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ABSTRACT: A redox cycling geometry based on an array of nanopore-
confined recessed dual-ring electrodes (RDREs) has been devised to
amplify electrochemical signals and enhance the sensitivity of electro-
analytical measurements. The RDRE arrays were fabricated using layer-
by-layer deposition followed by focused ion beam milling. A character-
istic feature of the nanoscale dual-ring geometry is that electrochemical
reactions occurring at the bottom-ring electrode can be tuned by
modulating the potential at the top-ring electrode. Thus, the resulting
device was operated in generator—collector mode by holding the top-
ring electrodes at a constant potential and performing cyclic
voltammetry by sweeping the bottom-ring potential in aqueous
Fe(CN)>/*. The enhanced (~23X) limiting current, achieved by
cycling the redox couple between top- and bottom-ring electrodes with
high collection efficiency, was compared with that obtained in the
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absence of self-induced redox cycling (SIRC). Measured shifts in Fe(CN)¢>~/#~ concentration distributions were found to be in
excellent agreement with finite-element simulations. The SIRC effect in the RDRE array was also characterized by
electrochemical experiments before and after oxygen plasma treatment. The plasma-treated RDRE array exhibited a significant
signal amplification, with the faradaic current being augmented by a factor of ~65 as a result of efficient redox cycling of
electroactive species in the nanopores. The amplification factor of the devices was optimized by controlling the interpore

distance, with larger pore density arrays exhibiting larger amplification factors.

B INTRODUCTION

Electrochemical redox cycling (RC) on the micro/nanoscale is
a powerful tool for the amplification of faradaic currents in
electroanalytical measurements, enhancing sensitivity through
repetitive oxidation and reduction of the analyte. A typical
approach to achieve repetitive redox reactions uses two closely
spaced and individually addressable electrodes. Driven primarily
by diffusion, the target molecules are transported between these
electrodes when one electrode is biased to a reducing potential
and the other electrode to an oxidizing potential.’ When
molecules diffuse from the cathode to the anode with each
shuttling cycle, a feedback redox loop is established, which
effectively amplifies the faradaic current. The RC current is
proportional to the number of molecules contributing to the
signal and can therefore be used for quantitative analyte
detection” and can reach single-molecule detection under well-
defined conditions.”™> RC not only can improve sensitivity”’
but also is useful for determining diffusion coefficients of redox
species” and monitoring the lifetime of electrogenerated
intermediates.' "'

RC can be enhanced by geometric configurations that allow
two electrically addressable metal substrates to be positioned
very close, that is, nanometer distances, to one another. For
example, a probe-based configuration is employed in scanning

-4 ACS Publications  © 2016 American Chemical Society

electrochemical microscopy (SECM), which allows local
electrochemical interface reactions to be resolved and imaged."”
SECM has been used in a variety of applications ranging from
topographic and reactivity studies on solid-state surfaces to the
electrochemical imaging of living cells."> Other techniques aim
to implement RC for electrochemical detection in lab-on-a-chip
devices.'* The advances of micro- and nanofabrication
techniques during the last few decades have greatly improved
the efficiency of lab-on-a-chip RC devices, and there have been
a number of RC systems reported, for example, interdigitated
array (IDA) electrodes,>™"* 19,20
rotating ring-disc electrodes,”
ring-disc electrode.”
Pore-based structures supporting dual annular band electro-
des constitute a separate and especially powerful class of RC
devices because the electrodes can be positioned with a
separation of tens to hundreds of nanometers from each other,
thus facilitating very efficient diffusive transport.”*~>* Typically,

twin-electrode thin-layer cell,
"?* and a micromachined wall-jet
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Figure 1. (A—D) Schematic illustration of the fabrication process for the RDRE array. (A) Bottom electrode is patterned with photolithography and
Au is deposited by electron beam evaporation. Then, after metal lift-off, SiN, is deposited by PECVD as an insulating layer. (B) Top electrode is
patterned and deposited in a similar manner. (C) SiO, or SiN, is deposited as a passivation layer. (D) Nanopores are patterned by FIB milling. (E—
H) Scanning electron micrographs of a RDRE array at different magnifications and perspectives. (E) Top-down view of the entire 20 ym X 20 ym
RDRE array. (F) Top-down view of a 7 X 7 subset of the same array. (G) Top-down view of a single nanopore and (H) cross-sectional SEM image

of the nanopores taken at 52° tilt.

