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Chapter 1
Introduction

This chapter presents a short, general introduction to single-molecule tech-
niques, including the motivations for measuring individual molecules and an
overview of several popular approaches including optical methods, force microscopy
and electrical methods. Single-molecule detection based on electrochemical meth-
ods in general and nanogaps in particular are also briefly reviewed. In addition
an introduction to the reversible adsorption of redox species is included as it is a
recurring theme throughout this thesis.

11



12 Chapter 1. Introduction

1.1 Single-molecule detection

Single-molecule measurements can provide information that is unobtainable
with ensemble measurements, such as molecular-scale heterogeneities that are av-
eraged out by measurements over a large sample population. For example, enzyme
molecules with identical primary sequences exhibit slight differences in conforma-
tion and turnover rate. This can be due to random errors taking place in the
transcription and translation processes, but it can also result from the vagaries of
the folding process. That is, not all the enzymes of the same type are perfectly
identical, yet in a measurement such as X-ray diffraction or mass spectrometry
one merely gets an averaged result with a converged spectrum. On the other
hand, it has become possible to track the positions and distributions of single
particles in dynamic samples at high spatial and temporal resolutions,1 which
have permitted understanding the underlying functioning mechanisms of several
biomolecular systems in detail.2 From a sensor application point of view, single-
molecule resolution is the fundamental limit for detection: such sensitivity allows
low-concentration assays relevant for, e.g., early stage diagnostics. Since the first
single-molecule measurement demonstrated in 1961 by Rotman,3 who sprayed a
solution containing the enzyme β-galactosidase and a fluorogenic substrate over
a silicone oil preparation to create droplets in oil and observed individual en-
zyme molecules through fluorescence, single-molecule studies were reported with
an exponentially increasing frequency4 using widely varying techniques based on
different operation principles.

Optical methods have probably become the most mature approach for single-
molecule detection,5–9 even though they usually require the target molecules to be
labelled. The label most commonly takes the form of a fluorescent dye molecule10
or a quantum dot11 that absorbs and re-emits photons efficiently so that a higher
signal is obtained compared to relying on the intrinsic optical properties of the
analyte molecule. Figure 1.1 a demonstrates a real-time single-molecule DNA se-
quencing technique based on labeling deoxyribonucleoside triphosphates (dNTPs)
with four distinguishable fluorescent dies.12 Alternatively, an enzyme can be used
to amplify the signal which generates many copies of a detectable product from
a target analyte, or that can replicate the analyte itself. For example, using the
polymerase chain reaction (PCR) to duplicate single nucleic acid molecules has
been applied in many detection schemes.13, 14

Force microscopy, in which forces are measured when a long (bio)polymer is
extended between two attachment sites, has also developed rapidly.6, 15 This cat-
egory of techniques includes tools such as optical tweezers,16 magnetic tweezers,17
and atomic force microscopy (AFM).18 Optical tweezers manipulate a bead at-
tached to a polymer molecule using the dielectric forces exerted by a laser beam
focused on the bead. The restoring force on the bead is proportional to its dis-
placement from its equilibrium position. Figure 1.1 b shows the schematic of an
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Figure 1.1: (a) Schematics of real-time DNA sequencing from single polymerase molecules
using four distinguishable fluorescently labeled deoxyribonucleoside triphosphates (dNTPs).
When a phospholinked nucleotide forms a cognate association with the template in the poly-
merase active site, an elevation of the fluorescence output on the corresponding color channel
could be detected. Adapted with permission from American Association for the Advancement of
Science: Turner et al., Science, 2009, 323, 133-138. (b) A DNA molecule is stretched between
beads held in a micropipette and a force-measuring optical trap. The measured extension is the
sum of contributions from the single-stranded DNA (ssDNA) and double-stranded DNA (ds-
DNA) segments. Reprinted by permission from Macmillan Publishers Ltd: Wuite et al., Nature,
2000, 404, 103-106, Copyright 2000. (c) Detection based on ionic current blockage through a
nanopore. A typical trace of the ionic current amplitude (left) through an α-hemolysin pore
clearly differentiates between an open pore (top right) and one blocked by a strand of DNA.
Reprinted with permission from Macmillan Publishers Ltd: Branton et al., Nat. Biotechnol.,
2008, 26, 1146-1153, Copyright 2008.



