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Abstract— Microfabricated interdigitated electrode chips
have been designed for use in a unique gold-nanoparticle based
biosensor system. The use of these electrodes will allow for
simple, accurate, inexpensive, and portable biosensing, with
potential applications in diagnostics, medical research, and
environmental testing. To determine the optimal design for
these electrodes, finite element analysis simulations were
carried out using COMSOL Multiphysics software. The results
of these simulations determined some of the optimal design
parameters for microfabricating interdigitated electrodes as
well as predicting the effects of different electrode materials.
Finally, based on the results of these simulations two different
kinds of interdigitated electrode chips were made using
photolithography.

I. INTRODUCTION

Microfabrication allows for interfacing fabricated
components directly with biological and chemical elements
in new ways, creating opportunities for new devices. One
example of this is biosensor devices. In the most general
sense, a biosensor is a device which can detect, measure and
report the presence of specific components in biological
samples, with one of the most common examples of a
biosensor being glucose sensors used by people to monitor
and control diabetes [1], [2]. By detecting different biological
components, biosensors can be wused for numerous
applications in healthcare and diagnostics. Many of these
devices can take advantage of microfabricated components to
allow for accurate and sensitive detection of components in
biological samples [3]. Some examples of these include
microfabricated cantilevers which bend under the weight of
bound specific biomolecules [3], [4], and microfabricated
electrodes which can be used for electrical detection of
biomolecules [5], [6]. Though designs of biosensor electrodes
can vary, one popular design is using interdigitated electrodes
(IDEs) [7]-[9]. Essentially just microfabricated capacitors,
IDEs consist of two conducting comb electrodes with
interlocking digits, shown in Fig 1. The dimensions and
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materials of microfabricated IDEs for biosensors can vary
depending on the exact application. Electrodes with larger
dimensions and space between electrode digits (in the range
of 10’s of microns) can be appropriate for detecting cells
growing on the electrodes [8], [10], [11], whereas much
smaller dimensions (several microns or below) are required
for detecting small molecules such as DNA [7], [9].

Figure 1. Basic structure of an interdigitated electrode.

This paper outlines the design of IDEs for use in a
handheld impedance-based biosensor system. Detection in
this system is based on binding gold nanoparticles in between
IDE digits to induce a change in the measured electrical
impedance of the electrodes (shown in Fig 2). The proposed
mechanism is based on binding molecular recognition
elements (MREs) such as antibodies or binding proteins
between electrode digits. MREs bind specifically to a
particular biomolecule (in this case the biomolecule detected
by that sensor), this binding is then designed to facilitate the
binding of a modified gold nanoparticle to the
biomolecule/MRE complex. Thus the presence of the target
biomolecule leads to bound nanoparticles between the
electrodes, leading to a measurable change in impedance.
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Figure 2. Detection mechanism of the biosensor system. MREs are bound
between adjacent digits on the IDE. The binding of the target biomolecule
causes modified gold nanoparticles to bind to the surface and modify the
impedance spectrum of the electrodes.
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In order to design the appropriate IDEs for this
application, simulations were carried out to determine the
ideal dimensions and conditions for this biosensor. These
simulations were set up to test factors such as the ideal
dimensions of the electrodes, the effect of bound
nanoparticles on the electrodes, and the best electrode
materials. Next, based in part on these simulation results,
electrodes were fabricated using standard photolithographic
microfabrication techniques.

II. SIMULATIONS

To perform finite element method simulations COMSOL
Multiphysics software was used. This allowed for
identification of frequency ranges and electrode dimensions
that are more sensitive to bound gold nanoparticles.
Simulations were run on different electrode geometric
parameters in order to optimize the IDE design for
electrochemical impedance spectroscopy (EIS). In order to
simplify the simulations a 2D setup was used. Due to the
symmetry of the electrode setup, impedance results from the
2D setup can be used to calculate the 3D setup as follows:
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Where N, is the total number of electrode digits, L; is the
length of the electrodes, [. and /- are the current densities
in the simulated plane, and v, is the applied voltage. An
assumption made by this set up is that the electrodes only
interact with their nearest pair. The difference in impedance
when simulations with multiple electrodes were run
compared to when only a single pair was run were
negligible. In order for the system of achieve linear behavior
the applied voltage was chosen to be less than the thermal
voltage (about 25mV) [12]. To model the double layer the
sterically modified Poisson-Boltzmann model is used.
Where differential capacitance can be described for single
valence ions as [13]:
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Here € is the permittivity, 45 is the Debye length, and
Py =7

The height of all simulated electrode systems was 50nm.
This was chosen because it is the standard thickness of
deposited layers in the photolithography process used. A
range of digit gap sizes and ratios of digit width to gap size
were simulated from 1 to 100MHz for gold electrodes
fabricated on borosilicate glass. This allows for comparison
of different geometric properties as well as identification of
the frequency ranges which provide optimal sensitivity. The
sensitivity was evaluated by comparing the impedance
spectrum with and without gold nanoparticles. The gold
nanoparticles had a radius of 30nm which was chosen based
on commercial availability and were simulated such that

- where O is the electrostatic potential.
aT

they covered 10% of the area between electrodes. The
sensitivity value was dependent on the location of gold
nanoparticles in the gap so a wide range of gold nanoparticle
positions were simulated for each frequency and the
resulting sensitivities were averaged. The sensitivity is
calculated as:
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The peak sensitivities of a range of gap sizes and the
cutoff frequencies representing the optimal measurement
range value are plotted in Fig. 3, keeping the ratio of gap to
electrode size at 1:2. Similarly plots for a range of electrode
to gap size ratios are plotted keeping the gap size at 2um in
Fig. 4.
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Figure 3. Peak sensitivity values and cutoff frequencies of different gap
sizes with electrodes kept at a 1:2 gap to digit ratio.
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Figure 4. Peak sensitivity values and cutoff frequencies of different gap to
digit ratios with electrodes kept at a 2um gap size.

