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Electrochemical detection is com-
ing into widespread use for the
trace determination of easily oxi-
dizable and reducible organic and
inorganic compounds, because it
provides arather easy procedure for
direct and selective detection. Re-
cently, microelectrodes have been
receiving attention in this field
(1,2). They offer higher sensitivity
than macroelectrodes of conven-
tional size, because an electroactive
molecule can approach the mi-
croelectrode from every direction
(spherical diffusion). Therefore, the
flux of electroactive molecules to-
ward the electrode is much greater
for a microelectrode than for a
macroelectrode, for which the dif-
fusion is planar.

Spherical diffusion has been
utilized in sensor devices (3), detec-
tion of intermediate species, reac-
tion analysis (4), electrochemistry
in highly resistive media (5), and
organic electronic devices (6). The
characteristics of microelectrodes
depend on their shapesand arrange-

Interdigitated array (IDA) electrodes with different geometries were
fabricated by a lithographic technique and used for determining
reversible redox species. The high redox cycling collection efficiency

of IDAs allowed sensitive electrochemical measurements with a high
signal-to-noise ratio and a wide dynamic range. The detected current
increased as the gap between the generator and the collector was
reduced. Detection of 0.5 fmol (100 pM) of the neurotransmitter
dopamine has been achieved using a 2-um gap |IDA electrode combined

with liquid chromatography.

ments. Mathematical solutions for
each kind of electrode response
predict the superior electrode sensi-
tivity of microelectrodes (7).

Although microelectrodes of-
fer many advantages, they are not
easy to construct, which limits their
availability. They have been fabri-
cated with metal or carbon wirein a
glass tube by grinding the cross
section of the tube, but this method
has poor reproducibility and makes
it difficult to control the electrode’s
shape. By using photolithography
for the fabrication of microelec-
trodes, complex and arbitrary
shapes and sizes of electrodes can
be made with excellent reproduci-
bility. This technique is aso suit-
able for mass production of mi-
croelectrodes.

One of the most prominent ex-
amples of this kind of electrode is
an interdigitated array (IDA) mi-
croelectrode. The IDA electrode
consists of a pair of microband ar-
ray electrodes that mesh with each
other. Each set of microband elec-

trodes in the IDA can be poten-
tiostated individually, so a reduced
species generated at one microband
electrode diffuses across a small
gap to the adjacent electrode, and
then is oxidized and diffuses back
to the original electrode. This redox
cycling increases the currents at
both electrodes. The concept of this
electrochemical technique issimilar
to that at a rotating ring-disk elec-
trode, but offers severa advantages:
steady-state currents can be
achieved in a very short time, col-
lection efficiency approaches unity,
and handling and installing the
electrode are simple. Pioneering
work was done on the IDA by San-
derson and Anderson (8), and sev-
era applications have been reported
(9-12). Tabei and co-workers have
extensively studied the charac-
teristics of the IDA electrode and its
applications in electrochemistry
(13). In this article, fundamental
considerations and the applications
of IDA electrodesin electrochemis-
try are described.
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Fabrication process
of a metal IDA
electrode.

(1) Photoresist
coating on SiO2
Substrate.

(2) Lithographic
patterning of
photoresist.

(3) Metal film sput-
tering.

(4) Metal film pat-
terning by lift-off
method.

(5) Windowing by
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Fabrication process
of a carbon IDA
electrode.

(1) Carbon film
formation by
pyrolysis on SiOz
substrate.

(2) Lithographic
patterning of
photoresist.

(3) RIE patterning
of carbon film.

(4) Removal of
photoresist.

(5) Windowing by
photoresist.
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Fabrication of the
IDA Electrode

Fabrication of the metal
IDA electrode

The metal IDA microelectrode
was fabricated on a silicon oxide
covered silicon wafer using photoli-
thography. The lift-off method was
used to make the interdigitated met-
al electrode. The fabrication process
was as follows (F1):

1. A positive photoresist was
coated on an oxidized silicon
wafer.

2. The resist film was exposed to
UV light through a photomask
using a contact mask aligner,
and was developed in aresist
developer and rinsed in deion-
ized water.

3. Platinum or gold was sputter-de-
posited on the wafer to athick-
ness of about 100 nm, followed
by the deposition of athin tita-
nium or chromium film (5 nm)
with vacuum conditions main-
tained throughout.

4. The wafer was immersed in
methylethylketone and the
metalized resist pattern was
lifted off.

5. A photoresist film was spin-
coated, exposed, and devel oped.
This pattern was used as a passi-
vation layer after hardening by
baking.