14 Chapter 1. Introduction

experimental setup that employed this technique to investigate the effect of tem-
plate tension on a DNA polymerase activity.19 In magnetic tweezers, a superpara-
magnetic bead attached to the polymer is instead controlled by a magnetic force
exerted by an externally imposed magnetic field gradient. In AFM, molecules are
attached to the tip of a cantilever that can function both as a scanning probe and
as a force transducer.

Electrical methods have been used to detect the passage of single molecules
through a single ion channel20 or nanopore21, 22 by measuring the change in con-
ductance of the electrolyte media. The conductance is decreased by blockage of
the channel or the pore, as illustrated in Figure 1.1 c. The magnitude of the de-
crease is related to the molecule’s size, while the duration of the decrease is related
to the translocation speed of the molecule. Nanopores have been proposed as a
potential enabling technology for next-generation DNA sequencing.23 Both bio-
logical pores formed by protein channels embedded in lipid bilayer membranes or
nanometre-sized apertures fabricated in thin-film membranes have been demon-
strated.24–26 Another electrical transduction mechanism is field-effect detection
such as is used in ion-sensitive field-effect transistors (ISFET).27 This approach
has so far had little applicability at the single-molecule level, however.

1.2 Electrochemical detection of single molecules

Electrochemical single-molecule detection based on redox cycling was first
claimed by Fan and Bard.28, 29 A nanogap formed by approaching a wax-shrouded
Pt-Ir tip to within ∼10 nm of a conductive substrate was employed, as shown in
Figure 1.2 a. At redox-cycling potentials and analyte concentrations where de-
vice occupancy was of order unity, large relative fluctuations having a step-like
character were observed, which were interpreted as being caused by individual
molecules stepping in and out of the detection region.

Devices for single-molecule detection with a similar configuration were re-
ported by Sun and Mirkin in an independent work.30 Here solution was trapped
in a nanogap that was formed by placing a disk-like recessed Pt nanoelectrode
shrouded in glass into a Hg bath, as shown in Figure 1.2 b. Large variations of
the diffusion-limited current during cyclic voltammetry were observed at concen-
trations corresponding approximately to single-molecule occupation of the device,
and these variations were attributed to different numbers of redox molecules being
trapped in the detection volume.

A rather different concept for single-molecule detection was presented in works
studying the current passing through a molecular junction between a STM tip
and a conducting planar surface,31–33 as demonstrated in Figure 1.2 c. Under
the conditions that the bridge molecule is redox active and the formal oxidation-
reduction potential of its redox moiety lies near or between the potentials of the
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electrodes, electrons start to hop from one electrode onto the molecule and reside
in one of its well-defined electronic states for some time before finally hopping to
the second electrode. This corresponds to the bridge molecule being reduced by
the first electrode and subsequently oxidized by the second electrode.

Figure 1.2: (a) Electrochemical single-molecule detection with a nanoelectrode encased in
wax and positioned near a metallic surface. Reprinted with permission from Fan and Bard,
J . Am. Chem. Soc., 1996, 118, 9669-9675. Copyright 1996 American Chemical Society.
(b) Recessed glass-encased nanoelectrode immersed in mercury for single-molecule detection.
Reprinted with permission from Sun et al., J . Am. Chem. Soc., 2008, 130, 8241-8250. Copy-
right 2008 American Chemical Society. (c) A redox-active tunneling junction formed between a
Au STM tip and a Au surface. (d) Schematic of the nanogap device employed in the research
introduced in this book.

