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Fractal growth of thin films at low temperature (50—175K) is simulated by Monte Carlo method. It is shown
that the thin film growth is quite different from the diffusion-limited aggregation (DLA) model when the coverage is

larger than 0.1 ML. The average branch width of clusters increases with increasing temperature and it usually larger

than the branch width (1.9atom) in the classic DLA model. The average fractal dimension of clusters increases also

with increasing coverage while the fractal dimension of DLA model remains constant. This difference comes from the

weak screening effect during the late stage of thin film growth. The relationship between the saturation island number

ng and deposition interval At is described in a power law: ng oc AtY, where v = —0.332 is very close to the theoretical

value —1/3 of rate equations from nucleation theory.

PACC: 6890; 0540
I. INTRODUCTION

The physics of thin film growth has been a topic
of much current interest. The application of improved
and novel surface science techniques such as field
ion microscopy (FIM)!* and scanning tunneling mi-
croscopy (STM)[?| has indeed revealed many atomic
details of the film growth. A variety of fractal struc-
tures have been observed in thin-film systems.3—7]
For example, STM images of Au on Ru(0001) grown at
room temperaturel*) and Pt or Ag growth on Pt(111)
at low temperature!® —7 reveal fractal islands. The ob-
servation of fractal island growth has been understood
by comparison with the classic model of diffusion-
limited-aggregation (DLA).[®) In this model, clusters
are formed as randomly diffusing particles sticking ir-
reversibly to the perimeter of a growing aggregate and
the fractal dimension keeps constant with increasing
number of particles. However, in thin-film systems,
the branch width and the fractal dimension of clusters
increase with increasing temperature and coverage. [l

In our previous work, some growth models have
been proposed to simulate the processes of nucle-
ation and growth of thin-films on square lattice
substrates.['911 In this paper, a kinetic Monte Carlo
simulation model is presented to simulate the thin-film
growth on triangular substrates at low temperature,
using realistic thin-film system-Ag on Pt(111) surface
and physical parameters so as to investigate the atomic
process and the morphologies of fractal growth of thin

films. We pay special attention to revealing the dif-
ference of thin film growth from the classic hit-and
stick DLA model. It is shown that the branch width
and the fractal dimension of clusters increase with in-
creasing temperature and coverage, which is consistent
with the experimental observations, while they should
remain constant in the standard DLA model.

. SIMULATION MODEL

The simulation model is described as follows: Ag
atoms are deposited randomly onto a 512x512 Pt(111)
surface (triangular substrate, see Fig.1) with a depo-
sition flux R (ML/s) and allowed to hop from site to
site on the surface at a diffusion rate v, which is given
in Arrhenius form:

v =vyexp(—Ea/kgT), (1)

where v, is the vibrational frequency of a surface
atom (~ 103s71), E4 is its energy barrier (Eq =
0.157eVI'2) T is the temperature and kg is Boltz-
mann constant. The average deposition interval of
successive atoms At it related to the deposition flux R
and the surface diffusion rate v. If we set the unit of
At to be a diffusion step, we have At = v/R (steps).
It means that when the previous adatom diffuses At
steps, the next atom is deposited. If At < 1, there
are more than one atom deposited onto the substrate
simultaneously. The diffusion steps of adatoms on the
substrate are not limited due to the very long residence
time of the atoms on the surface and the evaporation
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of atoms from the substrate is neglected at low tem-
perature. In the temperature range from 50 to 175K,
the residence time of Ag on Pt(111) surface is in the
range from 3.6 x 10'3 to 2.7 x 10*”s. When the mobile
atoms diffuse to their nearest-neighbor sites, they will
stick with a unit probability and then a stable nucleus
forms. At low temperatures, under typical growth con-
ditions, the adatom surpersaturation on the surface is
so high that the critical nucleus is just a single atom,
and the stable nucleus is a dimer.!'>'4 The diffusion
of an adatom stops when it hits a critical nucleus or
an existing island and condenses there. The effect of
dissociation of islands is also negligible. This means
that the adatoms stick irreversibly to the existing is-
lands, and the dimers are stable. We focus on simu-
lating the fractal growth at low temperatures in this
paper, therefore the edge diffusion of adatoms is not
considered. The periodic boundary condition is set
up when adatoms diffuse to the boundaries. In this
way, multiple islands can be generated on the triangu-
lar substrate, whose structure is expected to be fractal

characteristic for various temperatures and coverage.
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Fig.1. Model of fractal island grown on a triangular
substrate.

