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This review summarizes the experimental data on conducting polymers, and especially on
polyacetylene, and will present several models currently used to explain the mechanisms of
electrical conductivity in these materials. Much recent research lias focused on electrolumi-
nescence in polymers, and a summary of advances in the fabrication of LEDs made with an
electroluminescent polymer as the light-emitting layer will aso be presented.

|. Introduction

Significant electrical conductivity in polymers was
first reported by Naarmann and Beck in 19610l in
polythiophene and polypyrrole (see Fig. 1). The con-
ductivities reported were around 0.1 S/cm, which is
comparable to the conductivity of pure germanium. In
1977, Chiang et al.[?l discovered that doping polyacety-
lene with iodine increased its conductivity to greater
than 100 S/cm, heralding an upsurge in investigations
of polyacetylene and other conducting polymers. In-
terest in conducting polymers has remained high ever
since that discovery: polymers have chemical, mechan-
ical and processing properties very different from those
of metals and inorganic semiconductors, and the pos-
sibility to combine such properties with the electrical
properties of metal s has opened up many avenues of ex-
ploration, some of which have already resulted in viable
industrial applications. Batteries utilizing polyaniline
have been on the market since 19881, for example.

Fig. 1 shows the chemica structure of several of
the most important polymers which becoine electri-
cally conductive when doped with oxidizing or reduc-
ing agents. All have conjugated double bonds along the
main chain, and it is tliis chemical feature that makes
conductivity possible. In the pristine state, conjugated
polymers are semiconductors with band gaps between
1.5and 3 eV. Oxidation or reduction either removes or
adds electrons to the conjugated = system of electrons,
leading to partially filled bands and therefore to metal-
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Figure1: Chemica structure d some of the most important
conducting polymers.

like conductivity. Thesimplest structure shown in Fig.
1, polyacetylene, is the polymer upon which the most
intense research efforts have been focused, in part be-
cause of its attractively simple structure. The highest
conductivity mrasured so far in doped polyacetyleneis
between 10° and 10° S/ecml*5), which is comparable to
the room temperature conductivity of copper and con-
siderably higher than the conductivity measured in any
other conjugated polymer. A room temperature value
of about 107 S/cm has been predicted for the ideal
material with perfectly aligned strands and no struc-
tural defects, if it isconsidered a quasi-one-dimensional

metall6],
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I1. Conductivity in polyacetylene

The roomn temperature electrical conductivity of
polyacetylene increases rapidly, by more than 6 or-
ders of magnitude with increasing concentration of
dopant(™, up to about 1 mol%; tliereafter it increases
more slowly as the dopant concentration is increased,
as shown in Fig. 2. The most common dopants are io-
dine, bromine, ferric chloride and arsenic pentafluoride,
which are al! p-type dopants. Alkali metalsare used as
n-type dopants. The total range of conductivity can
span 15 orders of magnitude, from highly doped sam-
ples down tc pristine, insulating samples in which un-
intentional dopants from the ambient, such as oxygen,
or the polymerization catalyst, have been removed!”].

In the urdoped material, and at low doping levels,
tlie structure of polyacetylene appears as drawn in Fig.
1: alternating single and double carbon-carbon bonds,
with the double bonds shorter than the single bonds. If
the bond lengths and the bond orders were equal, solid
state physics predicts that pure polyacelylene would be
aone dimensional metal with one non-bonding electron
per carbon atom and a half filled liighest-energy band.
That the borid lengths are not equal is due to a Pelerls
distortion: polyacetylene is more stable if a lattice de-
formation occurs which creates an energy gap at the
Fermi level cf about 1.4 eVI[®l. The energy of tlie elec-
trons is thereby lowered[®], and the polymer is trans-
formed into a semiconductor. At high doping levels,
above about 1%biodine for example, a semiconductor-
to-metal transition is induced, thought to be due to a
suppression of the Peierls transition.