in pore-based RC devices, the working electrodes are stacked in
vertical layers in a metal—insulator—metal (MIM) stack. Redox-
active molecules gain access to the bottom electrode by
transport down the axis of the nanopore past the top electrode
and the insulator. Then, to enable RC inside the pores, the top
and bottom electrodes are individually biased to electro-
chemical potentials below and above the redox potential of the
analyte. Previously, this design has been implemented on the
submicrometer length scale in RC structures with pore
diameters of 500 nm, electrode separations of 200 nm, and
interpore spacings of ~500 nm.* Surprisingly, the interpore
spacing is an important design parameter, as molecules not
collected at the top electrode of one pore may diffuse to a
neighboring pore and be recaptured there.

Recently, we developed a robust procedure for the
fabrication of recessed ring-disk electrode arrays with
submicrometer size and spacing’ and demonstrated their
utility for RC in a variety of applications, including selective
electrochemical detection,® ion accumulation-based signal
amplification,”” and self-induced redox cycling (SIRC) coupled
to fluorescence sensing.33 Because of their dimensions,
nanopore sensors can further be used to detect selective
binding to functionalized pore walls,”® the RC effect being used
to read out the behavior of a reporter whose mobility is reduced
by the analytical target, such as an oligonucleotide. Moreover,
enzymes can be attached to the pore walls and locally convert
substrates to electroactive products.”* Additionally nanopore-
based sensors are based on a modular layout, in which the
sensor output can be regarded as the sum of multiple single-
pore elements. Because each of these elements is strongly
coupled to the reservoir, short fluctuations in the analyte
concentration can be detected. Also, the sensor area can be
scaled without loss of structural integrity.

Nanoelectrode arrays are typically fabricated with top-down
approaches, for example, using hybrid approaches, such as
optical lithography,”*® colloidal lithography,*”*” focused ion
beam (FIB) milling,***’ and electron beam lithography to
define nanostructures, as well as interconnected metallization
and passivation layers.*”*' Among the hybrid lithography
approaches, FIB milling method receives particular attention

because it is a serial direct-write technique capable of deep
anisotropic etching that greatly aids the direct production of
electrodes and arrays. Arrigan and coworkers™ provided an
early example of FIB-based nanoelectrodes, in which they
fabricated single and ordered arrays of recessed nanopore
electrodes. These devices were constructed on Si/SiO,
substrates bearing photolithographically defined Pt microscale
electrodes, followed by deposition of a ~500 nm thick
insulating layer of SiN, over the Pt electrodes. FIB milling
was also utilized by Rauf et al,* to produce discrete 3D Pt
electrode arrays. Submicrometer pores were milled through an
insulting layer to reveal Au electrodes, onto which Pt was
subsequently electrodeposited. This drill-and-fill approach
yielded 3D Pt nanoelectrode arrays, with the nanoelectrode
protruding from the insulator substrate, rather than being inlaid
or recessed.

Here we report a robust and reliable method for the
fabrication of high areal density (up to 1.6 X 10° cm™2)
recessed dual-ring electrode (RDRE) arrays with electrode size,
interelectrode separation, and interpore spacing all controlled
on the nanometer length scale. The use of dual-ring arrays,
instead of ring-disk arrays, facilitates spectroelectrochemical
experiments because it allows optical access to RC of
fluorigenic redox species. Arrays with varying pore density
were fabricated and characterized by cyclic voltammetry (CV)
employing the bottom ring and top ring as generator and
collector electrodes, with the bottom generator electrode being
swept and the top collector electrode being held at a constant
potential. The SIRC effect was characterized by performing
cyclic voltammetry at a recessed single-ring electrode as
working electrode of equivalent area and comparing that to
the performance of the RDRE array. Finite element simulations
were performed and compared with experimental results to
understand the influence of collector potential on reactions at
the generator. Voltammetric responses to electroactive species
were investigated before and after O,-plasma treatment on the
top dielectric layers to further confirm participation of SIRC at
the RDRE array. Finally, the signal generation behavior of the
RDRE devices was characterized as a function of interpore
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separation, and the analytical performance of the RDRE array
was found to depend sensitively on pore density.

