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Abstract

Conducting polymer microcapacitors are fabricated by means of photolithography and electrochemical polymerization techniques.
Gold or platinum microelectrode arrays are prepared by UV photolithography and a wet etching method. Conducting polymers such as
polypyrrole (PPy) and poly-(3-phenylthiophene) (PPT) are synthesized potentiostatically on these microelectrodes. A microcapacitor is
made up of 50 parallel-connected pairs of microelectrodes. The width of the microelectrodes and the distance between them are both
50m. Three types of cell are constructed in agueous and non-aqueous electrolytes, and cell potentials between 0.6 and 1.4V can be
obtained depending upon the type of conducting polymers and electrolytes. Cell capacitance can be controlled easily by the total synthesis
charge of the conducting polymers.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction micropower demands. At present, however, electrochemical
microcapacitors are still at an early stage of developridnt

Micropower sources have been developed since the Carbon (active carbon, active carbon fibre and carbon nan-
1980s[1]. Thin-film batteries have been the main theme in otubes), metal oxides (RyQirO2) and conducting polymers
this field. Developments in micro- and nano-technologies (polyaniline (PANi), polypyrrole (PPy), polythiophenes and
such as microelectomechanical systems (MEMS), nano-their derivatives) have been widely used as material for
electromechanical systems (NEMS), microrobots, and im- the electrodes of electrochemical capacit@s8]. Among
plantable medical devices require micropower sources with these, conducting polymers are attractive materials because
smaller dimensions and higher power density. There re- they are relatively cheap, autoconductive, and have good
quirements cannot be satisfied by conventional thin-film specific capacitance (100-300FYy. Furthermore, they can
batteries as these have lateral dimensions that are greatelbe synthesized accurately to a sub-micron scale by an elec-
than 1 cm. Therefore, microscopic power devices have beentrochemical method. This feature is very advantageous in
developed using photolithographic techniq{@s8]. terms of microdevice fabrication.

Electrochemical capacitors, also known as supercapaci- Wrighton et al.[9] proposed that conducting polymers
tors, are another type of energy storage device. Generally,could be applied to micropower devices. Following their
their specific energies are greater than those of electrolytic proposal, we reported the use of conducting polymers such
capacitors, and their specific power levels are superior to as polypyrrole, polythiophene and their derivatives as elec-
those of batteries. Thus, the electrochemical properties oftrode materials, together with aqueous or non-agueous solu-
supercapacitors are located between those of electrolytic cations as electrolytes, to make microcapacitors. The devices
pacitors and batteries. Accordingly, supercapacitors can behad power densities that were greater than those of batteries
used when high power is required and extension of battery and dimensions of several tens of microns.
discharge time are necessy. If miniaturized to a micron

scale, electrochemical capacitors could satisfy a variety of .
' P fy y 2. Experimental

The fabrication procedure for microcapacitors exam-

* Corresponding author. Tel:82-54-279-2271: fax:+-82-54-279-8208.  ined in this study is shown irFig. 1 Gold or platinum
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5i0, arrangement was employed; the working electrode was
i Si-wafer ' the gold or platinum microelectrode and the counter elec-
trode was a platinum plate. The reference electrode was

Auor Pt Ag/AgCl (saturated KCI) or Ag/0.1M AgNe@ (Ag/Agt)
Cr= . ke with corresponding electrolyte medium. All electrochem-
l | ical experiments were performed with an EG&G model
273 A potentiostat/galvanostat connected to a personal
Conducting Polymer | Conducting Polymer Il computer. PPy was electrosynthesized on the gold or the
{Anode) (Cathode) platinum microelectrode arrays at 0.65 V versus Ag/AgCl in
P a 0.1 M pyrrole (Aldrich Chemical Co.,) aqueous solution
using 0.1 M KNQ (Samchun pure chem.) as a supporting
e electrolyte at 25C, or at 0.5V versus Ag/Ag in a 0.1 M

pyrrole acetonitrile (ACN) solution using 0.5M tetraethyl
ammoniumtetrafluoroborate (NBF;) as a supporting
electrolyte (StarLyte, Cheil Ind.) at & until desired
charges were reached. After synthesis, the PPy electrodes
were kept in a doped state as-prepared because PPy in
Fig. 1. Fabrication procedure for microcapacitors. this state is stable in air. PPT was also potentiostatically

h d hi hod. Conducti | hpolymerized on Pt electrodes at 0.98V versus AgiAg
raphy and a wet etching method. Conducting polymers such, g o 3-phenylthiophene (Tokyo, Kasei) ACN solution

as polypyrrole and poly-(3-phenylthiophene) (PPT) were using 1.0 M EjNBF4 as a supporting electrolyte at 26.