II1. Temperature dependence of the conductiv-
ity and charge transport mechanisms

The temperature dependence of the conductivity of
iodine doped polyacetylene is shown in Fig. 3. Even
for the highest doping levels, in the data shown, the
conductivity increases with temperature, which is typ-
(Some
highly doped samples do show a decrease of conduc-

ical for semiconductors but not for metals.

tivity with increasing temperature, but only near room
temperaturel %!, see Fig. 4). However, the sign of the
temperature coefficient of the conductivity isnot always
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used to classify a material asmetallicor not. Rather we
use the zero temperature limit: if the conductivity goes
tozeroasT — 0 then the material isasemiconductor; if
the conductivity remainsfinite it is a metal. The spe-
cific shapes of the temperature dependence curves do
provide plentiful amountsof information about possible
charge transport mechanisms, although no one mecha-
nism seems to apply to polyacetylene over the whole
range of doping. Even for a particular level of doping
there may be several models that can explain the shape
of the temperature dependence of the conductivity(*!l.
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Figure 2: Change of electrical conductivity of polyacetylene
upon doping with iodine.

Dop. Concentration

Empirically, the electrical conductivity ¢ of very
lightly doped samplesaf polyacetylene (dopant concen-
trations of less than 0.1%) shows a strong tempera-
ture dependence that is similar to that of crystalline

semiconductors!?!, namely
caexp[—-AE/kT], &y

where A E is the semiconductor energy gap, & is Boltz-
mann’s constant and T is the absolute temperature. In
a crystalline semiconductor, such as silicon, electrons
from the valence band are thermally excited across the
energy gap into the conduction band and are able to
contribute to current flow. As the temperature is in-
creased, more electrons havée enough energy to jump
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to the conduction band; the number of mobile cliarges
increases and hence the conductivity increases. Tliese
electrons are delocalized and free to move about the
crystal.
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Figure 3: Temperature dependence d the conductivity o
polyacetylene for various doping levels.
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Figure 4. Some samples o highly conducting polyacetylene
show a decrease in conductivity with increasing tempera-
ture, near room temperature.

The picture in very lightly doped polyacetylene is

somewhat different. Undoped polyacetylene contains

conjugational defects in the form of domain walls sepa-
rating regions in which the double and single bonds are
interchanged, asshown in Fig. 5. Such a defect iscalled
asoliton, a term that more generally refers to the exact
solutions of certain nonlinear differential equations. In
physical systems, asolilonisa nonlinear pulse-like exci-
tation, a quasi-particle that travels freely and without
changing shape. Many physicists suppose that a conju-
gational defect in polyacetylene can likewise moveeasily
along tlie polymer chain, interchanging tlie double and
single bonds; but the domain.wall remains intact and
no dispersion occurs. For review articles about solitons
in polyacetylene, see references [7,13,14].

Thesoliton asshown in Fig. 5 containsone electron,
but is electrically neutral since the electron issimply a
neutral free radical. The electron occupies a localized
state at the center of the energy gapl®l. Oxidation by
doping removes the electron, but the conjugational de-
fect remains, now positively charged with respect to
the polymer chain. Reduction adds a second electron
to the defect, giving it a negative charge. Doping can
itself create charged solitons by breaking double bonds.
Charged solitons are electrostatically trapped by the
dopant counter-ions and so only neutral solitons are
mobile. Kivelson has proposed that the electrical con-
ductivity in lightly doped polyacetylene is due to in-
tersoliton hopping, a process in which the maobile neu-
tral solitons move along the chains until they approach
charged solitons, and then the solitons exchange charge
by hopping!5l.

NRXRINTNANAA

Figure 5. Conjugational defect, or soliton, on a trans-
polyacetylene chain.

Light to moderately doped samples have a some-
what lesser dependence on the temperature - the lower
curves in Fig. 3 rather follow tlie law

caexp{-AE/kT)H* 2)
which is associated with a transport mechanism called
variable-range hopping, described by Mott in 1969 for
amorphous semiconductors*®!, In this model, the elec-

