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1. INTRODUCTION

Metal/semiconductor thin films are fundamental to the devel-
opment of smart and functional materials, devices, and systems.1�3

Considerable effort has focused on themicrostructure evolution and
formation mechanism of fractal architectures in nonequilibrium
growth processes of materials science.4�6 The nonequilibrium
growth of metal/semiconductor thin films during crystallization of
amorphous semiconductor is a rather peculiar problem.7,8 There is a
very sensitive and complex dependence of thin-film microstructure
on growth conditions.9,10 It is known that lateral interdiffusion
between atoms of metal and semiconductor at short range is a
nonequilibriumdisordered growth system,which is accompanied by
crystallization of amorphous semiconductor and formation of fractal
structure.11,12 Diffusion in disordered systems does not follow
the classical laws, which describe transport in ordered crystalline
media. This may lead to many anomalous physical and chemical
properties.1,2

In fact, the self-similar fractal structure of metal/amorphous
semiconductor (M/a-S) bilayer films during annealing is essential
to various physical and chemical properties.13,14 Due to the
technological applications of metal/semiconductor bilayer films,
the main advances in the understanding of these processes have
come from fractal theory.15 Traditionally, the fractal growth
process in disordered systems has been understood by the
diffusion-limited aggregation (DLA) model.16 This model neither
correlates the fractal nanoclusters with the microstructure evolu-
tion nor systematically considers the dependence of macroscopic

properties on fractal crystallization. The microstructure frequently
has a profound effect on the properties of the thin-film system, e.g.,
magnetic, electrical, mechanical, optical, etc.17�24 Fractal crystal-
lization of an amorphous semiconductor in M/a-S bilayer films
during annealing is also essential to various physical and chemical
properties. However, the relationship between the various proper-
ties and fractal crystallization in M/a-S bilayer films has been less
studied. Usually the fractal structures can be formed in M/a-S
bilayer films during crystallization of the amorphous semiconductor
layer in contact with the metal layer.25,26 The M/a-S bilayer films
after fractal crystallization are inhomogeneous. The percolating
characteristics of inhomogeneous systems have been reported by
Hauser and Song et al.27,28 Yagil et al. observed the electrical
breakdown behavior of the semicontinuous Au and Ag films.29 Ye
et al. investigated the voltage�current (V�I) behavior of the Ag
and Pt thin films on a ceramic substrate.2 They found that the Ag or
Pt thin film sputtered on ceramic substrate with the random fractal
shows nonlinear V�I behavior, in which dR/dI is a negative value.
It is known that the fractal patterns can be easy to form under some
external techniques such as annealing, agglomeration of nanopar-
ticles, and irradiation.30,31 Much work has been devoted on the
mechanisms of fractal formation experimentally, while little atten-
tion has been paid to elucidate the possible macroscopic properties
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of fractal architectures such as electrical properties in these
thin films.

The purpose of this paper is to characterize the dependence of
resistance on fractal crystallization in Pd/Ge bilayer films in-
duced by annealing. New strategies of fractal assessment for Pd/
Ge bilayer films formed at various annealing temperatures are of
fundamental importance in the development of micro/nanode-
vices. The Pd/Ge bilayer films with interesting fractal nanoclus-
ters were successfully prepared by evaporation techniques.
Temperature-dependent properties of resistance and fractal
dimension in Pd/Ge bilayer films with self-similar fractal na-
noclusters were investigated in detail. Experimental results
indicated that the fractal crystallization behavior and film resis-
tance in Pd/Ge bilayer films are influenced significantly by
annealing temperatures and fractal dimensions. The measure-
ments of film resistance confirmed that there is an evident
relationship between the film resistance and the fractal dimen-
sions. These phenomena were reasonably explained by the
random tunneling junction network mechanism.

