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A model is described to simulate the formation of nanostructured materials
by cluster beam deposition. Clusters are modelled by spherical balls with
a given size distribution function, which fall to the substrate and stick to the
growing structure. The mobility of clusters along the film surface is mod-
elled by introduction of a critical angle at which a falling ball meets a ball
that belongs to the structure. When the falling ball touches one of the balls
in the structure at an angle smaller than the critical one, it sticks to the film;
otherwise the ball rolls along the surface till it meets other balls. It is shown
that a variety of structures similar to those observed experimentally can be
produced. The density of the model structures, percolation thresholds and
the surface roughness are analyzed.
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1. Introduction

Recently nanostructured materials have attracted much attention because of
their unusual structural, electronic and mechanical properties. Among the variety of
methods of synthesis of nanostructured materials, the cluster beam deposition seems
to be very promising especially in thin film production [1]. Several authors have
suggested that the assembling of carbon clusters can be used to produce a new class
of porous materials with interesting functional properties [2-5]. Depending on the
energy and size distribution of incident clusters, a large variety of morphologies of the
films can be obtained. It should be noted, that the structure of these materials has
little in common with usual amorphous structures or with the dense random packing
of spheres, to say nothing of crystals. The cluster-assembled materials represent a
new class of random structures, which is interesting not only from the point of view
of possible applications, but also as a unique topological object.
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Experimental characterization and theoretical simulation of cluster-assembled
materials face the problem of cluster organization in structures with length scales
ranging from nanometers to micrometers [6]. In real conditions of experiments, clus-
ters of different shapes and sizes fall to a substrate. The structure of the formed layer
depends on the size distribution function, on the energy of depositing clusters, as well
as on the kinetics of local processes when clusters join the structure. Molecular dy-
namics simulations of carbon cluster beam deposition [7] based on the many-body
Tersoff interaction potential [8], have shed some light on the growth mechanisms
leading to the formation of a nanostructured film and on the relation between the
physical properties of the grown films and the beam features. In particular, it has
been demonstrated that the film structure and porosity depend on the distribution
function of incident clusters and on the deposition energy. The MD simulation is a
powerful method which can be used for the investigation of elementary processes of
the cluster impingement with the growing structure and the cluster attachment to
the structure. However MD method has well-known restrictions. For example, in the
massive MD simulation [7] approximately 10* carbon atoms were deposited, which
means that the number of clusters was less than several hundred. Obviously, this
number of clusters is not sufficient for statistical analysis of the film structure and
the surface roughness.

To overcome these difficulties and to be able to promptly create large and statis-
tically representative structures we propose a “geometrical” model of cluster beam
deposition. The main goal is to develop the methods of characterization of nanostruc-
tured porous materials and to investigate which parameters control the statistical
properties of the obtained structures.

The paper is organized as follows: in the next section we describe in detail the
algorithm of structure construction; then we analyze the properties of the modelled
structures and conclude with the summary of the major results.

2. The model

We model the falling clusters using spherical balls with a given size distribution
function. When the falling ball touches one of the balls in the structure at an angle
smaller than the critical one, it stops. Otherwise, the ball rolls along the surface
until it meets another ball.

Assume that we have n types of balls with radii R;,i = 1,2, ---,n. The balls are
falling one by one on a horizontal square base with the side L. Initial coordinates of
the balls are generated randomly. The type of the ball is selected with the probability

p;, where Z p; = 1. When the ball reaches the base it sticks to the base. The falling

ball may meet a ball that belongs to the structure. In this case the ball rolls down
the latter (figure 1). It is assumed that the balls do not penetrate into each other.
The falling ball is added to the structure in the following cases:

1. The ball has reached the base (substrate);
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2. The ball has touched another ball and the angle o between the vertical line
and the line connecting the ball centers is smaller than some critical angle a,
(figure 1);

3. The rolling ball has touched at least two balls of the structure.

The next falling ball is generated when the previous ball has joined the structure.
The periodic boundary conditions are used in order to diminish the effect of the
finite size of the system.

