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Electrical conductivity and thermoelectric power
of highly graphitizable poly(p-phenylene vinylene) films
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The electrical conductivity and thermoelectric power of poly(p-phenylene vinylene} films have
been studied as a function of heat-treatment temperatures (HTT's) up to 2900'C. The electrical
transport is found to turn from a three-dimensional variable-range-hopping mechanism to metallic
conduction by heat treatment above 800'C. The electrical properties of the films with HTT's higher
than 2900'C are shown to be those of well-graphitized carbon.

I. INTRODUCTION

Conducting polymers with highly conjugated tr-electron
systems have attracted much interest in both fundamental
and practical points of view since the discovery of novel
properties of AsF5-doped polyacetylene. '

Intensive studies on polyacetylene with the simplest
molecular structure have been performed. However, the
chemical instability of this substance in air limits its prac-
tical application. This limitation promotes interest in
air-stable conducting polymers such as poly( p-
phenylene)2' and polythiophene. 4

From this point of view, graphitic materials such as
polyacenic material, ' are also very interesting as a new

type of conductor. The graphitic materials are very air
stable and are expected to show the metallic properties
due to the suppression of the Peierls distortion charac-
teristic to one-dimensional materials, by the formation of
two- or three-dimensional conjugated system.

One of the preparation methods of graphitic materials
is a heat treatment (pyrolysis) of the insulating polymer.
The properties of pyrolysis polymers based on po-
lyimides, ' phenolformaldehyde resin, etc. , have been
studied. The physical properties of pyrolyzed polymers
are dependent upon the starting polymer.

Very recently, Murase et al. reported that high-quality
films of poly(p-phenylene vinylene) (PPV) can be prepared
by casting the precursor film' and heat-treated PPV
films indicate high electrical conductivity, " comparable
to that of highly oriented pyrolytic graphite (HOPG)' or
highly ordered benzene-derived graphite fiber (BDF).'s

However, detailed electrical properties like temperature
dependence of electrical conductivity and thermoelectric
power have not been reported.

In this paper, we will report the results of electrical
conductivity and thermoelectric power measurements for
the heat-treated poly(p-phenylene vinylene) films prepared
by Murase's method„' and will discuss a conduction
Hlechanism in coGlpanson with graphite.

II. EXPERIMENT

Poly(p-phenylene vinylene), PPV, films were prepared
by the method of Murase et al. ' Namely, a polyelectro-
lyte was derived by adding an ion-exchanging resin into

p-xylene (diethylsulphonium bromide) dissolved in water.
A precursor film was then prepared by casting from the
aquceus solution of the polyelectrolyte and then it was
subjected to a heat treatment at 200'C for 1 h under vacu-
um. By this procedure, an unstretched PPV film was ob-
tained, and stretching of the films was effected at the
same time with the heat treatment. In this study, un-
stretched films and fourfold stretched films were used.

The pristine films (unstretched and fourfold stretched
film) were sandwiched between two graphite blocks and
then were heat treated at various temperatures between
600—2900'C for 1 h in an Ar atmosphere. For the low-
temperature heat treatment ( & 1000'C), we used an elec-
trical furnace with SiC resistance, and for the heat treat-
ment at temperatures above 1000'C, a graphite-tube resis-
tance furnance with a high-purity argon atmosphere was
used.

The samples for electrical measurements were cut out
into a small rectangular chip (about 1)&10 mm ) and the
electrical properties were measured along the film surface.
The electrical conductivity was measured by a convention-
al two- or four-terminal method. The electrical contacts
between the sample and lead wire were made using silver
paint or carbon-containing paste (Electrodag).

For the thermoelectric power measurement, a rectangu-
lar sample was mounted between two copper blocks using
conductive paste. The temperature difference of both
ends of the sample was set to +1.0'C by alternatively
heating one of the copper blocks. The thermoelectric
power at temperature T was measured by taking an aver-
age for the two cases of inverse temperature differences.
The measurements of ambient temperature and tempera-
ture difference were performed utilizing an Alumel-
Chromel differential thermocouple. Detailed procedures
of thermoelectric power measurement have already been
reported in our previously written paper.