potentiostatically synthesized on these m|croelectrodes.After synthesis, PPT electrodes were de-dopee-@4 V

Electrochemical tests were carried out in an aqueous or antil the de-doping current fell below A because of its

non-aqueous electrolyte. high environmental stability when it is de-dopgd]. Tests

on full cells were performed in a beaker-type electrochemi-

cal cell where only the electroactive part was dipped in the

electrolyte solution. Prior to all experiments, dry Mas
Gold microelectrode arrays were fabricated on a silicon Pubbled through the electrolyte solutions for 30 min, and all

wafer by means of a photolithographic technique. electrochemical tests were performed inadry nltrogle_n at_mo—
Bare Si-wafer ((100), p-type, LG Siltron Inc.) was oxidi- sphere. All reagents were used without further purification.

zed by a wet thermal method to form an insulating layer of

SiO, with a thickness of 3000 A. Chromium (200A) and . _

gold (500 A) layers were deposited on the wafer by RF mag- 3 Results and discussions

netron sputtering. Chromium was used as a buffer layer to ) )

enhance the adhesion between gold and,SRatterning Gold microelectrode arrays were fabricated by the pho-

of gold was carried out with an etching method. A posi- tohthograph_lc technque, which can accurately control the

tive photoresist (PR), AZ 5214 (Clariant Corporation), was electrode size, the distance between the anodeT .and the

spin-coated on the gold surface and soft-baked &C9G\- cathode, ar}d the geometry from several tens of millimeters

ter UV-exposure through a Cr-Patterned mask, developingt(? a sub-micron scale. The width of an electrode and the

was performed using a PR developer, MIF AZ300 (Clariant distance between two electrodes were botius0 The ge-

Corporation) and hard-baking at 120. To remove the Ometry was a comb-like structure, as showrFig. 2 The
exposed gold layer, the wafer was dipped into an aqueousprototype had 50 pairs of microelectrodes, to give a parallel

KI/l » solution for 30s, and the exposed chromium layer €onnection of 50 microcapacitors. Three types of micro-
was removed with a commercial Cr-etchant (CR-7, Cyan- capacitor cell were constructed, depending on the type of
tek). Finally, residual PR was dissolved firbutyl acetate conductm_g polymers and electrolytes. T_he construction and
(Acros Organics). characte_rlstlcs of each c_eII are sgmmanzeé!‘able 1

Platinum microelectrodes were fabricated by the elec- Stanning electron microscopic (SEM) images of two
trodeposition of platinum on gold microelectrodes. The elec- YPES of microcapacitor are shown kig. 3. The N1 cell
trodeposition procedure and conditions were identical to a 'S made up of PPy electrodes with capacities and thick-

2.1. Fabrication of gold or platinum Pt microelectrode
arrays

method reported elsewhef&0]. nesses that are almost the same. Electron micrographs were
obtained after PPy electrodes were doped withy Band

2.2. Electrosynthesis of conducting polymers and dried. The electrodes are granular in shape and densely

electrochemical characterization of microcapacitors packed at the edge of the current-collectors. At the edge

position, the electric field is enhanced, and so the PPy
PPy and PPT were synthesized electrochemically on theelectrodes are more easily electrosynthesized than on the
gold or platinum microelectrode arrays. A three-electrode flat surface. The N2 cell is composed of PPy and the PPT
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Fig. 2. Schematic configuration of microcapacitors.