1.3 Single-molecule detection in nanogaps

The term “nanogap” has been generally used to represent a nanometric gap
formed by a pair of metal substrates for molecular detection. A variety of methods
including micro/nanofabrication,34 nanoparticles,35 electromigration,36 electro-
plating,37 etc. have been demonstrated to create nanogap structures, and a cor-
responding range of detection mechanisms has been employed for ultra-sensitive
detection experiments such as redox cycling, surface-enhanced Raman scattering
(SERS),38, 39 field-effect,40 resistive41 and capacitive sensing.42

In this book we demonstrate the use of microfabricated nanogaps to detect
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individual molecules by redox cycling, as sketched in Figure 1.2 d. The device
consists of two electrodes with a length in the range of 10 to 100 µm and a width
of several microns embedded in the ceiling and floor of a nanofluidic channel with
a height of ∼50 nm. Redox molecules enter and exit the detection region between
the two electrodes through entrance holes located at the two ends of the channel.
We prove that this approach is capable of detecting individual molecular tags
in aqueous solution with single-molecule resolution. Combined with the inher-
ent advantage that this form of transducer can be integrated with microfluidics
and microelectronics, this detecting scheme may enable cost-effective, massively
parallel analysis and diagnostics platforms.

1.4 Adsorption

Non-specific adsorption of macromolecules is a well-known problem in sensi-
tive molecular detection,43 where non-specifically adsorbed molecules contribute
a background offset to the detected signal and thus decrease the detection sen-
sitivity. In particular, methods aimed at detecting single molecules can lose this
capability due to adsorption.

Perhaps surprisingly, small outer-sphere redox molecules such as ferrocene
derivatives are also found to reversibly adsorb to electrodes.44, 45 Especially in
miniaturized systems with high surface-to-volume ratio, adsorption can cause the
performance of devices to deviate from ideality and can even dominate some device
properties: for example, adsorption is one of the main factors reducing signal levels
in single-molecule redox-cycling measurements.46 However, reversible adsorption
is a very complex process dependent on a variety of factors such as the electronic
structure of the metal-solution interface, the nature of the supporting electrolyte
and of the adsorbate, and in many cases the potential of the electrode. Better
understanding of adsorption and effective methods to control it are needed, and
some steps in this direction are included in this thesis.

1.5 Ouline of the thesis

This thesis reports single-molecule detection experiments and analysis based
on microfabricated electrochemical nanogap devices. We begin with preliminary
works to characterize and understand the behavior of the measurement system,
including how redox couples with different diffusion coefficients and reversible
adsorption of analyte species influence the response of the devices.

Chapter 2 reviews microfabricated electrochemical systems, including mi-
cro/nanoelectrodes, redox-cycling devices, as well as electrochemical sensors inte-
grated with microfluidics and CMOS electronics.
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Chapter 3 reports how the mass-transport-limited current generated in nano-
gaps is controlled by the diffusion coefficient of both the reduced and oxidized
forms of the redox-active species and the redox state of molecules in the bulk
solution outside the gap. This includes numerical, analytical and experimental
results.

Chapter 4 shows that reversible adsorption of analyte molecules is the main
factor limiting the response time of nanogap sensors, based on both experimental
and theoretical studies.

Chapter 5 investigates reversible adsorption of outer-sphere analyte molecules
at electrodes in nanogap devices for different redox molecules, anionic species and
temperatures.

Chapter 6 demonstrates the single-molecule detection of three common redox
mediators at physiological salt concentrations based on nanogaps fabricated in a
self-aligned approach. This is the first report of single-molecule electrochemical
detection in water in a nanofluidic device.

