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Development of Nanostructured Interdigitated Array
Electrodes as Spectroelectroanalytical Tool
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Microelectrodes and their arrays, particularly interdigitated array (IDA) electrodes, and
surface-enhanced Raman scattering (SERS) spectroscopy have been proved to being sophisticated
tools for trace analyzers, detectors, analytical and bioanalytical sensors and so forth. However, both
of them have their inherent disadvantages; the former is restricted to analyze multicomponent
mixtures, to detect short-lived species and to predict their molecular structure; while the later often
produces non-reproducible SERS signals due to inhomogeneity in SERS substrates. To overcome
those problems and obtain a novel device that could bring their additive advantages, a nanostructured
IDA electrode was demonstrated here as spectroelectroanaytical tool.

For the development of nanostructured IDA electrodes, optical properties of metallic
nanostructures, particularly nanohole arrays, which are complement of electrodes, were investigated
experimentally and theoretically. The plus shape nanoholes with and without central nanoblocks were
fabricated successfully using electron beam lithography (EBL) combination with lift-off techniques.
It showed two predominant extinction peaks within visible wavelength region. To better understand
the origin of extinction peaks, several finite-difference time-domain (FDTD) simulation models were
constructed and contour maps of electric field distribution at wavelengths corresponding to extinction
peaks were derived. The calculated spectra were good accordance with experimental spectra, and
contour maps revealed the origin of extinction peaks. The electric fields at nanogaps of nanohole with
a central nanoblock was found to be enhanced around 4 orders higher than that observed at nanohole
without central nanoblocks. The huge enhancement of electric fields revealed that nanohole array
with central nanoblocks is promising in developing nonlinear optical and opto-electronics devices. In
addition, miniaturized chip, which are capable of generating optical hot-sites, are of great importance
in lab-on-a-chip systems, u-TAS, MEMS, microfluidics (Chapter 2).

Nanostructures that are consisted of nanohole arrays with central blocks were used to develop
nanostructured IDA electrodes. Electrodes were fabricated using EBL and conventional
photolithography, and applied to an in-situ electrochemical SERS study of ferri/ferrocyanide
reversible redox couples in an aqueous KCIO, solution. The standard cyclic voltammograms, steady
current-time responses and the potential-dependent SERS responses were measured in single and

generation-collection (GC) mode experiments. The intensity of strong SERS band appeared at 2155
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cm”’, which was assigned to stretching mode of C=N ligands in adsorbed ferricyanide ions, was
found to be reduced to near zero in single mode at the negative end of the applied potential, while in
GC mode it was enough strong as that of the initial potential over the entire potential region. The
amplification of SERS signal in the GC mode revealed that nanostructured IDA electrodes offer a
new opportunity in analytical science to improve sensitivity and detection ability. The number of
redox cycling and the collection efficiency derived from electrochemical currents and SERS intensity
were observed to be good accordance with each others, which is potentially significance, and these
findings proved that SERS response at nanostructured IDA electrodes are not only an improved
means of qualitative detection, but also a quantitative analyzing tool (Chapter 3).

It has been reported that IDA electrode with a narrower gap between the bands results in the higher
sensitivity, and could detect short-lived electroactive species, because the reactive or unstable species
can be collected to the adjacent electrodes before dissociation into other stable products, or involved
in secondary homogeneous chemical reactions. To realize this, nanostructured IDA electrodes with
different inter-electrode spacing were fabricated, and were used to investigate electrochemical SERS
responses of electrochemical irreversible and, or quasi-irreversible crystal violet (CV) molecules in
single and GC mode experiments. The potential-dependent SERS intensity of CV molecules showed
two transitions at -0.4 and -1.0 V vs. Au in both single and GC mode experiments. The transition at
-1.0 V in single mode was accomplished with decrease in SERS intensity, while in GC mode it
increased to a steady value. The first transition is attributed to change in orientation of CV molecules
at electrode surface due to revert of charge states, and second transition is a consequence of reduction
of CV molecu]es. The first transitional feature was not observed in current-potential curves revealing
that SERS function of electrodes could make deeper insight into the interfacial dynamics. The GC
mode showed extra-ordinary amplification of SERS intensity due to the redox cycling, which is
accomplished with the change in orientations of CV molecules at the electrode surface. The
inter-electrode spacing dependent study enabled us to find the maximum redox cycling number,
collection efficiency and amplification of SERS intensity in the GC mode. Thus, the SERS function
of nanostructured IDA electrodes not only furnish the improvement of analytical sensitivity, but also
monitoring ability of short-lived electroactive species and interfacial dynamics (Chapter 4).

So far, this study demonstrated the development of nanostructured IDA electrodes, their uses in
improving the analytical (qualitative and quantitative analyses) sensitivities and real-time monitoring
of the interfacial dynamics of both stable and short-lived electroactive species. In fact, nanostructured
microelectroodes capable of enhancing electric fields can be employed to handle the intricate
electrochemistry problems, for instance, the excited states or structural transition _proceeded in
multi-photon perturbation, photo-energy conversion and so on. The phenomena excited by optical
and electric fields are not only restricted to’ electrochemistry, these are also the topics to all natural

scientists; and thus, nanostructured microelectrode is an advanced, efficient and new means to them.
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