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Abstract:

This work reports the fabrication details used to prepare gold nanoelectrode arrays in alumina
substrates. The fabrication steps include electron-beam evaporation of 20-nm Ti and 300-nm thick Au
for the electrode platform on a glass substrate, followed by electron-beam evaporation of 800-nm thick
Al,O3; as a passivation layer. I,-assisted focused ion beam (FIB) milling is employed to create high-
aspect-ratio pores in the alumina films. The final pore size of 60-120 nm is achieved by ion beam
sculpting after the initial milling process. The nanopores are then filled with Au via electrodeposition to
obtain a nanoelectrode structure. Cyclic voltammetry (CV) responses of a standard redox species
exhibit a nonclassical behavior of which a well-defined steady-state limiting current plateau is not

observed.
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Introduction

An extremely low-level signal from a bio-
reaction process can be acquired into a
measurable electrical signal through highly
efficient electrodes. Electrodes of nanometer
size possess unique properties which create
the possibility of direct electronic transduction of
bio-signals. Some studies have shown that the
electrochemical behavior of nanoscale
electrodes deviates significantly from the
predictions of traditional theories. The departure
is found to be dependent on the electrode size
as it approaches values of molecular
dimensions. Those deviations are, for example,
the high electric field generated near the
electrode surface that causes an enhancement
or inhibition of the flux of the electroactive
species to the electrode surface [1], the
departure of the diffusion current from that
under the classical diffusion control theory [2],
and the shift of the half-wave potential due to
the increase in the current density [3]. Such
deviations can be observed from the shape of
the voltammetric response curves.

As the electrode size decreases, radial diffusion
becomes dominant and the depletion layer
thickness approaches the size of the electrode
dimension [4]. Since the measured current
density is proportional to the inverse of the
depletion layer thickness, smaller electrode
gives higher measured current density due to
thinner diffusion layer. This phenomenon is
called enhanced mass transport [5]. Besides
the enhancement of mass transport, the electric
field and charge within the near-electrode
layers become significant influences on the
mass transport and electron transfer kinetics at
the nanoscale electrodes. For electrodes
having a radius less than 100 nm, the electrical
double layer, a region close to the electrode
surface where a high electric field exists, begins
to occupy an appreciable fraction of the
depletion layer. The electrostatic force within
the double layer will accelerate or retard the flux
of the charged species to the electrode surface.
Therefore, the migration resulting from the high
electric field within the double layer will be
added to the mass transport equation. The
enhanced electric field will enable significant
improvement in electronic transduction of bio-
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signals because it promotes electron tunneling
from the electroactive center, which is usually
buried in a glycoprotein shell of a redox protein
[6], to the electrode. The small feature size of
the nanoelectrodes also makes their use
desirable because the measured currents at the
nanoelectrodes exhibit low background noise
owing to the minimal charging current that is
proportional to the surface area of the
electrode. Therefore, nanoscale electrodes are
utilized in the low-level signal measurement to
improve the signal-to-noise ratio and enhance
sensitivity of the electrochemical biosensors.
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Fig. 1. The fabrication steps used to prepare a
nanoelectrode array in a three-electrode cell
embedded in a PDMS microchannel. (a) Patterning
of the electrodes and the alumina insulating layer
using photolithography, e-beam evaporation, and a
lift-off method. (b) l,-assisted FIB milling and ion
beam sculpting of the pore openings. (c)
Electrodeposition of Au into the FIB milling
nanopores. (d) Ag/AgCl electrode fabrication and
assembly with a PDMS microchannel network.

Accordingly, current research activities in the
development of innovative electrochemical
biosensors have been focusing on the
fabrication and characterization of nanoscale
electrodes, especially nanoelectrode arrays
having the current response which resembles
that of individual nanoelectrodes working in
parallel. For the design and fabrication of
nanoelectrode arrays, the concerns are focused
on the inter-electrode distance which should be
sufficiently large compared to the electrode
radius in order to prevent overlapping of the
depletion zones. The choice of materials used
for the nanoelectrodes’ passivation layer is also
crucial such that the films should have high
density to prevent any leakage current paths,
as well as they should be thick enough to
minimize parasitic coupling. In this work, we
focus on the fabrication details for the
construction of the nanoelectrode arrays used
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as the working electrodes in the microfluidic
three-electrode cells described in the previous
work [7]. The fabrication process consists of
preparation of dense AlLO; films as the
insulating layer via electron-beam evaporation,
fabrication of a high-aspect-ratio nanoscale
pore structure in the insulating layer through I,
gas-assisted focused ion beam (FIB) milling
followed by ion beam sculpting, and
electrodeposition of Au to fill the nanopores.
Fig. 1 illustrates the fabrication steps used to
prepare a nanoelectrode array in a three-
electrode cell, consisting of a working electrode
(WE), a reference electrode (RE), and a
counter electrode (CE), embedded in a PDMS
microchannel network. Cyclic voltammetry (CV)
with a standard redox species is performed in
the microchannel environment to investigate the
electrochemical responses of the prepared
electrode cells.

Experimental

The electrode platform composed of 20-nm Ti
as adhesion layer and 300-nm thick Au are
prepared on a cleaned glass slide using UV
lithography, electron-beam evaporation, and lift-
off as reported previously [7]. To prepare the
electrodes utilized in aqueous solutions, dense
films for the insulating sheath are preferred
because they are chemically resistant. Besides,
the leakage current of the porous insulation
may affect the current response when the films
are used for the passivation layer of
nanoelectrodes. Electron-beam evaporated
alumina (Al,O3) is developed as an insulating
layer in this work because the fabrication
method is compatible with the batch
microfabrication process, i.e. the fabrication
method does not require high temperature
processing. In addition, the Al,O3 films are
found to have higher density (3.1 g/cm3 [8])
than that of plasma-enhanced chemical vapor
deposited (PECVD) Si3Ny4 (2.5 g/cm3 [9]) which
is typically used as the passivation layer for the
microelectrodes [10].

