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Three kinds of metal-containing polymeric thin films were obtained from copper acetylacetonate (CuAA),
titanium tetraisopropoxide (TiTP) and tetramethyltin (TMT) by plasma polymerization. The vaporized
metal-organic compounds underwent chemical rearrangement under the action of energetic plasma to give

higher ordered thin films consisting of metal and organic polymer layers.

Transmission electron microscopy

(TEM) photographs of the films consisting of alternative metal and organic regions showed fractal pattern.
The fractal dimensions were calculated as 1.87 for CuAA, 1.94 for TiTP and 1.92 for TMT films, respectively.
Formation process of fractal pattern was discussed in terms of chemical structure of starting compounds and

plasma conditions.

In the recent years there has been an increasing
interest in nonequilibrium growth processes accom-
panying pattern formation phenomena especially the
fractal pattern formation phenomena.l-3

The formation of fractal pattern is experimentally
investigated in such fields as hydrodynamics, deposi-
tion process, dielectrical breakdown, tumor growth
and others, but much attention has been paid to
understand the kinetic of random aggregation or self-
assembly process i.e., geometrical cluster formation
from large number of subunits or molecules.

The fractal pattern refers to the pattern which has
the geometrical property of self-similarity. The frac-
tal geometrical properties with regard to size and
shape of the pattern are expressed in terms of the
fractal dimension D (Hausdorff dimension). Fractal
theory showed that the mass M and the scale such as
the radius R of a fractal pattern are related by the
fractal dimension D in the power law:

M(R)~RP (1)

Growth processes of the aggregation, for example,
percolation, deflation limited, etc. can be character-
ized by the own D, therefore, the fractal dimension
contains important information about the process and
mechanism of the aggregation.

Several models have been proposed to explain dif-
ferent fractal pattern formation processes. The
diffusion-limited aggregation (DLA) model developed
by Witten and Sander*® for describing the Brownian
diffusion is one of them. In this model, particles are
added, one at a time, to a growing cluster or aggregate
of particles by random walk trajectories. The struc-
tures generated by the DLA model exhibit highly
ramified clusters and the fractal dimension of these
clusters was calculated and found to be less than the
Euclidean dimension of the space in which the aggre-
gation process takes place. Computer simulation
based on the DL A model showed that the fractals often
form in the system with strong randomness, weak
anisotropy and low interfacial tension. The percola-

tion model is the other one which can be used to
describe metal-containing organic systems where
metals distributed in the organic network randomly
and percolation phase transition takes place when the
fraction of metal contained in the organic compound
reaches certain degree.

Plasma polymerization of metal-containing com-
pounds has been attracting considerable attention in
recent years since the metals incorporated in organic
thin films can dramatically influence the physical,
chemical and electrical properties of the resulting
films. Plasma contains a series of chemically-active
energetic species such as electrons, ions, radicals and
photons. Taking insight into the competitive effects
of interdiffusion and coagulative energy between
metal and organic layers or grain-boundary in the
film, we assumed that the plasma may possibly recon-
struct the chemical and physical structure of starting
compounds to give fractal patterns consisting metal-
organic layers.

Kay et al.® have reported in detail how plasma
processes can control the metal content and metal
cluster dispersion in the organic thin film and pro-
posed the principles and methods of metal incorpora-
tion into organic thin films. They also observed the
abrupt change of electrical conductivity at certain
content of metal in the film.

However, the growth process of the crystal fractals,
for instance, of metals, should involve the nucleation,
which is not considered in the DLA model or the
percolation model. In addition, the morphology of
fractals may be controlled by the chemical structure of
the starting materials (monomer) if any chemical reac-
tion is accompanied. Thus, it seems to be interesting
to study whether there should exist the fundamental
difference between the DLA fractals and fractal forma-
tion of metal-containing polymeric thin films where
phase separation takes place at a certain metal content
in the polymeric film. So far authors know there has
been no experimental results exploring the fractal
formation of metal-containing organic film accom-
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panied with chemical reaction of metal-organics.

We demonstrated in this paper that the vaporized
metal-organic compounds underwent chemical rear-
rangement under the action of energetic plasma to
give thin films with higher ordered structure consist-
ing of metal and organic polymer layers, which
according to TEM investigation, showed fractal patt-
erns. An attempt to relate the fractal pattern forma-
tion to electrical and other properties of the obtained
thin films was made.

