
age of 0.76 (namely coverage of voids of 0.24) (Fig.
3). Fitting a power law to the experimental results
gives an exponent of 1.56. However, a closer look
at Fig. 3-center reveals that the smaller islands
have a better fit to a power law of 2, while the
larger islands, to a power law of 1.4. It seems that,
at this coverage, the fractal dimension is smaller,
that a larger number of (smaller) compact islands
(with D = 2) exists, and that the range of island
sizes in which the islands are fractal is smaller than
in the previous case (Fig. 2).

3. Simulations on the CIM

A model that will explain these observations in a
simple way, must take into account the following
characteristics of the process: The motion of atoms
is a simple diffusive motion, and when an atom
migrates to a neighboring site, it can be viewed as
an exchange process between an atom and a next
nearest neighbour vacancy (when there are no next
nearest neighbour vacancies the atom can not
diffuse). Also, the growth process is driven by the
interaction between atoms that make clusters of
atoms more stable than isolated atoms. The sim-
plest point of view that can be adopted is that the
diffusion of an atom depends only on the local
configuration. It was recognized long ago that the
CIM is an appropriate description of this scenario
[1].

The CIM is defined by two kinds of spins s;(up/
down) which interact through coupling:
H =" Js;s;. When the model is conservative, spins
switch places through the previous interaction.
Like Huse we discuss the two dimensional case. The
spins are our way of modeling atoms on a lattice.
I.e. vacancies can be represented by the down spins
while adatoms are represented by the up spins. We
used a square lattice. This is different from the tri-
angular structure of the Si(1 1 1) surface. Note that
this is a somewhat naive representation of crystal-
line lattices since it is symmetric and does not
contain more complicated interactions.

Fig. 3. Top: an STM image of a Si substrate after deposition of
0.76 monolayers of silicon and heating. The image is 180 x 100
nm?. Center: the area of the cluster as a function of the radius of
gyration or this coverage for 1000 islands. As a guide to the eye
the curves y = x* and y = x'* were added. Bottom: the points in
the previous graph after averaging the points within the bin
size. The curves y = x? and y = x were added for clarity.

We performed Monte-Carlo simulations on the
CIM with a Kawasaki dynamics where neighbor-
ing spins are exchanged according to their energy.
The temperature is measured in units of the in-
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teraction constant J. We performed a simple sim-
ulation of the exchange. We choose a temperature
of T =0.6J for most of our simulations, but the
results reported here are not dependent on the
temperature. Our simulation times varied accord-
ing to the coverage. For larger coverages we sim-
ulated till the clusters reached the scale of the
system. This causes smaller running times in such
coverages. We used periodic boundary conditions
in all the simulations. We used lattices that con-
sisted of up to 5000 x 5000 points. The cluster si-
zes are given in units of number of points. The
number of steps in the simulation was up to
1000 000.

We display two simulated lattices in Fig. 4 at
p=0.25 and 0.45. In the first case we observe
clusters with a limited size range. Some of the
clusters were formed by a merger of two clusters.

In the second case (p =0.45) one observes
elongated islands with a very large variation in the
cluster scale and structure in the background of
the voids. In the simulations although the islands
had a ramified shape at early stages, they did not
have a uniform and well defined fractal dimension
at early stages as was proposed earlier [7].

In contrast at later stages we find that at the
scaling ranges of the small islands the dimension is
two, but at the scaling ranges of the larger islands
a different dimension appears (Figs. 5 and 6). the
fractal range increases as the coverage approaches
to 0.5 This is largely due to the increase in the
maximum island size.

In our simulations clusters are defined by the
connectivities of the points on them. This always
creates problems in smaller times but after the
minimal scale grows to a significant range they
become well defined. One can calculate the radius
of gyration R, of the clusters or the boundary
length . We find scaling of the area of the clusters
S as a function of the radius of gyration R, and the
boundary b as was done for the experimental is-
lands (Egs. (1) and (2)).

Previous studies on similar systems [1,19] were
largely focussed on the minimal scale of the
structures. The main conclusion of these papers
was that it grows according to the classical tem-
poral power law {33, In contrast, here one has to
discuss the larger scale features of the structure.