III. RESULTS AND DISCUSSION

A. Electrical conductivity

Figure 1 shows the room-temperature electrical conduc-
tivity of unstretched PPV films as a function of heat-
treatment temperature (HTT). The room-temperature
conductivity of the films is remarkably enhanced at
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FIG. 1. Room-temperature conductivity of PPV film as a
function of HTT.
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FIG. 2. Temperature dependences of electrical conductivity
for the pristine and heat-treated PPV films.

around 600'C. This remarkable enhancement seems to
originate from the increase of carrier density due to the
carbonization by reduction of hydrogen. The next flat re-
gion for the HTT between 1000 and 2000'C, which is ob-
served in most of soft carbon, results from the compensa-
tion effect between the crystalline growth and the decrease
in carrier density. The third region for a HTT higher
than 2000'C, which is characterized by a rapid increase of
the conductivity, corresponds to the development of the
three-dimensional graphite structure. This behavior is
consistent with that of soft carbon.

Ohnishi et al. " reported such behavior in biaxial three-
fold stretched PPV film. And they indicated that the
room-temperature conductivities of unstretched and biax-
ial threefold stretched films for a HTT of 3000'C are as
high as 1.4X10 and 1.6X10 S/cm, respectively, which
are comparable to those of HOPG' and BDF.' In this
study, the unstretched film for a HTT of 2900'C exhibit-
ed room-temperature conductivity of 8100 S/cm. It is
surprising that such high conductivity can be obtained
from unstretched PPV film by high-temperature treat-
ment.

Temperature dependences of electrical con~ ~ity in
the pristine film and films heat treated below 1000'C are
indicated in Fig. 2. The activation energies at room tem-
perature are 540 and 3 meV for the pristine and 1000 C-
treated films, respectively.

Figure 3 shows the plots of logo and T '~ in the films
heat treated below 1000'C. It is seen from Fig. 3 that the
behaviors of a(T) of all samples are well fitted by the
T function. These linearities suggest that the carrier
transport by the three-dimensional variable-range hopping
(3D VRH) process'5 is working in these materials as it is
in the cases of amorphous carbon' and the pyrolyzed in-

sulating phenolformaldehyde resin.
The 3D VRH mechanism is represented by the follow-

ing equation

cr( T) =uoexp
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FIG. 3. The plots of logo versus T '~~ for the pristine and
heat-treated PPV films.

where o o and To are a constant and an exponential factor,
respectively. The exponential factor To in Eq. (1) is
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decomposed into

16a
kgb(EF) '

where a ', ks, and X(EF) are the radii of the localized
states wave function, Boltzmann's constant, and density
of states at Fermi level, respectively.

For the estimation of the density of states at Fermi lev-

el N(EF), we used a value of 10 A for a ' as a typical
value as in the case of sputtered amorphous carbon filin. '

The exponential factor To and the density of states at
Fermi level N(E~) in the heat-treated films evaluated by
these procedures were summarized in Table I.

The values of N(EF) in the pristine and 600'C-treated
films are 1.8X10' and 1.1X10"states/eVcm, contrast-
ed with 10' states/eVcm of sputtered amorphous carbon
film. ' On the other hand, the values of N(EF) in heat-
treated films for HTT's higher than 800'C, are in excess
of 10z states/eVcm, which is unreasonable, resulting in
the interpretation that the 3D VRH mechanism is not at
work in the films heat treated at higher than 800'C.

Assuining both strongly scattering metallic conduction
and a 3D VRH process for these films, temperature
dependence of conductivity is fitted by the following rela-
tion:

o ( T)=o(0)+pro exp

where o(0) represents zero-temperature-limit conductivi-
ty. In this analysis, o(0) was obtained from extrapolation
of tr( T) versus the T plot. The value of To obtained from
log[cr(T) —cr(0)] versus the T 'r plot and N(EF) were
evaluated to be in the order of 10 —105 K and 10 '—102~

states/eV cmi, contrasted with 10 K and 102

states/eV cm of pyrolytic poly(p-phenylene-1, 3,4-
oxadiazole). '

From these results, it can be considered that the 3D
VRH process is not the activator in these samples heat
treated at higher than 800'C, but the metallic conduction
is likely the mechanism. However, the temperature
dependence indicates that the activated type of conduction
is still working. This dependence should originate from
the carrier hopping process among the conducting carbon-
ized metaihc fragments. This interpretation is similar to
that of pyrolyzed phenolformaldehyde resin.

