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Abstract

Electropolymerized conducting polymers have been investigated for
an application to a cathode material of Li secondary batteries for
a load conditioner use, which have high energy density and flexi-
bility of cell design. Properties of these polymers, polypyrrole,
polyaniline, polyazulene and so on, are controlled via the select of
electropolymerization conditions such as deposition potential,
supporting electrolyte and solvent in the polymerization solutions
in order to advance the properties of Li/polymer batteries. More-
over, conducting polymers doped with various polymer anions or
redox systems are used for a cathode material for increase in
capacity of Li secondary cells. We not only overview rechargeable
Li/polymer batteries but also clarify the relationship between the
properties of Li/polymer cathode batteries and the electropolymer-
ization conditions of these polymers relating to the film properties.
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INTRODUCTION

Lithium/polymer cathode batteries, having high energy density
and flexibility of cell design, are one of the candidate for high
energy load conditioner. Among electropolymerized conducting
polymers, polyaniline(PAn), polypyrrole(PPy) and polyazulene (PAz)
can be utilized as one of the promising candidates for cathode
materials in future rechargeable lithium cel} systems(1,2). The
model of new secondary batteries utilizing electrochemically-formed
conducting PPy is recently examined to gain a better understand-
ing of such new batteries(3), and possibility and limit of the cell
performance of polymer cathode systems are theoretically indicat-
ed(4). Many researchers have paid an attention to polyaniline as
a cathode material of lithium batteries, because of its high revers-
ibility of doping-undoping process, high energy density and also
high power density. The Bridgestone Corp. and the Seiko Instru-
ment Inc. group realized the coin type battery utilizing an elect-
ropolymerized PAn as the cathode material(5) although the cell
capacity is small. The Li/n-type polyacene battery was proposed
by CRIEPI and Kanebo Corp. as one of the higher energy density
load conditioner(6). Ricoh Co. Ltd. and Sanyo Chem. Ltd. group
presented all solid "card type" lithium/polyaniline battery(7).

Recently, in order to increase in battery capacity and energy
density, conducting polymer films composited with various redox
systems, e.g. anthraquinone—l—sulfonate, W03 and MnOgy, were
investigated for the application to a cathode material of recharge-
able Li/polymer batteries(s).

LITHIUM/POLYMER BATTERIES

The battery systems using polymers are schematically given in
Fig. 1. Li/p-type polymer cell, as is seen in Fig. la), is the most
common system because there are a lot of p-type conducting
polymers. The system has a demerit to need larger electrolyte
volume because of decdrease in the concentration of supporting
electrolyte during charge process. The system of Li/n-type poly-
mer, however, can avoid this disadvantage because only Li* ion
moves during charge-discharge process seen in Fig. 1b). Unfortu-
nately, there are very little kinds of n-type polymer, but another
combination such as p-type polymer with polymer anion works as
the same behavior as shown in Fig. 1d). For example, the compos-
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ite membrane of PPy with PSS~ (polystyrenesulfonate) has been
examined, where only cation is the moving ion in appearance(9).

The candidates of cathode materials for rechargeable Li batter-
ies at ambient temperature are inorganic intercalation compounds
as well as organic conducting polymers. Figure 2 shows the battery
capacities of representative lithium secondary batteries, where the
possibility of Li/polymer battery is indicated. The capacity using
polymer is inferior to that using inorganic compounds, however,
the energy density becomes relatively higher because of its
higher output voltage. Also, the polymer has higher power densi-
ty because of its rapid kinetics of doping-undoping reaction. The
most advantage of polymer batteries is that Li/polymer batteries
have flexible form-free feature, as shown in Table 1, as well as
higher voltage. Some demerits are also listed in Table 1.

Some samples of prototype or more advanced type batteries
are shown in Fig. 3, where the coin type with PAn cathode is
commercially available. The prototype of “cylinder type" has ca.
50 Wh kg-1 energy density per cell, and the prototype of "card
type" has energy density per cell of 21Wh/l or 8.9Wh/kg(7). The
most possible candidates of polymer cathode materials are listed in
Fig. 4, and the feature of PAn and PPy films as the most possible
materials, which are used in Fig. 3, is shown in Table 2. PAn film
has high doping level to keep larger capacity, while the PPy film
has stronger mechanical strength.

Polyacene semiconductor (PAS) has been investigated to appli-
cation to a cathode material for lithium secondary battery for load
conditioner use, because Li/PAS cell has the advantages of having
substantial buffer capacity above and below the normal cutoff
voltages(6). Table 3 shows a comparison of the battery performance
between Li/PAS cell and other Li secondary batteries.

PPY(POLYPYRROLE) CATHODES

[1] ANION EFFECT OF PPy PREPARATION

Film properties of Pny are strongly dependent on the species
of electrolyte anions in' the polymerization solution, and they can
be controlled by varying the anions at PPy polymerization(10).
Figure 5 shows the relationship between the doping - charge of
Clo4~ anion at the conditions of LiCl04-PC (propylene carbonate)
solution and the polymerization potential for PPy films formed with
ClO4~, CF3S03~ or PFg~ anions as a function of deposition charge.
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When polymerizing with PFg~ or CF3SO3~ anion, the PPy films
become to give higher doping charge of Cl04~ dopant as is seen
in Fig. 5. Battery performance of Li/LiCl04-PC/PPy is given in
Fig. 6. The battery assembled with the PPy cathode formed with
PFg~ keeps 100% coulombic yield up to the current density of
2.5 mA cm~2 at 20% doping charge level.

{2] PPy MORPHOLOGY MODIFICATION WITH NBR(NITRILE BUTADIENE
RUBBER)

PPy preparation with the host polymer of NBR insulating film
can make the structure rougher for accelerating anion diffusion in
the film(1l). A schematic image for the preparation procedure of
NBR-aided grown PPy electrode (Pt/NBR/PPy) is illustrated in
Fig. 7. A Pt substrate was first coated with a commercially available
NBR host polymer and dried completely. The Pt electrode precoat-
ed with NBR was then immersed in the same polymerization solu-
tion used for the preparation of the Pt/PPy electrode. Thereafter,
also on the Pt/NBR electrode, PPy was grown at 0.8V vs. Ag/Agt.
After PPy was formed by passing 1 C cm~2, the host polymer of NBR
film was totally washed away with MEK (methylethylketone) and
subsequently dried. By the SEM observation of the films, the
NBR-aided grown PPy film becomes more porous and rougher
conditions than those of PPy film directly grown on Pt electrode.
The battery performance of Li/LiClO4-PC/PPy grown with NBR is
shown in Fig. 8. The battery performance is observed to be very
much enhanced with regard to both charge-discharge current
density and charge capacity, especially the current density
becomes three times larger at low doping level(12).

PAn(POLYANILINE) CATHODES

An electroactive PAn film was successfully obtained by electro-
polymerization from non-aqueous solution of propylene
carbonate(PC) containing CF3COOH and LiCl04(13). The battery
performance of lithium battery using PAn film deposited from PC
solution was similar to that of the cell using PAn cathode deposit-
ed from aqueous solution, as is seen in Fig. 9. The most important
factor to form electroactive PAn film is proton from an organic
acid and its acidity strongly affects the activity and reversibility
of anion doping-undoping process. The effect of acid content at
the polymerization was clearly given and the PAn film formed with
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the conditions of 4:1 ratio (acid:aniline) finally gave the excellent
battery performance as seen in Fig. 10(14).

PPy/PSS~(POLYSTYRENESULFONATE) CATHODES

Electroactive PPy/PSS™ composite films electropolymerized from
aqueous solutions containing pyrrole and poly(scdium styrenesul-
fonate)(PSSNa) had a good electroactivity in organic solution, e.g.
dimetylsulfoxide(DMSO), as in aqueous solution(15). These composite
films can be used as a pseudo-cathodic doping material for a
cathode of rechargeable lithium battery. The optimum of electro-
polymerization conditions was that the film was polymerized at
0.625V vs. Ag/AgCl and in solution of 0.25 mol dm~3 pyrrole and 0.5N
PSSNa. Figure 1la) shows a charge-discharge curve of Li/LiClO4-
DMSO/(PPy/PSS™) cells and Fig. 11b) shows an effect of charge-
discharge current density on coulombic yield. As is seen in
Fig. 11b), Li/(PPy/PSS™) cells show higher coulombic yield at high
charge-discharge current density region than Li/PPy cells, proba-
bly because cation is undoped and doped into PPy/PSS™ films with
oxidation and reduction of PPy films.

CONCLUSION

The most advantage of Li/polymer batteries is form-free fea-
ture, moreover, the some disadvantages can be overcome by
morphology control or development of morphology at preparation
process as is discussed in the text. The control of morphology
gives the higher current density and also an increase of energy
density per cathode materials.

As for future targets, the following three are the most attrac-

tive items to be developed in future in the field of Li/polymer
batteries. ¢

i

*R&D for solid polymer electrolyte with higher conductivity.
*R&D for p-type polymer with polymer anion.
*R&D for new material of n-type polymer.
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Table 1. Merits ang demerits of Li/Polymer batteries.

Merit

1. Form-free

2. Hligh Energy Density and Capacity / Weight
( ~ 400 Wh/kg, 100 ~ 150 Ah/kg )

3. High Power Density / weight

Demerit
1. Chemical and Physical Stability of Polymer Cathodeg

2. Stability of Non-aqueous Electrolyte due to higher voltage
3. Self-dlschargeabmty of Li/Polymer Batleries

Common problem for Lj batteries
LI anode cycleability and safely

Table 2. Comparison belween PPy and PAn.

1TEMS PPy PAn
Structure n-conjugaled fontc polymer
polymer
Mechanical Strong Low
strength
Conductivity gl | Relatively high
(max, 1078 cm™ ) (max. 55 cm™ ')
Doping level - 45% 50 - 60%
Voltage 2.8 - 3.2v 3.0 - 3.2v
Preparation many varlation low varlation
method
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Table 3  Comparison of battery performances between Li/PAS and
other Li secondary batteries.(8)

Cutoff Mean Disch. Discharged Discharged
Voltage Voltage Capacity *1 Energy *1
v] [v] [Ah/kg] [Wh/kg]
Li/PAS 4/ 2 2.88 102 291
(4.2/1.6) (2.61) (152) (402)
Li/PAn *2 4/2.5 3.35 87 292
Li/B-MoSy *¥3| 2.2/1.3 1.75 97 170

*1 Based on active materials
*2 Baslc unlt : PAn 0.2C104, Doping : 0.55C104~ /unit

*3 Basic unit : Lig gMoSy, Intercalation : 0.6 Lit funit
(MOLICEL)
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Electroactive Polyaniline Film Deposited from

Nonaqueous Media
H1. Effect of Mixed Organic Solvent on Polyaniline Deposition and Its Battery Performance

Tetsuya Osaka,* Toshiki Nakajima, Koh Shiota, and Toshiyuki Momma

Department of Applied Chemistry, School of Science and Engineering, Waseda University, 3-4-1 Okubo,
Shinjuku-ku, Tokyo 169, Japan

ABSTRACT

Electroactive polyaniline (PAn) films were deposited from PC (propylene carbonate)-EC (ethylene carbonate) and
PC-DME (1,2-dimethoxyethane) mixed polymerization solutions containing aniline, CF;COOH, and LiClO,. Higher dielec-

tric constant solvents are necessary to deposit the PAn film where protons, dissociated from the acid, initiat,
ization of aniline. Various PAn films deposited in the PC, the PC-EC (50 mole percent), and the PC-DME (
cent) solutions were used for the cathode materials of the rechargeable lithium batteries. Charge capacit
ability of the Li/PAn batteries in the PC-LiClO, electrolyte solution are almost the same,

e the polymer-
50 volume per-
y and discharge
regardless of the polymerization

solvents, such as PC = PC.EC = PC-DME and PC-EC = PC-DME = PC. The mixed solvent electrolyte solution effect on
the Li/PAn (polymerized in the PC solution) batteries becomes much larger such as PC-DME > PC-EC > PC. Moreover,
the electrochemical kinetic factors of the PAn films deposited in the various mixed polymerization solutions and also in
the different electrolytes were experimentally determined by measuring the ac impedance. The results of the ac imped-
ance analysis of each PAn film correlate well with the battery performances of Li/PAn cells.

