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This paper summarizes the present status of materials science of conducting polymers relevant to the
their technological applications. This paper also describes the development of solid electrolytic capacitors
utilizing conducting-polymer thin films as a solid electrolyte. The capacitors are characterized by ex-
cellent frequency, temperature and life stabilities and have been put into commercial use in large
quantity.

MATERIALS SCIENCE AND TECHNOLOGICAL APPLICATIONS OF
CONDUCTING POLYMERS

During these two score years, various kinds of non-traditional conducting materials
have been synthesized, bringing forth an exciting dream to realize artificial or syn-
thetic metals. Since the discovery of high electrical conductivity of doped poly-
acetylene in 1977,! much effort has been devoted to the realization of metallic
conductivity (o > 1 kS cm ') through design of molecular and crystal structures
of conjugated polymers. The electrical conductivity for highly-oriented and/or high-
quality films of polyacetylene,?* polyphenylene® and polyphenylenevinylene’ is
now of the order of 10 kS cm~*. The electrical conductivity of electrochemically
polymerized polymers such as polypyrrole® and poly(3-methylthiophene)” has also
been enhanced to the order of 1 kS ecm ™+ via control of their structural properties.

For the technological applications of the newly-developed conducting polymers,
relevant materials science has to be established, in particular, the improvement in
processibility and thermal stability. As for polypyrrole, which are synthesized via
electrochemical polymerization,® anions of supporting electrolytes are doped to the
polymers and their electrical, mechanical and chemical properties are remarkably
affected by the dopants. Various kinds of dopants from inorganic anions (Cl—,
Br~) to very large organic molecules including phthalocyanine and polyelectrolyte
(sulfonated PV A, sulfonated polystyrene and polymetacrylic acid) have been adopted,
among which sulfonates of naphthalene or anthracene derivatives® are thought to
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FIGURE 1 Frequency characteristics of impedance for various capacitors.

IS

[\o]
=

T T T T

at 1kHz =

or

Capacitance change /

- —— e
=

at 1kHz Th e

( I S 1 a 1
-80 -40 0 40 80 120 160
Temperature / °C

Dissipation factor / %
w
i

This work
— - — Al clectrolytic
——— Tu solid

-------- Ceramic

FIGURE 2 Temperature dependence of capacitance of 1 kHz for various capacitors.

be very important dopants that allow the preparation of thermally-stable and highly-
conducting polymers.

Advance in the materials science of conducting polymers has yielded various
new functional devices which can possibly compete with conventional inorganic
devices. Recent examples of such embryos include an all-plastic transistor based
on oligo-thiophene!” and an n-Si Schottky-barrier diode with processible polyace-
tylene.!" Electrodes for a secondary battery have been one of major approaches
of technological applications of conducting polymers. The first commercial appli-
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FIGURE 3 Cross-sectional view of polypyrrole solid electrolytic capacitor.
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FIGURE 4 Comparison of thermal stability of polypyrrole doped with various dopants.

cation has been made with polyaniline in lithium button-type batteries.'? Just at
the same time as a solid electrolytic capacitor utilizing organic semiconductors
based on 7,7,8,8-tetracyanoquinodimethane (TCNQ) was commercialized,'* pro-
posals were made on the application of conducting polymers to the capacitor.'
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FIGURE 5 Change in optical absorption spectra of polypyrrole doped with alkylnaphthalenesulfonate
(ANS) and p-toluenesulfonate (p-TS) at 125°C.

We and other groups in Japan'®>!® have recently developed solid electrolytic ca-
pacitors using electrochemically polymerized polypyrrole which characteristics
supersede those of multilayer ceramic capacitors. Figures 1 and 2 show the fre-
quency and temperature characteristics for the newly-developed capacitor, re-
spectively, together with those of commercially available capacitors for compari-
son.'®

SOLID ELECTROLYTIC CAPACITORS

Electrolytic capacitors are composed of a very thin film of dielectric oxide anodically
formed on valve metals (Al and Ta) and a liquid electrolyte. The electrolyte layer
serves as a protecting layer for the oxide layer by minimizing the leakage current
of the capacitor through electrochemical oxidation of the valve metal at flaw por-
tions of the oxide (known as a self-healing action). However, it has adverse effects
on the capacitor performance which are inherent to its ionically conducting and
liquid nature. The major disadvantages of the electrolytic capacitors have been a
high equivalent series resistance, high impedances at higher frequencies and lower
temperatures and relatively short life of operation. There is a long history of the
development of a solid electrolytic capacitor starting from the discovery of a solid
tantalum capacitor'” which has a manganese dioxide (MnQO,) layer as the solid
electrolyte. Since the electrical conductivity of MnO, is low (ca. 0.1 S cm™"') and
the self-healing property is considerably lower than that of liquid electroiyte,!® the
tantalum solid capacitors have suffered less perfect performance.
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FIGURE 6 Change in conductivity of 125°C for polypyrrole polymerized with various additives in
the polymerization electrolyte.