B EXPERIMENTAL SECTION

Chemicals and Materials. Potassium ferricyancide (K;Fe-
(CN),), potassium chloride, sulfuric acid (95%), hydrogen
peroxide (30%), acetone, and Au etchant (KI—I, solution) were
obtained from Sigma-Aldrich. Photoresist (PR) AZ5214E (AZ
Electronic Materials) and polydimethylsiloxane (PDMS) (Dow
Corning) were used according to the manufacturers’ specifica-
tions. Solutions for electrochemical measurements, consisting
of 2.0 M KCl and 1 or S mM K;Fe(CN), were prepared using
deionized (DI) water generated from a milli-Q Gradient water
purification system (Millipore). All reagents were used as
received without further purification.

Device Fabrication. The RDRE arrays were fabricated
using a combination of standard photolithography, layer-by-
layer deposition, and FIB milling. The fabrication strategy is
illustrated schematically in Figure 1A—D. A glass coverslip was
cleaned in piranha solution (3:1 sulfuric acid (95%)/hydrogen
peroxide (30%); Caution! Strong oxidizer. Use with extreme
care.), rinsed with DI water, and dried at 110 °C. The cleaned
glass coverslip was patterned by photolithography using
AZS5214E PR to define a bottom electrode with a width of
100 gm. A 100 nm thick Au film was deposited by electron-
beam evaporation (UNIVEX 450B, Oerlikon) using 10 nm Ti
as an adhesion layer on the patterned glass coverslip. Then, an
acetone lift-off was used to remove the photoresist. A 100 nm
thick SiN, layer was then deposited on sample by plasma-
enhanced chemical vapor deposition (PECVD 790, Plasma-
Therm) (Figure 1A). Afterward, using the same lithographic
method, the top Au electrode was deposited to overlap the
bottom electrode in a perpendicular orientation, producing an
intersection area of ca. 200 ym X 200 ym containing two Au
layers separated by a SiN, layer (Figure 1B). Next, an additional
100 nm thick SiO, layer was deposited after the removal of the
photoresist covering the entire substrate (Figure 1C). A dual-
source FIB instrument (Helios Nanolab 600, FEI Corp.) was
used for milling and characterization. RDRE arrays were
patterned in a 20 gm X 20 um square array with lattice
constants of 250 nm, 500 nm, or 1 ym (Figure 1D). FIB milling
was performed at 30 kV acceleration, 0.28 nA ion aperture, and
0.1 ps dwell time to produce the RDRE array. Immediately
after milling the device, an ohmic background current was
observable. Figure S1 shows the current resulting from a small
bias (10 mV) between the top and bottom electrode in a dry
device immediately after fabrication (black line). This is
presumably caused by a combination of redeposition of
partially etched Au along the nanopore walls and implanted
Ga’, resulting in an electrical short between the two electrodes.
This conducting layer was removed by immersing the device in
dilute Au etchant solution for S min. After cleaning the device
with DI water, the top and bottom electrodes were well-
insulated, as indicated by the red line in Figure SI.

Modeling and Calculations. Modeling calculations were
performed using finite element simulation software (COMSOL
Multiphysics 5.0). The electrochemical system treated here is a
simple outer-sphere heterogeneous electron-transfer reaction at
the electrodes, O + ne~ — R, where n is the number of
electrons transferred. An RDRE array of 20 nanopores was
simulated in a 2D geometry, consisting of recessed bottom-ring
electrodes, a 100 nm insulating layer, recessed top-ring
electrodes, and a 100 nm top insulator layer. The geometry is

based on scanning electron micrographs (SEMs) of FIB cross
sections. The domain above the pores was drawn sufliciently
large (w = 1000 ym, h = 1000 ym) to avoid interference from
boundaries, and the mesh was refined both within the
nanopores and in the region just above the pores to provide
sufficient resolution. For the case of high overpotential applied
to the electrodes, constant-concentration boundary conditions
were applied based on the assumption of complete oxidation or
complete reduction on the electrode surfaces. Steady-state
operation of the device was characterized by assuming that the
diffusion coefficients of the reduced and oxidized forms are the
same,"” leading to the result that the sum of oxidized (C,) and
reduced (Cy) forms is constant over the diffusion space and is
equal to the sum of the bulk concentration (Cpy)." Details of
the simulations are given in the Supporting Information.
Electrochemical Measurements. Cyclic voltammetry
(CV) experiments were performed with a CH Instruments
electrochemical analyzer (Model 842C) using a Pt wire and
Ag/AgCl (RE-SB, BASi) as auxiliary and reference electrodes,
respectively. The nanopore-confined top and bottom electrodes
operate as separate working electrodes. All potentials are
reported versus Ag/AgCl reference at 300 K. Both the reference
electrode and auxiliary electrode were immersed in a 100 uL
PDMS reservoir in direct fluid contact with the RDRE array. In
all CV measurements, the potential of the bottom electrodes
was swept, and the top electrodes were held at a constant
potential (GC mode) or disconnected (non-GC mode).

