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Non-Ohmic Behavior of cis-Polyacetylene Doped with AsF5

Kell Mortensen, ~'~ M. I. W. Thewalt, and Yaffa Tomkiewicz
IBM Thomas J. Watson Research Center, Yoxktozon Heights, New York 10598

T. C. Clarke and G. B. Street
IBM Research Laboratory, San Jose, California 95193

{Heceived 9 May 1980)

Detailed conductivity measurements on cis-(CH)„doped with AsF~ as a function of elec-
tric field for various temperatures are reported. For concentrations well below the semi-
conductor to metal transition, an exponential dependence of the resistance on the recipro-
cal of the electric field is observed. This result is consistent with a model of metallic
domains embedded in a dielectric. It is their charging energy which determines both the
temperature dependence and the field dependence of the conductivity. Non-Ohmic effects
for concentrations above the transition are also discussed.

PACS numbers: 72.80.Le, 72.20.Ht

Extensive interest in the conjugated organic
polymer (CH), was generated by the demonstra-
tion that doping by AsF, or various halogens in-
creases its conductivity by up to twelve orders of
magnitude. ' Because the alternation of C-C bond
lengths of the pristine polymer gives rise to a
gap in the middle of its m-electron band, the in-
crease of conductivity was originally interpreted
according to the traditional model for a doped
semiconductor. Namely, that at low dopant con-
centrations, the carriers are trapped by dopants
and the conductivity is activated, while at higher
concentrations a Mott transition to impurity band
conduction occurs. In this interpretation any

gross carrier-density inhomogeneities were ig-
nored. More recently, it has been recognized
that since dimerization is a Peierls distortion,
the change of electron concentration with doping
can have two different consequences: It could re-
sult in the distortion becoming incommensurate
but uniform, or it could result in the formation
of charged domain walls between uniformly di-
merized domains —so called ~-phase kinks or
charged solitons. These solitons were shown to
be energetically favorable compared with band
carriers in a uniformly dimerized polymer. ' '
While the transition from semiconducting state
with soliton carriers to the high-conductivity
state could be in principle a Mott transition, ex-
perimental evidence has been given to argue
against it. Instead, it was suggested "that the
transition is a commensurate-incommensurate
transition, which, however, was still seen as in-
trinsic to regions of relatively homogeneous car-
rier concentration. Recently, ""it was argued
that the doping is so inhomogeneous as to lead to

formation of metallic clusters in [CH(AsF, ),]„
even for y = 0.003, well below the critical concen-
tration for the semiconductor to metal transition
which was claimed to be 0.01-0.02 from trans-
port data" and larger than 0.02 from susceptibili-
ty data" Moreover, conductivity changes that
have previously been interpreted as arising from
a transition within the doped region mere" attrib-
uted to a change in the topology of these regions,
i.e. , the occurrence of a percolation threshold.

In this paper, we present detailed conductivity
measurements on cis-(CH)„doped with AsF, as a
function of electric field (E) for various tempera-
tures. For concentrations well below the semi-
conductor to metal transition, we observe an ex-
ponential dependence of the resistivity on 1/E
These results are consistent with a picture of
metallic domains embedded in a dielectric with
the charging energy determining both the temper-
ature dependence and the field dependence of the
conductivity. This finding is in excellent agree-
ment with previous suggestions"" for phase sep-
aration between the doped and undoped parts of
the polymer and formation of metallic clusters
in the doped parts.

Polyacetylene films were prepared at 195 K ac-
cording to the general procedure of Ito, Shiraka-
wa, and Ikeda. " Doping was accomplished by ex-
posure of pristine films to AsF, vapor at a pres-
sure of -0.1 Torr. After doping, all samples
were pumped at -10 ' to 10 ' Torr dynamic vacu-
um for at least one hour before use. The dopant
concentration was determined by weight uptake
in reference samples exposed simultaneously and
by microprobe measurements. The temperature
dependence of the Ohmic conductivity was ob-
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tained by a conventional four-probe technique.
The field dependence of the conductivity was ob-
tained in a two-probe configuration, with the 10-
mm' contacts being applied with silver paste
across the thickness of a 50- p. m polyacetylene
film. In this configuration, fields up to 6 &&10' V/
cm could be achieved. In order to minimize sam-
ple heating, the I-V characteristics were meas-
ured with a pulsed technique with typical pulse
widths of 300 nsec and repetition rates of 5-50
Hz. It was verified for all the measurements
that there was neither a heating effect during the
pulse nor an average heating effect. In the two-
probe configuration, the measured resistance is
the contact resistance in series with the sample
resistance. Therefore, the contribution, if any,
of the contacts to the non-Ohmic behavior has to
be determined. If the observed field dependence
were caused by the contacts, it would indicate
that the intrinsic sample resistivity is equal to
or smaller than the two-probe resistivity extra-
polated to the E-~ limit. However, the intrin-
sic resistivity of the sample was measured by
the four-probe technique and at least six orders
of magnitude higher than the E-~ extrapolation
limit. The I-V curves were symmetrical with
the field direction and Ohmic in the very low-
field regime, thus eliminating the possibility of
a diode formation as was observed" in (CH)„
doped with I,.

