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An ideal interdigitated array (IDA) electrode is composed of a pair of comb-type finger electrodes flush with an insulating wall.
However, the fingers that compose an actual IDA are elevated from the gap plane by their thickness. The side wall of the elevated part
can work as an active electrode, and increases the current for redox cycling reactions, as in a thin layer cell. Here, the elevated fingers
are deliberately fabricated to increase the redox cycling currents. Our fabrication technique involves combining the carbonization of
thick polyimide films with photolithography on quartz substrates. One type of fabricated electrode has an elevated height ranging
from 0.01 to 4.5 pm for a 5 wm gap. The other type has a height of 0.05 wm for gaps ranging from 0.25 to 2 wm. The theoretical
current is evaluated by solving numerically the Laplace equation for the redox concentration by using the finite element method. An
approximate equation for diffusion controlled currents is obtained based on the concept that the current is the sum of the current at
the flat IDA and that at the area of the electrode side wall. Voltammograms of ferrocene derivatives demonstrate the validity of the

approximate equation for the enhancement of the current.
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Interdigitated array (IDA) electrodes are composed of two ad-
dressable interdigitated comb-like electrodes.'? They have been used
as sensitive electrochemical sensors that employ steady state redox
cycling reactions,>® as sensors in flowing systems,””'! to measure
the conductivity of films,'>'® as electrochemical detectors of re-
dox interactions in films,'*?* and as tools for detecting reaction
intermediates.”>7 Their advantage lies in the establishment of am-
plified steady-state currents by employing an electrochemical control
at the generator and the detector electrode. The steady state is caused
by redox cycling, by which the reduced species generated at the cath-
ode comb is transferred to the anode, where it is oxidized. In other
words, one species moves back and forth between two neighboring
finger electrodes of different comb electrodes.>*?° A larger current is
obtained per finger as the distance between the two finger electrodes
decreases.>?*?° Even if only the reduced species is initially present
in solution, the oxidation current can flow with the help of a counter
electrode to generate the oxidized species.?® If either the reduced or
oxidized species is unstable, redox cycling is observed as the result
of reactions with auxiliary redox couples.>*!'=3 It is not necessary to
use a bi-potentiostat to observe redox cycling voltammograms if the
potential at one comb is controlled by sacrificial electrodes.**3

IDA  fabrication techniques have  concentrated on
miniaturization®*® and electrode materials.’’*° The aim of the
former approach is to reduce the time needed to attain steady-state
voltammograms or have the correction efficiency reach unity. Accord-
ing to the theory of diffusion controlled current at an IDA,?® current
with an average finger distance, w, is approximately proportional to
In(2.55 w/g), where g is the width of the gap between neighboring
fingers. The ratio, w/g, is conventionally two owing to the limitation
imposed by fabrication techniques. Since it is not practical to reduce
only g, while maintaining w, the current does not vary greatly with
changes in g and w.

The model of the redox cycling at the IDA assumes that the fingers
of the IDA are mounted flush with the gap plane.?® Since IDAs are
fabricated by depositing electrode materials through a lithographical
pattern, the fingers are necessarily raised above the gap plane. This
elevation increases the currents caused by the redox cycling between
neighboring elevated parts,’>*!=** such as the redox cycling currents in
a thin layer cell.**7 The elevation height can be increased only by the
deposition of electrode materials over a long period. Unfortunately, no
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quantitative relationship has yet been reported between the elevation
and the currents, only the specific geometry of the IDAs.*>** This work
is directed toward obtaining a guideline for enhancing the current by
varying the elevation. Our goal is to obtain the quantitative relationship
between the currents and the geometry of the elevated IDA by solving
the steady-state diffusion equation numerically. The relationship is
verified experimentally for various elevated IDAs.

Theory

The anode and cathode of our IDA with elevated fingers have
the same width, as illustrated in Fig. 1. We designed a unit cell to
consist of a two-dimensional domain enclosed by a neighboring anode
and cathode, their gap, and their centerlines. Figure 2 shows a unit
cell model and the coordinates. The concentration, ¢, of the reduced
species is subject to two-dimensional diffusion in a steady state,

3%c/0x> 4+ 8%c/dy* =0 (1]
The boundary conditions are
c=0attheanode (x =g/2,0 <y < h; gl2 <x <w/2,y=h)
¢ = ¢* at the cathode
(x=-g/2,0 <y<h—w/2<x<—g/2,y=h) [2]
dc/dy = 0 at the gap (y =0, |x| < g/2)
dc/dx = 0 at the unit boundaries (x = +w/2,y > h)

where c* is the bulk concentration of the reduced species. We solve
the above boundary value problem for the Laplace equation by using
the finite element method with the auxiliary condition, dc/dy = 0
at the top of the unit cell (|x| < w/2,y = H), where H is the height of the
unit cell so that it does not alter the calculated concentration profiles.
The finite element method software was XFEM113 (freeware). The
mesh was generated with voro95 (freeware).