Chapter 7 reports the first study ever to characterize mass transport with
single-molecule resolution based on an electrochemical method. The first-passage
times of individual redox molecules is probed using nanogaps, and their statistical
distribution is compared with analytical predictions.
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Chapter 2
Microfabricated Electrochemical
Systems

This Chapter reviews the development of electrochemical measurement sys-
tems fabricated with micromachining technology. This set of techniques enables
the down-scaling of the dimensions of experimental elements with high controlla-
bility and repeatability, and further provides the possibility of integrating detec-
tion electrodes, fluidic control and even integrated circuits onto a single chip to
form a highly compact analytical platform. The chapter is organized in order of
increasing complexity of device structures, starting with methods for the fabrica-
tion of individual electrodes and arrays, followed by more complex devices with
further improved sensitivity and concluding with a discussion of electrochemical
systems integrated with microfluidics and/or microelectronics.

The contents of this chapter are to be published by Taylor & Francis as chapter 16 in the
book Nanoelectrochemistry edited by S. Amemiya and M. V. Mirkin.
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2.1 Introduction

The terms microfabrication and micromachining represent a broad set of
techniques for systematically creating solid-state structures on the micro- and
nanometer scales. Primarily developed by the semiconductors industry as an
enabler for cheaper and more complex microelectronics circuitry, the resulting
capabilities have since been exploited throughout most other areas of science and
technology. In particular, microfabrication, having first become a workhorse of
solid-state physics research, has become increasingly common in a variety of “wet”
fields ranging from biophysics and neuroscience to environmental sensing and
bioanalytical applications. Lithographic approaches are particularly well matched
to the demands of electroanalytical methods due to the latter’s emphasis on solid-
state electrodes, electrical signals, and a growing interest in micro- and nanoscale
systems and processes.

Microfabrication techniques offer several broad benefits when compared to al-
ternative methods for fabricating miniaturized electrochemical measurement sys-
tems:

• Harnessing the well-developed, systematic fabrication protocols developed
in the context of microelectronics leads in principle to highly reproducible
results for the size and geometry of nanostructures. This is notoriously dif-
ficult to achieve on the nanometer scale using alternative approaches based
on more ad hoc protocols.

• This reproducibility in turn greatly facilitates characterization since a bat-
tery of tools can be brought to bear on a series of nominally identical struc-
tures, even when some of these tools are mutually exclusive and/or destruc-
tive to the structures. This is again in contrast to approaches where each
(nanoscale) system is individually realized, and thus needs to be separately
characterized; in these cases, electrochemical measurements themselves are
often the only source of characterization available.

• Once a measurement system is developed, the marginal costs associated with
large-scale production become relatively low. To fully appreciate the full
extent of this point, note that standard CMOS technology allows integrating
millions of functional components on a mass-produced chip at a cost of only
a few dollars.

• For sufficiently complex geometries, there are often no alternative clever
“tricks” available and brute-force lithography-based methods are the only
option.

• Individual devices can be easily integrated with each other as well as with
other electronic and/or fluid handling components. This is particularly rel-
evant in the context of so-called lab-on-a-chip applications. At the extreme
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limit of integration, a complete measurement system can be integrated on
a single chip with a liquid sample as input and digital data as output.

Offsetting these benefits are several complications and limitations introduced
by microfabrication:

• Specialized equipment is required which is not available in all laboratories.
This is particularly true of the high-end lithography equipment employed
in several common approaches for patterning thin-film materials at the sub-
micron level.

• There are experimental issues to which widely accepted solutions have been
developed in conventional systems, but that cannot easily be replicated
in microfabricated devices. Probably the best example is the difficulty of
polishing most microfabricated electrodes, a common procedure with macro-
and ultramicroelectrodes.

• The extensive processing involved in microfabrication largely precludes work-
ing with advanced materials such as, for example, single crystals.

These limitations and some of the approaches that have been explored to
mitigate them will be addressed further below in the context of specific examples.