The algorithm described above per-
mits to construct various sufficiently
large nanostructures with reproducible
statistical properties. The critical angle

Critical angle ; can be viewed as a parameter connect-
ed with the mobility of real clusters im-
E pinging upon the film surface, i.e. the

(xCI'

critical angle emulates the surface diffu-
. sion. To keep the model simple, in this
<) paper the critical angle is assumed to
x{ be independent of the ball type. It is
clear that in order to imitate the sur-
face diffusion more accurately, the criti-
cal angle can be generated with a given

. probability distribution for each falling

ball. Moreover, in principle, the proba-

Substrate bility distributions can be related to the

Figure 1. Schematic illustration of the properties of real carbon clusters (for ex-
ball structure construction. ample by means of MD simulations of

relatively small pieces of carbon films).
The higher is the mobility of a cluster, the deeper it can penetrate into the nanos-
tructure. This corresponds to small critical angles when the falling balls have a
possibility to roll over, and only after frontal collisions the balls immediately stick
to the structure. Stoppage of a ball when it touches two other balls corresponds to
the formation of chemical bonds in a real situation of carbon clusters. A regime of
low mobility of clusters is common, because deposition is usually performed on the
substrates kept at low temperatures. The absence of mutual penetration of the balls
means that the clusters do not shatter during collisions, i.e. the energy of the cluster
beam is sufficiently small.

3. Simulation results

Figure 2 shows typical structures formed by deposition of the balls of three
types. It is seen that the porosity depends on the critical angle of rolling. The
loosest structures are formed if the impinging balls stop immediately when touching
any ball belonging to the structure (figure 2a). The surface of the film deposited
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Critical angle = 7/2 Critical angle =0

Figure 2. Fragments of structures simulated by deposition of the balls with the
radii R; = 1, 1.5, 2; the corresponding probabilities p; = 0.7, 0.2, 0.1. Dimensions
of the base are 25 x 25; the structure height is 50.

at the critical angle o, = 0 is quite flat. At the zero mobility of the impinging
balls (e, = 7/2), the film shows a disordered and highly corrugated surface with
dendritic structures.

Experimentally, surface morphologies of nanostructured carbon-cluster-assembl-
ed films are characterized by an atomic force microscopy (AFM) operating with
conical tips having a typical radius of curvature of 10 nm [9]. Following [9], by
analogy with AFM investigations, in order to determine the geometrical boundaries
of the external surface we scan the surface of the deposited ball structure with a
probe ball of a given radius, which falls from the regular points r;; = (z;,y;) from
above onto the structure and sticks to it (a., = 7/2). The spacing between the
nearest scanning points is smaller than the radius of the probe ball. The coordinates
of the center of the probe ball define the film surface (figure 3) and are used to
calculate the height-height correlation function of the surface corrugation

Clr) = (e +x) = b)), (1)
where h(r) is the surface height. Angular brackets stand for the averaging over the
points rj;. For fractal self-affine structures, the correlation function depends on the

length r = v/x? + y? and has the following asymptotic behavior:
re, T g

cr)={ o 1SE 2

where « is the roughness exponent, £ is the lateral correlation length and o is the

standard deviation
1/2

o = ([h(r) = (h(r))]*) (3)
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Figure 3. Images of the film surface scanned with the probe ball of the radius
R = 1. The structure was formed by deposition of the balls of two types (R = 1
and 2, corresponding probabilities p = 0.8 and 0.2) onto the substrate L x L =
500 x 500. The mean structure height is 100. Here, fragments of L x L = 100 x 100
are shown. The topography of the surfaces resembles the topography of real films
produced by deposition of low energy carbon clusters [6]. The critical angle equals
to /2 (a) or 0 (b).

The height-height correlation function has been calculated for the structures formed
by the balls of one type and for the structures formed by the balls of two types
(figure 4) at different critical angles. In both cases we have used the same radius of
the probe ball, R = 1, and the same size of the scanning mesh, Az = Ay = 0.5. It
is seen that a well-defined power law exponent is observed, ranging from 0.45 to 0.6,
which depends on the critical angle (figure 4). These values can be compared with
the experimental values of the roughness exponent o = 0.64 — 0.68 [10] measured
in the structures obtained by deposition of low-energy carbon cluster beams (Epeam
< 0.5 eV/atom) which contained the clusters in the form of linear chains, closed
rings and fullerenelike cages.

