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Electrical-conduction mechanisms in polymer —copper-particle composites.
I. Temperature and high-magnetic-field dependence of the conductivity
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A new method for the preparation of conducting copper-polymer composites is proposed. The
origin of the electrical-conduction mechanism in these plastics is determined from an analysis of the
temperature (T =4—300 K) and magnetic-field dependence (B =0—15 T) of the resistance. The ob-

served saturation of the conductivity at high concentrations of the metallic particles is due to elec-

trical transport across microcontacts between the copper particles. At low temperature these mi-

crocontacts are in the Sharvin regime (ballistic regime). This model for the electrical conduction
can be extrapolated to similar systems and suggests ways to e%ciently produce highly conductive
plastic-metal composites.

I. INTRODUCTION

Highly conductive plastics have found numerous im-

portant industrial applications, and are used for heating
devices, as antistatic materials, and for electromagnetic
shielding. Among the properties that contributed to
their success are their relatively low weight, ease of
manufacture, and low cost. Despite their importance and
great potential, relatively few studies of their fundamen-
tal properties have been carried out.

In this work we will report on our study of the electri-
cal conductivity of conductive plastics with the aim of
elucidating the conduction mechanisms in these systems.
These studies have been carried out on extrinsically con-
ductive plastics, which can be realized by dispersing con-
ducting particles (metal particles, carbon black, etc. ) in
an insulating polymer. ' The particles are then incor-
porated in the polymer matrix by dispersion in the mol-
ten polymer and by cold or hot compression of the
polymer-particle mixture, or by dispersion of the con-
ducting particles in a thermohardening resin.

An alternative class of conductive plastics contains in-
trinisically conductive polymers and can be realized by
chemically doping the polymer chains with either donors
or acceptors. Examples include polyacetylene, polypy-
rolle, and polythiophene. Disordered conducting sys-
tems such as the polymer —conducting-particle mixtures
studied in this work show, in general, an insulator-
conductor transition at low particle concentrations, and
the conduction pattern is very inhomogeneous and fila-
mentary. This transition is well known as a percolation
transition. At high particle concentrations the electrical
conduction becomes homogeneous throughout the sam-
ple. The threshold values of particle volume concentra-
tion at which three-dimensional extrinsically conducting
polymer systems become conducting can be as small as

1 —15%%uo, where the classical eftective-medium theory will
predict larger values. The study of this transition in
realistic physical systems can provide a good test for re-
cent theoretical predictions or computer simulations
aimed at characterizing the percolation transition in
disordered systems. In polymer-carbon-black compos-
ites one can observe the onset of electrical conduction
well before the particles make physical contact, and this
is attributed to tunneling, and different tunneling mecha-
nisms have been proposed: charge energy-barrier hop-
ping, simple tunneling of the charge carriers across the
weak polymer barriers, and thermally activated hop-
ping. More recently, the percolation transition was
also studied through the presence of electrical flicker
noise, and study of this noise in the percolation regime is
a very selective way to put recent theories to the test. '

In the high-concentration regime the resistivity of the
samples is observed to saturate at a value much greater
than the resistivity of the pure conducting phase.

It is therefore very important to know which transport
mechanism determines the conductivity and sets a limit
on the conductivity in such conductive plastics. We have
investigated the electrical conduction of highly concen-
trated particle systems by the measurements of the resis-
tivity and its dependence on temperature and high mag-
netic fields. In the polymer —copper-particle mixtures we
have found that the conductivity is principally deter-
mined by the properties of the microscopic contacts be-
tween neighboring particles.

II. ELECTRICAL CONDUCTION
IN COMPOSITE MATERIALS

Electrical conduction in composite materials has been
studied for a very long time: Already at the end of last
century Maxwell" was interested in the conductive prop-
erties of an homogeneously conducting system embedded
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with highly resistive spherical particles.
The theoretical study of conduction in composite ma-

terials has more recently focused on numerically soluble
models' ' and computer simulations. '

On the experimental front, Gurland led the first
pioneering studies of the electrical behavior of compos-
ites made by randomly dispersing metallic (silver) parti-
cles in Bakelite powder. He observed an insulator-
conductor transition at a particle volume concentration
of 37%. The very steep variation of the conductivity is
correlated to the average number of electrical contacts, b,
which becomes critical at the percolation threshold
(b, = l.3—1.5 for the three-dimensional case).