microelectrodes. In this configuration, Pt microelectrodes In order to assure uniform electrosynthesis throughout
are used as the current-collectors. The PPT electrodes arall the gold microelectrodes, the electrosynthesis of con-
also granular in shape and densely packed at the edges oflucting polymers was performed potentiostatically, because
the current-collectors. PPT electrodes were indistinguish- galvanostatic electropolymerization results in non-uniform
able from PPy electrodes at a low resolution. The size of film thickness over the entire cell. To make the cathode
the PPT granules is smaller than that of the PPy granules atand the anode electrochemically identical, two PPy elec-
a high resolution (not shown). As PPy and PPT have higher trodes were synthesized simultaneously. Cyclic voltammo-
vertical growth rates than lateral ones, the thickness can begrams for PPy—PPy microcapacitors in aqueous solution

controlled by the synthesis charge. containing 0.1 M HPOy (Al cell) are shown inFig. 4. All
the microcapacitor cell display capacitive behaviour. As the
3.1. Electrochemical tests in agueous media synthesis charge is proportional to the amount of PPy syn-

thesized, the greater the charge used for PPy synthesis, the
To fabricate microcapacitors that can be operated in aque-larger is the capacitive current.

ous electrolytes, PPy and polyaniline were selected as the The capacitive current does not, however, show a lin-
electrode materials because they are electropolymerizablesar correlation with synthesis charge. For PPy electrodes,
and electroactive in aqueous media. In the case of PANi, it has been reportedl3] that the currents are smaller
however, adjacent electrodes were interconnected duringthan those calculated by the linear correlation abouenl
synthesis due to the high lateral growth rate of PANI. It is thickness. Moreover, the thicker film does not show typ-
assumed that the high affinity between the aniline monomerical capacitive behaviour, but a little non-flat behaviour,
and the SiQ substrate causes preferential growth in the which may be due to a decrease in ionic conductivity. It is
lateral direction[12]. On the other hand, PPy is adequate known that an increase in film thickness lowers the ionic
for this application because PPy had higher vertical growth conductivity inside a conducting polymer film, and hence

rates. the electrochemical behaviour deviates from ideal because

Table 1

Construction and characteristics of microcapacitor cells

Cell Electrode Electrolyte Cell potential (V) Capacitance (fnF) Ry (Q)P
Anode Cathode

Al PPy PPy 0.1M HPO, (aq.) 0.6 1.6-14 6.3-7

N1 PPy PPy 0.5M BNBF4 (ACN) 0.8 3.9 4

N2 PPy PPT 0.5M BNBF4 (ACN) 1.4 5.2 3.9

aCell capacitance at 5mHz from impedance spectroscopy.
bRy (solution resistance) calculated from impedance spectroscopy.
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Fig. 3. Electron micrographs of (a) N1 and (b) N2 microcapacitor elec- Total Synthesis Charge for PPy (mC)
trodes. PPy (a) synthesized on gold microelectrodes, and PPy and PPT
(b) on platinum microelectrodes. All conducting polymers are doped with
— i 10t
BF,~ ions. "VIQEO\.
g o % e 133mC
the doping—de-doping of conducting polymers is a bulk = 08 ’; o ® . aame
reaction. | Yo ° v 1490mC
For each Al cell, impedance spectroscopy experiments § ng ° e
were carried out at the open-circuit potential. Frequency 0 04 K] °
dispersions of capacitance for each cell are showkidn5a g
and c¢ Capacitance@, mF) and relative capacitanc€{;) go2y
were calculated from the following equations: 00} (g)
Ci = L (1) 10 102 10! 10° 10%' 102 10% 104 105 10 107
27tZim Frequency (Hz)
150 1 Fig. 5. (a) Frequency dispersion of capacitances, (b) relationship between
1490 mC total charge used for PPy synthesis and capacitance obtained at 5mHz,
100 | (c) frequency dispersion of relative capacitances for A1 microcapacitors.
Impedance spectroscopies conducted at open-circuit voltage with ac am-
720me plitude of 5mV rms.
< 50} 441 mC
2
= 133 mC C
E’ 0 Crel = ! (2)
= CsmHz
O 50} . . .
where f is the frequency,Zi, the imaginary part of
100 b impedance, andCsmHz is the capacitance at 5mHz. By
varying the thickness of PPy films, the electrochemical be-
150 ‘ ‘ ‘ ‘ ‘ ; haviour of microcapacitor could be controlled. When the
-300 -200 -100 0 100 200 300

Cell Potential (mV)

Fig. 4. Cyclic voltammograms for A1l microcapacitors in aqueous 0.1 M
H3PO4. Charge represents total charge used for PPy synthesis scan rat
is 10mvs?