Figure 4 shows the temperature dependence of electrical
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FIG. 4. Temperature dependences of electrical conductivity
for the films hest-treated at temperatures higher than 800'C.

conductivity in the films heat treated at higher than
800'C. The temperature dependences of the film heat
treated at higher than 1000'C are very small, but the con-
ductivity of most of them decreases slightly with decreas-
ing temperature. Only the 2900'C-treated film indicated
the slight increase of conductivity at higher temperature
and the maximum w'as observed at around 230 K. This
behavior is similar to that of pyrolytic graphite' heat-
treated at higher than 2750'C or 2800'C-treated BDF.'
These temperature dependences suggest that the heat-
treated PPV film is well graphitized carbon and the
2900'C-treated sample is a highly conductive graphitelike
film.

10-

B. Thermoelectric power

Figure 5 shows the room-temperature thermoelectric
power (TEP) for the heat-treated unstretched PPV film as
a function of the HTT. All the samples showed small
TEP's, but the sign of thermoelectric power changed from

TABLE I. Exponential factor To and density of states at
Fermi level N(E~) evaluated from T ' dependence of con-
ductivity.
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FIG. 5. Roon-temperature thermoelectric power of heat-
treated PPV film as a function of HTT.
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positive to negative at the HTT between 2000 and 2650'C,
indicating hole conduction for the samples heat-treated
below 2000'C and electron conduction for the films heat-
treated at higher than 2650'C. The decrease of the posi-
tive TEP with an increasing HTT from 800 to 1000'C
was observed at first and then the TEP increased with an
increasing HTT. This decrease of the positive TEP is ex-
plained by an increase in the concentration of excess
holes. The increase of the positive TEP for the sample of
a HTT higher than 1000'C should originate from the de-
crease of hole concentration because of the growth in
crystallinity. The fact that the electrical conductivity was
enhanced in the sample with lowered hole concentration
by the HTT above 1000'C should suggest that the carrier
mobility increased in this sample. Furthermore, at a
HTT&1000'C, the TEP of the present film shows the
similar HTT dependence to that in graphitized carbon. '

The TEP increases to a peak value of 7 }uV/K at a HTT
of 2000'C, and subsequently decreases. The sign inver-
sion takes place between 2000 and 2650'C, and at a
HTT & 2650'C, the negative value increases. The TEP of
the film for a HTT=2900'C is —4.7 pV/K, which
should be contrasted with —4 pV/K of Kish graphite. '

The temperature dependences of TEP in PPV films for
various HTT's are shown in Fig. 6. The nearly linear
dependence is known to be characteristic of near-filled-
band metallic systems. The TEP's of p-type near-filled-
band metalhc systems is usually analyzed by the following
formula:

Q (EF ) ir2 kiiS(T}= kg T = kaTrI(EF),

(4)

where n(E+) is the carrier density at Fermi level and
rj(E~) is the density of states at Fermi level per carrier.

However, the observed temperature dependence of TEP
slightly deviates from linear dependence. Therefore, as-
suming that both near-filled-band metallic conduction and
hopping processes are working in the films obtained by
heat-treatment at temperatures lower than 2000'C, the
temperature dependence of TEP is represented by the fol-
lowing equation:
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FIG. 6. Temperature dependences of thermoelectric power
for the heat-treated PPV films.

change from negative to positive was not observed within
the temperature range studied in this experiment
(300—200 K), contrary to Kish graphite in which sign re-
versal was observed at around 200 K.'

From these TEP measurements, the three-dimensional
graphite structure is considered to be well developed in
PPV film by the high-temperature heat-treatment
(HTT=2900'C), so that we can expect to observe a
phonon-drag effixt in TEP for the 2900'C-treated film in
a lower-temperature range.