Electropolymerized conductive polymer films have been
extensively investigated in recent years (1). Among these
polymers, polyaniline (PAn) (2-7), polypyrrole (PPy)
(8-11), and polyazulene (PAz) (12-16) are promising candi-
dates for the cathode materials for future rechargeable
lithium cell systems (17). Recently, a new secondary bat-
tery model, utilizing electrochemically conductive PPy,
was examined to gain a better understanding of these new
batteries (18), and the cell performances of the polymer
cathode systems were theoretically calculated (19). Many
researchers have investigated polyaniline for the material
of a lithium battery cathode, because of its high energy
density (Wh/kg), chemical stability, and h.ghly reversible
doping-undoping process. Recently, the Bridgestone Cor-
poration and the Seiko Instruments Incorporated group
developed a coin battery utilizing electropolymerized PAn
as the cathode material (20). However the capacity density
of these cells was small.

In our previous investigations (6, 7), the PAn film depos-
ited from a nonaqueous solution with an organic acid
(CF;COOH) containing electrolyte LiClO, showed electro-

active properties as well as those of PAn film deposited’

from an acidic aqueous solution. The PAn film deposition
from a nonaqueous organic solution has the advantage of
not requiring a ilm drying process that is needed when the
deposition is done from an aqueous solution. It increases
the possibility of selecting a solution for PAn polymer-
ization.

The properties of many nonaqueous, dipolar-aprotic or-
ganic solvents have been examined by many researchers
(21-25). In particular, the solvent systems of prapylene car-
bonate (PC) can be blended to continuously vary the phys-
ical properties so as to change the dielectric constants and
viscosities. For example, in the PC-DME (1,2-dimethoxye-
thane) system (24), the ionic transport becomes faster be-
cause of a decrease in the solution viscosity; in the PC-EC
(ethylene carbonate) system (25), the ionic digsociation and
conductivity are enhanced by an increase in the dielectric
constant.

In this paper, we investigate the electropolymerization
conditions of PAn in mixed solvent systems, furthermore,
the effects of mixed solvent electrolytes on the cell per-
formance of lithium/PAn batteries are also reported.

Experimental

Solutions and film preparation.—Reagent-grade propyl-
ene carbonate (PC) was used as the principal solvent. Re-
agent-grade 1,2.dimethoxyethane (DME) and ethylene car-
bonate (EC) were used to blend with the PC. The ratios of

* Electrochemical Society Active Member.,
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DME and EC for PC-DME and PC-EC were 0, 25, 50, 75,
and 100 volume percent (v/o) and 0, 25, 50, and 75 mole per-
cent (m/o), respectively. Mole percent is used in PC-EC
system because EC is in a solid state at ambient tempera-
tures and volume percent is used in PC-DME system be-
cause DME is in a liquid state. The properties of PC, DME,
and EC at 25°C are as follows: dielectric constant (¢) = 64.4,
7.20, and 89.8 (40°C); viscosity (n) = 2.530, 0.455, and 1.86
(40°C) cP; and donor number = 15.1, 24, and 16.4.

Polymerization solutions of PAn contained 0.5 mol dm~?
aniline monomer, 2.0 mol dm-! CF,COOH, 1.0 mol dm-?
LiCl0,, and the various solvents described above. Molecu-
lar sieves were added to remove water in the solutions.

PAn films were deposited on Pt substrates in a three-
electrode cell in an argon gas atmosphere. A Pt wire or
plate was used as a counterelectrode. All potentials were
referred to an Ag/Ag® (0.01 mol dm™® AgNOy/the same sol-
vent as polymerization solution) reference electrode. The
electro-oxidative method of polymerization was either via
a scanned potential between —0.6 and 0.6 V (vs. Ag/Ag') at
10mVs™, or a constant current of 0.5 mA cm™3. The
scanned potential method was used to monitor the poly-
merization reaction while the constant current was used
for forming films for battery cathodes.

Electrochemical measurements.—Cyclic voltammetric
and ac impedance measurements of the PAn films were
performed in the 1.0 mol dm™? LiCIO/PC electrolyte solu-
tion using the same three-electrode cell, except that a
Li/Li* reference electrode was used for the ac impedance
measurements. PAn films were prepared by galvanostatic
electropolymerization with a loading of up to 1 and/or 5 C
cm™? The voltammetric apparatus included a potentiostat
(Hokuto HA-501) and a function generator (Hokuto
HB-111) coupled to a digital coulometer (Hokuto HF-201).
AC impedance measurements were taken with the same
apparatus coupled to a frequency response analyzer (NF
FRA-5020) and a computer (NEC PC-9801RX). The ampli-
tude of the signal applied to the samples was 10 mV and
the frequency range covered extended from 10 mHz to
20 kHz.

A LUPAn battery was assembled with a PAn-coated
electrode as the cathode and a Li anode mounted on a Ni-
expanded mesh. PAn films were prepared in the various
solutions described above at 0.5 mA cm™2, and only a load-
ing of up to 5 C cm™ was used for this purpose. Electrolyte
solutions used in the Li/PAn cells were PC, PC-DME
(50 v/o), and PC-EC (50 m/o) containing 1.0 mol dm™3 Li-
ClO,. All charge-discharge tests were performed at a con-
stant current density of 1 ~ 20 mA cm"2, Discharge of the
cell was terminated when the cell voltage reached 2.0 V.
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Fig. 1. Cyclic voltammograms for polymerization of aniline in various
solutions ot 10 mV 57!, Polymerization solutions: 0.5 mol dm=? aniline,
2.0 mol dm™? CF;COOH, 1.0 mol dm? LiClO/various solvents, Num-
bers in the figure show the cycle numbers.

SEM and infrared spectroscopy observations.—The mor-
phology of the PAn films was inspected by scanning elec-
tron microscopy. Fourier-transform IR absorption spec-
troscopy (JEOL FT-IR 5M) was used to identi y the films
formed in the various solutions.

Results and Discussion

Polymerization of polyaniline in various mixed solvent
systems.—Polymerization of PAn.—In our previous inves-
tigations (6, 7), an electroactive polyaniline film was ob-
served ta be formed from nonaqueous solutions with tri-
fluoroacetic acid. Figure 1 shows the cyclic volt-
ammograms at 10 mV s™! in PC, PC-DME, and PC-EC so-
lutions containing an aniline monomer, supporting elec-
trolyte (LiClO,), and the organic acid (CF,COOH). In PC
solutions as shown in Fig. 1a, there are the polymerization
current at around 0.4 V (vs. Ag/Ag*) (5) and the doping-
undoping peaks at around -0.4 V to 0 V, suggesting the
polymerization of the electroactive PAn film. In the DME
solution shown in Fig. ¢, there is no redox peak and only
the anodic polymerization current, suggesting the deposit
of a nonactive film. In the blended solution of PC.DME
(50 v/o shown in Fig. 1b), the polymerization current de-
creases for the first two scans, but it increases after the
third cycle. This indicates that the initial deposition of
PAn in the PC-DME (50 v/o) solution is difficult, but that

J. Electrochem. Soc., Vol. 138, No. 10, October 1991 © The Electrochemical Society, Inc.
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after the initial film forms the deposition of PAn proceeds
easily. In the solution of PC-EC (50 m/o) as shown in
Fig. 1d, an electroactive PAn film, similar to that in a PC
solution, is formed.

The potential-time curves at constant-current polymer-
ization are shown in Fig. 2. In PC.DME solutions, the
polymerization potential stays constant at the ca. 0.4 V re-
gion in the region between 0 and 50 v/o DME electrolyte
solutions. The electrode potential, however, shifts to a very
high potential during the initial time in electrolyte solu-
tions containing over 75 v/o DME. An electroactive PAn
deposit was observed on the Pt substrate, but at the same
time, a large amount of an oligomer dissolved into the so-
lution, which was detected by the dark green solution
color.

In contrast to the PC-DME system, the polymerization
potential curves in various PC-EC mixed solutions looked
the same as that in the pure PC solution, as shown in
Fig. 2b. Therefore, the PAn films deposited in the PC-EC
mixed solutions are thought to be the same as those ob-
tained in the PC solution.

Electrochemical characteristics of PAn.—The ion doping
ability can be compared as the amount of doping charge,

+ that is estimated from the anodic current peak of the
cyclic voltammogram at 5 mV s™!, Figure 3 shows the Qq
value of PAn films as a function of mixed ratio of solvents
for the polymerization solution. For PC-DME mixed solu-
tions, Q4 keeps more than 90% of its maximum value until
a 50 v/o DME content, then it dramatically decreases to
8 mC cm™ at a 75 v/o DME content. In the region between
0 and 50 v/o DME, the coulombic efficiency of constant-
current polymerization, as checked by the measurements
of the film weight, decreases slightly. However, for more
than 50 vio DME, it decreases drastically and a soluble
product is detected by the dark green solution color.
Therefore, the PC-DME blended solvent system is unsuit-
able for the formation of electroactive PAn films at high
DME content. Then, only the PAn film deposited from
PC-DME (50 v/o) solution was used for the comparison of
the others. For PC-EC mixed solutions, the Q4 values are a
constant value of ca. 148 mC em2, regardless of the sol-
vent ratio. Since the Q4 value reflects the battery capacity,
the PAn films formed in the PC-EC (50 m/o) mixed solu-
tion system were used for the remaining experiments.

IR observations.—The IR spectra for various PAn films are
shown in Fig. 4. These measurements were done in order
to clear the solution effects on the PAn. The comparison
of the IR spectra was done with ca. 20 wm thick films de-
posited by passing 1 Cem™. The absorption peaks of
PAn are common to all three films. A strong absorption
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peak at 810 cm ™! from C—H out-of-plane bending is clearly
observed in the spectra of all three films. This absorplion
peak suggests that the electrochemical polymerization in
the PC, the PC-DME, and the PC-EC solutions all occurs
through the coupling of the phenyl nuclei at the para-
position with respect to the amino group.