Experimental

Sample Preparation. Monomers used are three com-
pounds with different types; copper acetylacetonate (CuAA)
where metal atom is coordinated to organic ligand through
oxygen atoms (metal complex), titanium tetraisopropoxide
(TiTP) where metal is covalently bonded with oxygen atom
(metal alkoxide) and tetramethyltin (TMT) where metal is
covalently bonded with carbon atom (organometallic).
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The apparatus for plasma polymerization used in this
experiment consisted of a Pyrex glass bell jar and a pair of
parallel electrodes (70 mm in diameter) connected to an
RFG-200 radio frequency (Samco International Inc.) operat-
ing at 13.56 MHz and a matching network. Detailed sche-
matics, procedure and method of the polymerization were
described elsewhere.”8) Plasma polymerization was carried
out by evaporating liquid TiTP or TMT at ambient temper-

ature. However, solid CuAA was evaporated at about
100°C.
Measurement. Film thicknesses were determined by

multiple-beam interferometry using a Mizojiri-Kogaku type
II instrument. The sheet electroconductivity of the films
was measured with coplanar electrodes of gold in air at
various temperatures. Transmission electron micrographs
(TEM) and small angle diffraction (SAD) patterns in the
same area was taken from thin film (less than 50 nm)
deposited onto a KBr disk which was separated from the film
prior to observation by dissolving in a water-ethanol solu-
tion. XPS was carried out using a pass energy of 10 keV at
20 mA with an Mg K X-ray source. Sputtering experiments
were carried out using argon ions at 5 kV and a current of
2.2X10-8¢ A. The spectrometer was calibrated using gold
and silver with the Au 4f7; binding energy at 84 eV and with
the Ag 3ps2 binding energy at 573 eV. For convenience all
spectra were energy referenced to the main photoionization
peak in the C 1s region which was assigned a binding energy
of 285 ev.

In order to investigate fractal pattern of the texture
obtained, their fractal dimensions were measured. There
have been many ways to measure the fractal dimension of
either numerical and experimental fractal aggregations.
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XPS Result of Atomic Fractions of Plasma
Polymerized Metal-Organic Films”

Table 1.

Atomic fraction Atomic fraction

Sample Element

in film/% in monomer/%
Cu 72.6 6.7

CuAA C 247 Cu10Co340004 66.7 Cui1Ci1004
(0] 2.8 26.6
Ti 32.2 5.9

TiTP C 18.0 Ti10Co560155 70.6 Ti1C1204
O 50.0 23.5

a) The fraction of hydrogen atom is excluded.

When dealing with the fractal objects on which a measure
M(R) is defined, the dimension D is the character which
describes the manner of the mass M(R) with the increase of
size R. According to the fractal theory,® the relation
between the Hausdorff dimension D and the fractal size R
and mass M(R) is expressed by Eq. 1.

In our case, the fractal pattern on micrographs were
sectioned to 120X120 square lattice and M(R) which was the
number of lattice consisted by metal which were black in the
micrograph was committed by increasing the radius R.
The fractal dimension D was obtained by calculating the
slope of logarithmic plot of formula given above. A least
squares method was used to determine the slope which
provide the best estimate.

Results and Discussion

Films of polymeric CuAA obtained showed a variety
of colors such as colorless transparent, yellow, green,
blue and red depending on plasma conditions. It
was found that the color and appearance of the films
are determined by the total sum of plasma and thermal
energies. For example, if keep the plasma duration
and monomer temperature constant at 10 min and
130°C, respectively and increase the plasma power
from 10 W to 100 W, the color of the film changed
from yellow green to blue or red; if the plasma power
and the substrate temperature are kept constant at 100
W and 215 °C, respectively and the plasma duration is
changed from 1 min to 20 min, the same color change
is observed; this is also in the case where the plasma
power and plasma duration are kept constant and the
substrate temperature is changed. The conductivity
of the film also changed sensitively from 10-10 Scm-!
to 10* Scm~! by changing the plasma conditions.
With increase in the plasma energy, the film become
more conductive.?