Small meshes were adopted near the electrodes to express large
concentration variations accurately. We used about 4000 elements.
The height of the cell, H, was considered to be roughly twice as large
as h or w so it had negligible effect on the concentration profiles.
The concentration normalized by ¢” is a function of two geometrical
parameters, g/w and h/w. Figure 2 shows an example of concentration
profiles obtained by employing color gradation for two geometries at
h/w = (A) 0.4 and (B) 0. The profiles are independent of the diffusion
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Figure 2. Concentration distributions in a unit cell at g/w = 0.5, (A) h/w
= 0.4 and (B) W/w = 0, obtained with the finite element method for around
900 meshes.

coefficient because it is canceled out in Eqs. 1 and 2. The domains
near the electrode have identical colors because the concentration is
controlled by the electrode potential through the Nernst equation. The
color variation in the domain, |x| < g/2 and 0 < y < & indicates that
the area of the electrode side wall participates in the electrolysis, as in
a thin layer cell. The color variation on the line y = 4 in (A) is slightly
smoother than that on y = 0 in (B), because the electrolysis at the
area of the electrode side wall generates a linear concentration profile.
To clarify the concentration variation, the concentration profiles on
these lines are plotted in Fig. 3. Profile (c) at the gap of the flat IDA

/,
1 " 1 " 1
0 -0.2 0 0.2

x/ w

Figure 3. Concentration profiles of the model in Fig. 2A on lines (a) at
y = W/w and (b) at y = 0, and (c) the model in Fig. 2B on a line at
y=0.

redox cycling

Figure 1. Illustration of mass transport of redox
at flat IDA

species at an elevated IDA when the reduced species
is initially present in the bulk.

redox cycling
by elevated wall

(Fig. 2B) shows large concentration variations near the electrode edge
(x/w = %£0.25) owing to diffusion in the direction of the x-axis. In
contrast, profile (b) at the gap at the IDA with ~/w = 0.4 is a line that
is the same as in the thin layer cell because the square domain of /1/g
in Fig. 2 corresponds to the thin layer cell. Profile (a) on the line at
y = h/w is between the above two profiles. It is this intermediate
profile that makes the current complicated.

The diffusion controlled limiting current, It,g, per finger electrode
of length b is obtained through

I hrg w=9)/2 /g
fng =2D/ (—C> dy+2D/ <—C> dx  [3]
bF 0o \0x/,_.p 0 9y /)y

where D is the diffusion coefficient, which is common to both the
reduced and oxidized species. If the value of the diffusion coefficient
of the reduced species is different from that of the oxidized species,
the boundary conditions of ¢ = 0 and ¢ = ¢* become only approxi-
mations even in the potential domain of a limiting current. The flux at
the electrode was calculated by taking account of the gradient of the
output concentrations at elements including the electrode surface. The
software for the flux was homemade. After carrying out the integra-
tion in Eq. 3 numerically, we obtained the dimensionless current per
finger, Ito/bFc’ D. The current density values for 2 = 0, which should
be identical to those at the conventional IDA, were 6-8% smaller
than the analytical expression for the IDA current.?® This is probably
because the numerical calculation fails to evaluate the infinite current
density at the edge electrode. The variations in I, /bFc”D with h/w
are shown in Fig. 4 for several g/w values. The current increases lin-
early with increases in /. This agrees with Fig. 14 in Ref. 44. The
linearly increasing part is predicted to be proportional to 4/g by anal-
ogy with the current in a thin layer cell. We plotted the slope against

02 0z 06

h/w
Figure 4. Dependence of the dimensionless current at a finger electrode on &

for g/w = (a) 0.2, (b) 0.3, (c) 0.4, (d) 0.5 and (e) 0.6, calculated by the finite
element method.
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Figure 5. Plot of the slope of the variations in Fig. 4 against 1/g.

w/g in Fig. 5 to show the proportionality. Therefore, the area of the
electrode side wall works as an electrode, as in a thin layer cell with
the width g. The proportionality in Fig. 5 is empirically formulated as
(Ingn/bFc" D) (g/w) = 1.90, or

Ifng’h = ]90bFC*Dh/g [4]

where Ip,g 1, is the contribution to the area of the electrode side wall.
Since the finger electrode has two areas of the electrode side wall,
the current per protrusion is 0.95bFc*Dh/g. The coefficient of 0.95
instead of unity is obviously the current for the thin layer cell. The
5% loss may be ascribed to both an underestimation of the numerical
computation by the finite difference in Eq. 3 and the complicated
concentration distributions in Fig. 3.