trons tunnel between localized states randoinly located
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within the energy gap. The states are close enough
together in energy so that by absorbing or emitting
a phonon the electron can “hop” or tunnel between
sites. Since increasing the temperature increases the
number and the mean energy of the lattice vibrations
(phonons), the conductivity via hopping is expected to
increase with temperature. The term variable-range
refers to the variation in hopping distance of the elec-
tron: there is a physical separation as well as an en-
ergy difference between the localized states, and there-
fore a compromise arises between the distance the elec-
tron hops ard its energy change. At a particular tem-
perature, it may be more probable for an electron to
hop over a large spatial distance to a site only slightly
higlier in enzrgy, rather than to hop a short distance
but to a level further away in terms of energy. As
the temperal ure changes,the probability of the electron
hopping a particular distance changesl!”), The model
can be sligh:ly modified to account for the structural
anisotropy of polymers by assuming that liops within
a cliain are more likely than interchain hops, in which
case it is called anisotropic variable-range hopping!'8l.

The conduction mechanism in lightly to moder-
ately doped polyacetylene has been atributed by some
authors!!3-1%1 to intersoliton hopping. The variable-
range hoppir g model does not rule out the intersoliton
model, since some of the localized states could be due
tosoliton defects!*3l. A percolation model has also been
suggested![2]

Highly dcped polyacetylene behavesin arather puz-
zling manner. The conductivity is in the metallic
regime; it extrapolatesto finite values at zero temper-
ature, as expected for a metal; and the thermopower
increases linearly with temperaturel?!}, which suggests
that the nuraber of charge carriers does not increase
with temperzture, also as expected for a metal. So why
is the temperature dependence of tlie conductivity sim-
ilar to that of inorganic semiconductors and opposite
to that expected for metals? What is the nature of the
charge transport in this doping regime?

Highly doped, metallic polyacetylene is described
as an anisotropic metal by Kivelson and Heeger!?2]. In
their model, the intrinsic conductivity along a defect
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free chain is given by

0 = 0q exp[ﬁwo/ka] y (3)

where a, is a constant and 7w is the energy of the
phonons that backscatter electrons. This expression
shows conductivity decreasing with increasing temper-
ature, as expected for a metal, due to phonon scat-
tering. The intrinsic room temperature conductivity
of polyacetylene is predicted- by this model to be very
higli, liigher than that of copper, precisely because of
the structural differences between isotropic metals and
polymers: the quasi-one-dimensional conduction path
of polyacetylene limits the possible electron-phonon
scattering, and only phonons with large momentumand
energy will limit conduction!®l. Kivelson and Heeger

suggest that material imperfections limit the measured
conductivities and are also responsible for the absence
of a metallic temperature dependence.

Figure6: In asmplified model, highly doped polyacetylene
is made up @ highly conducting regions with conductivity
o1, Separated by thin barrier regions. The barriers consst
o disordered rnetalic regions with conductivity o2, in par-
dld with regions d conductivity o3 in which hopping or
tunneling occurs. After [23).

To account for tlie observed temperature depen-
dente of the conductivity in laboratory measurements,
Kaiser and Graham!?3] suggest a heterogeneous model.
They attribute the high conductivity to quasi-1-D
metallic conduction as suggested by Kivelson and
Heeger, but reason that the observed temperature de-
pendente is due to some other process or processes for
whicli the conductivity is assisted by temperature. In
the model proposed, highly conducting regions are sep-
arated by thin barrier regions, with each barrier region
comprised of two different barrier regions in parallel as
shown in Fig. 6, so that the total conductivity a can
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be written as

o' = (g101)"" + (9202 + gso3) ™", (4)

where g; = z;/1; are geometric coefficients that depend
on the fraction {; of the sample length and the frac-
tion z; of the sample cross-sectional area associated
with conductivity ai. Using this model, the temper-
ature dependence of the conductivity follows that of
the barrier regions, and the magnitude of the total con-
ductivity, while less than oy, is greater than either o3
or o3 due to multiplication by the geometric coefficient
and can therefore be quite high. This model can be
applied to a material with fibrillar structure such as
polyacetylenel”), each fibril made up of many strands
and having a certain cross-sectional area.