The effect of the organic solvent of the physical proper-
ties is thought to be as follows. For the PC-DME solvent
system, the dielectric constant of the solvent decreases
with the increase in the DME content, while the viscosity
decreases. Thus the dissociation of ions decreases, but the
mobility of the species increases. Since the electrochemi-
cal polymerization of aniline is initiated by aromatic radi-
cal cations and proceeds via the radical cation interme-
diate (26-28), the increase in DME retards on the initiation
of the polymerization. This appears to outweigh the bene-
fit of lower viscosity. In contrast, the PC-EC solvent has a
high enough dielectric constant to form good PAn films
throughout the range of EC content studied.

SEM observation.—Figure 5 shows SEM images for PAn
films prepared in the various solutiens. The PAn films
formed in PC and PC-EC solutions (Fig.5a,c) have a
grainy structure of ca. 1 pm diam, as previously reported
(6). In contrast, the PAn film deposited from PC-DME so-
lution (Fig. 5b) has mixed regions of grainy and fibrous
structures. The diameter of the grainy structure is one
third that observed in other solutions.

DPC

bYPC-DME(S0 vol®)

CIPC~EC(50 molX)

It 1 L i
2000 1300 000 300

Wave Number / cm™

Fig. 4. IR spectra of PAn films deposited from {a} PC, (b) PC-DME
(50 v/o), and (¢} PC-EC (50 m/o) solutions.

@) Polymerized in PC solution
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Fig. 5. SEM images for the top views of PAn films (5 C cm™?) poly-
merized at various conditions.

Performance of Li/PAn batteries—Charge-discharge
performance of Li/PAn cathode (prepared from various
polymerization  solutions) batteries.—We assembled
Li/PAn cells using the PC eleclrolyte containing 1.0 mol
dm™ LiClO,. The PAn films were 5 C ecm~? thick. Figure 6a
shows the dependence of the coulombic efficiency on the
charge depth at the current density of 2 mA cm~? for both
charge and discharge. Figure 6b shows this efficiency
against the current density at the charge depth of 800 mC

m~2 In Fig. 6a, a large difference is not observed until the
capacity reaches 1200 mC em™2 (ca. 140 Ah kg™"). The cou-
lombic efficiency estimated from the charge-discharge
curve is nearly 100%. However, over 1200 mC cm 2, there

-appear detectable differences between the batteries from

the PC-DME solutions and those from the PC. This seems
to be caused by the small decrease in the redox aclive sites
of the films deposited from the PC-DME solutions. In
Fig. 6b, the charge-discharge current density also is not
large (PC-EC =z PC.DME = PC).

Charge-discharge performance of Li/PAn (prepared from
PC) batteries in various electrolyte solutions.—We investi-
gated the Li/PAn (prepared from PC) cells with several
electrolyte solutions containing 1.0 mol dm-* LiClO,. Fig-
ures 7a and b show the dependence of the coulombic effi-
ciencies on the charge depth and on the charge-discharge
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current density, respectively. In Fig. 7a, the coulombic ef-
ficiency is more than 98% up to a charge depth of 1200 mC
em™?, however, the coulombic efficiency in PC-DME elec-
trolyte solution decreases dramatically in the higher cell
loading region. This is probably due to two causes. The
first is the interaction between DME molecules and active
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the electroactive polymers.

sites in the PAn chains, The DME molecules stabilize the
radical cations and restrain the ClOy ions from interaction
with the radical cations. The second is the decomposition
of DME at potentials over 4.0 V.,

The effect of the current density on the coulombic effi-
ciency is shown in Fig. 7Tb. The coulombic efficiency using
PC electrolytes decreases dramatically and becomes 65%
at 20 mA em™2, However, by blending EC or DME, the cou-
lombic efficiency can be maintained at a high value, up to
10 ~ 15 mA em-2,

Impedance analysis of PAn films.—Determination of re-
action resistance of PAn films.—PAn films were measured
by means of an ac impedance method to investigate and
compare the film properties more precisely. Figure 8
shows ideal behavior in the form of Cole-Cole plots. There
appear three regions; the semicircle at high frequencies,
the linear relation with a 45° inclination at medium fre-
quencies, and the vertical line at low frequencies. The
three regions correspond to the rate-determining regions
of charge-transfer, the ion diffusion, and the limitation of
an ion diffusion in the film. The data for various prepara-
tion solutions and the electrolyte solutions are shown in
Fig. 9 and 10. The values of R, (solution resistance) and r
(reaction resistance) are tabulated in Tables I and II. In
Fig.9, the PAn films polymerized from the PC, the
PC-DME (50 v/o), and the PC-EC (50 m/o) polymerization
solutions were measured in a L0 mol dm~2LiCIOyPC elec-
trolyte solution at 3.55 V vs. Li/Li*. In Fig. 10, the PAn film
prepared from the PC polymerization solution was meas.
ured at the same potential of 3.55 V (vs. LVLi*) in the PC,
the PC-DME (50 v/o), and the PC-EC (50 m/o) electrolyte
solutions containing 1.0 mol dm-3 LiClO,.

In Fig. 9 (see Table 1), the reciprocal value of r (reaction
rate) of PAn deposited in the PC-EC solution is larger than
those in the PC-DME and the PC solutions (PC-EC >
PC-DME = PC), suggesting that the rate of charge-transfer
in the PAn film prepared in the PC-EC solution is faster
than the films prepared in other solutions. In Fig. 10 (see
Table II), the reciprocal value of r (reaction rate) clearly
shows the order of PC.DME > PC-EC > PC, which corre-
sponds exactly to the dependence of battery performance
on the charge-discharge current density shown in Fig. 7b.

The redox capacitance and the diffusion coefficient for
PAn films determined from “finite diffusion” region.~—Ho
etal. (29) applied a model called the “finite diffusion
model” to ac impedance analysis. Hunter et al. also ap-
plied the model to polymer film systems (30). In this
model, the impedance is nearly purely capacitive, re-
flecting the charge saturation limit set by the finite poly-
mer thickness. For thin film samples in the low-frequency
range, w << L¥D, where w, L, and D are the frequency, the
film thickness, and the diffusion coefficient of doping ions

into the film, respectively. The phase angle approaches w/2
and Cy is given by

Ci' = d(-Z)/d(w) m
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Fig. 9. Cole-Cole plots of PAn films (1 C cm™?) palymerized from various polymerization solutions containing 0.5 mol cm ™2 aniline, 2.0 mol dm™?
CF;COOH, 1.0 mol dm™2 LiCIO, and blended soivents. The impedance was measured in 1.0 mol dm~? LiC10,/PC electrolyte solution at 3.55 V vs.

Lk,

a) PC b) PC-EC(50 mol %) c) PC-DME(50 vol.%)
=30 332 mhz v 249 mHz @ ® 349 mHz

§ . ° i
N L

~N
(=) L P [
NE [ [ ] o
.’ ®
00 0eg !

ol e*

® Zeas/Qcm? 2B Zeas0cm? ® 7 Zrea/ Qcm® 2

Fig. 10. Cole-Cole plots of PAn films (1 C cm™?) measured in various electrolyte solutions containing 1.0 mol dm~? LiClO,, and blended solvents.
PAn films were deposited from PC polymerization solution. The impedance was ed ot 3.55 V vs. Li/Li*.

From expression [2] plus the sample thickness, we can de-
duce the diffusion coefficient, D. Using the expressions [1]
and [2], some D values were calculated for conducting
polymers (e.g., polyvinylferrocene) (30-35). However, in the
case of a highly porous electrode as a PAn electrode, the
! effective length for the ion motion is not well defined and
R, =(l/Cy) - L*f3D ‘ [2]  does not correspond to the sample thickness. The D value

where Cy is the low-frequency redox capacitance of the
film. The low-frequency resistance Ry, is related to the
redox capacitance and the diffusional relaxation time, L¥YD
is obtained by extrapolating the low frequency data to the
x axis, as explained in Fig. 8

Table I. Experimentally determined values from the rate-determining region of the charge-transfer and the finite diffusion region for PAn films
{1 C cm™?) deposited from various solutions, measured in PC electrolyte solution containing 1.0 mol dm™? LiClO,.

Polymerization solutions Electrolyte solutions R/ cm? /) cm? Cy,- 10%F em 2 Ry/f} em? D-10%cm?s™!
PC PC 196 2.24 105 2.66 7.64
PC-EC PC 19.5 0.98 11.2 232 821
PC-DME PC 192 2.08 731 4.82 6.05

Table 11. Experimentally determined values from the rate-determining region of the charge-transfer and the finite diffusion region for PAn films
! e

{1 C ecm™?) deposited from PC polymerizat , d at vari diti
Polymerization solutions Electrolyte solutions RJQ cm? /2 cm? Ci: 10%F cm™ R/t em? D 10%cm?s™
PC PC 19.6 2.24 10.5 2.66 7.64
PC PC-EC 147 1.60 10.9 0.90 21.7
PC PC-DME 8.10 1.04 11.6 0.56 328
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for this system found from using L which equals the film
thickness results in estimates of D about 1073 cm? 5!, This
value is too large. Mermilliod et al. (33) already discussed
this effect and used the polymer chain size for the L value
instead of the film thickness. We considered such results
and discussion, and adopted the average particle size, ca.
0.8 pm, of the polymers observed by SEM, as the effective
length for the ion motion, assuming the movement of dop-
ing ions in small domains of particle size.

The values of Cy, Ry, and D, using the above assumption,
are tabulated in Tables I and II. The calculated D values
are reasonable, on the order of 10™° ~ 107® ecm? 57, sug-
gesting that particle size is a suitable limit for the diffusion
length, L. The D values of PAn films deposited in various
solutions (TableI) show the order of PC-EC = PC =
PC-DME and the battery performance from Fig. 6b seems
to correspond to this order of D values. In Table II, the
order of the calculated D values, PC-DME > PC-EC > PC,
corresponds exactly to the behavior of the charge-
discharge current density shown in Fig. Tb.

The relationship between the electrochemical properties
of PAn films is linked to the battery performance of the
Li/PAn cells. Changing the polymerization solvent
changes the electroactivity and the diffusion coefficient of
PAn films. The values of r and D, of course, correlate with
the corresponding battery’s capacity (concerned with r~?)
and also the current density dependence (concerned with
D) in the high-current density region.

Conclusion

Our investigation of the electropolymerization condi-
tions on PAn films shows that a high dielectric solution is
necessary to deposit an electroactive PAn film. The PAn
films formed from the PC, PC-EC, and PC-DME mixed sol-
vent systems all have the same basic structure, but the
electrochemical activity of the films are influenced by the
physical properties of these solvents. Battery performance
is consistent with the electroactivity and morphology of
the PAn films.
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Thin films of electroinactive polypyrrole (PPy) were electropolymerized in NaOH aque-
ous solutions on ITO (indium tin oxide) electrodes for the purpose of constructing

nonlinear MIM
displays.
NaOH concentration.