As it can be expected the surface roughness, V20, decreases with the critical
angle decreasing (figure 5). At the same time the surface roughness increases with
structure height:

o ((h) o< ()", (4)

where § = 0.11 to 0.26 (figure 6). The increase of the surface roughness with the
increase of the film thickness (or the deposition time) is an interesting property of
nanostructured materials in view of a possible application as supercapacitors. The
maximum value [ = 0.26 is attained if the falling balls stop immediately when
touching any ball belonging to the structure (a., = 7/2). As distinct from the ball
model, in the lattice model of deposition (similar to that described in [11]), when
the film surface has only a fixed number of sites available for the arriving structural
elements, the surface roughness increases with the exponent § = 0.50. Indeed, let
the growing film have N surface sites to which new structural elements can attach.
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Figure 4. Correlation function versus distance for films grown from the balls of
one type (a) and two types (b). The values of roughness exponent change in
the interval from 0.45 to 0.6, depending on critical angle. The substrate size is
L x L =500 x 500. The mean structure height is 100.
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Figure 5. Dependence of the surface roughness v/20 on critical angle for films
grown from the balls of one type (a) and two types (b). The substrate size is
L x L =500 x 500. The mean structure height is 100.
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Figure 6. Dependence of the surface roughness v/20 on the mean film thickness
for films grown from the balls of one type (a) and two types (b). The substrate
size is L x L = 500 x 500.
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Figure 7. Dependence of the film density on the distance from the substrate. The
balls of two types R = 1 and R = 2 with corresponding probabilities 0.7 and 0.3
were deposited on the base with dimensions 100 x 100. Critical angle is equal
to 0. The density was found by averaging over the layers of thickness 5.
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Figure 8. Dependence of film density (a) on distribution function of falling balls,
which is indicated by corresponding computer “experiment numbers” (b).

Random stacking of M elements (M > N > 1) over N sites produces the structure
with the mean height h; and the standard deviation oy,

Y -3
() -8R -R)

where C%, is the binomial coefficient. Equation (6) means that o7 oc v/hr. In the
ball model the number of available sites is unlimited. Therefore, the falling balls,
joining the structure, screen some pits and valleys on the film surface. These pits
and valleys become inaccessible for the scanning ball. Thus, the screening results in
the formation of pores inside the structure and in a decrease in 3 as compared to the
lattice model. It should be noted that the synthesized cluster-assembled carbon films
exhibit the exponent 3 = 0.42 — 0.50 [10], which is larger than that obtained in our
simulations. Probably, this indicates that there exist correlations in the attachment
of depositing clusters to the film, which disable some available sites. One of the
origins of the correlations is the covalent nature of the bonds between the carbon
atoms.

Due to the fractal-like subsurface layer, the density of the ball structure depends
on the distance from the substrate. In figures 7, 8 and 9 the densities of the structures
formed at different critical angles are depicted. The density is defined here as a
fraction of volume occupied by the balls. Figure 7 shows the dependence of density
on the distance from the substrate. It is seen that the film is uniform in the central
region. The density changes near the open surface having a fractal-like structure.

kC%,
(

M
=3
k=0

M
2=3"
k=0
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Figure 9. Density of structures formed by the balls at different critical angles (a)
and average number of the nearest neighbors for a ball in the structure formed
by the balls of one type as a function of critical angle (b).

We have found a remarkable universal property of the structures grown using our
method — at the fixed critical angle the volume fraction occupied by the balls almost
does not depend on the size distribution of the balls, i.e. the density of the structure
depends only on critical angle. Examples illustrating this property are presented in
figure 8. The maximum density of the structures is about 0.45. It is less than the
density of random close packing of equal balls, 0.637 [12,13]. Our results suggest
that the most dense film is formed when the volume fractions of different balls are
the same, i.e. py RS = p; R? , i = 1,...,n. The dependence of density on critical angle
is plotted in figure 9a. As it can be expected the coordination number of a chosen
ball in the structure (the average number of the nearest neighbors) decreases with
the increasing critical angle (figure 9b).

In real situation, the properties of structural elements (in our case, balls) may
differ, resulting in the dependence of macroscopic properties on concentrations of
structural elements. The elements of a given type may form connected clusters,
which are defined as groups of the nearest neighbors. The size distribution of clusters
(number of balls in clusters) depends on ball concentrations, p;, and their radii, R;.
At some probability, the balls of a given type may form a percolating cluster that
spans from bottom to top of the ball structure. To find the percolating cluster we
cut bottom and top layers of the ball structure and analyzed the interior of the
structure, where the balls of different types are distributed uniformly.