2. EXPERIMENTAL SECTION

Specimens were prepared by evaporation on a freshly cleaved NaCl
(100) single-crystal substrate in vacuum with a pressure of 2.67� 10�3

Pa at room temperature.12 We deposited Ge at first and then Pd without
breaking the vacuum (about 2.67� 10�3 Pa) by evaporating high-purity
germanium (99.9%) and palladium (99.9%) from two resistive-heated
tungsten boats, viz. the bottom layer was amorphous Ge (a-Ge) and the
top one was polycrystalline Pd (p-Pd). According to the evaporation
equation

t ¼ m
4πr2F

where t is the thickness of the film, m is the mass of Pd or Ge, F is the
density of Pd or Ge, and r is the distance from the specimen to the
evaporation source; here r = 10 cm. The thickness ratio of the p-Pd and
a-Ge films was devised to be 25/50 nm. All as-deposited specimens were
annealed in a vacuum of about 2.67� 10�3 Pa at 100, 200, 300, 350, and
400 �C for 30 min. After annealing, the specimens were floated on
distilled water and then placed on copper meshes to be observed with a
Philips CM20 transmission electron microscope (TEM) at an accelera-
tion voltage of 200 kV.
By such annealing, self-similar fractal structures may be formed in

these bilayer films. Since the annealing temperatures can effectively
control the morphology of the fractal patterns, the density of the
different fractal clusters formed at a given annealing temperature is also
approximately uniform at different sites of the sample. The average value
of the evaluated dimension (D), obtained from different regions, can be
approximately considered as the whole sample’s fractal dimension. The
fractal dimension for these samples was calculated by measuring the
fractal dimensions of these self-similar clusters using the conventional
box-counting method.32,33 Temperature-dependent properties of film
resistance were measured in the range 80�300 K using a standard four-
probe configuration and the differential technique. The whole system
was automatically controlled by a computer system with precise
calibration by comparison to a standard sample.

3. RESULTS AND DISCUSSION

A typical bright-field image of transmission electronmicroscopy
(TEM) and the corresponding selected area electron diffraction
(SAED) patterns (inset at the upper left-hand corner) of the
morphology for the as-prepared Pd/Ge bilayer films is shown in
Figure 1. As seen in the TEM bright-field image, the as-prepared

bilayer films are homogeneous in morphology before annealing.
The nanocrystallites close to Bragg orientations were recognizable
by their dark contrast. The SAED patterns (inset) for the as-
prepared bilayer films confirmed that the films consist of amor-
phous Ge (shows a diffuse ring of a-Ge) and polycrystalline Pd
(p-Pd). It can be seen that the Pd2Ge compound is formed in as-
prepared bilayer films during evaporation. This indicated that the
formation process of the Pd2Ge compound is the Pd andGe atoms
via solid-state reaction at room temperature: 2p-Pd + a-Ge f
p-Pd2Ge. We found that the formation temperature (room
temperature) of the Pd2Ge compound is lower than 150 �C
reported by previous literature.34,35

After annealing at 100 �C for 30 min, no significant structural
change was caused except for a slight grain growth of the Pd and
Pd2Ge. Figure 2 shows TEM bright-field images and SAED
patterns (inserted in the upper right-hand corner) of the Pd/Ge
bilayer films annealed at various temperatures: Figure 2a at 200 �C,
Figure 2b at 300 �C, Figure 2c at 350 �C, and Figure 2d at 400 �C
for 30 min. It can be seen that the films display fractal nanoclusters
at the assigned annealing temperature. The average sizes of fractal
patterns are, respectively, about 210 nm (see Figure 2a), 460 nm
(see Figure 2b), 680 nm (see Figure 2c), and 1.06 μm (see
Figure 2d). The average sizes of fractal patterns were estimated by
measuring the fractal regions. The measuring procedure is as
follows: for each TEM image, we chose 10 fractal patterns at
random to get an average value. The average sizes of the fractal
patterns were obtained by averaging the values of TEM images
with different orientations. It was found that the average sizes of

Figure 1. TEM bright-field image of the as-prepared Pd/Ge bilyer
films; the inset at the upper left-hand corner shows the SAED patterns.
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the fractal patterns increase with increasing annealing temperature.
The SAED patterns proved that, besides the Pd2Ge compound, the
PdGe compound is also formed in the assigned annealing tem-
perature. This indicated that the Pd2Ge compound can react
completely with a-Ge and form the PdGe compound by a solid-
state reaction: p-Pd2Ge + a-Ge f 2p-PdGe. After annealing at
200 �C (see Figure 2a), the diffuse ring of a-Ge was clearly visible.
The fractal morphology was composed of a few thick branches, and
the fractal shape was a compact structure. With increasing anneal-
ing temperature, the diffuse ring of a-Ge was replaced by nano-
crystalline Ge (nc-Ge, see Figures 2b�d). When the annealing

temperature reached 400 �C (see Figure 2d), the fractal morphol-
ogy composed of relatively thin branches and the fractal shape was
an open structure. It is very evident that with increasing annealing
temperature the fractal shape varies from compact to open and the
fractal size increases.