We note that the development of microfabricated electrochemical systems over
the last 30 years has largely progressed in an evolutionary rather than revo-
lutionary manner. But whereas many of the basic motivations, principles and
approaches have remained relatively unchanged, their realization has become in-
creasingly sophisticated and their performance has continually improved as a re-
sult of new insights and more advanced fabrication methods. This is illustrated
in Figure 2.1, which contrasts two setups – one early and one recent – for redox-
cycling measurements. Figure 2.1 a shows a measurement cell based on microfab-
ricated interdigitated electrodes (discussed further below in section 2.4.1). The
critical dimension of the microfabricated structure, namely, the spacing between
the electrodes, was 50 µm. Figure 2.1 b shows the corresponding arrangement for
a recent nanofluidic thin-layer cell (discussed in section 2.4.3). Here the electrode
spacing is 50 nm, leading to a thousand-fold increase in diffusive fluxes. Both
cells allow for convective transport, with the caveat that this requires a more so-
phisticated polydimethylsiloxane (PDMS) microfluidic interface in the case of the
nanodevice.

The present chapter focuses on summarizing the evolution and the current
status of microfabrication-based approaches for the realization of electroanalytical
systems. In keeping with the general theme of this book, we focus primarily on
nanoscale systems where possible. In areas where little work has reached this level
of miniaturization we instead discuss the state of the art at the micrometer scale.
We assume that the reader has some familiarity with basic lithography-based
fabrication methods and dwell only briefly on the general methods. For a more
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Figure 2.1: (a) Schematic drawing of assembly of interdigitated electrodes (E) microfab-
ricated on a quartz substrate with electrical contacts (GL) and liquid chamber (T + BW +
FW). BW, back window; FW, front window; GL, gold leaf contact, I, injection port; T, Teflon
spacer. Adapted with permission from Sanderson et al., Anal. Chem., 1985, 57, 2388-2393.
Copyright 1985 American Chemical Society. (b) Photograph of a microfabricated electrochem-
ical nanofluidic device; the contact pads and wires to individual electrodes are visible on the
bottom right. Microfluidic channels molded in the transparent PDMS block allow delivering
fluid to the electrochemical device. Reprinted from Mathwig et al., Micromachines, 2013, 4,
138-148.

general introduction we refer the uninitiated reader to a recent tutorial overview.1
Here we instead concentrate on aspects of direct relevance to electrochemical
methods or to the specific works being reviewed. The chapter is further organized
in order of increasing complexity of the structures being discussed, starting with
methods for the fabrication of individual electrodes and concluding with a brief
discussion of systems in which electrochemical probes are fully integrated with
microelectronics on the same chip.

2.2 Ultramicroelectrodes and ultramicroelectrode
arrays

Ultramicroelectrodes (UMEs)2, 3 offer several advantageous features compared
to their macroscopic counterparts including a true steady-state diffusion-limited
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current, small IR drops from solution resistance and short RC response times.
Originally aimed at precise measurements of diffusion coefficients, interest in
UMEs was further stoked by attempts at probing electroactive species inside brain
tissue, which necessitated small, non-perturbing probes.4, 5 Classical methods for
fabricating UMEs were largely based on micrometer-diameter wires that were ei-
ther selectively insulated or encased in glass micro-pipettes. These methods were
used successfully in producing high-quality monolithic UMEs that were suitable
for intra- and extra-cellular stimulation and recording;6, 7 indeed, similar elec-
trodes are still in use today. It however proved more challenging to employ these
approaches to fabricate bundles of closely-spaced microelectrodes to monitor neu-
ral activity at a number of nearby sites simultaneously. In the 1970s, micromachin-
ing technology was thus introduced to fabricate arrays of (separately addressable)
microelectrodes for both in vitro and in vivo experiments.8–12 Arrays of identi-
cal UMEs connected in parallel can also be beneficial in other applications since
faradaic currents at UMEs are relatively small: wiring many electrodes together
amplifies the magnitude of the current while retaining the beneficial features of
UMEs.13

An early work was presented by Thomas and co-workers,8 who fabricated
a miniature microelectrode array to monitor the bioelectric activity of cultured
heart cells. A glass coverslip was used as a substrate on which a 200 nm thick
nickel film was deposited and then defined by lithography. Afterwards gold was
electroplated onto the nickel pads and a photoresist layer was coated and pat-
terned to reveal only the gold electrodes. The remaining resist then functioned
as a passivation layer. Finally a glass ring was affixed to the insulated array with
bees’ wax, creating a culture chamber, and platinum black was electrochemically
deposited on the electrodes.