Fig. 4. Top: a lattice generated through a numerical simulation
at p = 0.45. The total size of the simulation is 2000 x 2000
points, of which 250 x 250 lattice units are shown. Black is the
void background. Later we calculate the fractal dimensionality
of the islands. Bottom: a similar lattice generated through a
numerical simulation at p = 0.25.

We present the scaling observed in the simulations
for the coverages p = 0.4, 0.25 for different times.
The first graph (Fig. 5) is constructed from a
simulation of a lattice with a scale of 2000, while
the second graph (Fig. 6) is from a lattice with a
scale of 500.

One can clearly see that gradually a function
which is composed of two regions is observed for
the lower scaling ranges the dimension is two as
can be seen in Figs. 5 and 6. For the upper scaling
ranges it is 1.0 & 0.05 for the 0.25 case while it is
1.40 £ 0.05 for the 0.4 case. This was calculated by
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10° 10
Rg

Fig. 5. (a) The area of the clusters (S) as a function of the ra-
dius of gyration (Ry) for p=0.4 for different times (2/,
J = 5-19). (b) Right: a plot of the last four curves shown in Fig.
2a when they are rescaled (divided) by ¥ in the radial di-
mension and by % in the area. Notice that these last curves
overlap. Left: the curves y =x> and y =x'* are added for
clarity. Note the clear cut existence of two scaling regions.

fitting a line to the data in the log-log plot. The
errors were estimated from the variance of this fit.
An associated scaling by 3% and °% of the late
stage curves in Fig. 5a gives an overlap which is
given in Fig. 5b. This overlap shows that both the
smaller (compact) islands, as well as the cross over
scale from compact to fractal islands grow ac-
cording to the usual %3 law.

The data in Fig. 6 were taken in shorter times
than that of Fig. 5. It is well known that due to
finite size effects, the dynamic exponent in shorter
times is smaller than 0.33, and it reaches 0.33 only

10 0 * 2
10 10
RQ

Fig. 6. (a) The area S as a function of the radius of gyration R,
for p = 0.25 at different times (2/, j = 5-16). (b) Right: a plot of
the last two curves in Fig. 5a when they are rescaled (divided)
by %% in the radial dimension and % in the area. Notice
again, that curves overlap. Left: the curves y = x> and y = x are
added for clarity. It is possible, again, to identify two scaling
regions.

at very long time [1]. Indeed, we see that the ex-
ponent that is suitable here is 0.29 (Fig. 6b). Note,
however, that an overlap is observed.

The results of the simulations indicate that the
ratio between the largest fractal island and the
smallest one (the upper scaling range in R,) be-
comes time independent. The errors written in
Table 1 were estimated from the variability of the
fractal dimension and range in successive simula-
tions.

A scan over other coverages shows that there is
a continuous dependence of the fractal dimension
and the scaling range in the cluster size on the
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Table 1
The fractal exponents in the upper scaling range

Coverage Upper scaling range in R, D

0.45 127+1 1.5+0.05
0.44 120+1 1.5+£0.05
0.4 73+1 1.4+0.05
0.375 6.0+1 1.2£0.05
0.35 45+1 1.24+0.05
0.3 3.6£0.5 1.0£0.05
0.25 27+0.3 1.0£0.05

The scaling range for the upper exponent is given by the ratio
between the upper cutoff and the lower one in the upper scaling
range.

—
@ N

N

(@]

Fractal scaling range

0.1 02 03 04 05
p

o

Fig. 7. The upper (fractal) dynamic range as a function of the
coverage p. The divergence of the dynamic range as p ap-
proaches 0.5 is clearly seen.

coverage p. This is summarized in Table 1 and Fig.
7. The fractal dimensions change from 1.5 to 1 at
lower coverages, while the range (in which the
clusters are fractal) drops to 2.7 for p = 0.25. The
ranges in Table 1 were calculated from successive
plots of the type of Figs. 5 and 6. The scales were
estimated by a comparison between successive
dynamical ranges in the long time limit. Because of
this reason we do not observe significant cross-
over behavior. The simulations are completely
symmetric with respect to an interchange of voids
and islands, so the results for p > 0.5 can always
be constructed from those for p < 0.5 by taking
pP=1-p.