B RESULTS AND DISCUSSION

Fabrication and Structural Characterization. RDRE
arrays with variable interpore spacings (250 nm, 500 nm, or 1
um) were fabricated to form square arrays of annular
insulator—electrode—insulator—electrode nanopore stacks, in
which each electrode layer is individually addressable; that is,
the electrodes of the same layer in each nanopore are always at
the same potential. Figure 1A—D illustrates the fabrication
process using photolithography, layer-by-layer deposition, and
FIB milling to produce nanopore RDRE arrays. This simple
direct-write approach enables direct formation of highly precise
nanopore electrodes, but FIB direct writing produces pores
with conical frustum shapes rather than the cylindrical shapes
obtained using electron beam®”*' or nanosphere lithogra-
phy. 3037

Figure 1E shows an SEM image of the entire array with an
interpore distance of 250 nm, while Figure 1IF—G shows SEM
images of the same array at different levels of magnification.
Figure 1H shows a cross-section of the typical pores produced
by FIB milling.44 The overetched region below the Au/glass
interface typically decreases with pore diameter, and well-
controlled milling processes yield pores overetched by <100
nm. From bottom to top, the cross-section image in Figure 1H
shows the bottom Au electrode (bright), silicon nitride (dark
gray), the top Au electrode (bright), and silicon dioxide (gray).
The nanopores exhibit a conical shape with a slightly larger
aperture at the top electrode than at the bottom electrode. The
typical diameter of the top of the pore (dmp) is ~100—120 nm,
while the bottom diameter (dyoyuom) is ~60—80 nm.

Current Amplification by RDRE Array. Figure 2 shows
the cyclic voltammetry of S mM K;Fe(CN), in 2 M aqueous
KCI supporting electrolyte obtained from a RDRE array with
an interpore distance of 250 nm. The cyclic voltammogram
(CV) in Figure 2A was obtained by sweeping the potential, Ey,
of the bottom working electrode, WEy,, while the top working
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Figure 2. Cyclic voltammetry of 5 mM Fe(CN)¢*~ in 2 M aqueous
KClI (scan rate 50 mV/s) on an RDRE array with interpore distance of
250 nm. (A) Potential of the bottom electrode (E;) was swept while
the potential of top electrode (E,) was left floating. (B) E, was swept
while E, was left floating. (C) Cyclic voltammograms of S mM
Fe(CN)s*™ in 2 M aqueous KCI (scan rate 50 mV/s) on the RDRE
array (black and red line) and on a recessed single-ring electrode of the
same area (Inset, magnified). E, was swept, while E, was floating (non-
GC mode, black line) or held at +0.6 V (GC mode, red line). In GC
mode current was measured at both the bottom (negative current) and
top (positive current) working electrodes, although only the potential
E,, was swept.

electrode, WE,, was floating (disconnected). The current at
WE,, reached a steady-state diffusion-limited plateau, i, & —13
nA, at large overpotentials. Figure 2B shows a CV obtained by
sweeping the potential, E,, of WE,, while the bottom electrode
was disconnected. The CVs shown in Figure 2A,B are very
similar, reflecting the nearly identical electrochemical behavior
of the two working electrodes. WE, and WE,, have the same
thickness and are separated by only 100 nm, so the difference in
their surface areas, due to the conical nanopore shape, is <20%,
and the small differences in shape and i, likely result from
small differences in mass transport to WE, relative to WE,. On
the contrary, the CV (red line) in Figure 2C was acquired by
scanning Ey, while E, was fixed at +0.6 V versus Ag/AgCl (GC
mode). The current in GC mode (red line, i, &% —57 nA) is ca.
4.4 times higher than that in the non-GC mode (black line in
Figure 2C). This current amplification is attributed to RC of
the electroactive species between generator and collector
electrodes. The RC effect depends strongly on the efficiency,
@, with which the top working electrode, WE,, collects species

generated at the generator.16 Under the conditions of Figure
2C, the collection efliciency of the top electrode, ®,, is

t

lt, la

iy 1c (1)

where i), and i, are the anodic and cathodic limiting currents
at WE, and WE,, respectively. Using eq 1, @, = 0.89 was
obtained from the results shown in Figure 2C.