amount of PPy increases, the capacitance of a microcapac-
itor increases though the increase is restricted to a limited
frequency region. At very low frequencieg & 0.01 Hz),
A linear relationship between the film thickness and capac-
itance is observed. At moderate frequencieD1MHz <
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f < 1Hz), however, the capacitance cannot be correlateddischarge rate due to the narrow anode to cathode distance
with the amount of PPy. On increasing the frequency to (<50u.m) and the absence of a separator. In particular, as a
a very high value, capacitances are very low and similar separator may give rise to high cell resistance, the structure
irrespective of the film thicknessFig. 5a and b From of a cell which contains no separator could enhance the
the frequency dispersion of relative capacitances shown inelectrodynamic properties.
Fig. 5¢ the effect of thickness on the electrochemical be-  Cyclic voltammograms for the cathode and the anode
haviour of PPy films can be investigated more efficiently. in the above cell are also shown Kig. 6. Because both
The capacitances decrease dramatically with increase inelectrodes were prepared simultaneously, their synthesis
frequency at a much lower frequency range for thick PPy conditions were identical. The voltammograms are very sim-
films, while the capacitances are stable to relatively higher ilar; polymer degradation (>0.3 V) and hydrogen evolution
frequencies for thin films. Given that the microcapacitor (<—0.4V) restrict the stable potential region to only 0.6 V.
cells are identical in the distance between electrodes, the
electrolyte and the cell resistance, but differ in the thickness 3.2. Electrochemical tests in non-aqueous media
of the PPy films, the electrochemical behaviour may result
from the difference in the ionic conductance through the  Water is a good solvent because it is abundant and its sol-
films. As the film thickness increases, the ionic mobility vent properties are attractive in many applications. Never-
through the film decreases; therefore, these retarded iongheless, water is losing popularity in energy devices, due to
are unable to keep pace with rapid changes in frequency. its corrosiveness and a narrow potential window. In organic
The discharge performance of an Al cell at currents be- electrodes based on conducting polymers, a small amount of
tween 0.001 and 0.5mA is shown Kig. 6. Intrinsically water might react with the organic materials and deactivate
conducting polymers show pseudocapacitive behaviour. the electrochemical properties when the applied potential
Pseudocapacitance arises when the chgrgequired for is high [15]. If aqueous electrolytes are used for conduct-
an electrode reaction is a continuous function of poteitial ing polymer electrodes, the practical potential window may
[14]. Because of charge continuity, the potential decreases.become narrower than its usual potential window (1.23 V).
On the other hand, the potential in batteries is relatively Therefore, non-aqueous solvents play major roles in batter-
constant during discharge. This difference in characteris- ies and electrochemical capacitors. By adopting such sol-
tics distinguishes batteries from electrochemical capacitors.vents, various conducting polymers such as polythiophene
The IR drop of the cell is negligible, irrespective of the and its derivatives which have operating potentials that are
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Fig. 6. Constant-current discharge of A1l microcapacitors, and cyclic voltammograms for cathode and anode in an aqueou®O41(8t&h rate:
50mVs).
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much higher than other conducting polymers, can be ap- cell potentials £1.0 V) can be obtained. By contrast, higher
plied to microcapacitor systems. Because conducting poly- cell potentials can be obtained with electrodes that differ in
mers synthesized in aqueous solutions are not electroactivedhe conducting polymer chosen. As the potential range of
in non-aqueous media, in this study all conducting polymers PPT is more positive, it is possible to construct a complete
have been synthesized in hon-aqueous acetonitrile solutiongell by using PPy as the anode and PPT as the cathode (N2

which contain EANBF, solutes. cell). Furthermore, potential overlapping is small for this
Cyclic voltammograms of PPy electrodes in ACN are dif- pair. The constant-current discharge of the N2 cell is shown
ferent to those obtained in aqueous solutidrig.(7). The in Fig. 8 It is impossible for this cell construction to be