As can be seen from these figures reducing the gap size
between digits and reducing the electrode digit width
relative to the gap size both result in increases in sensitivity.

300



However both the peak sensitivity value and the size of the
ideal frequency measurement range increases with a
decrease in gap size, and decreases with a reduction in the
electrode digit width relative to the gap size. The reason why
the location of the ideal test frequencies is important is
because electronic systems capable of measuring the
impedance spectrum of the electrodes would be easier to
implement with greater accuracy if the measurement
frequencies are lower and restricted to a smaller range. For
this reason reduction of gap size to digit size ratios, either
alone or in tandem with reduction in the electrode gap size
would provide optimal sensitivity. The cost per electrode
and electrode yield needs to be accounted for as well. As a
result when selecting dimensions for fabricating electrodes
the smallest dimensions that can be achieved with standard
photolithography techniques, and minimal defects was
chosen.

In addition to this simulations were performed for
aluminum electrodes with a Inm aluminum oxide layer
fabricated on a silicon wafer with a 0.5um thermally grown
oxide layer. This was simulated with a 2um digit gap, a 1:2
gap to digit ratio, and 10% gold nanoparticle area coverage
in the gap. Although gold is commonly used as a material
due to biocompatibility [14] aluminum on silicon would be
less expensive to fabricate and an aluminum oxide layer is
formed that can prevent degradation of the electrodes. The
impedance magnitudes and phases of the two different
electrodes are plotted in Fig. 5. Fig. 6 compares the
sensitivities over a range of frequencies between these two
electrodes. As can be seen the aluminum electrodes are
marginally less sensitive than the gold having a peak value
0f3.74% and 4.26%.
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Figure 5. Impedance magnitude and phase of aluminum and gold electrodes
with a 2um gap and 1:2 gap to digit ratio.
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Figure 6. Comparison of the sensitivity of gold and aluminum electrodes to
bound gold nanoparticles over a range of measurement frequencies.

III. ELECTRODE FABRICATION

Based on these COMSOL simulations, particularly those
comparing electrode spacing, a photomask was made for
making IDE chips using photolithography. The mask pattern
has six “electrode chips” with eight separate IDEs on each
chip. Based on the simulations, an electrode digit width of
4um was chosen with a gap spacing of 2um. Simulations
show that this size should be sufficient for high sensitivity
detection of gold nanoparticles. While smaller dimensions
should result in more sensitivity, dimensions were kept large
enough for standard photolithographic techniques to reduce
the cost per electrode and the number of defects. Using the
mask, electrodes were made using  standard
photolithography, sputtering, and wet etching. Two
variations of the chips were made. The first were SOnm thick
aluminum electrodes (which naturally form a thin aluminum
oxide layer on them) patterned on silicon dioxide grown on
silicon wafers, shown in Fig. 7. The second were 50nm thick
gold electrodes patterned on borosilicate glass (with a
chromium adhesion layer).

Figure 7. Aluminium electrodes patterned on silicon dioxide
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Figure 8. Preliminary experimental results showing impedance magnitude

with and without GNPs, the calculated sensitivity and the location of the
simulated sensitivity peak from Fig. 3.

Preliminary experiments were run to test the proposed
detection mechanism. Here gold nanoparticles were directly
chemically bound between the electrodes without the
presence of a target molecule. Aluminum electrodes were
used as opposed to the gold because the aluminum had fewer
defects from fabrication. To perform EIS a Biologic SP-200
potentiostat was used. Early results show that the form of the
EIS curve is very similar to simulated, but is shifted to
slightly to higher frequencies. This is apparent in Fig. 8
depicting a range of measured frequencies and the calculated
sensitivity. Here the location of the simulated peak is
depicted by a red line. As can be seen the actual peak lies at
a higher frequency. It should be noted that the value of the
measured peak sensitivity is higher than the simulated peak
value. This is likely because the surface coverage of gold
nanoparticles is greater in the experimental results than the
10% simulated.

IV. CONCLUSION

Interdigitated electrode chips were designed and
fabricated based on the results of simulations of their
effectiveness in an impedance-based biosensor system. Since
the IDEs used for this biosensor are fabricated using
photolithography, testing many different types of electrodes
with different dimensions would be incredibly time-
consuming and expensive. The purpose of these simulations
was to test the effectiveness of a wide range of different
conditions as to narrow down the design for the fabricated
electrodes. Conditions such as ranges of electrode
dimensions, electrode material, and impedance measurement
frequency were simulated for their effect on electrode
sensitivity to gold nanoparticles. These simulations showed
that in general smaller electrode gaps and a higher digit to
gap ratio for the electrodes results in more sensitive
detection. Additionally, simulations showed only a small
difference in performance between gold and aluminum
electrodes. Based on these simulations, gold and aluminum
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electrodes were made using photolithography.

Future work will focus on more characterization and
measuring  the  fabricated electrodes.  Impedance
spectroscopy will be used to measure the impedance of
different electrodes over a range of frequencies and then
compare these results to the simulations. The effectiveness
of the aluminum and gold electrodes will be compared in
relation to their sensitivity and reliability. The effect of gold
nanoparticles on the electrodes will be tested, and compared
to the simulations.
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