(metal-insulator-metal) switching devices for large scale flat panel
Electroactivity and morphology of PPy films were greatly affected by the
Highly anodic potential (1.5 V vs. Ag/AgCl) electrolysis in NaQH

solution produced carbony! groups in the PPy chain, so that electroinactive PPy was

nonconducting in as-prepared conditions.
tabricated by ITO sputtering onto the PPy film.

pared from 0.01 mol dm?
current-voltage (I-V) characteristics.

The MIM structure of ITO/PPy/ITO was

The device using the PPy film pre-

NaOH aqueous solution showed nonlinear and symmetric
In spite of using the nonconductive PPy, a

dependence of I-V characteristica on polymerization time was observed, and a proper
polymerization time was required to produce an MIM device.

1 INTRODUCTION
Electropolymerized films are insensitive to
air. They are able to be prepared highly

conductng, semiconducting and insulating
materials when varying thelr polymerized
conditions. Highly conducting or semiconduct-

ing polymers, formed by electropolymerization,
have been extensively investigated from a
practical point of view for electronic device
application. Indeed, Schottky Junction-type
diodes!)? and field-effect transistors (FETs)?
have been demonstrated using, e.g., a copoly-
mer of pyrrole and N-methylpyrrole units, and
polythiophene respectively. An application of
electrolnactive or nonconducting polymers
formed with a electropolymerization technique,
however, has scarcely been tried in this fieid.
We have fabricated an MIM (metal-insulator-
metal) device using an electropolymerized
nonconducting film as an insulator34),

The MIM device is a nonlinear, two terminal
device, and its structure is simpler than that

Department of Applied Chemistry, School of
Science and Engineering, Waseda University
(3-4-1 Okubo, Shinjuku-ku, Tokyo 160)

+SEIKO EPSON Co. (17-1 Tsukahara 1-Chome,
Chino-shi, Nagano 3981)

Key Words: Electroinactive polypyrrole, Highly
anodic electrolysis, Nucleophilic hydroxide ion,
Nonlinear MIM device

of a TFT (thin film transistor). An application
of it to the switching element for the multi-
plexed ligquid crystal (LC) display is
expected®. The insulator of the MIM switching
device Is practically used with a Taz0s layer
formed by anodizing a sputtered Ta film. Its
tabricating process is still complex, and a
simplitied fabricating-process is required in
order to realize a large area LC panel. On the
basis of this requirement, some insulating
organic films, such as polyimide formed using a
Langmuir-Blodgett method?), polyfuran using
plasma polymerization”, and polyethylene using
an evaporated method® have been reported.
We have already reported an MIM device using
undoped poly-N-methylpyrrole (PMPy) film as
an insulator?). An electropolymerization
method {8 highly suitable for larger area fabri-
cation, but the undoped PMPy film reported in
ref. 3 is very sensitive to its anion undoping
process, so that the stability of electric char-
acteristics of this element must be developed.

In this paper, we try to use directly formed
nonconducting polypyrrole (PPy) as an insula-
tor), Instead of undoped polymers, and report
and discuss the nonlinear properties of the
MIM device using the electroinactive PPy insu-
lator.
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2 EXPERIMENTAL

2.1 Chemicals and solutions

Reagent grade pyrrole (Tokyo Kasel Co.,Ltd.),
NaClo« (Kanto Chemical Co., Inc.) and NaOH
(Kokusan Chemical Works Ltd.) were used
without further purification. Photoresists
OMR-83 and OFPR-800 (Tokyo Ohka Kogyo Co.,
Ltd.) were used for ITO (indium tin oxide)
glass substrate preparation and for etching
the upper ITO electrode respectively. Aque-
ous solutions containing 0.25 mol dm pyrrole
monomer and 0.05, 0.01, and 0.001 mol dm-3
NaOH electrolyte salts were used for the
preparation of PPy films. They were deaerated
by argon gas before use.
2.2 Film preparation and electrochemical
measurements

For the electropolymerization and electro-
chemical measurements, the cell was assembled

with an ITO working electrode, a Pt counter -

electrode, and an Ag/AgCl reference electrode.
Cyclic voltammetry at 10 mV 8! was employed
for surveying both electropolymerization behav-
ior and the redox process. PPy films were
formed by constant potential electrolysis at 1.5
V va. Ag/AgCl with varying electrolysis time.
Electroactive PPy for Fourier-transformed
infrared (FT-IR) and visible (Vis) spectroscopic
measurements were formed by constant poten-
tial electrolysis at 0.65 Vv va. Ag/AgCl from an
aqueous solution containing 0.2 mol dm-?
pyrrole monomer and 0.1 mol dm? NaClOs
electrolyte salt.
2.3 Fabrication and current-voltage (I-V)
characteristics measurement of an MIM device
Device fabrication was performed as previ-
ously reported4). A schematic representation
of the MIM device is shown in Fig. 1. The
holes for deposited polypyrrole layer were
prepared on the ITO (ca. 400 nm thick) glass
substrate using a photolithographic technique.
The hole sizes were 100, 300, 500, 700, 1000 pm
in diameter. PPy films formed by constant
potential electrolysis at 1.5 Vv vs. Ag/AgBCl were
used for fabrication of the device. After a

®

*® DC VOLTAGE

SOURCE
Metal(ITO) o

Insulator(PPy)
Metal(ITO)

)

Fig. 1. Schematic representation of the MIM
device structure.

DENK!I KAGAKU

rinse In water and drying by a stream of
argon gas of the PPy coated electrode, the
upper ITO electrodes (ca. 60 nm thick) were
prepared by using sputtering and etching
technique. I-V characteristics of the device
were measured between * 10 V by 0.5 V steps
in the dark.
2.4 Apparatus

The microscopic FT-IR spectroscopic meas-
urement was carried out by a JEOL JIR-5500.
Vis spectra were recorded on a HITACH! U-3200
spectrophotometer. The morphology of PPy
films was observed with a JEOL JSM-T20
scanning electron microscope (SEM). Film
thickness was measured using a contact protile
meter (Alpha-step 200 TENCOR INSTRUMENTS).
For the film preparation, the Potentio/galvano-
stat HA-301 (Hokuto Denko Co., Ltd) was
employed. I-V characteristics were measured
using a YOKOGAWA HEWLETT-PACKARD 4140B PA
meter / dc voltage source.

3 RESULTS and DISCUSSION

3.1 Selection of the polymerization solution

Electropolymerization of insulating PPy has
already been reported briefly by Murthy et
al®, but details of the polymerization condi-
tion have scarcely been described. We pre-
pared three polymerization solutions containing
0.001, 0.01, and 0.05 mol dm-3 NaOH, and
surveyed electropolymerization behavior and
the redox process of PPy films with cyclic
voltammetry in polymerization solutions. Cyclic
voltammograms over the range between -0.3 V
and 1.8 V vs. Ag/AgCl for each solution are
shown in Fig. 2. For the lower NaOH concen-
tration (Fig. 2-(a)), anodic current for polymer-
fzation {s shown at the first cycle and then
the redox process is observed. This means
that the PPy film obtained in 0.001 mol dm™3
NaOH solution Is somewhat electroactive and its
conductivity is not very low. The PPy ftilm
formed from this polymerization solution is
considered to be unsuitable for use in an MIM
device. On the other hand, anodic currents
for polymerization are also observed in both
Figs. 2-(b) and 2-(c), however, the redox
process is not shown. This indicates that PPy
films obtained from these solutions are elec-
troinactive and the conductivities are very low.
For polyanilinel® and polyphenol!), it was
reported that the electroinactive and low
conducting films are obtained in high pH solu-
tions. But Li et al. reported that, even in
NaOH electrolyte solution, electroactive PPy film
showed the redox process with a decrease in
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(a) 0.001 mot dm™® NaOH
20T
101
007
v 201 (b) 0.01 mol dm™® NaOH
5
E 101 ‘
~NO0OF} /JL 23
(c) 0.05 mot dm™ NaOH
20+ !
1.0}
0.0} TR
-05 00 05 1O 1.5 2.0
£/ Vvs. Ag/AgCl
Fig. 2. Cyclic voltammograms at 10 mV s! in

various NaOH aqueous solutions containing 0.25
mol dm=? pyrrole: {(a) 0.001 mol dm=, (b) 0.01
mol dm-3, and (c) 0.05 mol dm™3 NaOH.
indicate the cycle numbers.

Figures

conductivity when an adequate scan range was
selected, and that it became electroinactive
when the ancdic scan went to a higher anodic
potentiall?), Judging from these reports, the
electroinactivity of the PPy films obtained from
0.01 and 0.05 mol dm3 NaOH solution is consid-
ered to be affected by highly ar{xodic potential
electrolysis rather than high pH value, Highly
anodic potential (1.5 V vs. Ag/AgCl) electrolysis
was employed for film preparation.

Next, we tried to electropolymerize PPy films
for MIM devices in 0.0l and 0.05 mol dm
NaOH polymerization solutions by constant
potential electrolysis at 1.5 V vs. Ag/AgClL
The surface morphology, the film thickness and
the adherence to the [TO electrode are consid-
ered to affect I-V characteristics of the device
significantly. The surface morphology of elec-
troinactive PPy films were observed and are
shown in Fig. 3, indicating the SEM images of
PPy films obtained from 0.01 and 0.05 mol dm™

1021

(a) 0.01 mol dm™ NaOH

et
; 20um
Fig. 3. SEM images of PPy films electropolymer-

ized at 1.5 V vs. Ag/AgCl from polymerization
solutions (a) 0.0lmol dm~? and (b) 0.05 mol dmn~

3 NaOH.
pyrrole.

Each solution contains 0.25 mol dm™3

O
N

Film thickness / um
O

O 20 40 60 80
Polymerization time / min

Fig. 4. The relationship between film thickness
and electrolysis time at 1.5 V vs. Ag/AgCl from
0.01 mol dm3 NaOH polymerization solution
containing 0.25 mol dm™ pyrrole.
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NaOH polymerization solutions. In Fig. 3-(a),
the PPy film obtained from 0.01 mol dm-%® NaOH
solution is thin (ca. 0.2um thick) and very
smooth, s0 it would be free of the pin-hole
defects. On the other hand, in Fig. 3-(b), the
PPy film from 0.05 mol dm-3 NaOH solution is
thicker than that from 0.01 mol dm-® NaOH.
However, wrinkles are observed, so the
adherence of this film to the ITO electrode is
found to be very low. Therefore, we selected
the PPy film obtained from 0.01 mol dm? NaOH
polymerization solution for an MIM device
because of its low conductivity and good
adherence to the ITO electrode.

Figure 4 shows the dependence of the film
thickness on polymerization time when the PPy
films were electropolymerized at 1.5 V vs.
Ag/AgCl. Electroinactive PPy has low conduc-
tivity in as-prepared conditions, so the film
thickness shows a rapid rate of increase at the
start of polymerization and the deposition rate
of the film slows down with a proceeding of
deposition. The thickness of the PPy film is
found to be saturated at ca. 0.2 pm.