As an example of a miniaturized tool for in vivo neural recordings, a twenty-
four channel microelectrode array fabricated based on thin-film technology was
developed by Kuperstein and Whittington.14 In this work Mo foil was used as
a temporary substrate on which to build structures. KTFR photoresist, Au and
another layer of KTFR resist were deposited and patterned in succession, there-
after the Mo foil was electrolytically etched away in an aqueous solution of 5%
KOH, 5% K3Fe(CN)6, and 1% liquid Woolite (the latter atypical reagent playing
the role of “low foaming, nonionic, water soluble, and alkali resistant surfactant
compound”15). In this manner a probe consisting of arrays of Au recording sites
sandwiched between two KTFR resist layers was generated, each of the recording
site having an area of 120 µm2 and being separated from neighboring sites by a
gap of 85 µm. Finally platinum black was plated onto the recording sites of the
probe.

During the same period, a multicathode polarographic oxygen electrode with
several cathodes connected in parallel in a single package was demonstrated by
Siu and Cobbold.16 The device consisted of circular Au cathodes surrounded by a
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continuous Ag/AgCl anode created with thin-film technology. Electrical contact
between the anode and cathodes was maintained via a salt bridge formed by an
electrolyte-containing membrane that covered the surface of the electrodes. The
membrane also functioned as a protection layer to prevent the electrodes being
contaminated in the meantime.

In the following decades microfabricated UMEs and UME arrays became in-
creasingly widespread, as reviewed by Feeney and Kounaves.17 An advantage
of the added flexibility provided by micromachining started to be exploited by
fashioning sets of electrodes from different materials. For example, Glass et al.18
fabricated a multi-element microelectrode array for environmental monitoring in-
cluding 66 working electrodes on a 2-inch silicon wafer with a variety of electrode
materials including Pt, Au, V, Ir, and carbon deposited and defined by sepa-
rate lithography steps. Different electrode materials displayed somewhat different
responses to a given compound in voltammetric measurements, in principle in-
creasing the selectivity compared with using a single electrode material.

In recent years designs for UMEs and UME arrays continue to evolve. For
example, works based on microfabricated diamond UMEs and arrays are increas-
ingly common, motivated by this material’s attractive properties as an electrode
that include mechanical stability, chemical inertness, low background currents,
wide potential window and resistance to electrode fouling.19 Individual electrodes
fabricated with focused ion beam20 and arrays fabricated with thin-film technol-
ogy21, 22 were demonstrated.

Instead exploiting the advantages of a high degree of integration, addressable
electrode arrays with each sensing pixel wired via multiplexing circuitry to a po-
tentiastat were developed for sensing and imaging.23, 24 For instance, a multiana-
lyte microelectrode detection platform capable of discriminating between multiple
protein and DNA analytes simultaneously was demonstrated.25 The electrodes
were selectively functionalized with enzymes, antibodies, DNA and peptide probes
using an electrically addressable deposition procedure.

A method for fabricating 3D electrode structures was demonstrated by Sanchez
Molas et al.26 to effectively extend the electrode surface area. In this case the mo-
tivation for creating such structures originated from biofilm-based microbial fuel
cell applications. High-aspect-ratio micropillars were formed by micromachining
a silicon wafer with deep reactive ion etching (DRIE), the radius of the pillars
being 5 - 10 µm with a separation of 20-100 µm in between and a height of 5-125
µm. A multi-layer of Ti/Ni/Au was sputtered onto the structure surface to ensure
the metallization of both the vertical walls and the bottom surface between the
pillars.
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2.3 Nanoelectrodes and nanoelectrode arrays