The result of the simulation, that there will be a
reduction of the fractal dimension and the fractal
range in coverages much smaller (or larger) than
0.5 is supported, to some extent, by the experi-
mental results that were presented in Fig. 3. It
seems that, indeed, at this small coverage, the
fractal dimension and range are smaller in cover-
ages far from 0.5.

4. Discussion

With all the differences there is a basic similarity
between the experimental results and the simula-
tions. Despite its simplicity, the clusters observed
in the CIM are fractal, as the silicon islands ob-
served in the STM experiment.

To provide further insight to why these fractal
1slands are observed, one has to start from the low
coverage limit: It is well known that for Lifshitz
Slyozov growth in small coverages the fractal di-
mension is two. However, if p grows the first
phenomenon that will be observed is the effect of a
merger of pairs of clusters. The smaller island will
have an obvious dimension of 2 but few larger
ones will have a fractal dimension As the coverage
gets closer to 0.5, the clusters (islands) are re-
stricted within a more and more complex labyrinth
of the other type of spins (voids). Small clusters
can still relax to a dimension of two without a
collision. But larger ones will collide with the
boundaries of other clusters in the labyrinth as a
result of the relaxation process and will necessarily
create larger clusters with a more complicated
structure. This is a robust mechanism for the cre-
ation of larger (and more fractalized) clusters. The
increase in the number of such collisions as p
grows, will widen the range of fractality by creat-
ing more fractal islands.

The diffusive relaxation of the clusters is re-
sponsible for the increase of the minimal scale in
the structure as 13 [1]. As was discussed above, at
lower scales compact islands are observed (with
unhindered relaxation), while at the larger scales
the islands are fractal as shown in Figs. 2, 4, 5 and
7. Since the minimal scales grow as %3 the cross
over scale between D =2 and D < 2 grows with
the same temporal power law, as shown in Figs. 4
and 5.

Comparing the experimental results with the
simulations reveals some contradiction between
the fractal dimension which is observed by the
experiment, and what is observed from the simu-
lation. The fractal dimension of the silicon islands,
is the same as the fractal dimension of the clusters
with a coverage of 0.46 of islands in the CIM (not
included in Table 1). In the CIM in this coverage,
the infinite background is formed by voids which
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are in a coverage of 0.53 and are in majority. In the
experiment, the infinite background is also formed
by voids, but they are in a coverage of 0.47 and in
minority. Nevertheless, the fractal dimensions are
similar in both cases. The reason for this shift is,
most likely, the difference in tension between is-
lands and voids. The curvature of islands and
voids of the same size is opposite in sign, and this
is expected to have a significant influence on the
tension in the boundary and on the growth pro-
cess. In the CIM, the curvature of the cluster is the
same, whether it is an island or a void. This
question is currently investigated.

Another difference between the experimental
results and the simulations, is the appearance of a
range of dimension of two in the lower scales—in
the simulation. Nevertheless one can see bending
of the scaling curves (Figs. 2 and 3) of the exper-
imental islands at lower scales.

In this paper we showed that in the CIM the
fractal dimension of clusters is observed over a
finite range for growth in coverages which are
smaller than p = 0.46. Our results show that the
fractal range grows as the coverage is increased
and they strongly indicate that there is a phase
transition at p = 0.5 where the fractal range di-
verges. We present STM images on Silicon sur-
faces where the same phenomenon is observed.
Current experimental and theoretical work is being
dedicated to what happens when p approaches
closer to 0.5.

It is clear that the STM experiments described in
this paper are just one example for the possibilities
of studying many correlation and fractalization
phenomena when atoms, detected by STM, are
used as diffusing units on the surface at high cov-
erage. Also, there are many questions of general
interest that are connected to this experiment
ranging from the electronic structure of confined
electrons in such islands in systems that form two
dimensional electron gas [20] to the possibility of
investigating lateral tunneling between neighbor-
ing islands in such systems.
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