3.2 Vis and IR spectra

The Vis spectra of electro-active and -inac-~
tive PPy-films are shown in Fig. 6. Curve (a)
in Fig. 5 shows the spectrum of the electroac-
tive PPy film formed from polymerization solu-
tion containing NaClO4« as an electrolyte at 0.85
V va. Ag/AgCl. The spectrum contains broad
absorption of more than 600 nm, originating
from what is called the bipolaron absorption!d).
But such a bipolaron absorption is not ob-
served in the electroinactive PPy film formed
from 0.01 mol dm™® NaOH polymerization solu-
tion at 1.5 V vs. Ag/AgCl for 60 min even in
as-prepared conditions (curve (b)). LI et al.
reported a similar spectrum in undoped and
low conducting PPy by in situ spectrum
measurement!2), These facts imply  that the
electroinactive PPy is not in a bipolaron state
and also that it is very low conﬁucting in as-
prepared conditions.

Figure 6 shows the FT-IR spectra of
electro-active and -inactive PPy film species.
Both In electro-active (curve(a)) and -inactive
(curve(b)) PPy films, the absorption peaks
assigned to pyrrole rings (ca. 880, 1017, 1162,
1524, and 3218 cm! ) are demonstrated. A
strong absorption peak at 1697 cm! is clearly
observed in curve (b), not so clear in curve
(a). This peak can be attributed to the C=0
stretching vibration, indicating that the carbo-
ny! (C=0) groups exist In the electroinactive
PPy chain. The carbonyl groups may be intro~

DENKI KAGAKU

(a) Active PPy
(b) Inactive PPy

Absorbance

| l I
400 600 800
Wavelength / nm

Fig. 5. Vis spectra of electro-active and -inac-
tive PPy films: (a) electroactive PPy film
formed at 0.65 V vs. Ag/AgCl from an aqueous
solution containing 0.1 mol dm=? pyrrole and
0.2 mol dm-? NaClO4, (b) electroinactive PPy
film formed at 1.5 V vs. Ag/AgC! for 60 min
from an aqueous solution containing 0.25 mol
dm¥ pyrrole and 0.01 mol dm-3 NaOH.

(a) Achve PPy ™, \/\/
/A-\_../ wm
/L

{b) Inactive PPy
/

1 1 ! ] i I
3600 2800 2000 1600 1200 800

Wavenumber / cm™

/\’

Reflectance

Fig. 6. FT-IR reflection spectra of electro-
active and -inactive PPy films: (a) electroactive
PPy film formed at 0.65 V vs. Ag/AgCl from an
aqueous solution containing 0.1 mol dm-?
pyrrole and 0.2 mol dm® NaClOs, (b) electro-
inactive PPy film formed at 1.5 V vs. Ag/AgCl
for 60 min from an aqueous solution containing
0.25 mol dm™3 pyrrole and 0.01 mol dm® NaOH.
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duced by highly anodic potential electrolysis
(1.5 V vs. Ag/AgCl). The possibility of attacks
of nucleophilic hydroxide anions from the NaOH
electrolyte to a~ or 8- carbons is shown in
scheme 1.

(a) Hydroxide ion attack at a-carbon

’//on o o
e L\

s
ARy A e

(b) Hydroxide ion attack at B-carbon

OH

/:OH
AN . N » §

Q 0 Q (o]
...2 -
— A 2 6 —
H H H
Scheme 1

The positive charged sites in PPy chain
would exist In n-conjugated systems, so these
two reactions shown in (a) and (b) are consid-
ered to occur simultaneously. Similar carbonyl
group formation was reported as an irreversi-
ble overoxidation reactlon which changed an
electroactive polypyrrole) or polythiophene
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1%  to an electroinactive and low conducting
state. The nucleophilic reactions would occur
at electrophilic sites of the positive charged
bipolarons and lead to shortening of wn-conju-
gated length of the PPy chain. Such reaction
makes the PPy films electroinactive and low
conducting in as-prepared conditions, and this
film preparation method probably consists of
both the polymerization and the irreversible
overoxidation reaction.
3.3 I-V characteristics of the MIM device
Figure 7 shows I-V characteristics of the
MIM device using the PPy film formed from
0.01 mol dm-¥ NaOH polymerization solution at
1.5 V vs. Ag/AgCl for 60 min. The positive
and negative directions in Fig. 7-(a) and (b)
correspond to a positive and negative bias in
the ITO glass substrate respectively. The
symmetric and nonlinear I-V responses and
increases in currents, ca. 5 orders of magni-
tude(Fig. 7-(a)), are reproducibly observed,
and the switching behavior of threshold voit-
age at ca. + 5 V i{s obtalned as shown in Fig.
7-(b). A number of measurements also con-
firmed the stability of the electric properties
of it. The hole size did not influence I-V
characteristics. As for the reproducibility
and no necessity of undoping process, this
device is superior to that using the undoped
PMPy film reported - previously". Thus the
electroinactive PPy films were found to be

10™

107
107
107
107

1/ A cm™?

(b) 10
Q
oL
ol 5
>
~
105" .
0 5 10
Voltage / V
_5_

107°

Voltage / V

Fig. 7. 1-V characteristics of the MIM device using the electroinactive PPy film formed at 1.5 V

vs. Ag/AgCl for 60 min from aqueous solution containing 0.25 mol dm-?

dm~? NaOH: (a) log I-V, (b) I-V.

pyrrole and 0.0lmol



1024

suitable for an insulator of the MIM device
from a practical point of view.

Next, we tried to fabricate the devices with
varying polymerization time. When polymeriza-
tion time is shorter than 30 min, high applied-
voltage caused the breakdown of the I-V
characteristics. On the other hand, polymeri-
zation for more than 30min confirmed the sta-
bility of them. Figure 8 shows the typical I-
V characteristics of the devices using PPy film
deposited for 30 and 60 min. The resistance
and threshold voltages are found to increase
with the pessage of polymerization time. These
phenomena can be explained as follows.

(1) An increase in the film thickness lowers
the electric field of the PPy film, improving
the resistance value.

(2) The structural change which improves the
resistivity value proceeds during polymeriza-
tion.

The former is easily confirmed by the re-
sults in Fig. 4. The latter is suggested by the
relationship between PPy film conductivity and
polymerization time. Figure 8 shows the rela-
tionship between polymerization time and the
conductivity, 0Oos, of PPy films measured at
currents of +0.5 V. The Gos value is found to
clearly decrease with polymerization time. This
is probably caused by the structural change of

(@) 30 min
(b) 60 min

1/ Xx10A cm™®

Voltage / V

T

-10

)
!
!
1
[}
1
[}
[}
!

Fig. 8. I-V characteristics of the MIM device
using PPy films deposited for (a) 30 min and
(b) 60 min.

DENK! KAGAKU

the PPy film. The Vis spectra of PPy ftilms
were measured with varying polymerization
time. The Vis spectra of the PPy film of dit-
ferent polymerization time are shown in Fig.
10. With the passage of polymerization time,
the bipolaron peak, which is slightly observed

S o

Oos / X10™"S cm™
(0}

0

20 40 60 80
Polymerization time / min

Fig. 9. The dependehce of the conductivity,
Oos, in electroinactive PPy films measured at
0.5 V on polymerization time.

(a) Bmin
\, (b) 30min
\ (c) 60min

o
o

Absorbance

600 800

400
Wavelength / nm

Fig. 10. Vis spectra of the PPy films as a
function of polymerization time: {(a) 5 min, (b)
30 min, (c) 60 min.
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at 760 nm, becomes smaller, and disappears
completely at more than 45 min polymerization.
This may be due to the attack of hydroxide
anion to the positive site of the bipolaron
leading to the destruction of it. Thus the
improvement of the resistance value probably
is due to both the increase of the film thick-
ness and the proceeding overoxidation reaction.

4 CONCLUSION

The electroinactive and nonconducting PPy
films were able to be electropolymerized from
NaOH aqueous solution at highly anodic poten-
tial electrolysis. Their electroinactivity and
less conductivity were for the most part
caused by the overoxidation reaction. The
concentration of NaQH affected not only the
electroactivity but the morphology of the PPy
tilm. The ITO/PPY/ITO type MIM device using
the electroinactive PPy showed stable nonlinear
I-V responses, and the possibility of its prac-
tical use was demonstrated. The dependence
of the I-V characteristics on polymerization
time was explained by the increase in film

thickness and structural changes of the PPy
film.
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1 INTRODUCTION
An MIM type non-linear resistance device is
used as a switching device for active matrix LCD
of the high display quality?. So far, the
Ta/TaO,/Metal structure is known as for this

device'™¥,

And an MIM device using organic
insulating film prepared by LB (Langmuir-
Blodgett) technique is studied by Maeda et al4.

We have reported an electropolymerized thin
organic film that is applicable to an insulator for
the MIM device®™".
easily form an organic thin film and can produce
a large-size LCD at a low cost. Especially, the
polypyrrole(PPy) film electropolymerized in the
alkali solution (e.g. pH12) has high resistance
(1010 chm cm) in as-prepared conditions, and the
MIM device which uses this PPy film as an insu-
lator shows non-linear and symmetrical I-V char-
acteristics stably as is previously reported®”.

In this report, we describe the results of the
multiplexing drive simulation of TN-LC cell con-
nected to the MIM device on the basis of the basic
results of Refs. 6 and 7, and discpss the possibility
of active-matrix LCD driven by this MIM device.

Electropolymerization can

2 EXPERIMENT
The MIM device consisted of the ITO/PPy/ITO
structure. The fabrication process was similar to
the previous experiments®®. A 1 ym thick photo-

Production Engineering Department, SEIKO EPSON
Corporation, (1-17-1 Tsukahara, Chino City, Nagano, 391)
tDepartment of Applied Chemistry, Waseda University, (3-4-
1 Okubo, Shinjuku-ku, Tokyo, 169)

Key Words: MIM, Polypyrrole, Active Matrix LCD,
Eletropolymerization

resist film (OMR-83, Tokyo Ohka Kogyo Co.,
Ltd.) was formed over the ITO/glass electrode,
and 300 pym diameter contact holes for the de-
posited PPy were prepared by photolithographic
technique. PPy films were electropolymerized in
aqueous solution containing 0.25M Py and 0.01M
NaOH at the constant potential of 1.5V vs.
Ag/AgCl for 60 minutes. The film thickness of
the PPy film was 0.1 pm. PPy films were first
rinsed in water, next dried in atmosphere for 24
hours, and then dried at 160°C for 60 minutes.
Then sputtered ITO films were formed on the
each PPy film having a 2mm X 3mm area.

Figure 1a) shows the schematic measurement
circuit of the TN-LC cell switching behavior by
this MIM device. The TN-LC cell had an area of 5
mm X 5 mm and a capacitance of 135 pF. The
MIM device had a capacitance of 155 pF. Figure
1b) shows MIM-LC driving waveforms applied to
on-state and off-state LC cell. Driving voltage is
defined as on-state waveform pulse voltage (V).
Typical transmittance (T) - V, characteristics
were investigated at a frame frequency of 32 Hz,
duty ratio T/T;=1/64 or 1/256, and bias ratio
Vy/V.=1/4. The V, was fluctuated in the actual
multiplexing driven LCD, however, in this
experiment V|, was at a constant level for simple
evaluation.