In recent years considerable attention has shifted to nanoscale electrodes and
integrated systems.27–30 With this further downscaling, the intrinsic advantages
of UMEs such as small ohmic drops and fast response times are further amplified.
Mass transport also becomes so efficient that even fast electrochemical reactions
become increasingly limited by the rate of heterogeneous electron transfer, allow-
ing ultrafast electron-transfer kinetics to be studied. Furthermore, because the
electrode size becomes comparable to the thickness of the electrical double layer
and to the size of macromolecular analytes, new mass-transport phenomena have
been predicted and new analytical applications can be considered, respectively.31

The challenge of fabricating and characterizing nanometer-scale electrodes is
however substantial compared to microelectrodes. In particular, the ability to
project a sharp image of a small feature onto the substrate in photolithography is
limited by the wavelength of the light that is used and the ability of the reduction
lens system to capture enough diffraction orders from the illuminated mask.32
Even though the most advanced optical immersion lithography tools currently al-
low features of ∼40 nm to be realized in integrated-circuits processing, the neces-
sary equipment is very specialized and mostly targeted at semiconductors research
and manufacturing. Most readily-accessible optical-lithography equipment in uni-
versities and research laboratories instead has a much more modest practical reso-
lution of ∼1 µm. Consequently, a broad range of alternative approaches has been
explored for micromachining nanoscale electrochemical systems. These include
lithographic methods with higher resolution such as e-beam, nanoimprint and
nanosphere lithography; electrode materials prepared by bottom-up approaches;
and a number of one-of-a-kind solutions for creating specific structures.

2.3.1 Tip-based nanoelectrodes

The bulk of the approaches employed for pioneering studies of nanoelectrodes
were evolved from methods for preparing UMEs and/or tips for scanning elec-
trochemical microscopy (SECM).33, 34 Broadly speaking, these methods rely on
preparing sharp conducting wires or tips and covering all but the apex with an
insulating material including wax,35–37 polyimide,38 electrophoretic paint39–46 or
glass.47–53 Because the electrodes are prepared individually, these approaches
have historically tended to exhibit limited reproducibility. This prompted some
authors to explore micromachining-based approaches for fabricating tip-based
electrodes.

Thiébaud et al.54 developed tip-like electrodes based on a fully controlled
lithographic process. Atomically faceted, 47 µm high tips were carved out of
a 〈100〉 silicon wafer by anisotropic etching in KOH. The silicon was then suc-
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cessively coated with thin films of silicon dioxide, platinum and silicon nitride.
Following a final lithography step, the nitride was etched away from the apex of
the tip to leave a Pt tip exposed with a height as small as 2 µm. In an alterna-
tive hybrid approach, Qiao et al.55 first etched tungsten wires to yield tips with
diameters below 100 nm and insulated these wires using electrophoretic paint.
The focused ion beam (FIB) technique was then employed to selectively remove
the insulating paint and sculpt the Pt tip apex to the desired shape. Tips with
dimensions 100-1000 nm were realized in this manner.

Despite their potential benefits in terms of control and characterization, how-
ever, these approaches have not proven competitive compared to the more acces-
sible classic approaches for fabricating tip electrodes.

2.3.2 Top-down fabrication of nanoelectrodes

Despite the limited resolution of optical lithography, this method has been
employed to create nanoelectrodes by incorporating non-standard microfabrica-
tion steps. For example, Menke and co-workers56 combined top-down lithography
and electrodeposition to generate band electrodes with a width of 40-50 nm in
a process coined lithographically patterned nanowire electrodeposition (LPNE).
The process flow for the fabrication is shown in Figure 2.2. By under-cutting
nickel bands which were covered with a layer of photoresist, a trench was formed
and nanowires were grown by electrodeposition in the trench along the edge of
the nickel bands. The height of the nanowires was determined by the thickness of
the nickel bands and the width by controlling the deposition process. A hydrogen
gas detector consisting of Pd nanowires fabricated using this method was demon-
strated,57 and the method was also improved by adding further processing steps
to fabricate arrays of nanowires.58 To overcome the restrictions imposed on the
array density by the limited resolution of photolithography, repeated alternating
deposition of nanowire electrodes and nickel bands was performed, the array being
generated when all the nickel bands were simultaneously released in a subsequent
step.