In bond-percolation analysis, this number is now
known as an approximate invariant only affected by the
dimensionality d of the network: b, =d/(d —1)=zp„
where z is the coordination number of the resistance net-
work considered and p, the critical bond-percolation
probability.

Malliaris and Turner ' and later Bhattacharya ob-
served much lower threshold values, of the order of
5 —6 %, in systems obtained by the compaction of po-
lyethylene powders with nickel or polyvinylchloride with

copper.
These composite materials are very different from the

above-mentioned system and are characterized by the
segregation of the metallic particles (of radius R ) at the
interface between the polymer particles (of radius R ).
Thus, segregation is responsible for the low percolation
threshold. The critical volume diminishes with the in-
crease of the ratio Rz lR~. In Gurland's experiments the
two types of particles (metallic and polymer) have the
same shape and the same size, i.e., a copper particle has
the same probability of occupying a position of the space
as a polymer particle.

The critical volume V, can be estimated, in terms of
the critical site-percolation probability X, and the filling

factor f of a resistance network, by V, =fX, .
In the work of Malliaris and Turner, ' this probability

is increased by the restriction on the number of space
points available for the metallic phase. De Araujo and
Rosenberg have performed experiments with epoxy
resin randomly loaded with Cu, Ag, Al, Sn, or Pb parti-
cles, and have observed conductivity threshold values
close to 40%, while Aharoni, experimenting on similar
systems, found values around 20%.

Such differences can easily be explained by the granu-
lometric distribution. At the same total volume of con-
ducting particles, a system with a broad granulometric
distribution has a lower probability of realizing inter-
granular electrical contacts than a system with a more
homogeneous particle distribution. The threshold value
for V, is also very sensitive to the random character, the
shape of the particles, and the conduction mechanism
relevant for the system considered.

Important information on the conductor-insulator
transition comes from the variation of the conductivity

o(V)=oo(V —V, )', V~ V,

where t is the critical exponent characterizing the vanish-

ing of the conductivity at the percolation threshold. The
invariant properties of the t exponent are much more res-
trictive than the critical volume for the different systems
studied.

In the discrete-percolation case, when one only consid-
ers the geometric problem of establishing continuous con-
ducting paths through the sample, this exponent depends
essentially on the dimensionality of the system of parti-
cles. In such a problem the particles are either in contact
or not.

In real systems, as in the polymer —conducting-particle
composites, some of the particles can be oxidized, for ex-
ample, and thus give rise to a distribution of values of the
contact conductance. The problem should then be ana-
lyzed as a continuous percolation. Recently, Balberg
has shown in polymer —carbon-black systems that the
particles morphology inAuences the distribution nf dis-
tances separating particle aggregates. Spherical particles
give a broad distribution of intergranular separations. As
tunneling conduction is very sensitive to the distances be-
tween aggregates, values of the critical exponent t can be
as high as t =4 (and one approaches the continuous per-
colation problem). For the very irregularly shaped
carbon-black particles, the distribution of intergranular
distances is narrower and one gets value of the exponent t
between 1.6 and 1.7, close to the discrete-percolation
value in three dimensions. The continuous-percolation
model can be applied to other systems such as the Auid-

Aow experiments in a porous medium.

III. SAMPLE CHARACTERIZATION
AND MEASUREMENT TECHNIQUE

The conductive plastic is produced by dispersing
cleaned copper particles in polystyrene. Copper will rap-
idly oxidize even at room temperature, so the copper
powders obtained from commercial sources cannot be
used directly.

Several different oxide-cleaning procedures have been
tried out to eliminate the oxide coating on the copper
particles, and their effectiveness has been compared with
respect to the conductivity values obtained after their in-
corporation into the polystyrene: reduction with hydro-
gen, and chemical attack with nitric acid or hydrochloric
acid solution. This last method was selected as the most
effective.

