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Abstract. Composite and nanocomposite films consisting of metal ob-
jects embedded in a dielectric matrix are studied by computer experi-
ment. The electron transport through the composites is calculated in the
case when the basic conductivity mechanism is the tunnel effect. It was
found that the conductivity of composite film is located into tunneling
clusters strongly influenced by objects arrangement in composite film.

1 Introduction

Composite and nanocomposite films represent class of promising materials with
many applications in electronics, optics, catalysis and biotechnology [1]. The
characteristics of such composite films depend strongly on both size and spatial
distributions of embedded particles, which is influenced by used technologies –
evaporation, laser deposition, plasma-assisted technologies, etc. [2], [3]. For most
technologies it was observed that the resulting films contain nanometer-sized
particles with excellent uniformity, at least for small filling factors.

The properties of composite films vary with the filling factor chosen. For small
filling factors the structure contains individual particles completely insulated by
dielectric matrix and the film has dielectric properties. With increasing filling
factors the conductivity increases and tunnel current is observed below the per-
colation threshold. Finally, the transition into metallic state occurs.

Conventional characterization techniques of thin films fail for these new ma-
terials and novel advanced techniques are needed in order to describe the prop-
erties of composites. The goal of their morphological analysis is to characterize
the forms and spatial distribution of individual objects in the film. For this pur-
pose, the image analysis applied to micrographs of either projections or planar
sections of composite films is the most suitable [4].

The investigation of electrical properties of composites theoretically leads to
the nearly insurmountable difficulties, therefore a computer experiment is often
used [5]. This text focuses on the study of transport properties of composite
films below the percolation threshold, in order to find correlation between film
structure and its electrical conductivity.
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2 Model

First, several sets of simulated composite structures were prepared. The struc-
tures consist of spherical objects of fixed radii embedded in a 3D working field
with characteristic dimensions from 1000 × 1000 × 100 to 1000 × 1000 × 500
units plus 10% margin. In the case of composite films the length unit of the
model corresponds approximately to 0.1 nm. The spatial distribution of objects
was determined by the static hard-sphere model. The model parameter, dif-
fusion zone DZ ∈ 〈0, DZmax〉, denotes the minimum distance between edges
of objects, the positions of which are generated randomly. The value of DZ
sets the degree of arrangement of metal objects in the dielectric matrix; the
larger the value of DZ, the more arranged structures are. In order to guar-
anty the sufficient precision of the results, the typical number of objects in
the model varied between 1 × 103 and 1 × 104 and several structures with the
same parameters were generated (about 10). Fig. 1 shows examples of prepared
structures. In some cases the hard-sphere model is not satisfactory; hence, more
sophisticated models corresponding to various types of experimental data were
developed [6].

Fig. 1. Images of composite films, their sections and projections. Left – diffusion zone
minimal, right – diffusion zone maximal (DZ/DZmax = 100 %).

Besides the bulk (3D) composite structures, their 2D analogies also were used.
These artificial structures, in contrast to 3D structures, enable better visualiza-
tion of acquired results and allow easier evolution of algorithms. The 2D models
of composite structures use the 1000× 1000 working region with the same para-
meters – radii and diffusion zones – as the corresponding 3D models.

The electric current flowing through the composite film was calculated by
the kinetic Monte Carlo method. The electron tunneling in a low voltage ap-
proximation was selected as a mechanism of conductivity in accordance with
experimental data. The whole transport algorithm has three main parts: (i)
emission of electrons from negatively biased electrode; (ii) tunneling of electrons
between particular objects, causing changes in their charging; (iii) and the collec-
tion of electrons by positively biased electrode, all parts treated stochastically.
The electron transport was studied as an iterative process until reaching the
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steady state of both potential distribution and intensities of conduction paths.
Fig. 2 shows the potential distribution in 2D analogies of composite structures
in the dependence on the arrangement of objects.

Fig. 2. Steady-state potential distribution in 2D analogies of composite films denoted
by equipotentials and by colours of individual clusters. Left – DZ/DZmax = 33%,
right – DZ/DZmax = 100 %.

3 Results of Transport Study

The simulations were carried out for several sets of structures, both 3D and 2D,
varying in the degree of objects arrangement. The type of electrical conductiv-
ity depends on the filling factor of composite structure. Below the percolation
threshold the tunneling appears between objects and electrodes and the terms
typical for ohmic conductivity like infinite cluster, backbone and dead-ends [7]
change their meanings. The infinite cluster has now spread to much more objects
and we call it tunneling cluster. The description of these structures and study of
their properties is the goal of our simulations. Fig. 3 shows the tunneling clus-
ters in structures with different degrees of ordering. The intensity of the electric
current flowing through each channel is depicted by the shade of grey colour.

Fig. 3. Currents flowing between electrodes. From left to right – DZ/DZmax = 33, 67
and 100 %.

During the analysis of tunneling cluster the channel with the largest intensity
of electric current (so-called main conductivity channel) and its critical bond was
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determined. The critical bond is the bond that causes the weakest conductive
connection between two objects in the main conductivity channel. Fig. 4 shows
the main conductivity channels of the structures from Fig. 3; the critical bonds
are also marked in the channels. Relative values of the electric current flowing
through these channels are 0.151, 0.083 and 0.052 for DZ/DZmax 0.33, 0.66 and
1.0, resp. (the fluctuations for various samples were about 20 %).

Fig. 4. Main conductivity channels and their critical bonds (indicated by arrows), i.e.
the maximal resistors. From left to right – DZ/DZmax = 33, 67 and 100 %.

4 Discussion

The electrical characteristics of composites depend on the degree of arrangement
of metal objects. To describe this effect caused by the decreasing dispersion of
distances between objects, one can claim: (i) the total current increases; (ii) the
potential distribution in the structure becomes more uniform; (iii) the number
of current paths increases; (iv) the current paths become shorter and better
arranged; (v) the main conductivity channel becomes shorter and more arranged.
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