Equation 3 is composed of the sum of the currents at the elevated
IDA and at the flat IDA. Since the first term is close to the value
(Eq. 4) of the thin layer cell, the current at the IDA with the elevation
may be expressed numerically by the sum of Iz, and the flat IDA
current. By using the approximate equation for the current at the flat
IDA,*® we can express Eq. 3 as

Ifng

h w g\?2
——— =1.90— +0.637In | 2.55— ) — 0.19( = 5
bFc*D g + n( g) ( ) 5]

w
The sum of the second and third terms in Eq. 5, expressing the con-
tribution of the flat IDA, is close to 1.0 for 0.2 < g/w < 0.55 within
5% error. Therefore, Eq. 5 can be approximated as

Ijng = bFc*D (1.90h/g + 1) [6]

This equation indicates that a fabrication technique that makes the
electrode thick will enhance the current.

Experimental

Fabrication of elevated IDA.— We fabricated three types of carbon
films whose thicknesses, /, were of the order of 0.05, 1, and 5 wm. The
carbon film was formed on a quartz substrate via the carbonization
of polyimide film. Polyamic acid varnish (Pyre-ML, du Pont, USA)
was spin-coated on the substrate and baked at 250°C for 2 hours.
The film thickness was controlled by adjusting the spin-coating speed
and varnish concentration. After carbonizing the polyimide film on
the substrate at 1000°C for 2 hours in a vacuum, we obtained carbon
films 1.3 and 4.5 wm thick. The film thickness was obtained with a
probe type step profiler, Dektak3030 (ULVAC, Inc.). The conductivity
of the 4.5 pum thick carbon film was about 100 ohm cm™2. The carbon
films with a thickness of around 0.05 pm were formed on a quartz
substrate as described elsewhere.*34°

The substrates coated with conducting carbon films were fabricated
into IDA electrodes by lithography.***4° A silicon-based positive
photoresist (FH-SP, NTT-AT, Japan) was used for resist patterning
because it could endure the subsequent oxygen dry etching process
that removed the thick carbon film that was not covered with resist.
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Figure 6. SEM image of a cross section of IDA3.

Table I. Geometric features of fabricated IDA electrodes and their
limiting currents in the dual mode.

IDA w /pm g/pum h/pm b/mm m I InA
1 15.0 5.1 0.01 2 65 8.5
2 15.0 4.7 1.30 2 65 142
3 15.0 5.1 4.50 2 65 21.9
4 4.0 2.0 0.05 1 125 0.7
5 2.0 1.0 0.05 1 250 1.6
6 1.0 0.5 0.05 1 500 35
7 0.9 0.45 0.05 1 555 3.7
8 0.8 0.4 0.05 1 625 42
9 0.7 0.35 0.05 1 714 4.9

10 0.6 0.3 0.05 1 833 6.0
11 0.5 0.25 0.05 1 1000 7.5

m: number of fingers per comb
I: average of four limiting currents

The resist film was used to cover the electric leads on the carbon film,
and was heated at 200°C to yield a hard film.

Figure 6 shows a SEM image of a cross section of IDA3, where
the cross section was exposed by means of RealSurfaceView VE-
7800 (KEYENCE). The cross sectional geometry is w = 15 um
h =45 pm and g = 4.5 wm. The geometric features of all the IDA
electrodes are listed in Table 1.

Chemicals and apparatus.— We used (ferrocenylmethyl)trimethyl
ammonium bromide (FcTMA) (Tokyo Kasei, Japan) and phos-
phate buffered saline (PBS) (Gibco, USA) as a redox species
and supporting electrolyte, respectively, without purification. Elec-
trochemical measurements were performed with a dual poten-
tiostat, ALS/CHI model 1000 (CHI Instruments Inc., USA).
A Pt wire and a silver/silver chloride (Ag/AgCl, [NaCl]
= 3 M) electrode were used as a counter and a reference electrode,
respectively.