In an MIM driven LCD, in order to get high
contrast ratio between on-off waveforms, large
CLo/Cry ratiofe.g. 10) is better®. For example in
an MIM-LCD using TaO, as MIM's insulator, the
Cro/Cray ratio was 3.5. In this experiment, this
ratio had not been optimized (C,o/Cyqy = 0.9) be-
cause the MIM of larger area was easy to con-
struct and evaluate the performance properties.
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a) TN-LC Cell

MIM
CMIM=155pF

CLC=138pF

Function
Generator

b)

ON waveform —

Va

2

T

“» TE
Ts
a OFF waveform
p | 3
] E‘ L‘
1
Fig.1  MIM-LC driving circuit diagram and
waveforms.

3 RESULTS AND DISCUSSION

Asis already reported®®, this MIM device has
a symmetrical non-linear -V characteristic, and
has threshold voltages at £ 5V,

Figure 2 shows a T-V, characteristics of TN-
LC cell with and without the MIM device at duty
ratio 1/64. Without MIM, there is scarcely a dif-
ference of T-V, curves between on-off waveforms,
so that multiplexing drive is impossible. With an
MIM device, threshold voltages of the LC cell are
obviously different between on-off waveforms.
And the T-V, curve at on-waveform improves
steeper than that without the MIM because the
charge on the on-state LC cell is maintained by
the switching effect of MIM device. Therefore the
contrast ratio between on-off waveforms at the
same V, became obviously high. When a conden-
ser was inserted into the circuit instead of the
MIM device, T-V, curves improved weak slope
and threshold voltages of the LC cell were scarce-
ly different between on-off waveforms. It ex-
plains that this MIM diode actually works asa

1075
120
OFF waveform
with MIM
100 z//
80 OFF waveform
without MIM
P
~
80 ON waveform
B with MIM
40
20 /
ON waveform
without MIM
T T T ¥ T T
8 8 10 12 14 18 18 20
va /v
Fig.2  T-Vacharacteristics of TN-LC cell with and

without MIM diode at 1/64 duty ratio.

switching device, and that does not work as a vol-
tage divider by the capacitance of the MIM
device.

Figure 3 shows T-V, characteristics of LC cell
driven at 1/256 duty ratio. By the switching ef-
fect of the MIM device, a sufficient contrast was
obtained even at 1/266 duty ratio. Because actual
pocket TVs with MIM-LCD are operated at 1/2566
duty ratio®, the MIM is able to be used for a
pocket TV.

Maximum contrast ratios were about 17 at
1/64 duty ratio and 8 at 1/256 duty ratio. In this
experimental, capacitance ratio of C;o/Cyqy had
not been optimized, so that higher contrast ratio
would become possible by making Cy;y smaller,
i.e. using smaller size MIM device.

120

OFF waveform
with MIM

4

100

OFF wavefor

80 without MIM

L4
>~ so-
2]
404 .
ON waveform
with MIM
ol
ON waveform
without MIM
T T Y v T Y
I 8 10 12 14 16 18 20
va /v
Fig.3  T-Vacharacteristics of TN-LC cell with and

without MIM diode at 1/256 duty ratio.
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In conclusion, the MIM device of ITO/PPy/

ITO construction works as the switching device
for active matrix LCD of at least 1/256 duty ratio.

1
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Table 2 Experimentally determined values from the rate-determining region of the charge-transfer

and the finite diffusion region for PAn films (1 C cm™) deposited from PC polymerization
solution, measured at various electrolyte solutions.

Polymerization solutions  llectrolyte solutions  R/Qem? r/Qem? Cy+ 1091 em 2 R, /Qem? D+10%em? s~
rc PC 19.6 224 10.5 2.66 7.64
PC PC-EC 14.7 1.60 10.9 0.90 217
PC PC-DME 8.10 1.04 11.6 0.56 328
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(A) Dependence of doping level
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(B) Dependence of current density
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Abstract—Electrochemical ideas and techniques are widely used in advanced electronic materials. As one
of the most representative types of highly functional materials, magnetic recording materials are
introduced and reviewed to illustrate the potential of electrochemical techniques.

Key words: electronic material, electroless-plating,
media, thin film heads.

INTRODUCTION

During past decades the electronics industry has gone
through a very rapid evolution towards the use of
thinner films, in which electrochemical techniques
have often played an important role[1]. The technol-
ogies used in advanced electronic materials including
the plating of Co alloys with a very thin, homo-
geneous thickness distribution and the plating of NiP
amorphous underlayers for high density magnetic
rigid disks, the plating of the NiFe alloys with
extremely tight compositional control in narrow
places and the plating of Cu with fine coil patterns for
thin film heads, the plating of Ni alloys of heating
resistors with higher thermal stability for thermal
printing heads or thin film resistors for hybrid ICs,
and the plating of Cu or precious metal alloys with
highly reliable contacts, connectors, and conductors
for widely-used printed wiring boards. Figures 1, 2
and 3 are photographs of high aspect ratio (ca 20)
through hole Cu plating of a 42 multi-layer printed
wiring board (Fujitsu Ltd)[2], fine coil pattern
(3.0 um coil, 1.3 um gap, 5 um height) Cu plating of
a thin film head (NEC Corp.)[3], and, NiWP plating
of heating resistors for a thermal printing head(4}. In
1990, multi-layer printed wiring boards of more than
50-60 layers were shipped by Fujitsu Ltd and NEC
Corp. Typical examples of plating used in electronic
materials, including both electrolytic and electroless
plating, are listed in Table 1." Development of such
new, high-level techniques is a tremendous challenge
for electrochemical scientists and engineers.

When the features of electrochemical (wet) pro-
cesses and vacuum (dry) processes are compared, the
advantages of wet processes are mass-productivity
and cost performance of the apparatus as is seen in
Table 2. The disadvantages are limitations on the
deposited metal elements and complicated systems
that are not familiar to and are often avoided by
electrical engineers. In the advanced electronic
materials field, electrochemical ideas and techniques

functional thin film, high density magnetic recording

will often give us the solution to the challenges
we face, if we attempt to utilize new, high-level
techniques with consideration of these features.

HIGH DENSITY MAGNETIC RECORDING
APPLICATIONS

Electrochemical plating of magnetic recording layers

Highly functional magnetic recording materials are
one of the most typical examples of materials formed
by highly controlled techniques. Figure 4 shows the
progress towards higher storage of magnetic record-
ing density for rigid disks, in particular. In this field,
thin film heads constructed of an electroplated NijFe
core and a Cu coil and thin film rigid disks using
electroless-plated CoNiP and amorphous NiP alloy
films have been adopted as practical means for
making the density higher.

Region I indicates conventional combinations of a
coated disk and a bulk head. Region 11 is the area of
transition to region III, where the combination of a
thin film disk and a thin film head is adopted. The
combination of a thin film head and a thin film disk
at region Il was made a reality in 1989. Recently,
IBM (in 1990[S]) and Hitachi (in 1991[6]) announced
prototype machines with area densities of 1 and
2 Gbits in~?, respectively. In these machines, a thin
film disk and an inductive-write MR-read composite
head of 120 kBPI, 8.5 kTPI are used by IBM and one
of 120-150 kBPI and 17 kTPI are used by Hitachi.
Why is a thinner film disk used in order to increase
recording density? The main reason is to decrease
demagnetization. Fortunately, the use of an electro-
less plating method is advantageous in the formation
of a homogeneous film even over a large disk area as
well as advantageous in terms of mass-productivity.

A perpendicular magnetic recording system, which
is a promising future system for high density record-
ing, has been proposed by Iwasaki{7, 8]. This system
has very high resolution, comparable to the size of

989
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Fig. 1. Photographs of cross-sectional view of high aspect
ratio through hole copper electroplating for printed wiring
board with 42 layers (Fujitsu Ltd). Aspect ratio = ca 20.

micro-crystalline particles of the recording medium,
and with its use, achievement of high density of
Tera bits in~? is theoretically foreseen[9]. The first

1 mm

Fig. 3. Photograph of heating resistor of NiWP electroless
plating for thermal printing head (OKI Electric Industry
Ltd). 8 dots mm~! (13 um, gap 12 um).

successful results for a perpendicular magnetic
recording medium were obtained with a sputtered
CoCr film[10]. Perpendicular magnetic recording
media usually require the condition of Hk (an-
isotropy field) >4 nMs (saturation magnetization).
Many kinds of perpendicular media have been pro-
posed that satisfy this condition. Moreover even for
perpendicular media, it is desirable for the saturation
magnetization, Ms, and perpendicular coercivity,
Hc(Ll), to be higher in order to make the signal
higher. The schematic drawing of the relation be-
tween Ms and He(l) in Fig. 5 is a modification of
one originally reported by Ouchi{ll]. Electroless-
plated alloy films have been applied to perpendicular
magnetic recording media by our group[12, 13).
Figure 6 is a schematic graph of how we have
developed our clectroless-plated magnetic recording
media. Our latest developments are . simplified
CoNiReP[14] and CoNiP[15, 16] alloys. The Ms of

Fig. 2. Photograph of fine coil pattern of copper electroplating for thin film head (NEC Corp.). Cu coil
3.0 um, gap 1.3 um, height 5 gm.
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Table 1. Application of electrolytic or electroless-plating to
electronic components

108

Item Application

Printed wiring board Conductors
subtractive method
semi-additive method
fully-additive method

Resistors (NiP) hybrid IC

Contacts (Au, Ag, PdNi)

Magnetic disks (CoNiP, CoP)

Underlayer for magnetic disks
(NiP)

Thin film magnetic heads
(NiFe)

Stampers (Ag, NiP, Ni)

Initial thin film of stamper
master

Connector bumps (Au, Ag, Ni)

Lead frames (Ag)

Microwave waveguide (Cu, Ni,
Au, Ag)

EMI shield (Cu, Ni)

Magnetic materials

Video disk

Contact material

High frequency
material
Electromagnetic wave
shielded materials
Si device Via holes for electrodes (NiB)
Connectors for solar cells (NiP)