The fabricated electrode gap and
width were 2 to 10 um and the el ec-
trode length was 2 mm; 50 to 750
pairs of these microband electrodes
were made on each wafer.

Fabrication of the carbon
IDA electrode

The carbon-based IDA elec-
trode was fabricated by pyrolysis of
carbon precursor film and reactive
ion etching (RIE) techniques. The
fabrication process (14) was as fol-
lows (F2):

1. 3,4,9,10-Perylenetetracarboxylic
dianhydride was pyrolyzed at
1373 K in 0.1 Torr and cast on
an SiOz-covered Si wafer. This
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gave a metallic surface of con-
ducting carbon film on the wa-
fer.

2. A positive photoresist was
coated on the carbon-covered
wafer. The resigt film was ex-
posed through a photomask and
developed.

3. The exposed area of carbon film
was removed by Oz RIE.

F3
Experimental setup of

dual-mode electrochem-

ical experiments. A
bipotentiostat is used
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F4

Typical cyclic voltam-

mogram of ferrocene. b

(a) IDA electrode
operating in dual
mode. I, and I are
steady-state current
at the generator and
the collector; lp is the
limiting current of the
generator without

4. The photoresist was removed by
a suitable solvent.

5. A photoresist film was spin-
coated, exposed, and devel-
oped. This pattern was used as
a passivation layer after harden-
ing by baking.

Electrochemical
Characteristics of the
IDA Electrode

Electrochemical method

Electrochemical measurements
are carried out using a bipoten-
tiostat to control the two working
electrodes, as shown in F£3. In dual-
mode cyclic voltammetry of the
IDA electrode, one of the finger
electrodes is held at a fixed poten-
tial (collector) and the other finger
electrode is scanned (generator).
The collector potential is set lower
than the redox potential (usualy <
E°-100 mV) if the redox speciesis
in the reduced form in solution.

Typical response of the
IDA electrode

F4a shows atypical cyclic vol-
tammogram of an IDA electrode
operated in dua mode. As the gen-
erator electrode potential ap-
proached the redox potential, both
collector and generator current in-
creased by the same magnitude but
with opposite sign (I, = - 4). When
the generator potential surpassed

tentiostating th .
bollector, (b) DA 01V the redox potential, both electrode
electrode operating Ie currents became stable.
in single mode. The 10 pA
horizontal axis is . .
generator potential, L Dual/single mode comparison

0.1V When the collector is not po-

Potential/VV vs Ag/AgCI tential-controlled (single mode), the
F5
Current enhancement
mechanism of redox
cycling on an IDA
electrode. R: reduced R R R
molecule. O: oxidized
molecule. U (zjb) O J\/O
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current monitored at the generator
electrode gives a sigmoidal or small
peak-shaped curve, as shown in
F4b. The electrode areas of the col-
lector and generator are the samein
dual mode and single mode. The
current is higher in dual mode than
in single mode.

In dual mode, reduction and
oxidation occur at very closely
aligned electrodes. The product at
one electrode becomes the source
of the reaction at the adjacent elec-
trode. This is called redox cycling,
which is typical of twin microelec-
trodes (F5) (15-17).

The dependence of the dual-
mode limiting current on the size of
the electrode is shown in F6. The
redox cycle number is defined as
the ratio of the limiting current (I,
or I tolg (in F4). The smaller the
electrode, the higher the redox cy-
cle number obtained. This effect is
accelerated in micrometer size elec-
trodes.

While redox cycling contrib-
utes to signal enhancement, the ab-
sence of a capacitive charging cur-
rent at the collector electrode en-
hances the signal-to-noise ratio. In
conventional cyclic voltammetric
measurement, the magnitude of the
charging current is linearly propor-
tiona to the potential sweep rate,
and the faradaic signal current is
proportional to the sguare root of
the sweep rate. Therefore, a higher
sweep rate gives a lower signal-to-
noise ratio. When the IDA electrode
is operated in dual mode, there is
no charging current at the collector
because the potential is fixed. Even
when the potential scan rate is high
and redox cycling becomes ineffi-
cient, the collector current is not af-
fected by charging. Therefore, the
IDA electrode is also suitable for
high scanning speed voltammetry.

Mathematical analysis of
dual-mode operation

The degree of current enhance-
ment has been given mathemati-
caly (18). Solving a two-dimen-
sional diffusional equation with
suitable boundary conditions gives
the limiting current |}, of the IDA
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electrode in steady state. The ana-
Iytical solution is

I”m:2manC" HDM D
K(p)

where K(p) isacompleteellipticin-
tegral and p is a geometric parame-
ter of IDA electrode alignment.
Also, misthe number of microband
electrodes, b is the length of the mi-
croband electrode of the IDA, n is
the number of electronsinvolved in
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the redox reaction, F is the Faraday
constant, C* is the bulk concentra-
tion of the redox molecule, and D is
the diffusion coefficient of the re-
dox molecule (detailed definitions
are given in ref. 18).

