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Conducting polymers represent an interesting class of
materials! which have been proposed for use in applications
such as wire, sensors, 23 drug-delivery systems,* batteries,5¢
electrochromic displays,” light-emitting diodes,®1° solid
state!l-14 and microelectrochemical transistors,15-1% tran-
sistors?® and capacitors?! based on Langmuir-Blodgett
films of conducting polymers,2 high-efficiency solar cells,?
and electromagnetic interference shielding.? In this
communication we demonstrate that a pair of conducting
polymer-based microelectrochemical transistors5-1 can
function as a push—pull amplifier.2s Importantly, the
overall function of the device stems from the different
electrical characteristics of the two different polymers used

* To whom correspondence should be addressed.

(1) Skotheim, T. A., Ed. Handbook of Conducting Polymers; Marcel
Dekker: New York, 1986.

(2) Bélanger, D.; Nadreau, J.; Fortier, G. J. Electroanal. Chem. 1989,
274, 143.

(3) Malmros, M. K.; Gulbinski III, J.; Gibbs Jr., W. B. Biosensors
1987/88, 3, 71.

(4) Miller, L.; Zhou, Q. X. Macromolecules 1987, 20, 1594.

(5) Naegele, D.; Bittihn, R. Solid State Jonics 1988, 28-30, 983.

(6) Mazxfield, M.; Jow, T. R.; Sewchok, M. G.; Shacklette, L. W. J.
Power Sources 1989, 26, 93.

(7) Mastragostino, M.; Marinangeli, A. M.; Corradini, A.; Giacobbe,
S. Synth. Met. 1989, 28, C501.

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

(9) Gustafsson, G.; Cao, Y.; Treacy, G. M.; Klavetter, F.; Colaneri, N,;
Heeger, A. J. Nature 1992, 357, 477.

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

(11) Horowitz, G.; Fichou, D.; Peng, X.; Xu, Z.; Garnier, F. Solid State
Commun. 1989, 72, 381.

(12) Burroughes, J. H.; Jones, C. A.; Friend, R. H. Nature 1988, 335,
137

(13) Dyreklev, P.; Gustafsson, G.; Inganis, O.; Stubb, H. Solid State
Commun. 1992, 82, 317.

(14) Oyama, N.; Yoshimura, F.; Ohsaka, T.; Koezuka, H.; Ando, T.
Jpn. J. Appl. Phys., Part 2 1988, 27, L448.

(15) White, H. S.; Kittlesen, G. P.; Wrighton, M. S. J. Am. Chem. Soc.
1984, 106, 5375.

(16) Paul, E. W,; Ricco, A. J.; Wrighton, M. S. J. Phys. Chem. 1985,
89, 1441.

(17) Thackeray, J. W.; White, H. S.; Wrighton, M. 8. J. Phys. Chem.
1985, 89, 5133.

(18) Ofer, D.; Crooks, R. M.; Wrighton, M. 8. J. Am. Chem. Soc. 1990,
112, 7869.

(19) Ofer, D.; Park, L. Y.; Schrock, R. R.; Wrighton, M. S. Chem.
Mater. 1991, 3, 573.

(20) Paloheimo, J.; Kuivalainen, P.; Stubb, H.; Vuorimaa, E.; Yli-
Lahti, P. Appl. Phys. Lett. 1990, 56, 1157.

(21) Rosner, R. B.; Rubner, M. F. Mater. Res. Soc. Symp. Proc. Vol.
1990, 173, 363.

(22) Shimidzu, T.;Iyoda, T.; Ando, M.,; Ohtani, A.; Kaneko, T.; Honda,
K. Thin Solid Films 1988, 160, 67.

(23) Sailor, M. J,; Ginsburg, E. J.; Gorman, C. B.; Kumar, A.; Grubbs,
R. H.; Lewis, N. S. Science 1990, 249, 1146,

(24) Yoshino, K.; Tabata, M.; Kaneto, K.; Ohsawa, T. Jpn. J. Appl.
Phys., Part 2 1985, 24, 1.693.

(25) Horowitz, P.; Hill, W. The Art Of Electronics; Cambridge
University Press: New York, 1989; pp 91-92.