CoNiReP is lower, but the CoNiP has a higher value
of Ms. We recently confirmed an extremely high
recording density of Dy, = 172kFRPI and a higher
300 kFRPI output signal for a CoNiReP/NiWP flex-
ible medium combined with a 0.2 um gap Sendust
ring-type head{17] and a density of Dy, = 134 kFRPI
using a CoNiReP/NiFeP rigid disk combined with a
MIG head with less than 0.1 gm of spacing[18]. This
was achieved through the two effects of underlayer,
ie the so-called “‘double layer effect”, in which repro-
duced voltage is enlarged due to stabilization of the
recording magnetization by the soft magnetic under-
layer, and the ‘“‘underlayer effect”, in which the
crystallinity and crystal orientation of the magnetic
medium is improved by the surface structure of the
underlayer{19]. Examples of microstructural analysis
are shown in Fig. 7, including a RHEED pattern of
the surface and TEM bright and dark field images of
a cross-section of the CoNiReP film{20]. The
RHEED pattern indicates that the c-axis of the hep
Co crystal is strongly oriented normal to the film
plane. Since the c-axis of hep Co is an easy axis
direction of magnetization, the film satisfies the needs
of perpendicular medium. From the TEM images, it
can be seen that columns of hep Co within a diameter
of 30 nm are clearly formed. Since the linear density
corresponding to 30 nm is 833 kBPI, the magnetic
recording density would be limited by the physical
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Fig. 4. Recent trends in recording density for magnetic
disks. I: coated disk + bulk head, II: coated disk + thin film
head, or thin film disk + bulk head, II: thin film disk + thin
film head, x: inductive (write)/MR (read) composite head.
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Fig. 5. Relation between Ms and He(L) of candidate media
for perpendicular magnetic recording.

structure of the film if one magnetic bit area is
assumed to exactly correspond to the column size.
However, from wet etching analysis, we have con-
cluded that the CoNiReP film has a microstructure
consisting of magnetically isolated fine Co alloy

Table 2. Comparison of dry vacuum and wet plating methods

Item Dry method Wet method
System vacuum, simple open, complicated

Cost high low

Mass productivity low high

Waste water treatment none needed

Elements to be deposited almost unlimited limited

Shape of film relatively small area relatively large area
Deposition temperature relatively high relatively low

Substrate

conducting and non-conducting materials

conducting and non-conducting materials

EA 37/6—B
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particles dispersed in a non-magnetic NiP amor-
phous region[21]. Moreover, it has been shown
that the 30nm columns are composed of fine,
more precise particles, suggesting the possibility
that the density will be limited not by the column
size but by this more precise, minute physical
structure{21].

We have pointed out that in a perpendicular
recording system with a ring-type head a very thin
quasi-soft magnetic underlayer effectively supports
the enhancement of output voltage[19]. Recently,
we proposed an interesting medium system using
the CoNiReP/NiMoP medium, where a non-
magnetic NiMoP underlayer controls the micro-

Perpendicutar
magnetic recording media

CoWP, CoMnP

CoNiMnP

CoNiReMnpP

structure of a CoNjReP upperlayer. The magnetic
upperlayer automatically becomes two component
layers comprising a quasi-soft magnetic initial layer
and a perpendicular anisotropy layer, and the initial
layer thickness can be controlled by the under-
layer plating conditions{22, 23]. Such a system is
preferable to investigating what combination of up-
per- and under-layers will be the best for a certain

system.
Electrochemical plating of soft magnetic layers

The first commercial thin film head was mounted
on the IBM 3370 disk drive in 1979, in which an

Longitudinal
magnetic recording media

CoP, CoNiP, etc

()
(L)

CoNiRep / NiwP

CoNiRepP Mk
l___‘ L ()

a

5

et

&
Ms 250 emu /cc
T He (1) 1300 Oe
He (/) 600 Oe

Head g: 0.35um
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D [kBPI]
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Single layer

'
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Fig. 6. Electroless-plated magnetic recording media developed through our research.
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100 rm:

Fig. 7. Typical example of structural analysis by RHEED and TEM (bright and dark field) for
electroless-plated CoNiReP media.
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250 emu cc !

20 Oe

Fig. 8. Electroless-plated soft magnetic thin films developed
through our research.

electroplated NiFe film of ca 80 wt% Ni possessing
almost zero magnetostriction, As, was used[24]. The
thin film head with an electroplated soft magnetic
film provided higher read efficiency due to the
higher permeability and thickness uniformity of the
plated NiFe. Electroplated CoFe films with a high
saturation flux density of Bs = 1.9 Tesla, almost twice
that of permalloy, have recently been reported and a
prototype thin film head using CoFe had overwrite
characteristics 10 dB higher than those of a permalloy
head[25].

We have attempted to fabricate electroless-plated
soft magnetic thin films using DMAB (dimethyl-
amineborane) as a reducing agent[26]. Figure 8 rep-
resents the hysteresis loop of a CoB film formed
with an external magnetic field of 560 Gauss[27)
(see also Table 3). The particles of CoB apparently
are quite fine as is seen in Fig. 9. It works as a

Table 3.
Cog B, (Hext) CoB
Ms (emu cc™t) 1400 1400
He (O¢) 0.64 1.20
Hk (Oe) 40 40
# (S MHz) 520 —
As —4.2x 1077 e

soft magnetic film even when containing a high Co
content (Co 96 at%), and its saturation flux density
is Bs =176 Tesla. The addition of Fe improves
the permeability and its saturation flux density be-
comes Bs=1.86 Tesla. This film may have great
possibilities as a thin film head, due to its high
saturation flux density and almost zero magneto-
striction|27].

CONCLUSIONS

The high potential capabilities of electrochemically
formed thin films for advanced electronic materials is
being demonstrated through research and develop-
ment. Also, new attempts at electrochemically form-
ing polymers into functional electronic materials
are progressing in the organic materials field[28-30)}.
New, highly advanced electronic materials will result
from developments in electrochemical methods,
when approaches are made on the basis of their
merits, e cost performance, mass-productivity,
uniformity of thin film formation over large areas,
and so on. At the same time, research in this field
should be done in order to clarify the relationships
between film properties and the atomic level micro-
structures of films[31,32]. The results of such
research will help us understand how to control
and create the film properties of highly functional
materials,

i'*‘ig, 9. Typical example of TEM bright field image for electroless-plated CoB film of 50 nm thick. (a)
Region of moire’s junction; (b) region of moire’s disappearance.
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Abstract

The electrical conduction mechanism for the indium tin oxide (1TO)/polypyrrole (PPy)/ITO sandwich type of
metal-insulator~metal element was investigated, where electroinactive PPy polymerized in aqueous NaOH solution
was used as an insulator. The ITO/PPy/Au clement demonstrated a non-linear J-V response exactly the same as
that of the ITO/PPy/ITO element, indicating that the carriers do not come from the interface but the bulk of an
insulator. For the temperature dependence of the J -V responses of the ITO/PPY/ITO element, Poole-Frenkel
emission is confirmed to be a dominant conduction mechanism. The activation energy of PPy clectropolymerized for
60 min was calculated to be 0.46 ¢V on the basis of Poole-Frenkel emission. The activation energy and the
conductivity of the PPy film were dependent on polymerization time.

1. Introduction

In recent years the preparation and application of
polymeric thin films have been extensively investigated
in terms of mechanical, electric and electrochemical
properties [1-5]. Among them, electropolymerization
methods have attracted attention because of their sim-
ple preparation process and varying film characteristics
depending on polymerization conditions. We have in-
vestigated the fabrication of metal-insulator-metal
(MIM) devices using electropolymerized films as the
insulator {6~9), and have already reported the non-lin-
ear current density-voltage J-V responses of the in-
dium tin oxide (ITO)/electroinactive polypyrrole
(PPy)/ITO element, as shown in Fig, 1 {7, 8], on the
basis of its possible use as a diode for an active matrix
type of liquid crystal display [9].

The definition of conduction mechanisms of poly-

J/ x10 A cm™
o
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Voltage /7 V
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Fig. 1. J-V response of an ITO/PPY/ITO element, where PPy is
clectropolymerized at 1.5 V (Ag/AgCl) for 60 min.
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meric material is very important for basic research as
well as its practical use. Some electrical conduction
mechanisms in dielectrics at high fields have been sug-
gested, namely tunnelling [10], space-charge-limited
current (SCLC) [I1], Schottky emission [12}, and
Poole~Frenkel emission [13]. In this paper we analyse
and discuss. the conduction mechanism of the MIM
element using electroinactive PPy as an insulator, which
gives non-linear J-¥ properties as shown in Fig. 1.

2. Experimental details

The fabrication process of the MIM elements and
measurement of the J-V responses were the same as
previously reported {7, 8]. An aqueous solution con-
taining 0.25 mol pyrrole dm~* and 0.0! mol NaOH
dm™* was deaerated with argon gas. Electroinactive
PPy films were electropolymerized at 1.5V (Ag/AgCl)
onto ITO (0.4 pm thick) glass substrates with various
polymerization times. The MIM element’s structure was
an ITO/PPy/ITO or ITO/PPy/Au sandwich type. The
upper ITO or gold (0.1 um thick) electrode was pre-
pared by a d.c. magnetron sputtering method. J-V
characteristics of MIM devices were measured in the
range from 223K to 283K in a thermostat using a
calibrated thermocouple which was set near the sample.

3. Results and discussion

Electrical conduction mechanisms of non-linear cur-
rent density—-voltage characteristics similar to those in

@ 1992 -~ Elscvier Sequoia. All rights reserved



T. Osaka ¢t al. [ Conduction in ITO[PPy[ITO

Fig. | are usually suggested as “metal-polymer-inter-
face limited” Schottky emission and “‘polymer-bulk-
limited” Poole- Frenkel emission [14] or SCLC [15]. in
order to determine the conduction mechanism for this
element we fabricated an ITO/PPy/Au type of cell using
the metal with a different work function as the upper
electrode. Figure 2 shows the J -V characteristics of the
ITO/PPY/ITO and ITO/PPy/Au elements using PPy
films electropolymerized for 60 min. The non-linear and
symmetric J-V responses are the same in both the
symmetrical and the asymmetrical elements. Concern-
ing the electrical conduction mechanism of the MIM
devices, it is considered that polymer-bulk-limited cur-
rent is predominant because the difference in the work
function scarcely affects the responses,

When SCLC is dominant, one expects linearity on a
plot of logJ vs. log ¥ with a slope of 2 [15]. The
measured J -V characteristics did not give the straight
line and the slope of ca. 4 was rather larger than the
value of 2. Thus the electrical conduction mechanism is
not governed by the interface-limited current, but there
is a significant possibility of bulk-limited Poole-
Frenkel emission for an ITO/PPy/ITO element. In or-
der to confirm the electrical conduction mechanism, we
next éxamined the equation based on Poole-Frenkel
emission [14]:

JIV = (V) explBo( VId) K T] (1
with
(JIV)y=enpd " exp( — ¢ /kT) (2)
and
By = (e mee,)'? &)

where d, e, n, i, and ¢ are the film thickness, the charge
on an clectron, the concentration of free carriers for an
intrinsic material, the mobility and the energy difference
between the emission site and the bottom of the con-
duction band respectively. (J/V), is the extrapolated
intercept of the linear relation of log(JJV) vs. V'
plots. € and ¢, are the high frequency relative dielectric

logJ/ Acm?®

Qnn-
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Fig. 2. log J-¥ characteristics of (a) ITO/PPY/ITO and (b) ITO/
PPy/Au elements, where PPy is electropolymerized for 60 min.
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constant and the permitivity of free space respectively.
Equation (1) is expressed as follows:

log(J/ V) =log(J/ V) + (0.434Bped Ik T2 (4)