For practical use, equation 1
can be approximated as
him=

2.55

mbnFC* D[o.637|n —o.19x2} )

-_9
X= 3
w+g )

where g is the gap width and w is
the band electrode width.

Equation 2 has been verified
experimentaly. In F7, experimental
data and the expected line from
equation 2 are plotted.

The transient response (poten-
tial step chronoamperometry) of the
IDA electrode has been calculated
numerically. The IDA electrode
reaches a steady state within 0.05 to
14 x (w + g)%/D seconds (19).

Self-induced redox cycling

Redox cycling can be induced
by arranging electrode configura-
tion and environment. When one
side of the IDA electrode is rela
tively large or connected to a mac-
roelectrode, current is enhanced
without the need to control both
electrodes. This is called self-in-
duced redox cycling. F8 shows the
experimental scheme of this effect.
The current at the controlled elec-
trode is aimost the same as ex-
pected by equation 2 when (ferro-
cenylmethyl)trimethylammonium
(ag-ferrocene) is used. This effect is
explained as follows: The oxidized
form is produced at the poten-
tiostated electrode (a) and becomes
dominant locally; at the macroelec-
trode (c) connected to the other side
of the IDA electrode (b), the con-
centration of the reduced form is
dominant; because electrodes (b)
and (c) are connected by an external
circuit, the potential difference can
be canceled by electron flow from
(c) to (b); when surface concentra-
tion difference and potential differ-
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F8

Schematic diagram
for self-induced redox
cycling. RE, refer-
ence electrode; CE,
counter electrode;
WE, working elec-
trode. One of the
fingers of the IDA
electrode (b) is con-
nected to a macro-
electrode (c).
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Mechanism of substi-
tutional stripping
voltammetry (cathodic
mode).

(1) Preelectrolysis of
dissolved reversible
species (analyte) at
the twin electrode in
cell compartment A

induces preconcentra-

tion in cell compart-
ment B. The two cells
are connected by a
salt bridge.

(2) Stripping stage on
the macroelectrode.

(1) Preelectrolysis

Potentiostat

IDA

-

Macro
Electrode

- C,R(;)

R = reduced form

\ O = oxidized form

/
X_

/ \ X =iodide

Compartment A

(2) Stripping

Potentiostat

-

Compartment B

N

e —

o

\
®\
-

DZEAN _/

Compartment A

Compartment B

ence between (b) and (c) become
zero, the total electron flow at (c)
by oxidation is equa to that at (b)
by reduction (20).

The self-induced redox cycling
method requires one potentiostat, as
in usual voltammetry, while dual-
mode operation of an IDA requires
a bipotentiostat. Hence, the former
has the advantage of high-sensitiv-
ity analysis with simple equipment.
This was demonstrated by a deter-
mination of dihydroxybenzylamine
(an analog of a redox-active neuro-
transmitter). In this case, the lower
limit of detection was aslow as 100
nM. Thisisten times|ower than for
a conventional single-mode meas-
urement (21).

Substitutional Stripping Voltam-
metry (SSV) for high-sensitivity
molecular recognition

A new type of stripping vol-
tammetry has been developed that
utilizes the self-induced redox cy-
cling effect (20) for detecting trace
amounts of electrochemicaly re-
versible redox species.

Substitutional Stripping Vol-
tammetry (SSV) is achieved by
combining an IDA electrode in an
analyte solution in one cell com-
partment, A (F9), and a macroelec-
trode in another cell compartment,
B, containing a redox species
which deposits reversibly on the
electrode.

The preelectrolysis of the re-
versible species at one finger set of
the IDA electrode induces areverse
reaction at the other set. The charge
produced by this reverse reaction is
transmitted to the macroelectrode
in the other cell (compartment B)
through the outer circuit, and the
electroactive species is deposited
on the macroelectrode (F9(1)).
When the potentia of the macro-
electrode is swept, the deposited
material generates a highly ampli-
fied stripping current (F9(2)). The
peak current is proportional to the
redox species concentration in
compartment A. The concentration
of the redox species in an oxidized
state can be measured using heavy
metal ions (anodic mode); in a re-
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F10

Typical calibration
curve for dopamine
on an IDA electrode
(3 um width, 2 um
gap).