Hydrogen reduction was at a disadvantage, because it
leads to sintering of the powder. Cleaning in nitric acid
solution is not satisfactory because of the competition be-
tween the acid and the oxidizing character of the reagent.

%e have used two copper powders of different shape
(spherical, irregular), but with the same granulometric
distribution (see inset of Fig. 1, average diameter 12—15
pm). This permitted us to compare the shape effect on
the conductivity values of the composite.

The cleaned copper powder is brought into a xylene-
polystyrene solution without exposure to the air and at
room temperature. This solution has strong
deAocculating properties and allows an homogeneous
dispersion of the powder in the polymer matrix. The
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FIG. 1. Percolation transition in the dependence of the resis-
tivity per unit area of the copper-particle —polymer composites
on the particle surface concentration. CI, irregular powder; +,
spherical powder. The inset shows the particle-
diameter —distribution histogram of the spherical powder.
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solution is deposited on 5 X 5-cm glass slides. After slow
evaporation of the solvent in ambient atmosphere over a
few days and in a vacuum of 10 Torr for 1 d to remove
any solvent traces that could give rise to ionic currents,
we obtained films with a two-dimensional particle distri-
bution [see Fig. 2(a)], slightly transparent at the percola-
tion threshold. The samples are conductive on one sur-
face of the film only. In the high-concentration limit the
particles fill the film over its entire thickness and the con-
duction is three dimensional [Fig. 2(b)].

Measurements of the electrical resistance were made
with the usual four-probe technique. Electrical contacts
were made by copper electrolysis, which produced a reli-
able and intimate contact with the conducting path in the
polymer composite. For temperature-dependent mea-
surements we used a helium-Aow cryostat. For the trans-
verse magnetoresistance rneasurernents, Bitter magnets
(maximum field in this study of 15 T in 6-cm bore) were
used. For those measurements we inserted the samples
into a bath cryostat cooled with nitrogen or liquid heli-
um. In this manner we could avoid temperature drifts
that could possibly have given resistance variations in ex-
cess of the small magnetoresistance variation we wanted
to measure.

Two different measuring techniques allowed us to rnea-
sure 0.01% variations in resistance. The first method was
the usual synchronous detection used to measure weak
nonlinearities in resistance. With the second method, the
dc voltage across the sample was measured with a Keith-

FIG. 2. Cross-sectional views of copper-particle —polymer
samples: (a) low-particle-concentration limit (percolation-
threshold limit); (b) moderately high particle concentration, just
before the particles fill the entire film thickness.

ley model 181 nanovoltmeter connected with twisted and
uninterrupted copper wires to the electrodes on the sam-
ple. The current direction through the sample was in-
verted three or four times, and the values V+ and V
extrapolated on a XY recorder to the inversion times, al-
lowed us to eliminate temperature-dependent thermoelec-
trical effects important in the measurements on the com-
pact powders (low-resistance values, R = 10 0).

IV. RESULTS

Figure 1 shows the conductor-insulator percolation
transition in units of resistivity per unit area, as the sur-
face particle concentration is reduced. Data for two
powders of different grain shapes are presented: + for
spherical particles and for nonspherical particles.

The surface concentrations at the percolation thresh-
old, S, , h„,„j= 147% (i.e., 1 —,

' layers) and S, ;„„s„&„
=77%, are higher than the values expected for discrete
percolation, i.e., S, =50%%uo. The percolation curve is not
only determined by the number of conducting paths that
will diminish with 1owering of the particle concentration,
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but also by the number of particle layers over the width
of the polymer film. This made it impossible to experi-
mentally determine the critical transition exponent t [Eq.
(1)] by simply varying S.