About ten years later, a prototype of new solid electrolytic capacitor was de-
veloped using organic semiconductors based on TCNQ! which are more highly
conductive (1 ~ 10 S cm~!) and have higher self-healing action than MnQ,.2° The
organic semiconductor solid capacitor was recognized to have excellent frequency
and temperature characteristics'®*' coming from the high electrical conductivity of
the solid electrolyte. However, it required another decade for the capacitor to be
commercialized, until a new method based on the impregnation of molten semi-
conductors enabled to produce the capacitors in mass quantity.’?

Since the conductivity of the electrolyte should be as high as possible, conducting
polymers are one of the best candidates for the solid electrolyte. One problem was
recognized, however, that the oxide cannot conduct electricity when polarized
positively, which hampered the formation of a conducting-polymer layer on the
insulator via electrochemical polymerization. New methods for forming a con-
ducting polypyrrole layer were devised, which make use of a thin conducting layer
pre-coated on the insulator as an anode electrode for the electrochemical poly-
merization. As the conducting pre-coated layer, we utilized manganese dioxide??
which was formed by pyrolysis of manganese nitrate. Then an auxiliary electrode
was brought into contact with the manganese oxide layer and electrochemical
polymerization was carried out potentiostatically. Figure 3 shows a cross-sectional
view of an etched aluminium electrode covered with polypyrrole.

IMPROVEMENT IN THE PERFORMANCE OF POLYPYRROLE SOLID
ELECTROLYTIC CAPACITORS

An aqueous electrolyte for polymerization was suitable for mass production, so
that various kinds of water-soluble sulfonate dopants were examined; dopants of
bulky molecules such as alkylnaphthalenesulfonate (ANS) were chosen on account
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FIGURE 7 Capacitance and dissipation factor as a function of time at 125°C for solid electrolytic
capacitors with polypyrrole polymerized with and without p-nitrophenol additive.

of high environmental stabilities. For example, Figure 4 shows the effect of dopants
on the thermal stability of polypyrrole left in air at 125°C. Changes in ultraviolet
and visible absorption spectra shown in Figure 5 indicate that polypyrrole with the
ANS dopant is far more stable against de-doping than that with p-toluenesulfonate
but even the former undergoes oxidative degradation at the polymer backbone.?
As polypyrrole doped with ANS displays no detectable conductivity change in inert
atmospheres even at temperatures as high as 150°C, a highly reliable capacitor can
be constructed if we employ air-tight encapsulation.®*

Recently we found that both the electrical conductivity and its stability of poly-
pyrrole were enhanced by the use of organic additives in the electrolyte of poly-
merization. The conductivity of polypyrrole doped with ANS is of the order of
several S cm !, but it could be enhanced to as high as 100 S cm~! when phenol
derivatives were added. Figure 6 shows change in conductivity at 125°C for poly-
pyrrole polymerized with various additives, which implies that a p-nitrophenol
additive has the most prominent effect. Solid electrolytic capacitors incorporating
the improved polypyrrole electrolyte were also bestowed with extremely high ther-
mal stability even when they are in the bare state (Figure 7). The additives are not
doped into the polymer but they may have affected the polymerization to proceed
at the a - o' positions and yielded a more regular polymer backbone with a few
radical contents. Detailed mechanism for this phenomenon will be published in
the near future.

SUMMARY

We have developed a new type of solid electrolytic capacitor which is characterized
by (1) ideal frequency characteristics (2) excellent temperature characteristics and
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(3) high environmental stability. The development has been conducted with the
aid of the materials science established for conducting polymers. Especially the
excellent thermal stability could be attained through the choice of supporting elec-
trolytes and additives for the electrochemical polymerization of polypyrrole.

In conclusion the research of conducting polymers is now moved to a new stage
and the conducting polymers will surely acquire a position of really technological
materials.
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