types of solvent and solute have decisive effects on the elec-used in an aqueous medium due to the corrosion of PPT by
trochemical behaviour of conducting polymers. Therefore, water molecules. It has been found that the electrochemi-
different peak positions and current densities can be obtainedcal current of PPT decays rapidly on cycling with a small
for the same polymers, as dictated by the type of electrolyte amount of water. The PPTs were electrosynthesized on plat-
solution. As reported ifable 1 PPy—PPy microcapacitors inum microelectrodes, because gold electrodes became cor-
operated in non-aqueous media (N1 cell) have higher cell roded at the high synthesis potential of PPT (0.98 V versus
potentials £0.8 V) than in aqueous electrolytes. Ag/Ag™). By using a PPy—PPT pair, a cell voltage of 1.4V
The absence of Hions and the wide potential window of  could be obtained. Rapid decay regions in cell voltage were
the E4NBF4—ACN solution enables PPy—PPy microcapaci- observed during the initial discharge stage, and the final
tors to operate at higher potentials. The discharge behaviourvoltage was 0.8 V. A similar initial rapid decay of voltage
is similar to that of the A1 cell, except for a fast initial decay. was also shown by the N1 cell. In order to investigate this
The difference in initial performance will be discussed later. phenomenon, constant-current discharge was performed
The specific energy of an electrochemical capacitor can separately for each electrode. An initial decay in discharge
be calculated from the relationship= 1/2CV?, whereC is behaviour is displayed by PPy, but a final decay by the PPT
the capacitance andis the potential. Clearly, the latter pa- electrode Fig. 9). These effects can be explained by exam-
rameter is the most important factor that determines the spe-ination of the cyclic voltammograms for PPy and PPT elec-
cific energy, because the amount of energy is proportional totrodes Fig. 8). It is seen that PPy gives an anodic current
V2. By choosing different conducting polymers which have only above—0.5V and a cathodic current abowve0.7 V.
different potential ranges, microcapacitors can be designedThus, if PPy electrodes are used as anodes, the anodic
with higher or lower cell potentials. If p-dopable conduct- current response is the discharge current and the cathodic
ing polymers are used as an anode as well as a cathode, loveurrent is the charge current. Although such-electrodes can
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Fig. 7. Constant-current discharge of N1 microcapacitors, and cyclic voltammograms for cathode and anode iy RBR-BCN solution (scan rate:
50mVs).
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Fig. 8. Constant-current discharge of N2 microcapacitors, and cyclic voltammograms of the cathode and the anode in aNBEMAEN solution
(scan rate: 50 V).

be charged below-0.7V, it is discharged from-0.5V. low cell voltage will be diminished, though the maximum
Therefore, the charging potential and the starting potential cell potential will be lowered. The selection of conducting
of discharge may have different values, and this will cause polymers depends on the purpose of the application.
an initial potential decay on discharge. On the other hand, Nyquist plots of PPy—PPy cell constructions are presented
the charging and discharging potentials of PPT are the samejn Fig. 10 The impedance behaviour is very different and
as shown in the cyclic voltammogram for PPT Fig. 8 is determined by the thicknesses of PPy electrodes and the
As PPT is used as the cathode in the above cell design, theslectrolytes. The solution resistané®, which is the inter-
cathodic current is the discharge current. Since cathodiccept with the real axis in the high-frequency region, has a
current exists only above 0.2V, the potential of the PPT value of a few ohms. For agueous electrolytes, the numerical
electrode under constant-current discharge rapidly decaysvalues ofR, are about the same, irrespective of the film thick-
from 0.2 V. If a conducting polymer with a potential which nesses. In the case of 0.5M4EBF;—ACN electrolytes,
sufficiently overlaps that of PPy is used, the rapid decay at however,R, is much smaller due to its larger ionic conduc-
tivity (aqueous 0.1 M HPOy solutions:~11mSmt; 0.5M
900 EuNBF4—ACN solutions:~18 mSnt1). The ratio of the

— conductivities of the two electrolytes is almost equal to that

"o 600 ¢ of Ry. Since the distance between the electrodes and the cell

%, 300 | geometry are exactly the same, the differenc&jnorigi-

ff, nates solely from the electrolytes.

2 0 In summary, three types of microcapacitor with different

E 300t electrode materials and electrolytes have been reported. Cell

T geometry such as the distance between microelectrodes,

g 600 number and size of the microelectrodes, thickness of the

g 900 | conducting polymer and cell capacity can be controlled ac-

curately by photolithography and electrochemical synthesis
-1200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ of the conducting polymers. Microcapacitors with various
0O 20 40 60 80 100 120 140

_ capacities and voltages can be easily fabricated by design-

Time (sec.) ing corresponding photomask patterns. Selection of the
Fig. 9. Constant-current discharge of PPy and PPT microelectrodes in €l€Ctrode matenals and electrolyteg is a decisive factor for
0.5M EyNBF4—ACN solution. Discharge current: 0.05mA. the cell properties. Although the microelectrodes reported
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