It is also noteworthy that the value of the conductivity
obtained in the high-concentration limit is between 100
and 1000 times higher than the values found in the litera-
ture for similar systems [o =10 —10 (Qm) '],'
without applying any pressure. This improvement is due
to the low-temperature solvent-preparation method, to
the weak affinity of the polymer for copper, to the
copper-particle cleaning method, and to the presence of
oxidation inhibitors in the industrial polymer used. '

The limiting resistivity of the highly concentrated com-
posite films, however, is found to be 10 —10 times higher
than for pure metallic copper (p = l.7 X 10 0 m). The
observed high values for the saturation of p and for the
percolation threshold suggest a poor conduction mecha-
nism dominated by contact between particles. These con-
tacts are small compared to the radius r of the particles
and their size can be estimated from the Hertz formula
for the radius of contact, a, between spherical particles:

a =(Pr/E)' =1.3X10 m, (2)

where P is the load applied to the contact (proportional
to the weight of a copper particle) and E is the Young
modulus of copper. The value of a in Eq. (2) corresponds
to a typical contact size calculated with r =6 pm.

Observation with optical and electronic scanning mi-
croscopy shows a random close packing of the particles
(see, for example, Fig. 2). The volume occupied by the
particles is then close to 52%, the value expected for a
close-packed cubic lattice. The total resistance R of
such a lattice as a function of the contact resistance(r„„„„)is given by

34) and cannot be understood in terms of tunneling or
conduction through oxidized contacts. The latter two
mechanisms would produce higher resistance values. In
Table I we have also given the low-temperature (4 K)
values for I estimated from the measured resistivity of the
two copper powders, tightly compressed (at p = 5 X 10s

Pa) in the absence of the polymer. The difference be-
tween the mean free paths for the different powders, near-
ly a factor of 6, is interpreted as due to dislocations intro-
duced in the manufacturing process.

In the ballistic regime the contact resistance, r„„„„,
can be estimated from the Sharvin expression, Rso, and
can be written as '

4 pl
contact SO 3K g

(4)

In the third column of Table I an estimate is given of the
contact radius as, obtained using Eq. (4). According to
Eq. (4), and because the resistivity p is inversely propor-
tional to the mean free path, the contact resistance must
be independent of temperature T and applied magnetic
field 8:

Rso(T, B)—Rso(T=4 K, B=0) =0.
Rso( T=4 K, B =0) (5)

10-

Figures 3 and 4 show, for comparison, the variations of
the resistivity with temperature and with magnetic field
of a highly concentrated composite sample and of a sam-
ple of pure compressed powder. At low temperatures the

d —2R =
rcontact ~~ (3) 4 24-

8-~
aah

O
I

where L is the length of the system normalized to the
particle radius and d the dimensionality of the lattice.

In our highly concentrated samples, different mecha-
nisms for electrical conduction between the particles may
be present: metallic contacts, tunneling (as is observed in
other similar systems at the percolation transition), and
conduction through oxidized contacts.

Table I gives an estimate of the average contact resis-
tance r„„„„usingEq. (3) with d =3 and the value of
resistance R for the composite samples of spherical and
irregular copper particle powders. The values in Table I
are typical for the resistance of a point contact in the
ballistic regime, when the mean free path of the electrons,
1, is greater than the radius of the contact (1)&a ) (Ref.

TABLE I. Estimate of interparticle contact radius.
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FIG. 3. Variation with temperature of the resistance of
copper-particle —polymer samples: +, composite material; 0,
compressed powder. The inset shows that apart from a scale
factor the temperature dependence is the same for both samples
( 0, composite material; solid line, compressed powder).
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FIG. 4. Variation in magnetoresistance hR(B)/R(0) ob-
served at T=4.2 K in the pure compressed powder ( ), com-
pared to the very weak variation observed in a highly concen-
trated copper-particle-polymer composite sample (+). The
solid line represent results of Ref. 41 for the magnetoresistance
of polycrystalline copper.

magnetic field dependence of the resistance of the com-
posite is found to be negligible, in agreement with Eq. (5);
however, significant variations of resistance with temper-
ature are observed (between 25% and 45%), depending
on the type of powder and its concentration in the ma-
trix.