. RESULTS AND DISCUSSION

Typical images of fractal aggregation simulated

by this model are shown in Fig.2, which resemble

(6,791 The simulation condi-

the STM images closely.
tions of deposition flux R = 7 x 107° ML/s, coverage
# = 0.1 ML are chosen so as to compare with the ex-
perimental observation of fractal Ag aggregating on
Pt(111) surface.[579 At 75K, as seen in Fig.2(a), the
Ag-adatom mobility is slow and only small clusters
(2—40 atoms) grow. The branch width averaged for
all clusters is b = 1.90 and there is no obvious frac-
tal property in these clusters. At 100K (Fig.2(b)) the
adatom mobility is already sufficient to grow larger
clusters. The branch width b = 2.16 and these clus-
ters are shown to have self-similarity with a fractal
dimension D = 1.67 £ 0.06, which is averaged for all
clusters on the substrate and measured by Sandbox
method (small clusters which contain less than 100
atoms are not counted for calculating the fractal di-
mension). This value is close to 1.6—1.7 in the classic
DLA fractal growth. 8!

With increasing substrate temperature during de-
position, the mobility of adatom increases, the island
number decreases and larger clusters can grow. The
branch width and the fractal dimension also increase
with increasing substrate temperature. These results
are given in Table 1. In our simulation model, we as-
sume the substrates are smooth enough and there are
no defects such as steps and kinks on the surface. In
fact, these defects play an important role in the growth
of thin-films at higher temperatures. A phenomenon
called “step flow” will take place in this case.[6:15:16]

As seen in Table 1, the branch width in the sim-
ulation is larger than a branch width b = 1 atom in
the classic DLA fractal growth." In fact, the value
of branch width b = 1 in DLA fractal growth is not
defined. We repeat the simulation for the DLA model
on a triangular substrate and get the average branch
width b = 1.88 + 0.04 atoms by using the following
definition.

Table 1. The island number n, the average branch width b and the average fractal dimension D for different

temperatures, averaged for four times.

T/K 50 75 100 125 150 175
At 5.4 x 1076 1 4.2 x 102 1.6 x 10* 1.9 x 10° 1.1 x 109
n 8671 764 120* 34* 16* 11*
b 1.90 2.16 2.19 2.23 2.37
D 1.67 4 0.06 1.76 & 0.06 1.85 4 0.04 1.92 4 0.03

*Saturation island number.
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Fig.2. Images showing fractal Ag aggregates grown on Pt(111) at different temperatures.

The branch width of a single cluster is defined
as the average number of continuous atoms from any
atoms in the cluster along three directions of the tri-
angular substrate, which can be described as:

1
3

where b,, b, and b, are the average numbers of con-

b (by +b,+0,), (2)

tinuous atoms along z, y and z directions respectively
(as seen in Fig.1). So the average branch width of all
clusters on the substrate is:

Z bz’ ’ (3)

where n is the island number on the substrate and b,

6:

S

is the average branch width of the ith cluster.

In can be seen clearly from Table 1 that the aver-
age fractal dimension increases obviously with increas-
ing temperature. The average branch width increases
also with increasing temperature. These results are
distinctly different from those obtained within the
DLA model. Owing to the fact that in thin film
growth, the diffusing atoms are not limited to be
launched far from the growth centers, the screening ef-

fect is weaker than that in the classic DLA model. This

is the main difference between our simulation and the
DLA model. The dependence of the average branch
width b and the average fractal dimension D on sub-
strate temperature T is shown in Fig.3. The clusters
growth at 50 K are too small to obtain b.
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Fig.3. Temperature dependence of the average branch
width and the average fractal dimension.

Nucleation and growth are competing processes,
because an arriving adatom can either form a new is-
land with another free adatom or diffuse into an ex-
isting island. With the increase of temperature, both
the diffusion rate v and the deposition interval At in-
crease, and the number of adatoms diffusing simul-
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So the island
number n decreases with increasing temperature. The

taneously on the substrate decreases.

large diffusion rate means a high probability for an ar-
riving adatom to find an existing island before another
adatom is deposited to provide a change for nucleation,
yielding a lower number density of stable islands. As
the substrate temperature increases to 100K, satura-
tion sets in and all of the adatoms will attach to ex-
isting islands before they find a second mobile atom
to create a new nucleus. The relationship between the
saturation island number n, and deposition interval

At can be described in a power-law:

ng < At7.

(4)

A plot of 1gn, vs lg (At) is shown in Fig.4. The slope
of this curve is v = —0.332, which is very close to
the theoretical value —1/3 of rate equations from nu-
cleation theory.'? Tt is seen that this relationship is
not related directly to the substrate geometry because
the similar result was also obtained in a square lattice
substrate.[10]

To get insight into the fractal growth on trian-

gular substrates and show the difference between our
simulation and the DLA model, the island number n,
the average branch width b and the average fractal di-
mension D as well as those obtained within the DLA
model for various coverage are obtained. These results
are shown in Table 2, where the substrate tempera-
tures are set to be T' = 100, 125, 175K, respectively,
and the deposition flux R = 1.1 x 1073 ML/s.
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Fig.4. Relationship between saturation island num-
ber and deposition interval.

Table 2. The island number n, the average branch width b and the average fractal dimension D for various coverages

at three different temperatures and those for the DLA model.