Now consider tlie barrier regions. one conduction
pathway is through a disordered metallic region, whicli
ensures that there will be a finite conductivity in the
zero temperature limit. The conductivity o5 of tliis
region is small, witli only a small temperature depen-
dence. Microscopically, a—can be attributed to inter-
chain transfer. In parallel with this region there is a
region where transport can be described by fluctuation-
induced tunneling(?4, a temperature assisted process
which can account for the puzzling temperature de-
pendente. Fluctuation-induced tunneling is a mecha-
nism which describes transport in a disordered mate-
rial with predominantly high metallic conduction but
with conductivity limited by thin insulating barriers.
Thefollowing expression is used to describe fluctuation-
induced tunneling through a parabolic barrier:

03 = 0¢ exp[—Tc/(T+ T,)] ) (5)

where ¢., T, and T, are constants. Simple elastic tun-
neling istemperature independent, but the above mech-
anism assumes that the tunnel junctions, the barriers,
are small and therefore subject to large fluctuations in
voltage across tlie junction, caused by thermal fluctua-
tions. The probability of tunneling through the barri-
ers increases with temperature. Many research groups
use the fluctuation-induced tunneling model to describe
transport in highly doped polyacetylenel”19:25=27] byt
some authors argue that the picture of a heterogeneous
system such as tlie one described above is not applica-

ble to doped polyacetylenel'l], Paasch et al.l?¢] point
out that whereas the fluctuation-induced model is often
used assuming that the barriers are due to interfibrillar
contacts, it is better to assume that the barriers arise
from inhomogeneous distribution of dopants. In a sim-
plified picture of Kaiser and Graham’s model, Kaiser
suggests that tlie fluctuation-induced tunneling occurs
across chain breaks or defects(21].

1'VV. Applications of conjugated polymers

In order to understand the mechanism of electri-
cal conductivity in conjugated polymers, polyacetylene
has been studied extensively because of tlie simplicity
of its chemical structure.
lene is unstable in the presence of oxygen and water,

Unfortunately, polyacety-

and is unprocessable because it isinsoluble and decom-
poses wlien heated instead of melting; it is not the ma-
terial of choice for industrial applications despite its
liigli conductivity. Many of tlie otlier conjugated poly-
mers are stable, and even processable wlien their struc-
tures are modified witli soluble sidechainst?3:291, Tliere
are currently several companiestliat market conducting
polymers in various forms, especially polyaniline, poly-
tliiophene and polypyrrole®l. None of these, or any
other, conducting polymers have electrical conductiv-
ities nearly as high as that of polyacetylene, but for
many applications high conductivity is not important.
As an example, tlirough-hole plating of printed circuits
boards is a process that can be achieved by deposit-
ing doped polypyrrole oa tlie walls of tlie holes in the
circuit boards, and then elzctroplating copper on tlie
polymer so that both sides of the board are electri-
cally connected®. As a second example, high quality
aluminum electrolytic capacitors have been made using
doped polypyrrole as a solid electrolyte?. These ca-
pacitors are very stable in the presence of moisture and
heat, and have excellent frequency characteristics. The
polymer film can be made very thin, which makes high
values of capacitance possible.

A current area of research is investigating process-
able, undoped conjugated polymers that exhibit elec-
troluminescence (see Fig. 7), and using them as the
emissive layer in light-emitting devices (LED’s). A
schematic representation of a polymer LED is shown
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in Fig. 8. It is hoped that these polymers will make
possible new types of display devices such as large
area panels, which would be too expensive and diffi-
cult to make with inorganic semiconductor LED’s or
other conventional display technologiesf3!l. Polymers
can be mace quite easily into high quality, large area
thin films and have the further advantage of requiring
less stringerit manufacturing conditions than inorganic
devicest32 which would further lower the cost. Imag-
ine a television screen so thin and light that it could
be mounted on the wall like a picture, or even a giant
sized display screen that could be rolled up when not
in use.
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Figure 7 The chemical structures of some elec-
troluminescent conjugated polymers: poly (p- pheny-
lene vinylene) or PPV; poly (25 dimethoxy - p -
phenylene vinylene) or PDMeOPV; poly (2- methoxy- 5
(2- ethyl-hexoxy)- p-phenylene vinylene) or MEH-PPV;
poly (9,9-dihexylfluorene); poly (p-phenylene) or PPP;
paly (p- phenylphenylene vinylene) or PPPV; poly (9-
vinylcarbazole) or PVK.
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Figure8: An LED fabricated with a conjugated polymer as
the active, light-emitting layer.