From the inset of Fig. 3, which also shows the temper-
ature variation of the resistance of pure copper (measured
in the tightly compressed pure powders), it can be seen
that the temperature dependence of the resistance of the
composite material is quite similar and that, therefore,
the same mechanism as in the bulk, i.e., the electron-
phonon interaction, must cause this temperature depen-
dence. This characteristic temperature dependence of the
resistivity of pure copper definitively eliminates tunneling
as the possible principal conduction mechanism. The
Sharvin contact resistance does show some temperature
dependence not taken into account in Eq. (5). Indeed, in-
cluding electron-phonon scattering, one finds

R (T)=R +S SO (6)

From Eq. (6) one can get a second independent estimate
of the average dimension of the contact as2, and these
values are also listed in Table I. The agreement with the
other estimate of the contact dimension is remarkable
when one considers the great number of such contacts in
the system and the fact that this last estimate of a is in-

bR(B) APC (B)
R pc

(8)

This model for the heavily loaded copper-
particle —polystyrene composites can be extrapolated to
other conducting-particle —polymer systems.

In the case of 2-pm graphite sheets dispersed in polys-
tyrene, Quivy et al. have carried out similar measure-
ments at low temperature and in high magnetic fields. In
their case they observed a supplementary term in the
Sharvin contact resistance due to the two-dimensional
character of conduction in graphite.

In some experiments we carried out on a moderately
high concentration of carbon-black —polymer systems, we
have also found temperature variations similar to pure
carbon black. This is not surprising given the strong ten-

dependent of possible inhomogeneities of the conducting
paths through the sample. Indeed, let us make the
reasonable assumption that there is no variation of the
number of conducting paths through the sample when
the sample is cooled.

We find that the ratio of the contact dimension of the
two powders ( =2) is the inverse of the ratio of the criti-
cal concentrations S, at the percolation threshold for the
different sample types (irregular or spherical particles).
This shows that the percolation transition in these sys-
tems depends more on the type of contact and the mecha-
nism of conduction (i.e., continuous percolation) than on
the geometric interconnection probability at the thresh-
old (i.e., discrete percolation). As can be seen in Fig. 4,
we have observed a variation of the resistance of =28%
in magnetic fields up to 15 T and at low temperature for
compressed (spherical and irregular) powders. The ob-
served linear field dependence at low temperature can be
explained in the high-field limit for electron transport
(when co, r » I, where co, is the cyclotron frequency and
r the electronic relaxation time).

Also in Fig. 4 we have compared the measurements of
Luthi ' on pure polycrystalline copper with out data for
the irregular compressed powder. The experimental er-
ror is smaller than the symbols in the graph. The good
agreement between these data also support our interpre-
tation of the results on the high-concentration irregular
composite samples previously discussed.

On the other hand, for spherical-particle powders there
is a slight difference with the variation of the resistivity of
bulk copper, This may be related to the less satisfactory
compaction of the spherical-particle powder, which can
lead to an overestimate of the resistivity ratio used for the
comparison with the results of Ref. 41.

At high temperature, however, we find quadratic mag-
netic field dependence of the order of a few tenths of a
percent, typical for pure copper in this temperature
range. In this case the contact resistance will be limited
by the electron mean free path and is given by Maxwell's
expression (I ((a ) (Refs. 32, 37, and 43):

R =p/2a,
and the magnetic field dependence of the resistance will
be, as in pure copper, pz„(B):
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dency for the particles to form long continuous aggre-
gates, which makes these systems well conducting with a
very low percolation threshold.

V. CONCLUSIONS

We have developed a preparation method of reproduci-
ble, highly conductive copper-particle —polystyrene com-
posites, and have shown on the basis of magnetic field
and temperature dependence that the conductivity in the
high-concentration limit can be explained by electron
transport through Sharvin-type metallic microcontacts.

We suggest that four important points be considered to
achieve high-conductivity values in polymer-metal com-
posites.

(1) A good oxide-cleaning method for the metallic
powders.

(2) The introduction of the powder in the polymer
without temperature elevation and exposure to air. The
high-pressure compression usually done in industrial

manufacturing must be realized after the particles are in-
corporated into the polymer matrix.

(3) The choice of a polymer with weak affinity for the
metal considered. The polymer solvent dispersion tech-
nique seems to be good because it promotes intimate
metal-metal contact after the solvent evaporation to the
detriment of the polymer-metal interface.

(4) Finally, the use of the most irregularly shaped parti-
cles that permit large stable electrical contacts linking the
particles.
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