For Poole~Frenkel emission, the logarithm of the con-
ductivity varies linearly with the square root of the
applied voltage. Moreover, the temperature dependence
of the (J/ V), value can be obtained from the plots of
log(J/V)y vs. T7V as follows from eqn. (2). Figure 3
shows the temperature dependence of the log(J/V) vs.
P2 relation for the typical ITO/PPY/ITO element
when the electroinactive PPy formed by 60 min of
electrolysis is used. In the range between 223 K and
303 K, the plots of log(J/ V') vs. V' nearly give straight
lines at applied voltages more than 1.0V, and the
current decreases with decreasing temperature. This
indicates that the electrical conduction mechanism is
related to the thermally emitted carriers. Furthermore,
the relation between (J/V), and the reciprocal T-' of
the temperature is plotted in Fig. 4, where the value of
(J]V)a is the intercept in the log(J/V) vs. ¥'2 plots in
Fig. 3. The plots in Fig. 4 exhibit excellent linearity in
this temperature range. From the results of the linearity
of both of the plots we confirm that Poole-Frenkel
emission dominates the electrical conduction mecha-
nism of ITO/electroinactive PPy/ITO elements. The
activation energy ¢ of Poole-Frenkel emission can be
estimated to be 0.46 eV from eqn. (2).

log (J/V) / 0cm™
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Fig. 3. The temperature dependence of log(J/ V) - ' responses of a
ITO/PPY/ITO elements. PPy is electropolymerized for 60 min.
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Fig. 4. The relationship between log(J/ 1), and 77! for an ITO/PPy/
ITO clement. PPy is electropolymerized for 60 min.
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Fig. 5. The dependence of the conductivity and activation energy of
the clectroinactive PPy films on deposition time.

Next, we investigated the relation between film char-
acteristics and deposition time of PPy on the basis of
the Poole-Frenkel emission. The threshold voltage of
the J - V characteristics decreased with shortening depo-
sition time as previously reported [8]. We assumed in
the previous paper [8] that the change in threshold
voltage is caused by the decrease in electric ficld with
increasing film thickness and by the structural change
of PPy degraded by an overoxidation reaction. In par-
ticular, the latter introduces carbonyl groups (-C-0) in
PPy chains, which influences the band structure, Figure
5 exhibits the conductivity a,, calculated from (J/ V), at
283 K, and the activation encrgy ¢ against the deposi-
tion time. With increasing deposition time, the conduc-
tivity decreases and the activation energy rises. This
indicates that the trap centres of PPy changed with
deposition time. The electroinactive PPy is expected to
be of low crystallinity becausc the carbonyl groups exist
irregularly in the PPy chains and its absorption edge in
the visible spectrum is not clear [8], similar to amor-
phous solids. Therefore, in the PPy film localized orbits
may lie continuously below the non-localized band,
similar to amorphous solids [16). The band gap of
conducting PPy is ca. 3.0¢V in the literature [17];
however, the activation energy of these ‘non-conducting
PPy films is obviously lower, less than 0.5eV. Such a
lower activation energy suggests that the non-conduct-
ing PPy possesses localizing trap centres and that the
carriers of the Poole-Frenkel emission come from the
localized orbits. Consequently, the decrease in the con-
ductivity and the increase in the activation energy may
be caused by broadening of the localized part with
increasing deposition time.

4, Conclusions

The electrical conduction mechanism of the MIM
clement using an electropolymerized clectroinactive PPy
film is governed by Poole~Frenkel emission. The acti-
vation energy of PPy electropolymerized for 60 min was
found to be 0.46 eV as determined by the temperature
dependence of the J -V characteristics. The conductiv-
ity and activation encrgy of PPy film varied with poly-
merization time, this being caused by the proceeding
overoxidation reaction.
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Electroactivity Change of Electropolymerized Polypyrrole/
Polystyrenesulfonate Composite Film in Some Organic Electrolytes
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Electroactivity of polypyrrole/polystyrenesulfonate
composite film obtained from an aqueous solution was
examined in various organic electrolytes. The composite
film worked like electroinactive film in electrolyte using
propylene carbonate or some solvents except in the case of
DMF or DMSO electrolytes, however, the film changed from
electroinactive to electroactive even in propylene
carbonate and some organic electrolytes after an electro-
chemical potential application to the film while in DMF or
DMSO electrolytes.

In recent years, electropolymerized conducting polymers show promise
for various kinds of applications, such as battery cathodes, electro-
catalysts, etc.l) Most electropolymerized conducting polymers are p-type
materials which are oxidized or reduced through the insertion or removal of
anion to compensate the film charges. Shimidzu et al. have indicated that‘
the p-type polymer film with fixing polyanion works as an n-type polymer in
appearance because cation penetrated from the electrolyte compensates the
electroneutrality of the film.2) When using this composite material as a
cathode, the 1lithium secqhdary battery does not need a large volume
electrolyte solution due to‘the fact that there is no change of electrolyte
concentration during charging and discharging.3)

Since metal salts of polyanion are usually able to dissolve only in
aqueous electrolyte, not in organic ones, the polypyrrole composite film
with polystyrenesulfonate (PPy/PSS) could be formed only from an aqueous
solution containing pyrrole and poly(sodium 4-styrenesulfonate) by
electro-oxidation onto a Pt substrate. For the purpose of applying the film
to a lithium battery cathode, we have tb use organic electrolytes with a
process to exchange the electrolyte and remove the water solvated in . the
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film. The composite film showed good
electroactivity in an aqueous

electrolyte containing LiCl04 as
shown in Fig. 1a; however in the 2
propylene carbonate (PC) electro-
lyte, the composite film became

- a) in Hp0

electro-inactive as shown in Fig.
1b.

i / mA cm~2

On the contrary, in the organic
electrolyte of 1.0 mol dm—3 LiCloy4 / -1F
dimethylfolmamide (DMF) electrolyte,
the film showed high electroactivity , . \ ,
after applying 2.0 V  vs. Li/Lit -1.0 -0.5 0 0.5
potential to the film. When the 2.0 E / V vs. Ag/AgCl
V was applied, cathodic current was
observed 1initially, and it dis-
appeared in a few seconds as shown
in Fig. 2a. Figure 2b shows the
cyclic voltammograms after 2.0 V
application, where high-reversibly
faradaic waves appear at around ca.
3.0 V vs. Li/Lit*. The reversible
currents are attributed to the redox Fig. 1. Cyclic voltammograms of PPy/PSS
reactions of polypyrrole with ion composite films at 20 mv s-1, Electro-
doping-~undoping in the composite lytes were a) Hy0 and b) PC containing
film. 1.0 mol dm™3 LiCl04. The films were

Such a phenomenon 1is observed prepared from 0.25 mol dm~3 pyrrole and
not only with the PPy/PSS composite 0.5 mol dm-3 803~ unit of PSS-Na / Hy0
film but also with small anion-doped at 0.75 V vs. Ag/AgCl with 0.5 C cm~2,
polypyrrole film such as PPy/Cl04~,
which is prepared from an aqueous solution containing pyrrole monomer and
LiC104. In order to investigate the effect of such electrolyte solvents on
the electroactivity of the PPy/PSS film, the electrochemical behavior of
the PPy/PSS film obtained from an aqueous solution was examined in various
organic electrolytes. Sulfolane (SL) (acceptor number AN=19.3), dimethyl-
sulfoxide (DMSO) (donor number DN=28.8) and dimethylacetoamide {DMA) having
physical properties similar to those of DMF (AN=16.0), were selected as

’ b) in PC

-0.25p

i 1 H |

2.0 2.5 3.0 3.5
E/ Vvs. Li/Lit

i / mA em~2

electrolyte solvents. In the electrolytes using DMA and SL, the composite
film showed electroinactivity, but in the DMSO eleétrolyte the film showed
a particular phenomenon which is exhibited in Fig. 3a. The faradaic
currents due to the reversible redox reaction of polypyrrole gradually grew
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with potential cycling and reached a
stable state as shown in the figure.
In Fig.
the lower potential region under 2.5
V vs. Li/Li* decreases with cycling
and finally disappears. At the same
time the reversible redox currents
of polypyrrole, at the potential of
around 3.0 V, reach a stable state.

Ja, low cathodic current at

In the cyclic voltammograms obtained
in the DMF electrolyte a similar
phenomenon in the DMSO
electrolyte was observed when the
potential was cycled between 2.75 V
and 3.55 V vs. Li/Lit. Figure 3b
shows a current-potential curve of
Pt electrode in the DMSO electrolyte
containing a small amount of Hp0,
where the potential is scanned to a
negative direction. In Fig. 3b, the
cathodic current is observed in the
potential 2.5 V vs,
Li/Li* and usually the current does
not appear in the DMSO electrolyte.
Therefore the cathodic current
observed under 2.5 V in Fig. 3a is
assigned to the reduction of Hz0 in
the film. When considering the
growth of polypyrrole electro-
activity with the disappearing
cathodic current, electroactivity of
polypyrrole in the organic electro-
lytes may be enhanced by removing
the solvated Hz0 in the film where
the active site is surrounded by an
H20 molecule. From these results, it
is suggested that the DMSO electro-
lyte has an intermediate performance

against PPy/PSS film between PC and
DMF elecprolytes.
Similar

occuring

range under

enlargement of redox
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Fig. 2. a) Cathodic current change on

PPy/PSS film while applying 2.0 V vs.
Li/Li* in DMF electrolyte.

b) Cyclic voltammograms of PPy/PSS film
at 20 mv sl in organic electrolyte
1.0 mol dm~3 LiClO4. The
solid and dotted lines are obtained in
DMF and PC electrolytes,
The composite films were formed at 0.55
V vs. Ag/AgCl with 0.5 C em 2 from 0.1
mol dm~3 503~ unit of PSS-Na polymeriza-
tion solution.

containing

respectively.
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currents in the cyclic voltammetry
of polymer coated electrode,

redox active species is

where
involved,
was reported by Anson et al.4) In
such a case, the enhanced electro-
activity of the thin film coated
electrode was caused by increasing
electroactive. species penetrated.
However in the case of polypyrrole,

the electroactive

species were

located on the electrode substrate

and only the environment of the

electroactive sites could Dbe
altered.

In conclusion, the electro-

activity of the PPy/PSS films

deposited by aqueous solutions is

electroinactive in PC electrolyte
as-deposited state. After reducing
H20, applying cathodic
tential in suitable
the film

electroactivity. Such an
method of exchanging
solvent in the film may be useful in

the organic solution for the use of

while po-
organic
good

electro-

electrolytes, shows

chemical
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Fig. 3. a) Cyclic voltammograms of

PPy/PSS composite film at 20 mv s-1 in
DMSO electrolyte containing 1.0 mol dm~3

electropolymerized film obtained LiCl04. The composite films were formed
from an aqueous solution. at 0.55 V vs. Ag/AgCl with 0.5 C cm~2
from 0.1 mol dm~3 S03~ unit of PSS-Na
polymerization solution.
b) Current vs. potential curve of Pt at
10 mv s~1 in DMSO electrolyte with an
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