The temperature dependence of resistance of
[CH(AsF, ), „,]„is shown in Fig. 1. As was shown
previously, ' a fit with the relationship
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FIG. 1. Four-probe resistivity in the low-field regime
as a function of 1/+T of [CH(AsFp)p. ppp1&.

R~ =R» exp(T, /T)'~'

is excellent. This particular dependence is ex-
pected"'" for the resistivity of granular metals
in the concentration regime in which isolated me-
tallic particles are dispersed in a dielectric con-
tinuum. In the charge-carrier generation pro-
cess, an electron has to be removed from a neu-
tral metallic grain and placed on another neutral
grain. Since every such a grain has a capaci-
tance, the process of carrier generation requires
a nonnegligible charging energy. Therefore, for
low electric fields, namely, when the voltage
drop between neighboring grains is smaller than
the thermal energy, the carriers are thermally
activated. For this regime, the expected temper-
ature dependence of the resistance is given by (1)
with T, determined by the charging energy and
the barrier height. At high fields, the number of
carriers deviates appreciably from the thermal

equilibrium value and the resistance is given by" '"

Rs =R» exp(E, /&).

Thus the field dependence of the conductivity can
test directly whether the metallic particles model
is indeed applicable to doped (CH)„.

The field dependence of the resistivity of [CH-
(AsF, ), „,]„is shown in Fig. 2 for two different
temperatures 4.2 and 77 K. At 4.2 K, the resis-
tance (over at least three orders of magnitude)
has an exponential dependence on 1/E . As ex-
pected, at higher temperatures (77 K) the number
of the thermally generated carriers is larger and,
therefore, the fields required for the observation
of the exponential field dependence would be larg-
er. The high-field limit could not be reached at
this temperature because of electrical break-
down. Therefore, the studies of the temperature
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FIG. 3. Resistance as a function of 1/E of [CH-
(AsF5)p pp5]„ for several temperatures below 10 K.
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FIG. 2. Resistance as a function of 1/E of [CH-
(AsF&)p, ppg] at 4.2 and 77 K. The inset shows the field
dependence in a Poole-Frenkel plot.
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For 0.5% dopant concentration, m was determined
by these two independent methods and was found
to be approximately 60 A. Similar values of sv

and E, were reported" for the granular Ni-SiO,

dependence of the field effect are limited to tem-
peratures in which the thermal activation is neg-
ligible.

Figure 3 shows the field dependence of the re-
sistance for four different temperatures in the
temperature range 4.2-10 K. It is clearly seen
that the field dependence follows Et[. (2) with a
temperature-independent E, being 2 x10' V/cm.
By applying an analysis similar to that used for
granular metalsM, is one can determine the aver-
age repeat distance of the metallic grains, u.
As was shown, "'"se can be determined in two in-
dependent ways: (a) E, and T, as determined by
Eqs. (1) and (2) are related to w by

~ - (k,/4e)T, /Z, .
(b) Field-generated carriers become important
when the voltage drop across the barrier exceeds
the thermal energy, namely, the crossover field
E, between Ohmic and non-Ohmic behavior will
occur at

system for a Ni concentration regime below the
percolation threshold. It should be noted though,
that while the percolation threshold in granular
metals is achieved when the volume fraction of
the metal is about 50%, in doped polyacetylene it
occurs for 1-2%,"'"indicative that the volume
fraction of the cluster is larger than that of AsF, .
Thus, our results on doped polyacetylene, for
dopant concentrations below the percolation
threshold, indicate existence of metallic domains
with high tunneling barriers between them, analo-
gous to granular metals. Measurements on con-
centrations above the percolation threshold show
a much weaker field dependence indicating that
barriers still do exist, but they are much reduced
and that the conductivity can be understood both
in terms of its temperature and field dependence
by fluctuation-induced tunneling. " The physical
reason for the existence of the barriers above
the percolation threshold is most probably the
microscopic structure of polyacetylene consisting
of fibers 200 A in diameter. "

Since the data presented in this paper were ob-
tained with AsF, as dopant, the question that
arises is whether the formation of aggregates
during doping can be generalized to other dopants.
Npn-Ohmic behavior was also"' ' pbserved fpr
(CH)„doped with I» but it was much weaker than
the effect reported here. There are, however,
two basic differences between the experimental
conditions: The upper limit of the field for the
iodine-doped samples was 100 V/cm, about two
orders of magnitude lower than the fields in the
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exponential. regime in our experiments, and the
investigated samples were in the metallic regime.
Therefore, more studies in overlapping regimes
of field and concentrations should be performed
before the aggregation effects of various dopants
can be compared.

In conclusion, we have shown that for [CH-
(AsF5)~j„y (0.01 there is an exponential 1/E de-
pendence of the resistance on E. This experimen-
tal observation is in excellent agreement with the
model suggested by detailed spin-susceptibility
studies"" which indicated that a phase separa-
tion occurred between the doped and undoped
parts of the polymer, the doped regimes being
metallic. In the conductivity measurements, un-
doped regimes give rise to the high barriers,
which are responsible for the exponential depen-
dence of the resistance on 1/E.

Weaker non-Ohmic effects observed for con-
centration above the percolation threshold still
indicate existence of barriers, most probably re-
lated to the fibrous nature of polyacetylene.
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