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ABSTRACT

We report the improvements made to our previously developed electrochemical cantilever (EC) sensor, where nanoporous
gold material is employed as working electrodes in microcantilever arrays, while combined counter-reference electrodes are
integrated on the chip. For a surface stress change of 1mN/m induced on the microcantilever, the cantilever deflects is 7.3 nm
at the free end, indicating high sensitivity to surface stress changes. The results suggest that the performance of the
electrochemical cell is stable. A much enhanced sensitivity in surface chemistry-driven actuation can be achieved by using
nanoporous gold with a high-surface area to volume ratio.
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INTRODUCTION

Combining electrochemistry with microcantilevers provides a potentially powerful platform for biological and chemical
sensing. In these sensors, the extreme sensitivity to surface stress change of the microcantilever is combined with the
electrochemical techniques. Examples including dopamine oxidation [1], electrochemically-induced surface stress [2] and
underpotential metal deposition [3] have been investigated. Increasing the active surface area of working electrodes will
improve the sensitivity of sensors. Nanoporous gold with very high surface area to volume ratio is an attractive candidate for
electrodes [4] and a macroscopic surface-chemistry-induced change of the surface stress responded in nanoporous gold can
be achieved in an electrochemical environment [5]. For these reasons, there are currently many interests in developing
nanoporous gold as electrochemical electrodes. In this work, we fabricated the nanoporous gold (np-Au) electrodes on the
cantilever chip as the working electrodes, reference electrode and counter electrode for the standard electrochemical cell.
Performance of nanoporous gold electrochemical cantilever chip with the static cantilever detection and electrochemical
techniques in the sensing abilities is investigated.

CANTILEVER THEORY

For surface stress sensing, when the chemical or biological event happens on the surface of cantilever, the surface stress
difference is induced between the activated and passive surface. The surface stress can be calculated by Stoney’s formula [6],
as follow
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Where o; and o, are the surface stresses applied to the top and bottom surfaces of the substrate, respectively, E is the
substrate’s Young’s modulus, ¢ is its thickness, R is the substrate’s radius of curvature, and v is the Poisson’s ratio.
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EXPERIMENTAL

We fabricated the chips using standard cleanroom methods. The main steps of the np-Au electrodes fabrication process
are illustrated in Figure 1 a-d. Silicon (100) wafers (100 mm diameter) were used as the substrate, while gold (99.99%), silver
(99.99%) and chromium (99.99%) were employed as the sputtering targets. First, a 500 nm insulating layer of Si;N, was
deposited by LPCVD. The cantilever array (frontside) and body chip (frontside and backside) were patterned using UV
photolithography, then reactive ion etched (RIE) through the entire depth of the silicon nitride to reach the substrate (Figure
1b). After using optimized sputtering/co-sputtering process to deposit the metal layers (Cr/Au/AgAu) [7], the electrodes
pattern were created by lift off processing (Figure 1 c). Finally, the cantilevers were released in heated potassium hydroxide
(KOH, 500 g/, 80 ‘C) (Figure 1 d). The np-Au electrodes were obtained from AgAu alloys by chemical dealloying at room
temperature. Figure le (top) shows a SEM image of a np-Au sample and Figure le (bottom) shows a photograph of finished
electrochemical-cantilever chip, in which the six cantilever electrodes and two reference/counter electrodes are clearly
visible.

To characterize the stability of the sensor, cyclic voltammetry was performed in solutions of different [Fe(CN)g]
redox couple concentrations. A previously-developed electrochemical cantilever platform with flow control [8] was applied
in this work (as shown in Figure 2). This platform makes it possible to readout the optical deflection of cantilever and
electrochemical signal simultaneously. Cyclic voltammetry was performed between potentials of -0.4 V and 0.4 V (versus a
np-Au pseudo-reference) with a 0.1 V/s scan rate. The voltammetry was performed using the np-Au working electrode
surface of the active microcantilever, in a 0.2M KNO; supporting electrolyte without/with 2 mM, 1mM, 500 uM, 100 uM, 50
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uM of [Fe (CN)¢]*"™* couple. The controllable flow allows to keep the diffusion layer thickness steady, as well as to avoid the
influence induced by the flow on the mechanical behavior of microcantilever. The deflection of cantilever was measured
using the optical lever method, and converted to surface stress using Stoney’s formula [6].
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Figure 1: Fabrication process of electrochemical cantilever sensor: a) a Si substrate, b) SiN Cantilever pattern by
Lithography and wet etching, c) metal layers deposition and patterning by lift off, d) Cantilever releasing by KOH etching, e)
photograph of the fabricated device (bottom) and SEM image of nanoporous gold (top).
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Figure 2: The schematic illustration of electro-chemical cantilever platform.
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Figure 3: (a) Cyclic voltammograms of current—potential responses in KNO; electrolytes without/with 50 uM, 100 1M,
500 uM, ImM and 2mM concentrations of [Fe(CN)s>*" redox couple, respectively. (b) Corresponding Surface stress

changes are plotted versus potential from 0.4 V to -0.4 V for a cantilever in the KNOj; electrolytes without/with various
concentrations of [Fe(CN)sJ” " redox couple.

RESULTS AND DISCUSSION

Figure 3a shows the current—potential response during cycling, where the current peak grows gradually without shift in
peak potential, when the concentration of [Fe(CN)s]*”* couple increases from 50 uM to 2 mM. These results indicate that the
performance of the electrochemical cell is stable. As shown in Figure 3b, the surface stress change is recorded simultaneously
during the potential scanning from 0.4 V to -0.4V. In the KNO; electrolyte solution without any electroactive species, during
the cathodic sweep, the surface stress increases as the potential decreases, and this corresponds to an increasing tensile stress
on the nanoporous gold surface in agreement with those reported by Godin et al. [2] and Weigend et al. [9]. An opposite
behavior is observed in the solution with [Fe(CN)s]* " redox couple, i.e. compressive stress on the nanoporous gold surface
increases as the potential decreases, as a result of the occurring electrochemical reactions. It is known that the surface stress
change observed in pure electrolyte during cycling is mainly ascribed to the external potential actuation and
electrochemically-driven adsorption of ions on metal electrodes [10]. However, the results obtained in solution with the
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redox couple during the cathodic sweeping reveal that the electrons transferred from electrode to the solution also could lead
to a change in surface stress, which shown an opposite behavior compared with that induced by the ions adsorption.
Additionally, it is found that the total electron energy increases with increasing of the concentration of redox couple, resulting
in increasing of the surface stress change as well. Meanwhile, because of larger surface to volume ratio in the nanoporous
gold, the transferred electron density from the nanoporous gold electrode can be increased compared with that from the flat
gold electrode with the same footprint area.

CONCLUSION

Our previously-developed electrochemical-cantilever sensor has been modified with nanoporous gold electrodes, and the
electromechanical behavior of the resulting devices was characterized. The direction of cantilever deflection is observed to be
downwards when performing a cathodic sweep in [Fe(CN)s]* ™ (40<0), and upwards during a same potential sweep in
KNO; (40> 0). The magnitude of the potential-dependent surface stress is observed to be dependent on the concentration of
the redox couple presents in the solution, with a larger stress magnitude occurring in more concentrated solutions. The results
indicate that the electrochemical cantilever sensor is very sensitive to the chemical events happening on the surface of
cantilever. The nanoporous gold exhibits a promising tendency to a much enhanced sensitivity, which has a great potential to
be used in electrochemical applications.
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