Figure 9: An exciton decaying radiatively.

Electroluminescence is the emission of light that re-
sults when electrons and holes injected into a lumines-
cent material from separate electrodes travel through
the material under the influénce of an applied electric
field, and combine to form an exciton, which subse-
quently decays radiatively!3!], as shown schematically
in Fig. 9. The first report of an LED fabricated with
a conjugated polymer as tlie active layer was made
in 1990 by Burroughes et al.33! in Cambridge. That
group made a series of simple sandwich devices con-
sisting of a thin layer of poly(p-phenylene vinylene) or
PPV between a negative, electron-injecting electrode
such as aluminum in some devices, and a positive, hole-
injecting electrode such as gold or indium oxide. The
PPV films were made by spin-coating a soluble precur-
sor polymer on the bottom electrode followed by ther-
mal conversion. The devices emitted yellow-green light
visible under normal room lighting when just under 14

volts was applied, but the efficiencies were very low,
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only 0.05%, or five photons emitted for every 10,000
charges injected.

It is perhaps surprising that electroluminescence in
conjugated polymers was not investigated until 1990.
One reason may be that polyacetylene, the most widely
studied conjugated polymer, exhibits only very weak
photoluminescencel33], a process very similar to elec-
troluminescence. Another reason is that most research
with conjugated polymers in the past has been done
with doped samples, and doping inhibits the emission
of light by increasing the number of exciton quenching
sitest34]. But since the discovery of electroluminescence
in polymers, researchers seem to be making up for lost
time.

LEDs made with other conjugated polymers, and
copolymers with PPV, with increased efficiency, were
reported®®! soon after the first LED wasreported. The
increased efficiency in LEDs made with the copolymers
was attributed to trapping of created excitons in shal-
low potential wells, which in turn are due to variation
in tlie » — a* energy gap along the copolymer chain.
The trapped excitons are more likely to decay radia-
tively, as mobile excitons have several available routes
to efficient non-radiative decay. A maximum efficiency
of 0.3% was seen for a copolymer of PPV, which has
an energy gap of 2.4 ¢V, and 10% PDMeOPPV, or
poly(2,5-dimethoxy-p-phenylene vinylene) with an en-
ergy gap of 2.1e V3],

The next advance was reported by Braun and
Heeger!3). They fabricated adevice using asubstituted
PPV which has tlie advantage of being soluble, and so
the film could be cast directly from solution without
further processing. The device emitted yellow-orange
light, but no improvement in efficiency was reported.

Besides advantages in processing, the wide range of
conjugated polymers with different energy gaps and the
opportunity to further tunetlie energy gaps means that
alarge range of emitted colors is possiblel3!:32:3¢], One
way of tuning the energy gap is by chemical substitu-
tion: for example, adding methoxyl sidechains to PPV
changesthe a- a* energy gap from 2.5¢V (yellow emis-
sion) to 2.1eV (red emission)®7. Using copolymers can
alow good control of the emission: Burn et al.138! ob-

served a linear shift in the emission spectra with vary-
ing composition of PPV and methoxyl substituted PPV
copolymers.

By now, all of the basic colors of tlie spectrum
have been achieved in polymer LEDs. red, orange,
yellow, green and bluel31:39). It is difficult to make
blue LEDs out of inorganic materials, but the first
blue LED based on a conjugated polymer was reported
by Ohmori et al.l“% in late 1991. Their device was
made with poly(9,9-dihexylfiuorene) astlie active layer,
which has an energy gap of 2.9 eV. The efficiency was
not reported. Very shortly after, Grem et al.lll re-
ported a blue LED using poly(p-phenylene) or PPP,
with an efficiency of 0.01-0.05%. Recently, Zhang et
al.1B reported blue light emission from diodes with ef-
ficiencies of up to 0.16%, by using polymer blends of
poly(p-phenylphenylene vinylene) or PPPV and poly(9-
vinylcarbazole) or PVK.