In general RC measurements, two electrodes are held at
potentials negative and positive of the redox potential to initiate
and sustain electrochemical RC. Interestingly, SIRC can be
observed when a potential-controlled electrode is placed
adjacent to a nearby unbiased (floating) electrode.”** In this
situation, depletion of redox species at the working electrode
produces a location-dependent concentration polarization
relative to the adjacent electrode. These local concentration
differences can be sufficient to drive oxidation and reduction
reactions at the floating electrode. To characterize the SIRC
effect of the RDRE, we acquired CVs from a recessed single-
ring electrode array of the same size, that is, an array with the
same geometry as the RDRE array but without top insulator
and Au layers, for comparison. With this system, no SIRC was
expected from CVs obtained in non-GC mode (inset, Figure
2C), and thus only a small limiting current (iy, & —2.5 nA) was
observed as a result of faradaic reaction, which was limited by
mass transfer from the bulk solution. The current in GC mode
obtained from the RDRE array (red line in Figure 2C) is ca. 23
times higher than that in the non-GC mode in the absence of
the SIRC effect.

Effect of WE, Potential. In preliminary experiments, the
collector (top) electrode was held at an anodic potential to
oxidize the Fe(CN)4"", generated at the bottom electrode, back
to Fe(CN)s", which diffuses to the bottom electrode for
electrochemical regeneration. This triggers a feedback loop that
enables RC, which is the principal goal of constructing these
nanoscale RDRE arrays. Although it is common with GC mode
measurements for the collector to regenerate the initial species,
modulation of the top electrodes to potentials closer to the
generator electrode can also be useful in discriminating
different electroactive species”’ or mitigating interferen-
ces.””"” Accordingly, we investigated the influence of E, on
the resulting voltammetric response and computed concen-
tration profiles.

Figure 3A shows CVs obtained for a RDRE array with
interpore distance of 250 nm in S mM K;Fe(CN)4 with 2 M
KCI supporting electrolyte. The voltammograms were obtained
by scanning E,, while E, was held constant at +0.6 V (oxidizing
potential) or 0 V (reducing potential). In all cases the current
through the bottom electrode (solid line) was essentially the
inverse of that through the top electrode (dashed line) due to
RC. When the fixed potential of the top electrode is +0.6 V
(black curves Figure 3A), the anodic current is collected at WE,,
and the cathodic current is collected at WE,, in the reducing
region of Ey, ca. 0 to +0.3 V versus Ag/AgCl. Conversely, when
the fixed potential of WE, is set at the cathodic value of 0 V
(blue curves in Figure 3A), the cathodic current is collected at
the WE,, and the anodic current is collected at WE, in the
oxidizing region of Ey, ca. + 0.3 to +0.6 V versus Ag/AgCl.

Only cathodic current is observed at WE, when WE, is held
at the oxidizing potential of +0.6 V. This is further confirmed
by the simulated concentration profile of Fe(CN)¢®™ in the
nanopores shown in Figure 3B. Only oxidized species are
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Figure 3. (A) Dependence of voltammetric response on E,. Data
acquired from 5 mM Fe(CN)¢*~ in 2 M aqueous KCl (scan rate 50
mV/s) on a RDRE array with interpore distance of 250 nm. E, was
held at +0.6 V (black) and 0 V (blue); current at WE, (solid) and WE,
(dashed). (B,C) Concentration profiles of Fe(CN)s*™ in adjacent
pores by applying reducing (E1) and oxidizing (E2) potentials at the
electrodes. The color scale shows the concentration distribution of

redox species for the device (red: fully oxidized, blue: fully reduced).

available to WE, because WE, rapidly oxidizes all Fe(CN)*~
generated at WE,. When WE, is held at 0 V, current at WE, is
predominantly anodic because Fe(CN)¢*~ is depleted at WE,,
as seen in Figure 3C.