The structure and morphology of the films were
investigated by use of electronic, infrared and X-ray
photoelectron spectra as well as TEM. The XPS
analysis showed that the film is consisted of 72.6 mol%
copper, largely of metallic copper and a small amount
(a few percent) of Cuz0 at the surface and almost pure
copper in the bulk. The peak at 284.5 eV correspond-
ing to primary carbon was observed in the films but
the peak corresponding to the bonding of acetylace-
tone was hardly observed. TEM photograph shown
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Fig. 1. TEM microphotographs of plasma polymer-
ized metal-organic thin films. a) CuAA: Condi- 5
- . .0
tions of sample preparation; plasma power: 100 W, \ \ R . ,

plasma duration: 1.5 min, substrate temperature: 0

175°C. Magnification: X30,000. b) TiTP: Con- 1.3 1.6 1.9 2.2
ditions of sample preparation; plasma power: 50 W, Log R
plasma duration: 7 min. Magnification: X200,000. o) TMT

¢) TMT: Conditions of sample preparation; plasma
power; 100 W, plasma duration: 1.5 min, flow rate
of TMT: 4X10-2 ml min-1! (STP), flow rate of Os: 30
mlmin~! (STP). Magnification: X200,000.

Fig. 2. Logarithmic plot of M(R)~RP. a) CuAA,
b) TiTP, ¢) TMT. P is the volume fraction of
metal in the film.
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in Fig. 1(a) indicated that the film obtained have
interesting microscopic features including alternative
stripe-like structure consisting of metal and organic
layers. The former probably is derived from the
agglomeration of the amorphous copper correspond-
ing to the black region in TEM micrograph and the
latter by polymerization of corresponding amorphous
three-dimensional matrix. This identification was
carried out under the assumption that regions exhibit-
ing poor transmission corresponded to the metal spe-
cies. The SAD patterns of the CuAA sample revealed
that the metals in the deposited films are amorphous.

From Fig. 1(a) it is seen that metal and organic
layers are of 100 and 200 nm each. In order to investi-
gate fractal patterns quantitatively the fractal dimen-
tion D was measured by using described method and
was found as 1.87 ( Fig. 2(a)).

Since TEM photographs of the CuAA film showed
that the morphology in the bulk are almost same
regardless of its depth, we concluded that the fractal
structure also penetrates the over all sandwich along
the direction perpendicular to the substrate and there-
fore, the fractal is the block structure resulted from the
difference of coagulative properties of metals and
organics where inter diffusional kinetic energy and
activation energy of chemical rearrangement induced
by plasma energy plays an essential role. Thus,
copper goes away from the polymerized organic
region with highly branched network structure to give
rise fractal pattern.

In a similar manner plasma-polymerized thin films
were prepared from titanium tetraisopropoxide
(TiTP) and tetramethyltin (TMT) and their morpho-
logical study was also made using TEM (Fig. 1(b) and
Fig. 1(c)).

As in the case of CuAA, plasma polymerized TiTP
film changed its color with the course of plasma
polymerization and the change in plasma power. If
the plasma duration was constant at 15 min and
plasma power at 30 W, a colorless transparent film
was formed. The film obtained under the same dura-
tion, but at the plasma power of 20 W showed light
blue. The film obtained with plasma power of 35 W,
was dark blue. Black film was obtained if the plasma
power was 50 W or higher. As well-known, titanium-
(IV) oxide is colorless transparent and titanium(II)
oxide is black. These results show that titanium ions
in TiTP are partially reduced in the course of poly-
merization to give titanium(II) oxide and other sub-
oxide. As in the case of CuAA, alternative 3—6 nm
white and 30—60 nm dark regions are seen. XPS and
SAD measurements of TiTP indicated that the black
portion is largely composed of TiOy (0=x=2) and
white region is organic matrix with the structure of
-(CH)»~.8) According to SAD investigation, the metal
is amorphous which, however, transfer to polycrystal-
line state by thermal annealing at 500 °C or higher for
15 min in vacuum but no change in chemical compo-
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sition occurred.

Contrast to the films of CuAA and TiTP, films
obtained from TMT were always colorless transparent
in the range of experimental conditions (plasma
power: 20—100 W, plasma duration: 10—300 min. In
this case oxygen was supplied in the course of poly-
merization with the flow rate of 30 mlmin-! to give
tin oxide.). However, TEM photograph obtained
showed the morphology consisting two phase of oxid-
ized tin and organic region. The size of metal clus-
ters are much smaller than preceding cases: 1—15 nm
of tin oxide and 10 nm of organic matrix (Fig. 1(c)).

It was found that the textures of Fig. 1(b) and Fig.
1(c) also took fractal patterns as shown in Fig. 2(b) and
Fig. 2(c) and the fractal dimensions were calculated as
1.94 and 1.92, respectively. Thus, it is clear that
plasma polymerization of metal-organic compounds
under certain conditions can bring about fractal pat-
tern consisting of metal region and organic matrix,
the dimension of which is dependent on the chemical
structure of starting compound.