0/ML 0.005 0.01 0.02 0.05 0.10 0.20 0.30 0.40
100K 61 85 100 114 120 120 120 120
n 125 K 22 26 29 33 34 34 34 34
175 K 10 11 11 11 11 11 11 11
100K 1.87 2.16 2.73 3.99 7.61
b/atoms | 125K 1.88 1.99 2.19 2.82 4.07 8.35
175 K 1.93 2.14 2.26 2.37 3.41 6.23 11.25
DLA 1.88 1.89 1.88 1.89 1.89 1.90 1.88 1.89
100K 1.65+0.03 1.74+0.03 180+0.01 1.89+0.04 1.93+0.03
D 125 K 1.63£0.03 1.68+0.02 1.76+0.03 187+0.01 194+0.02 1.97+0.03
175 K 1.67+0.03 1.71+£0.03 1.76£0.02 1.82+0.03 1.91+0.01 1.96£0.02 1.98+0.02
DLA | 1.65+0.03 1.64+0.02 1.64+0.03 1.66+0.03 1.654+0.01 1.66+0.02 1.66=+0.02 1.67=+0.01

At 100K, the island number n increases with in-
creasing coverage for coverage below 0.10 ML, and
then remains a constant. This means that satura-
tion sets in and island growth predominantly occurs
at higher coverage. At this stage, existing islands are
so dense that each adatom has sufficient mobility to
reach them with a higher probability than to hit a
At 175K,

saturation occurs even when the coverage is very low

second adatom and form a new nucleus.

(0 = 0.01 ML) because of the larger diffusion rate. ob-
viously, the threshold value of coverage for saturation
occurrence fs decreases with increasing temperature.
These threshold values for various temperatures are
shown in Table 3.

Table 3. Threshold values 65 and 6. for various tem-
peratures.
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T/K 75 100 125 150 175 than the previous coverage by a factor of 40, the av-
05 /ML 0.35 0.10 0.06 0.02 0.01 erage branch width is still found to be b = 11.25, i.e.,
0 /ML 0.10 0.06 0.02 0.015 0.007 it has increased only by a factor of 6. This behavior

The average branch width of clusters increases
with increasing coverage in our simulation, which is
consistent with the experimental observation of thin
film growth. But it is independent of the coverage and
almost keeps a constant 1.9 for the DLA model. Obvi-
ously, this increase of average branch width in our sim-
ulation is nonlinear, e.g., at 175K, when the coverage
is 0.01 ML, the average branch width b = 1.93; when
the coverage is increased to § = 0.4ML, i.e., larger

12.0
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Average branch width/atoms

ool
055 10 20 30 40
Coverage/10~2 ML

Fig.5. The average branch width vs coverage for
three temperatures.

In can also be seen, from comparing our simu-
lation with the DLA model, that at low coverage,
the branch width and the fractal dimension of DLA
model are close to our simulation and consistent with
the experiments of thin film growth. For example, at
125K, the branch width and the fractal dimension of
our simulation are very close to those formed within
the DLA model when the coverage is 0.02ML. For
6 > 0.02ML, the difference between them becomes
greater and greater. This means that above this cov-
erage, the DLA model is not valid any more for de-
scribing the growth of thin films. Similar results are
These threshold
values of coverage 6. are also shown in Table 3.

obtained for various temperatures.

IV. SUMMARY

In summary, by using computer simulation, the
fractal growth of thin films at low temperatures is in-
vestigated. The simulation results well illustrate the
fractal growth processes under various conditions and
are consistent with the experimental observation of
thin film growth. The average branch width and the
average fractal dimension of clusters are dependent on

can be related to the screening effect of fractal growth.
The dependence of the average branch width on cover-
age at three different temperatures is shown in Fig.5.

The average fractal dimension increases also with
increasing coverage at the same temperature. How-
ever, the fractal dimension for the DLA model is still
independent of the coverage and almost keeps a con-
stant 1.66. The relationship between the average frac-
tal dimension and coverage at three different substrate

temperatures is shown in Fig.6.
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Fig.6. The average fractal dimension vs coverage for
three temperatures.

the substrate temperature and coverage, which is dif-
ferent from the classic DLA model. It is shown that
the DLA model is only valid for describing thin film
growth at low coverage.

Of course, at higher substrate temperature, the
adatoms can diffuse not only on the substrate but also
around the perimeter of a cluster, i.e., the edge diffu-
sion cannot be neglected. The growth morphology will
transit from fractal to dendrite and compact. On the
other hand, the adatoms may evaporate from the sub-
strate when the substrate temperature is high enough
and the resident time of adatoms on the substrate is
not long, and the diffusion steps of adatoms should
also be limited. Furthermore, small clusters such as
dimers and trimers can also diffuse on the substrate
and the disociation of islands will set in at higher tem-
perature, resulting in the formation of larger clusters
by coalescence. Further results will be described in
our forthcoming paper.
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