Current/ A
= = = = =
o o o o o
HHHH‘ HHHH‘ HHHH‘ HHHH‘ TTTTIT

[EnY
o
T
>

|

o Generator
A Collector

| | Ll |

10 111 Hm‘
9 .8 , 7

10 10 10 10

b 10° 10 10% 107

Concentration / mol-dm™

duced state, species can be meas
ured using halides (cathodic mode)
(22,23).

The magnitude of the signal
can be controlled by changing the
preelectrolysis time and the con-
centration of the depositing mate-
rial. The value of the redox poten-
tial can be obtained by changing the
preelectrolysis potential.

The theoretical current of a
single electrode whose electrode
area is the same as the total IDA
areais 0.1 nA for 10 nM redox spe-
cies, when caculated at a sweep
rate of 20 mV/sec in conventiona
cyclic voltammetry. On the other
hand, the peak current from SSV
for the same sample is 250 nA,
which is 2500 times larger than ob-
tained by cyclic voltammetry with a
single electrode of the same size.
The detection limit of 10 pM (2
ppt) for rutheniumhexaammine by
SSV has been reported (22).

Applications

As described in previous sections,
the narrow-gap IDA offers high
sensitivity and short response time.
The IDA electrode also has a small
sample volume requirement for
practical measurements. These
characteristics make | DA electrodes
suitable for the detection of biologi-
cal substances and for detection in
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liquid chromatography (LC) or
flow injection analysis (FIA).

Detection of biological
substances

Application of the IDA elec-
trode for quantitative analysis of
dopamine, which is one of the most
important neurotransmitters, has
been reported (24). In this case, the
influence of interferents such as
ascorbic acid can be removed by
oxidation at one electrode to an
electrochemically inactive species.
A typical calibration curve of dual-
mode IDA measurement for
dopamine is shown in F10. The
oxidized form of dopamine is un-
stable, but at the narrow gap IDA
electrode, dopamine can be quanti-
tatively determined because the
oxidized form is rapidly reduced
before it becomes the redox-inac-
tive form. The linear range extends
for five digits. This versatile per-
formance supports the applicability
of IDA for quantitative analysis of a
small amount of a reversible redox
Species.

For practical usage, a large
number of finger IDA electrodes
have been fabricated and integrated
in the detection cell of an LCEC
system. The detection limit of this
system is reported as 100 pM for
dopamine (25).

Sub-femtomole detection of
dopamine with an IDA carbon
microelectrode

Electrochemical detection is
important in LC, especially for
neurochemical substances. By in-
corporating the carbon IDA elec-
trode into a microbore LC system,
small volume and low-concentra-
tion analysis of biological samples
isfeasible. The combination of IDA
electrode and microbore column is
ideal in this scheme because the
sample volume can be reduced and
the flow rate, which is slower than
in an ordinary size column, sustains
high collection efficiency. A carbon
electrode has a wider potential win-
dow and larger overpotential for
water than noble metal eectrodes,
and is expected to improve sensitiv-
ity for redox-active biological
molecules because in most cases
their electrochemical reaction is
dow on a metal electrode.

F11 shows anodic chromato-
grams of dopamine obtained using
the IDA carbon microelectrode. The
detection limit of 0.5 fmol for 5 pL
of dopamine (100 pM) is reported
with an IDA electrode consisting of
300 pairs, 5-um finger widths and
gaps, and 2-mm finger length (26).
A lower detection limit can be ex-
pected if a smaller IDA carbon mi-
croelectrode and a smaller volume
sample are used.

Conclusion

The operating mechanism and theo-
retical explanation of an IDA elec-
trode fabricated by a lithography
technique has been described. The
high-sensitivity analysis attained by
an IDA €electrode has been demon-
strated.

It has been found that the IDA
electrode not only has high sensitiv-
ity but also has high selectivity by
proper design of its shape. Thisisa
kind of chemical filter that picks up
objective reactant from side reac-
tions. It is therefore expected that
the IDA electrode will become part
of an intelligent electrochemical
system. Furthermore, microelec-
trodes are suitable for electrochemi-
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F11

Anodic chromato-
grams of low-
concentration

dopamine on a carb-

on IDA electrode in-
corporated in an
LCEC system.
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cal experiments in nonpolar sol-
vents, low-conductivity solvents,
and ion-conductive polymers, in
which macroelectrodes cannot be
used because of their significant
potential drop. Moreover, enzyme
modification of microelectrodes or
integration of immunoreaction with
electrochemical reactions will
widen the variation of measure-
ment. Microelectrodes are expected
to spread into many analytical
fields in the near future.
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