C. Heat-treatment of stretched PPV film

10

Temperature dependence of electrical conductivity in
the fourfold stretched PPV film for a HTT of 1000'C is
shown in Fig. 7. The fourfold stretched PPV film exhib-
ited room-temperature conductivitics parallel and perpen-
dicular to the stretching axis of 420 and 130 S/cm.
Furthermore, the conductivity parallel to the stretching
axis (o ~~) is three times as high as that of unstretched film,
and the conductivity perpendicular to the stretching axis
(oi) is just smaller than that of the unstretched film.

S(T)=AT+BT'~i, (5)

where A and 8 are the temperature-independent con-
stants. In comparison with Eq. (5), A can be expressed as
the following:

ka
A = rj(EF} .

3 fe/
(6)

The temperature dependences of TEP in these samples
were examined with Eq. (5). From the obtained A values
and Eq. (6), rI(E+) in these films were evaluated to be
1.88, 0.82, and 1.56 states/eV carrier for a HTT of 800,
1000, and 2000'C, respectively. The negative TEP's for
the films heat-treated at temperatures higher than 2650 C
decrease with decreasing ambient temperature, as is evi-
dent from Fig. 6, and this dependence is very similar to
that of graphitized coke. ' However, in these films, a sign
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FIG. 7. Temperature dependences of electrical conductivity
parallel (o~~) and perpendicular (o~) to the stretching axis in
fourfold stretched PPU film for a HTT of 1000 C.
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However, temperature dependences of o~~ and crt were
much the same with that of the unstretched film, and the
activation energies were in the order of meV in both direc-
tions.

Figure 8 indicates the temperature dependence of TEP
for fourfold stretched PPV film heat-treated at 1000'C.
From Fig. 8, there so:ms to be no difference in TEP be-
tween parallel and perpendicular to the stretching direc-
tion at first appearance. However, from the analysis with

Eq. (5) we find A =0.03„$= —0.24 for the TEP perpen-
dicular to the axis and A =0.02, 8 =—0.08 for the TEP
parallel to the stretching axis. Utilizing these A values
and Eq. (6), the values of rl(EF) were evaluated to be 0.82
and 1.23 states/eV carrier for the direction to parallel and
perpendicular to the stretching axis.

The TEP perpendicular to the stretching axis originated
from hopping process (T'ix) was much larger than that
parallel to the axis. This result suggests that heat-treated
stretched PPV indicates well-ordered structure along the
direction of stretching axis, so that carrier mobility paral-
lel to the axis is larger than that of perpendicular to the
axis. Therefore, the anisotropy of electrical conductivity
should result from this difference of carrier mobility. It
can be considered that the stretched film for a HTT of
1000'C consists of the conducting carbonized metallic
fragments, which are well ordered along the stretching
axis, but the dc conductivity is limited by the carrier hop-
ping process between these fragments.

IV. CONCLUSION

We have performed detailed electrical conductivity and
thermoelectric power measurements in the poly(p-
phenylene vinylene) films for the various heat-treatment
temperatures. The results of this study can be summa-
rized as the following:

(1) The heat-treatment temperature dependences of con-
ductivity and thermoelectric power are similar to those of
soft carbon. By the heat-treatment at 2900'C, even the
unstretched film is converted to the highly conductive
graphitelilte material. This interpretation is supported by
the negative thermoelectric power at room temperature
and temperature dependences of conductivity and ther-
moelectric power.

(2) The carrier transport process in the films heat-

0
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FIG. 8. Temperature dependences of thermoelectric power
parallel (S~~) and perpendicular (S&) to the stretching axis in

fourfold stretched PPV film for a HTT of 1000'C.
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treated below 600'C can be interpreted by the three-
dimensional variable-range hopping mechanism. On the
contrary, the electrical transport in the films for a
HTT&800'C is found to turn into metallic conduction.
However, the dc conductivity is suppressed by the carrier
hopping among the metallic conducting fragments.

(3) The fourfold stretched film heat treated at 1000'C
showed an anisotropy in the conductivity. This anisotro-

py can be explained by the difference of carrier mobilities
parallel and perpendicular to the stretching axis, which
should originate from the preferred orientation of crystal-
lites by stretching.

From these findings, we can expect to observe the
characteristic behavior of single crystal graphite in the
PPV film heat treated at higher temperatures ( & 3500'C).

The electrical, magnetic, and structural properties in
the pristine and intercalated graphitized PPV films are
now under study.
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