The above devices were fabricated with rigid sub-
strates and electrodes. One of the electrodes must
be semi-transparent and tlie material of choice is usu-
aly indium/tin oxide on glass33:36,39-43]  The in-
dium/oxide is brittle, as wdl as tlie glass. Gustafsson
et al.[*4] fabricated thefirst fully flexible polymer LED
by using poly{ethylene terephthalate) as the substrate,
doped polyaniline asthe transparent hole-injecting elec-
trode, a substituted PPV as the electroluminescent
layer and calcium as the electron-injecting electrode.
The devices could be bent sharply, and furthermore ex-
hibited fairly high efficiencies, among the liighest so far
reported, of about 1%, and turn-on voltages of only 2-3
volts.

V. Conclusions

In tlie 17 years since high electrical conductivity
was first measured in doped polyacetylene, and in tlie
4 yearssince thefirst LED was made using PPV, much
progress has been made in understanding transport in
conjugated polymers, and in developing applications
that take advantage of tlieir versatile properties. It
is possible that conjugated polymers will become in-
dispensable for the manufacture of large area display
devices, an up-and-coming field in which, thus far, no
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other technol ogies have shown as much promisein terms
of flexibility, competitive efficiency and ease of manu-
facturing, combined with reasonable cost.

Acknowletfgements

The work underlying thisarticle has been supported
by the Corr mission of the European Communities via
the BRITE /EURAM Project HICOPOL (Highly Con-
ducting Pol:ymers) and viathe Esprit Network NEOME
(New Electioactive Organic Materials for Electronics).

Refer enceti

1. H. Naarmann, in Electronic Properties d Poly-
mers, edited by H. Kuzmany, M. Mehring and
S. Roth, Springer Series in Solid State Sciences
(Springer Verlag, Heidelberg, 1991), Vol. 107, p.
3.

2. C. K. Chiang, C. R. Fincher, Y. W. Park, A. J.
Heeger, H. Shirakawa, E. J. Louis, S. C. Gau and
A. G. MacDiarmid, Phys. Rev. Lett. 39, 1098
(2977).

3. S. Roth and W. Graupner, Synth. Met. 55-57
3623 (1993).

4. H. Nazrmann and N. Theophilou, Synth. Met.
22,1 (1987).

5. J. Tsuxamoto, A. Takahashi and K. Kawasaki,
Japn. .. Appl. Phys. 29, 125 (1990).

6. L. Piet-onero, Synth. Met. 8, 225 (1983).

7. S. Roth and H. Bleier, Adv. Phys. 36, 385 (1987).

8. W. P. Siu, J. R. Schrieffer and A. J. Heeger, Phys.
Rev. Lett. 42, 1698 (1979).

9. R. E. Feierls, Quantum Theory d Solids (Claren-
don Press, Oxford, 1955) p. 108.

10. R. Zuzok, A. B. Kaiser, W. Pukacki and S. Roth,
J. Chern. Phys. 95, 1270 (1991).

11. J. Voit and H. Buttner, Solid State Comm. 67,
1233 (1988).

12. Y. W. Park, A. J. Heeger, M. A. Druy and A. G.
MacDiermid, J. Cliem. Pliys. 73, 946 (1980).

13. A. J. Hreger, S. Kivelson, J. R. Schrieffer and W.
P. Su, Rev. Mod. Phys. 60, 781 (1988).

14. L. Yu, Solitons and Polarons in Conducting Poly-
mers (World Scientific, Singapore, 1986).

15. S. Kive son, Phys. Rev. Lett. 46, 1344 (1981).

16. N. F. Mott, Phil. Mag. 19, 835 (1969).

17. R. Zallen, The Physics of Amorphous Solid, (Wi-
ley, NY, 1983) p. 276.

18

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37

753

. S. Roth, in: Hopping Tran.sport in Solids, edited
by M. Pollak and B. I. Shklovskii (Elsevier/North
Holland, Amsterdam, 1991), vol. 28, p. 377.