As illustrated in Figure 3A, the collection efficiency of WEy,
@, can be estimated by holding WE, at 0 V while scanning the
potential of WE,. In this case, Fe(CN)4*~ generated at the WE,
is collected by and oxidized at WE,, with @, then being
determined by

ibla

it,lc (2)

b =

where i), and i, are the anodic and cathodic limiting currents
at WE, and WE,, respectively. @y, = 0.87 was obtained from the
results (blue curves) in Figure 3A. Using the method proposed
by Tabei et al,'® the number of RC events, Nig, is directly
related to the current amplification and is given by

1

Npg= ———
1 - g, 3)

For the RDRE array described, @, = 0.89 and ®, = 0.87,
yielding Nyc = 4.4, consistent with AFgzc = 4.4, defined as the
ratio between the cathodic limiting currents obtained in GC
mode and non-GC mode from the RDRE array in the presence
of SIRC.

Controlling SIRC by O, Plasma Treatment. The SIRC
effect has been observed previously on IDA electrodes and
planar-recessed disk electrodes.”*** In these RDRE arrays the
extent of SIRC can be controlled through the exposure of the
top Au surface to the bulk solution by providing access to the
Au through process-induced defects in the top SiO, film. These
defects were introduced here by exposing the as-prepared
structure to an O, plasma prior to electrochemical character-
ization. Figure 4 shows the CVs of an RDRE array with

(A)o3 (B) 161
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Figure 4. Cyclic voltammetry of 5 mM Fe(CN)¢’™ in 2 M aqueous
KCl (scan rate SO mV/s) (A) before and (B) after O, plasma
treatment of the RDRE array with interpore distance of 500 nm for 20
min. The potential at WE, was swept, while WE, was either
disconnected (dashed line, non-GC mode) or held at +0.6 V (solid
line, GC mode).

interpore distance of 500 nm, both before and after the O,
plasma treatment. Before O, plasma treatment, a small
electrochemical response, i, & —300 and —450 pA, stemming
from the Fe(CN)s>~/*" redox couple in both non-GC mode
and GC mode is observed (Figure 4A). The amplification factor
in these measurements is ca. 1.5 and the collection efficiency of
the top electrode, ®@,, is ~0.5. The capacitive contribution to
the current at WE,, is more significant than at WE, (solid line in
Figure 4A). This is attributed primarily to imperfect insulation
between WE, and WE,, which leads to charge leakage and the
small charging current observed at WE, After O, plasma
treatment, the CV in non-GC mode is sigmoidal and steady-
state (dashed line Figure 4B). In GC mode (Figure 4B, solid
line), steady-state waves are observed similar to those obtained
in the presence of SIRC, cf. Figure 2C. This difference in
voltammetric response between non-GC mode operation in
Figure 4A,B is attributed to the SIRC effect mediated by the
redox reactions accessed by the mechanical defects introduced
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Figure S. (A) Schematic illustration of recessed single/dual-ring electrode arrays. (B—D) Cyclic voltammetry as a function of interpore spacing at
(B) 250 nm, (C) 500 nm, and (D) 1 pm. Left: voltammetric responses of the RDRE array in non-GC mode operation in the absence (dashed lines)
and presence (solid lines) of SIRC in 5 mM Fe(CN)s*~ containing 2 M aqueous KCI supporting electrolyte (scan rate 50 mV/s). Right:
voltammetric responses of the RDRE array at WE, and WE, in GC mode in 5 mM Fe(CN),*~ containing 2 M aqueous KCl supporting electrolyte at

50 mV/s.

by O, plasma treatment. The current in GC mode at WE, is
amplified by 2.5 times relative to that in non-GC mode, and the
collection efficiency at WE, is ®, ~ 0.8. Thus, a processing-
induced amplification factor can be defined for this experiment
as the ratio between the cathodic current in GC mode after
exposure of the RDRE array to O, plasma, ca. 20.5 nA in Figure
4B, and the cathodic current in non-GC mode from the same
array prior to O, exposure, ca. 0.3 nA in Figure 4A. This ratio
between the current in GC mode (including any residual SIRC
effect) and the current in non-GC mode without SIRC is ~ 65.