The electrode pattern on the glass substrate is
processed with UV lithography using 4.5-pm
thick AZ® 9245 (Clariant Corporation,
Somerville, NJ) photoresist pattern for the
subsequent lift-off of Al,O; at reference
electrodes and counter electrodes. Preceding
the deposition of alumina, the substrate
temperature is ramped slowly to 180 — 200 °C
and is then stabilized. Heating the substrate to
at least 200 °C during evaporation is necessary
to ensure good adhesion and improved step
coverage [11]. The electron beam with the
power level of 490 W (7 kV, 70 mA) is used
during the deposition. Alumina is deposited at
the rate of 3 A/s until the resulting film thickness
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of 720 — 800 nm is obtained. After the
photoresist lift-off process, the substrate is then
annealed in air at 300°C for 4 h in order to
reduce the density of interfacial traps, thus
increase the packing density of the alumina
sheath for better insulating properties [9, 12].
Fig. 2 shows the fabricated three-electrode cell
after patterning the alumina passivation layer
over the electrodes on a glass substrate.

Fig. 2. A SEM image showing the three-electrode
cell after patterning the alumina passivation layer
over the electrodes. The inset shows the pattern of a
nanoelectrode array at the working electrode.

Nanopore arrays can be prepared by creating a
high-aspect-ratio pore structure in the insulating
layer such that the pores make contact with the
underlying Au layer using the |, gas-assisted
FIB (FEI DB235) enhanced etching technique.
I, gas is directed toward the surface of the
sample while alumina is being milled with the
ion beam. Sputtered material chemically reacts
with the assisting gas to form a volatile
compound that can be pumped away for faster
etching. The Ga® ion focused beam current is
10 pA, and ion beam energy is 30 keV. The

Fig. 3.
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dwelling time and the overlap between pixels
are set to 0.5 ys and 50%, respectively. A5 x 5
array pattern of 50 x 50 nm square windows
with 1-um pore-to-pore spacing is defined at
each working electrode area as illustrated in
Fig. 2. The milling time has been optimized
using test samples to obtain the minimum
milling time to expose the buried Au layer. After
the focused ion beam milling, the size of the
pore window at the surface is typically much
larger than the targeted milling pattern size and
is also dependent on the milling time. The
resulting diameters of the nanopores range
between 120 — 200 nm as shown in Fig. 3a.
Due to a charging effect, the FIB milling
process on an insulating substrate needs to be
performed at lower magnification. This
restriction can affect the resolution of the
resulting pattern. It is observed that the actual
pore is much larger than the intended pattern
size. To reduce the size of the pore tops, we
use the ion beam sculpting method [13].
Unfocused ion beam bombardment increases
the mobility and diffusivity of the atoms at the
surface. As a result, mass transport of the
exposed material along the surface promotes
partial closing of the pore tops. We use a high
speed scanning and low ion beam current to
avoid heavy ion etching of the materials.
Following the FIB milling of nanpores, rastering
of the ion beam over the whole array using ion
beam energy of 30 keV, 10 pA ion beam
current, and scanning time of 0.724 s per scan
for 15 — 20 min reduces the initial pore opening
diameters to 60 — 120 nm. Fig. 3b shows an
SEM image of the nanopore array after the ion
beam sculpting process.

Fabrication results. (a) A nanopore array after the I, gas-assisted FIB milling and (b) after the

subsequent ion beam sculpting process. (¢) A nanoelectrode array after the Au electrodeposition process. (d) The
complete three-electrode cell. (e) The flow-chip after the bonding process.
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The pores are then filed by dc
electrodeposition of Au at -0.8 V for
approximately 2 h in Orotemp 24 gold plating
solution (Technic Inc., Cranston, RI, USA),
using a platinum wire as an anode. Fig. 3c
shows the shows a SEM image of a nanopore
array after the filling of Au via electrodeposition.
The fabrication of the reference Ag/AgCl
electrodes, the PDMS microchannels, and the
chip assembly process are reported previously
[10]. Fig. 3d shows the optical microscope
image of the complete three-electrode cell. Fig.
3e shows the image of the flow-chip after the
bonding process. Electrochemical performance
of the nanoelectrode array in a microchannel
environment is investigated by cyclic
voltammetry using the analyte solution of 5 mM
Ru(NH3)¢Cl; in 25 mM Na,HPO, and 25 mM
NaCl (pH 7.0).
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Fig. 4. CV results showing (a) the response of a

nanoelectrode array and (b) the response of a
microelectrode with the diameter of 3 pm.

Results and Discussion

Fig. 4 shows the CV responses at the scan rate
of 100 mV/s of the nanoelectrode array and that
of a Au microelectrode with the diameter of 3
pm. As observed from the voltammograms, the
current density obtained at the nanoelectrode
arrays is increased by two orders of magnitude
compared to that obtained from the
microelectrode. The steady-state limiting
current plateau is not as well-defined. The
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effects of high mass transport rate due to the
reduced depletion layer thickness and the high
electric field generated near the electrode
surface are accounted for the significant
deviation from the classical theory of diffusion-
limited current flow. In addition, in the case of
the nanoelectrodes, the half-wave potential is
shifted to the negative direction. This shift is
due to the high current density which alters the
mass transport from the diffusion-controlled
process to the charge-transfer-controlled
process [3]. Hence, the observed
characteristics of the CV responses at the
nanoelectrode arrays verify the performance of
the nanoscale electrodes such that extraction of
low-level signals  from  electrochemical
biosensors can be achieved.
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