Figure 3 shows the plots of ln(N) versus ln(1/L) of the fractal
nanocluster regions in Figure 2, where L is the box size and N
is the number of boxes occupied by the fractal nanoclusters. It
can be seen that all plots show good linear relationship, which
means that the morphologies of fractal nanoclusters have scale
invariance within these ranges. Thus, these clusters can be regarded

Figure 2. TEM bright-field images and SAED patterns (shown in the upper right-hand corner) of the Pd/Ge bilayer films annealed at various
temperatures for 30 min at (a) 200, (b) 300, (c) 350, and (d) 400 �C.
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as fractals. In order to obtain the fractal dimension (D), we fit a
linear relationship for the function ln(N) versus ln(1/L). The
results testify that the fractal dimension (D, shows in Table 1) is
1.862 at 200 �C as shown in Figure 3a, 1.778 at 300 �C as shown in
Figure 3b, 1.708 at 350 �C as shown in Figure 3c, and 1.652 at
400 �C as shown in Figure 3d. It was found that the fractal
dimension (D) decreases with increasing annealing temperature.
The smaller fractal dimension means that the bilayer films are
composed of the open and loose fractal structure with finer
branches. Data analysis demonstrates that there is an obvious
increase in average fractal size, and the fractal dimension generally
decreases with increasing annealing temperature. In general, the
fractal density is determined by the initial nucleation probability of
the core nanocrystal.We found that the fractal density is calculated
to be 38, 24, 31, and 12 mm�2 at 200, 300, 350, and 400 �C
respectively. It was found that the fractal density probably tends to
decrease with increasing annealing temperature. In the present
work, the initial increase in nucleation probability was due to strain
relaxation caused by the low short-range temperature field at
200 �C, so that the fractal density and their occupation area were

higher. With the increasing annealing temperature, the higher
long-range temperature field may promote new nuclei and sub-
sequent growth, which leads to fractal growth of the fine branches
and lower fractal density. This fractal structure may lead to
improvement in the design of micro/nanodevices for microelec-
tronic industry applications.

At the early crystallization state of a-Ge, the crystallization
energy and strain energy act together to make the Ge atoms
crystallize and nucleate at some of the favorite sites at Pd/Ge and
Pd2Ge/Ge interfaces. We believe that the interdiffusion behavior
between Pd and Ge atoms may influence the fractal size and
dimensions. When the crystallization of a-Ge becomes easier at
increasing annealing temperature, the a-Ge atoms near the grown
crystal can easily coalesce onto it before the Ge grain grows
further, resulting in fine branches and smaller fractal dimension.
During annealing, the Ge atoms nucleate at Pd/Ge or Pd2Ge/Ge
interfaces, the surrounding Ge atoms can diffuse along the
interfaces and through the Pd layer to deposit on the nucleus,
and the Pd atoms can aggregate in the opposite direction. The
heat released by crystallization leads to a local temperature rise in
the surrounding area, and this temperature field can propagate
quickly and stimulate new nuclei appearing randomly in nearby
regions. The stimulated nuclei of the next generation can also
cause a local temperature rise and repeat the above process many
times until fractal patterns are formed. This is called the random-
successive nucleation (RSN) mechanism.30 In the RSN model,
the experimental result of fractal dimension has been determined
to be about 1.69 for annealing at 100 �C for 30min.6 However, in
our Pd/Ge bilayer films, the experimental results of fractal
dimensions have been determined to be 1.862 and 1.778 for
annealing at 200 and 300 �C for 30 min, respectively. We suggest
that there may exist a significant growth behavior at the early
crystallization processes of a-Ge accompanied by the RSN
mechanism. The grown crystal front may cover part of the
potential nucleation sites and partly prevent the nucleation
process. Therefore, the random-successive nucleation and
growth (RSNG) model could explain the formation processes
of this fractal nanocluster.