0897-4756/93/2805-0914804.00/0

as the device-active materials. The amplifier derives its
inherent freedom from “crossover distortion” from the
interesting finite window of high conductivity displayed
by conducting polymers.!8

It has previously been shown by work in this laboratory
that a pair of closely spaced, individually addressable
microelectrodes connected by a material such as poly-
aniline or polythiophene can function as a transistor
(Figure 1).1%-12 Polymers such as polythiophene, poly-
pyrrole, polyaniline, and polyacetylene, while insulating
in their neutral form, become highly conducting upon
partial oxidation. The polymers become insulating again
when further oxidized, yielding the unusual Ip~Vg char-
acteristicillustrated in Figure 1 for a polythiophene-based
transistor.!® Thesource-to-drain conductivity of the device
is controlled by application of the appropriate gate
potential, Vg. The unusual aspect of the Ip—Vg charac-
teristic is that the device switches from off, to on, to off
as Vgisincreased, and therefore such microelectrochemical
transistors can be operated in either the off-to-on or on-
to-off mode. This capability is not shared by conducting
polymer-based field-effect transistors or more conventional
transistors such as MOSFETSs, where Ip reaches a max-
imum and plateaus as Vg is increased rather than returning
to zero, yielding only off-to-on switching.26 Switching
frequency of microelectrochemical transistors is limited
by motion of electrolyte counterions in to and out of the
polymer film. Such movement is required to compensate
charge centers in the polymer as they are created and
neutralized as Vg changes. The highest frequency oper-
ation with power gain demonstrated thus far is only about
104 Hz.2" Thus, the switching frequency of microelec-
trochemical transistors is less than for solid-state semi-
conductor devices, but the interesting electrical properties
of the polymer may yield devices having novel charac-
teristics. A push—pull amplifier, involving two different
conducting polymers (Figure 2), demonstrates a new way
to utilize the materials properties of conducting polymers
which give rise to the unusual switching characteristics of
polymer-based microelectrochemical transistors.

The basic microelectrochemichl transistor illustrated
in Figure 1 consists of a film of polymer deposited onto
two platinum or gold microelectrodes (1.5 um apart, 1.5
um wide, and 100 um long, shown in cross section in Figure
1) which serve as the source and drain of the transistor.
The oxidation state of the polymer is controlled by
application of gate vltage, Vg, with respect to a reference
electrode in the electrolyte solution. Gate current, Ig,
corresponds to withdrawal from or injection into the
polymer of electrons (oxidation or reduction) which
controls the polymer conductivity. A drain potential, Vp,
is applied across the polymer film and drain current, Ip,
flows when the polymer is in its conducting state.
Transistor action occurs because a small change in Vg
gives rise to a large change in Ip. In Figure 1 the Ip-Vg
characteristic for a polythiophene-based transistor is
shown. The finite potential window of high Ip and the
hysteresis in the scan are both typical of conducting
polymer-based devices.!®1? The high value of Ip corre-
sponds to the partially oxidized, conducting state of
polythiophene.

(26) In ref 25, p 119.
(27) Jones, E. T. T.; Chyan, O. M.; Wrighton, M. S. J. Am. Chem. Soc.
1987, 109, 55286.
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Figure 1. Top: cross-sectional view of a microelectrochemical
transistor. The electrodes are functionalized with a film of
polymer by electropolymerization of the appropriate monomer.
Bottom: Ip—Vg characteristic of a polythiophene transistor. The
neutral (no shading) and highly oxidized (dark shading) states
of the polymer film are insulating. High conductivity occurs in
the partially oxidized state (medium shading). See refs 18 and
19.
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Figure 2. Microelectrochemical push-pull amplifier based on
two conducting polymers having In—V¢ characteristics overlap-
ping as shown. As gate potential, Vg, is moved positive of Ve,
polymer 2 becomes conducting. Negative of Ve, polymer 1
becomes conducting.

Microelectrochemical transistors like that represented
inFigure 1 can function as amplifiers at low frequency.2"28
Insertion of a load into the drain circuit allows the device
to function as a basic one-transistor amplifier. Such one-
transistor amplifiers can provide output current in only
one direction even though a load such as a speaker can
and should be driven with current in both directions. The
purpose of a push—-pull amplifier is to provide an output
which can both source and sink current, i.e., drive a load
positive and negative of zero.2 The push-pull amplifier,

(28) Lofton, E. P.; Thackeray, J. W.; Wrighton, M. S. J. Phys. Chem.
1986, 90, 6080.
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Figure 3. Schematic and output waveform of a silicon bipolar
push-pull amplifier. The distortion as the output crosses zero
is due to the 0.6-V p—n junction barrier potential in the silicon
devices.