Effect of RDRE Array Geometry. The pore density of the
devices, determined by the interpore distance of the RDRE
array, is a major determinant of device performance. To
characterize this relationship, we fabricated RDRE arrays with
varying electrode density by patterning different interpore
distances, D = 250 nm, 500 nm, and 1 gm, as shown in Figure
SA. All designs were 20 ym X 20 ym square arrays, yielding
6561, 1681, and 441 pores for the RDRE arrays with interpore
spacings of 250 nm, 500 nm, and 1 pum, respectively. The GC
mode CVs obtained from RDRE arrays with different interpore
spacings (red lines in Figure SB—D) show limiting currents, i,
= —57, =19, and —4 nA on arrays with interpore distances of D
= 250 nm, 500 nm, and 1 pm, respectively. These limiting
currents are proportional to the number of nanopores in the
array, reflecting the ca. 16:4:1 ratio determined by the nanopore

density.
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The geometric effect on the performance of RDRE arrays
was obtained from the CVs at the three different pore densities
with E, floating, non-GC mode (solid lines in Figure SB—D)
and with E, held at +0.6 V, GC mode (red lines in Figure SB—
D). To assess the SIRC effect, we investigated recessed single-
ring electrode arrays (top structure in Figure SA), and the CVs
of three such arrays with different interpore spacings (250 nm,
500 nm, 1 ym) were also acquired (dashed lines in Figure SB—
D). The CVs in non-GC mode of arrays with different pore
densities (dashed and solid lines in Figure SB—D) are
approximately sigmoidal and yield modest limiting currents,
whereas the voltammetric responses of the same arrays in GC
mode (red lines in Figure SB—D) exhibit behavior typical of
generator—collector systems, that is, sigmoidal current
response, nearly symmetric responses between WE, and WE,,
and strong amplification. The dependence of signal amplifica-
tion on pore density, as summarized in Table 1, shows a strong
correlation between pore density and AFgyc. In addition, a
maximum amplification factor (AF,,,) can be defined as the
ratio between the cathodic current in GC mode from the
RDRE array and the cathodic current in non-GC mode from a
recessed single-ring electrode array at the same pore density.
The largest maximum amplification factor, AF_,, is also
observed at high-density, D = 250 nm, arrays and falls at
medium, D = 500 nm, and low, D = 1 um, densities. This
behavior indicates that the pore density of dual-ring electrode
arrays makes a substantial contribution to increasing signal
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Table 1. Amplification Factors for RDRE Arrays with
Different Pore Densities

interpore distance (D) AFgpc” AF, "
250 nm (high-density) 44 22.8
500 nm (medium-density) 2.8 13.6
1 um (low-density) 1.5 5.7

“AFgrc is defined as the ratio between the cathodic current in GC
mode and non-GC mode from the RDRE array. ”AF,,_ is defined as
the ratio between the cathodic current in GC mode from the RDRE
array and the cathodic current in non-GC mode from the recessed
single-ring electrode array at the same pore density.

amplification, most reasonably due to considerable diffusion
zone overlap producing a secondary trapping effect, in which a
molecule escaping one nanopore can be captured and reacted
by the annular WE, at a neighboring nanopore.

B CONCLUSIONS

We have demonstrated a new strategy for signal amplification
based on geometrically efficient RC in a RDRE array containing
two closely spaced working electrode layers separated by a thin
insulator film. The proposed RDRE array was fabricated and
shown to work as a generator—collector system with high
collection efficiency. When operated in the GC mode, dramatic
improvements in electrochemical performance can be realized
relative to non-GC mode operation without SIRC effect. Both
electrochemical experiments and finite-element simulation
show that modulation of the potential at the top-ring electrodes
can control the reaction at the bottom-ring electrodes. In
addition, SIRC with current amplification up to 65-fold was
observed on the O, plasma-treated RDRE array in CV
measurements. By controlling pore density in the RDRE
array, the electrochemical signal gain of the device performance
can be optimized. Maximum amplification factor was obtained
on high-density RDRE arrays. We envision that this approach
will provide an attractive applications combined with ultrasmall
volume and efficient trapping of optical field in the zero-
dimensional nanopores for spectroelectrochemical investiga-
tions. In this context, the use of a dual-ring, instead of a ring-
disk, structure is important in that it allows optical access to the
cycling redox species.
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