Figure 4 shows the film resistance values (R) versus various
annealing temperatures (a) 200, (b) 300, (c) 350, and (d) 400 �C

Figure 3. Plots of ln(N) versus ln(1/L) of the polycondensation fractal
patterns in Figure 2, where L is the box size andN is the number of boxes
occupied by the Ge fractal patterns at various temperatures for 30 min at
(a) 200, (b) 300, (c) 350, and (d) 400 �C.

Table 1. Fractal Dimensions and Resistance Values of Pd/Ge
Bilayer Films Annealed at Various Temperatures Measured at
Room Temperature (300 K)

annealing temperature (�C) 200 300 350 400
fractal dimension 1.862 1.778 1.708 1.652

film resistance R (Ω) 9.57 8.31 5.9 4.18

Figure 4. Film resistance values (R) versus various annealing tempera-
tures measured from 80 to 300 K.
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for 30minmeasured from 80 to 300 K. It can be seen that the film
resistance values of various films are evidently different. Figure 5
displays the film resistance values measured at 300 K (room
temperature) for various annealing temperatures and fractal
dimensions, which further exhibit this difference. Table 1 pre-
sents the fractal dimensions and resistance values of Pd/Ge
bilayer films annealed at various temperatures measured at room
temperature (300 K). This difference reflected that the film
resistance value decreases monotonically with increasing anneal-
ing temperature and the decreasing of the fractal dimension, and
the 400 �C annealing film with the lowest fractal dimension value
possesses the lowest resistance value. The Pd/Ge bilayer films
with interesting fractal nanoclusters are promising materials to in
the future improving the design of micro/nanodevices in micro-
electronic industry applications.

The experimental results suggest that the film resistance R
depends evidently on the fractal formation and fractal dimension
in Pd/Ge bilayer films after annealing. The phenomena can be
reasonably explained with the aid of the random tunneling
junction network (RTJN) model.2 After crystallization of a-Ge,
the fractal patterns consist of the nanocrystalline Ge (nc-Ge)
grains with the morphology of fine dendrite-like nanocrystals
incorporating many the tunnelling junctions of varying sizes.
Thus, the Pd atoms cannot constitute a homogeneous film. From
the view of electrical transport, the whole thin film is made up of
the linked metal islands and a series of tunnelling junctions. For
the thin films annealed at various different temperatures, the sizes
of the fractal branches with different fractal dimensions are
different, leading to differences in the height of the potential
barrier for the various tunnelling junctions, with the consequence
that the breakdown voltages are also different. During measure-
ment of the film resistance, the junction i will be in a high
resistance state when the external voltage Vi is lower than the
potential barrier Ui for the tunnelling junction i. In contrast, the
junction i will be broken down and in a low resistance state when
Vi is higher than Ui. As mentioned above, there is a relationship
between the fractal dimension and the size of the fractal branches
in that the number of fine branches increases with decreasing
fractal dimension. Therefore, the smaller the fractal dimension,
the larger the number of junctions with the smaller potential

barrier and lower resistance state. The present findings reveal
new opportunities for future study of fractal architectures in
metal/semiconductor thin films, with the goal of optimizing
microelectronic functional material properties for specific
applications.

4. CONCLUSIONS

In summary, Pd/Ge bilayer films with interesting fractal
nanoclusters were successfully prepared by evaporation techni-
ques. The experimental evidence indicates that the fractal
nanoclusters with various sizes, densities, and fractal dimensions
are affected by different annealing temperatures. It was found
that the fractal dimension (D) decreases with increasing anneal-
ing temperature. The formation processes of Ge fractal nanoclus-
ters can be explained by the random-successive nucleation and
growth (RSNG) mechanism. The electrical properties indicate
that the fractal crystallization behavior and film resistance in Pd/
Ge bilayer films are influenced significantly by annealing tem-
peratures and fractal dimensions. The film resistance R decreases
monotonically with the fractal dimension. The relationship
between the film resistance and the fractal dimension was
reasonably explained by random tunneling junction network
(RTJN) mechanism. The Pd/Ge bilayer films with interesting
fractal nanoclusters are promising materials for future improve-
ment of the design of micro/nanodevices in microelectronic
industry applications.
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