The onset of percolation has been investigated for the structures formed by con-
ducting and by insulating balls having the same radii. Figure 10 shows the threshold
value of concentration of conducting balls, at which the percolating cluster is formed
as a function of the mean coordination number. In figure 10 we also compare our
results with the power law proposed in [14] for site percolation thresholds for lattices
at dimensions higher than two

pe = 1.2868 ((d — 1)(q — 1))™*%°, (7)
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Figure 10. The threshold value of concentration of conducting balls required for
percolation as a function of coordination number (the solid line). The dashed line
shows the dependence of the site percolation threshold for regular lattices with
different coordination numbers [14].

where d is the dimension and ¢ is the coordination number. For the smallest co-
ordination number ¢ = 2, that corresponds to loose structures (a., — 7/2 ), the
percolating cluster is formed only if all the balls are conducting i.e. at p. = 1. In order
to obtain dense structures and to find the dependence of the percolation threshold
at large coordination numbers, the algorithm of structure building was modified:
the falling ball was added to the structure if it had simultaneously touched at least
three balls of the structure.

4. Summary

e We have described a model to simulate the formation of nanostructured ma-
terials which are produced by means of the cluster-beam deposition. A simple
case has been considered when the atomic clusters are modelled by the balls
with a given distribution function. The mobility of real clusters impinging up-
on the film surface is simulated by introduction of a critical angle. When the
falling ball touches one of the balls in the structure at an angle smaller than
the critical one, it sticks to the film. Otherwise, the ball rolls along the surface
until it meets another ball.

e The density of the ball structure monotonically decreases from 0.14 to 0.47
with the increase of a critical angle. At the same time, the density practically
does not depend on the size distribution function of the falling balls.
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e The surface roughness increases with the structure height: o (h)ﬂ , where (3
changes from 0.11 to 0.26. The minimum value # = 0.11 corresponds to the
dense film (. = 0).

e The percolation properties of the simulated ball structures have been inves-
tigated. For the structures formed by the balls of equal radii the dependence
of the threshold concentration of conducting balls on coordination number is
very similar to that for the case of regular lattices.

e The obtained results qualitatively agree with the experimental data on syn-
thesis of nanostructured films by deposition of carbon clusters.
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MopenioBaHHA CUHTE3Y HAHOCTPYKTYPHUX MaTepianis,
LLLO YTBOPIOKOTHCSH NMPU OCaaXXeHHI KnactepiB

M.C.buuwikiH, O.C.bakan, M.I.J1azapeB, A.A. TypKiH

HauioHanbHWUI HAyKOBUIA LIEHTP XapKiBCbKNN i3UKO-TEXHIYHUIA iIHCTUTYT
61108 Xapkig, Byn. AkagemiyHa, 1

OtpumaHo 29 civyHg 2003 p.

OnncaHo MoZenb YTBOPEHHS HAHOCTPYKTYPHUX MaTtepianis npu ocaa-
XXEHHi KnactepHux noTokiB. Knactepu chepuyHoi dopmum 3 3agaHoo
dYyHKUiE po3noainy 3a po3MipaMu NagarTb i NpunmMnalTe 40 CTPYK-
Typu, WO POCTe Ha niaknaaui. IMOBIPHICTb NPUANMAHHS KOHTPOMIOETb-
CS KPUTUYHUM KYTOM CKOYYBaHHS Mo NOBEPXHi CTPYKTYpW. [1okasaHo, Lwo
MO>XHa OTpMMaTK PiBHOMAaHITHI CTPYKTYpPW NoAibHi [0 TUX, WO CrocTepi-
ralTbCs ekcnepuMeHTanbHo. LWinbHICTb CTPYKTYP, NOPOrK NPOoTiKaHHS,
NOBEPXHEBA LLUOPCTKICTb AOCANIOXYIOTbCS B 3a5I€XHOCTI Big, napamMeTpis
Mogeni.

KniouoBi cnoBa: HaHomMmarepianu, npoTikaHHS, ppakTann, noKkasHUK
LLIOPCTKOCTI

PACS: 61.43.-j, 61.46.+w, 68.35.Bs, 68.35.Ct
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