At present, it is rather difficult to illustrate the every
chemical processes caused by plasma reaction, since
the formation process of the film is too complicated.
However, using experimental data of the polymeriza-
tion of metal-containing compounds obtained by E.
Kay,10 H. Biederman,'12) and ourselves,31415 we
can roughly illustrate the formation process of metal-
organic layers as follows (Fig. 3): Initially, the ionized
metal atoms of the metal-organics are reduced to
metallic atoms by gaseous plasma which is abundant
in energetic electrons:

M + nem— MO @)

METAL-CONTAINING ORGANIC MONOMER

*Plasma Reduction
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Fig. 3. Process of fractal pattern formation of
plasma polymerized metal-containing polymeric
films.
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then these reduced metal atoms diffuse away and
aggregate randomly by thermal fluctuation to give
microscopic ‘“‘nucleases” of metals. Consequently, 4.0 '-.—-————"'.
the “nucleases” agglomerate and form isolated clus-
ters. Here, the interfacial energy of metal and
organic layers at the grained boundary may play an
essential role. Because this process is similar to the
DLA model and it can be imagined from microscopic
view that these clusters are isolated dendrform fractal
patterns and time changing with the growth of the
cluster. However, from a macroscopic view, the clus-

/ Scm—1l
N
=

0.0}

—2.0-._..4

Log (0)

ters have not fractal characteristics and with increase -4.0}

in volume fraction of metals in the film, the size and 1 1 1 ’
number of the clusters increase and begin to connect 0 5 10 15 20
with each other, and eventually, a macroscopic fractal Time / min

pattern as shown in Fig. 1 is formed. The last pro- a) CuAA

cess bears some analogy to the metal-insulator perco-
lation transition model. Computer simulation of
this percolation transition showed us that the fractal or
dimension D and P which is the fraction of metal
containing in the film are 1.8961617 and 0.75218 )
respectively. Results obtained in Fig. 2 indicate that /
the fractal dimension and volume fraction of metal are
approximately coincide with those of simulated one.
As be presumed from this percolation transition
model, the electric conductivity increased abruptly
when percolation transition took place in the plasma
polymerized metal-organic films and this is clearly
shown in the cases of plasma polymerized CuAA,
TiTP and TMT films (Fig. 4). In all these cases,
abrupt increases of electric conductivity are seen, indi- , , , ,
cating that the independent clusters formed in the 0 10 20 30 40
course of polymerization grew large enough to organ- Time / min
ize contineous morphological structure at this point. b) TiTP

From interdiffusion and agglomeration methods of
crystalline Au, Zheng et al. obtained Ge/Au/Ge sand- 0
wich films and they observed that the lower the P
annealing temperature, the less the fractal dimension
of the fractal. Therefore, an annealing at higher
temperature bring into the formation of island-like
structure, and not into the random network.1® If the
actual growth of fractals in our case is largely con- -2 F
trolled by diffusion process, it may be correlated, to
the bonding energy of starting compounds, and the
lower the energy of cleavage of metal-organics, the
easier to be activated and to form metal atoms.
Because metal atoms can easily diffuse away from the
organic matrix and give more number of ‘“‘nucleases”,
they give the fractal pattern with higher dimension.
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CuAA may have the lowest binding energy because it Time / min

is the coordination bonding between copper and oxy- c) TMT

gen. The binding energy of tin-carbon covalent Fig. 4. Dependence of conductivity of plasma poly-

bonding is 231 k] mol-! and that of titanium-oxygen merized metal-containing polymeric films on

is 606 k] mol-1.  This seems to be in conflict with our plasma duration. a) CuAA, plasma power: 100 W,

experimental results because TiTP has the highest substrate temperature: 215°C. b) TilP, plasma
. . . . power: 50 W, Substrate temperature: ambience. «¢)

bonding energy and has the highest fractal dimension. TMT, plasma power: 20 W, flow rate of TMT:

Although, we have not any information to explain 1.5X10~% mlmin-! (STP), flow rate of Oz 30

this result at present, these experimental results mlmin-! (STP).
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allowed us to conclude that the formation process of
metallic layers is not predominant for determining the
fractal pattern, but the formation of organic layer
plays more important role for it. The formation of
organic layer is essentially a chemical process and its
chemical structure is determined as a result of vigor-
ous chemical rearrangement (cleavage and recombina-
tion of chemical bondings, elimination of atoms, etc.)
of constituent atoms which is solely associated with
the chemical structure of ligand molecules. In any
cases, detailed kinetic and morphological study in
correlation with plasma energy should be made.
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