Results and Discussion

When a scanned potential is applied commonly to the two combs
of a flat IDA in a solution including redox species, the voltammo-
gram should be similar to a linear sweep voltammogram at a planar
electrode with the same area as the two combs and gaps, according to
the concept of partially blocked electrodes.’® Figure 7 shows voltam-
mograms obtained at the flat IDA(a). The appearance of a pair of
peaks suggests control of linear diffusion. A diffusion layer at a finger
overlaps those at neighboring fingers when there is a lapse in the elec-
trolysis. Then the overall diffusion layer should be close to the layer
generated by the planar electrode. This explains the appearance of the
peak. The voltammogram was close to that calculated theoretically
by linear diffusion (c). Although the elevated IDAs have net electrode
surface areas larger than the projected area, the peak currents were
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Figure 7. Cyclic voltammograms in 1 mM FcTMA solution at v = 10 mV
s~! at (a) IDA1 and (b) IDA2 when a common scan voltage was applied to
the two combs; and (c) linear sweep voltammogram calculated for the same
conditions as used for the experiments at the planar electrode.

almost independent of the 4 values (in Fig. 7b). This independence is
supported by the concept of partially blocked electrodes.

One comb was set at a constant potential of 0 V, whereas the
potential was scanned at the other electrode in a solution containing
FcTMA, called a dual mode. When the current at the former comb was
plotted against the scanned potential, steady-state voltammograms
were obtained for three values of 4, as shown in Fig. 8. The limiting
current increased with increases in /. The collection efficiency, defined
by the ratio of the limiting current at the comb for a scanned potential
to that for the constant potential, ranged from 0.92 to 0.96.

The steady-state voltammograms obtained at the flat IDA in the
limiting current domain. e.g. £ > 0.6 V in Fig. 8 did not vary greatly
with the gap width, which ranged from 0.25 to 20 wm. This invariance
agrees with the theoretical prediction, which indicates that the sum of
the second and third terms in Eq. 5 is close to unity for 0.2 < g/w
< 0.55. The logarithmic variation with g is characteristic of the solu-
tion of the two-dimensional Laplace equation.>!-?

Background corrected limiting currents, I, at E > 0.6 V in
Fig. 8 were determined by averaging four current voltage curves at the
forward scan and the backward scan at the two combs. These currents
are listed in Table 1. The I;,, values were obtained from the average
current and the number of fingers. Since Eq. 5 predicts that I, is
proportional to i/g for any g value, we plotted the variations in Iy, /b
with //g for two types of IDAs with w = 15 pm and 0.5 pm < w <
4 pm, as shown in Fig. 9. These values are close to the line calculated
from Eq. 5 for ¢ = 1 mM and D = 0.63 x 10~° cm? s~! of FcTMA

1 "

0.2 04 06
E/V vs. Ag|AgCI

Figure 8. Voltammograms of 1 mM FcTMA at IDAs for 4 = (a) 0.01 wm,
(b) 1.3 pm and (c) 4.5 pm when the potential at one comb was scanned for
10 mV s~! while 0.0 V was applied to the other comb. The negative currents
correspond to a comb at a constant potential of 0.0 V.

0 05 1

0 L L L L

h/g

Figure 9. Variation in the redox cycling currents per finger with the elevated
height at (circles) IDA1-3 and (triangles) IDA4—11. The line was calculated
from Eq. 5. The errors in the triangles roughly correspond to the size of the
marks.

where the value of the diffusion coefficient was obtained in 0.5 M
KCl aqueous solution by using the combination of a regular electrode
and a microelectrode”.>® The I, /b values at the IDAs of w < 4 pm
(triangles) were smaller than the theoretical values, probably because
not all the fingers work as active electrodes owing to defects in the
electric connections over all the fingers.

Conclusions

The elevated IDA enhances the steady-state redox cycling currents.
The enhancement is linearly related to the elevated height. The limiting
current can be approximated as the sum of the current at the flat
electrode and that at the facing elevated parts similar to the behavior
observed in a thin layer cell. The latter component is, however, 95%
of the current in the thin layer cell with the distance g and the area
bh. The approximation is not explicitly a function of w. Therefore,
a reduction in the size of the unit cell does not enhance the current
per finger. Cyclic voltammograms at a potential common to the two
combs are almost the same as those at a planar electrode with the same
projected area at the IDA, independent of A.
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