shown in Figure 3 in its most basic form, sees wide use as
the output stage in, for example, audio amplifiers and
operational amplifiers. One transistor handles the positive
side of operation and the other the negative side. The
NPN transistor conducts in response to a positive input
voltage, causing current from the positive supply, V*, to
flow, and the PNP transistor conducts in response to a
negative input, causing V- current to flow. Inthis waythe
load can be driven both positive and negative of ground.
The response of a push—pull amplifier based on silicon
bipolar transistors is shown in Figure 3. Notice that the
amplifier output shows a dead zone as it crosses zero,
commonly referred to as “crossover distortion”. The
crossover distortion is due to silicon’s 0.6 V p-n junction
barrier potential which must be exceeded before a bipolar
device begins toturnon. Theresultis a dead zone between
+0.6 and —0.6 V in input voltage where neither transistor
conducts, giving rise to the plateau in the output as it
crosses zero. Inmost applications this crossover distortion
is undesirable and is typically overcome by additional
circuitry which holds both transistors slightly above their
turn-on threshold.2

Figure 2 shows a push—pull amplifier implemented with
microelectrochemical instead of solid state transistors. The
unusual Ip-Vg characteristic of conducting polymers
allows conducting polymer-based microelectrochemical
transistors to be operated on either side of the peak in the
Ip-Vg characteristic. As a result, a positive or negative
d/p/dVg can be selected for a given application by the
range of Vg over which the transistor is operated. Further,
anumber of conducting polymers with different potential
windows of high conductivity are available.!5-1® The
significance of these two materials properties is that we
can determine the manner in which two transistors
complement each other electrically in a commonly-gated
pair by the conducting polymers we choose. Currently
known conducting polymers can accommodate require-
ments ranging from transistor pairs with windows of
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Figure 4. Top: In—Vg characteristics of polyaniline (Vp = 50
mV) and poly[3-phenylthiophene] (Vp = 35 mV) in the window
of push-pull operation. The transistors were fabricated on a
single microelectrode array and characterized in 0.1 M LiClO,/
0.4 M F;CCO;H/CH;CN. Bottom: output waveform for a
polyaniline/poly(3-phenylthiophene) push~pull amplifier illus-
trating its clean zero-crossing. An array of eight platinum
microelectrodes was functionalized by electropolymerization of
aniline and of 3-phenylthiophene to obtain the two transistors
which were used in the circuit shown in Figure 2 (polymer 1 =
polyaniline, polymer 2 = poly(3-phenylthiophene), V* =150 mV,
V-=25mV, Ve 56t for zero output current at zero input voltage,
operated in 0.1 M LiCl0./0.4 M FsCCO.H/CH;3;CN).

conductivity overlapping completely to windows separated
by asignificant gap. By choosing two conducting polymer
transistors with Ip—-Vg’s overlapping as shown in Figure
2, we obtain transistors with the responses appropriate
for a push-pull amplifier.

Polyaniline and poly(3-phenylthiophene) represent a
pair of materials suitable for demonstration of a push—
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pull amplifier. Transistors of these materials were fab-
ricated on a single microelectrode array and the overlap
of their Ip-V¢ characteristics is shown in Figure 4. From
the potential at which the Ip— Vg characteristics cross, Viest
in Figure 2, moving negative drives polymer 1 (polyaniline)
into conduction and polymer 2 (poly[3-phenylthiophene])
negative of turn-on where it is insulating. Moving positive
of Viest results in conduction by polymer 2 and insulation
by polymer 1. This system responds to an input signal,
added to Vie, in the same manner as the conventional
push-pull amplifier in Figure 3 but with an important
difference: thereis no crossover distortionsince the overlap
of the Ip- V¢ characteristics of the two transistors is chosen
such that at Ve both transistors are in partial conduction,
and no dead zone intervenes where the transition between
conduction by one transistor to conduction by the other
occurs. Figure 4 includes the response of the polyaniline/
poly(3-phenylthiophene) push~pull amplifier, driven by
a triangular wave, demonstrating clean zero-crossing of
the output. Interestingly, despite the unusual hysteresis
in the Ip-V¢ curves for the transistor, the push—pull
amplifier shows high fidelity amplification. Note, however,
that AVgisonly 100 mV and hysteresis in polymer response
declinesas AVgisreduced. The poly(3-phenylthiophene)
transistor, operating on the side of its In-Vg negative of
peak drain current, drives the load during positive
excursions of the output while negative output current
corresponds to conduction by the polyaniline transistor,
operating on the side of its Ip—Vg positive of peak drain
current.

In conclusion, we have prepared and characterized a
microassembly of materials which achieves the function
of a push-pull amplifier where conducting polymers are
the device-active elements. The unusual In—Vg charac-
teristic of conducting polymer-based microelectrochemical
transistors is a result of the finite window of high
conductivity displayed by the active material. From this
unique aspect of conducting polymer behavior is derived
amicroelectrochemical push~pull amplifier inherently free
from crossover distortion.
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