C. O. Yoon, J. S. Yoo and Y. W. Park, Syntli.
Met. 55-57, 4848 (1993).

J. Voit, N. Coustet, P. Bernier and J. E. Fisclier,
in "Electronic Properties of Polymers", edited by
H. Kuzmany, M. Mehring and S. Roth, Springer
Series in Solid State Sciences (Springer Verlag,
Heildeberg, 1991), vol. 107, p. 90.

A. B. Kaiser, Synth. Met., 45, 183 (1991).

S. Mivelson and A. J. Heeger, Synth. Met. 22,
371 (1989).

A. B. Kaiser and S. C. Graham, Synth. Met. 36,
367 (1990).

P. Sheng, Phys. Rev. B 21, 2180 (1980).

W. Tritthart and G. Leising, Synth. Met. 55-57,
4878 (1993).

G. Paasch, G. Helimann and L. Wuckel, Synth.
Met. 37, 23 (1990).

A. Philipp, W. Mayr and K. Seeger, Solid Slate
Commun. 43, 857 (1982).

R. L. Elsenbaumer, K. Y. Jen, G. G. Miller and
L. W. Shacklette, Syntli. Met. 18, 277 (1987).

L. Delabouglise and F. Garnier, Adv. Mater. 2,
91 (1990).

Y. Kudoh, S. Tsuchiya, T. Kojima, M. Fukuyama
and S. Yoshimura, Syntli. Met. 41-43, 1133
(1991).

D. D. C. Bradley, Synth. Met. 54, 401 (1993).
A. B. Holmes, D. D. C. Bradley, A. R. Brown, P.
L. Burn, J. H. Burroughes, R. H. Friend, N. G.
Greenham, R. W. Gymer, D. A. Halliday, R. W.
Jackson, A. Kraft, J. H. F. Martens, K. Pichler
and I. D. W. Samuel, Synth. Met. 55-57, 4031
(1993).

J. H. Burroughes, D. D. C. Bradley, A. R. Brown,
R. N. Marks, K. Mackay, R. H. Friend, P. L. Burs
and A. B. Holmes, Nature 347, 539 (1990).

G. G. Malliaras, J. K. Herrema, J. Wildeman, R.
H. Wieringa, R. E. Gill, S. S. Lampoura and G.
Hadziioannou, Adv. Mater. 5, 721 (1993).

D. D. C. Bradley, A. R. Brown, P. L. Burn, R. H.
Friend, A. B. Holmes and A. Kraft, in "Electronic
Properties of Polymers", edited by H. Kuzmany,
M. Mehring and S. Roth, Springer Series in Solid
State Sciences (Springer Verlag, Heidelberg 1991),
vol. 107, p. 304.

K. Braun and A. J. Heeger, Appl. Phys. Lett.
58, 1982 (1991).

. H.S. Woo, S. C. Graham, D. A. Halliday, D. D.



754

38.

39.

40.

Brazilian Journal of Physics, vol. 24, no. 3, September, 1994

C. Bradley, R. H. Friend, P. L. Burn and A. B.
Holmes, Phys. Rev. B 46, 7379 (1992).

P. L. Burn, A. B. Holmes, A. Kraft, D. D. C.
Bradley, A. R. Brown, R. H. Friend and R. W.
Gymer, Nature 356, 47 (1992).

C. Zhang, H. von Seggern, K. Pakbaz, B. Kraabel,
H. W. Schmidt and A. J. Heeger, Synth. Met. 62,
35 (1994).

Y. Ohmori, M. Uchida, K. Muro and K. Yoshino,
Japn. J. of Appl. Phys. 30, L1941 (1991).

41.

42.

43.

44,

G. Grem, G. Leditzky, B. Ullrich and G. Leising,
Adv. Mater. 4, 36 (1992).

A. R. Brown, D. D. C. Bradley, J. H. Burroughes,
R. H. Friend, N. C. Greenliam, P. L. Burn, A. B.
Holmesand A. Kraft, Appl. Phys. Lett. 61, 2793
(1992).

R. E. Gill, G. G. Malliaras, J. Wildeman and G.
[ladziioannou, Adv. Mater. 6,132 (1994).

G. Gustafsson, Y. Cao, G. M. Treacy, F. Klavet-
ter, N. Colaneri and A. J. Heeger, Nature 357,
477 (1992).