Another method for beating the resolution limitations of optical lithography
was demonstrated by Heo and co-workers,59 who derived a carbon linear nano-
electrode array from optical-lithography-defined polymer microstructures. Pho-
tosensitive polymer SU-8 was coated and patterned on a 6-inch passivated silicon
wafer and subsequently pyrolyzed at 900 ◦C in vacuum. During the pyrolysis
process, the SU-8 was carbonized and the dimension of the structures shrank by
approximately 60% in width and 90% in height, as shown in the scanning elec-
tron microscope (SEM) images of Figure 2.3. The pyrolysis process was reported
to be controllable such that the final dimensions of the carbon electrodes were
predictable.
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Figure 2.2: Process flow for lithographically patterned nanowire electro-deposition.
Reprinted by permission from Macmillan Publishers Ltd.: Menke et al., Nat. Mater., 2006, 5,
914-916. Copyright 2006 Nature Publishing Group.

Figure 2.3: SEM images of nanoscale carbon electrodes pyrolized from SU-8 microstructures.
Reproduced from Heo et al., J . Electrochem. Soc., 2011, 158, J76-J80, by permission of The
Electrochemical Society.

Despite these successes of optical-lithography-based approaches, patterning of
nanoscale structures is more typically carried out using a workhorse of nanoscience
and nanotechnology, electron-beam lithography (EBL). This tool, which was de-
veloped in the early 1970s,60 employs a focused beam of electrons to write ar-
bitrary two-dimensional patterns on a surface covered with an electron-sensitive
resist. Apart from these differences, the whole range of thin-film technologies
can be combined with EBL with only minor adjustments to the processes com-
pared with optical lithography. It is a serial patterning technology rather than
simultaneous patterning as in optical lithography, rendering the process more
time-consuming and therefore costly, but this is compensated by the feature that
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resolutions in the range 10-100 nm can be achieved with EBL, depending on the
specific equipment employed.

A variety of nano-electrochemical systems fabricated with EBL has been demon-
strated.61–67 As an early example Niwa and co-workers68 reported electrode arrays
with sub-micron dimensions. Electrochemical analysis based on EBL-generated
individual Au nanowires was reported by Dawson.66 A catalytic signal from fewer
than 50 enzyme molecules immobilized on an EBL-patterned nanoelectrode was
also reported.64

Another technique used to pattern nanostructures from thin films is FIB
milling, which operates in a fashion analogous to a scanning electron microscope
(SEM) except that a finely focused beam of ions (usually gallium) is used instead
of electrons. A FIB can be operated at low beam currents for imaging or high
beam currents for site-specific sputtering or milling. A disadvantage is that this
is also a serial method, individual structures needing to be prepared separately.
One way to use FIB to generate electrodes is to first deposit a metal and an
insulating layer, then drilling holes through the insulating layer to uncover the
electrodes.69–71 With this method recessed electrodes located at the bottom of
truncated conical pores result.69

Alternatively, it is also possible to generate electrodes by first creating nanoscale
holes through thin insulating membranes, then filling these holes from one side of
the membrane with a conducting material to create electrode structures on the
other side of the membrane. This approach is conceptually descended from ear-
lier protocols to create nanoelectrode ensembles by depositing metal in a porous
host membrane such as polycarbonate.72 Besides FIB milling, a focused electron
beam from a transmission electron microscope can also be used to drill individ-
ual nanopores.73–76 An advantage of the latter approach is that a nanometer-
resolution image of each nanopore can simultaneously be obtained. Since the di-
ameter of the finished electrodes is dictated by that of the original pores, this pro-
vides an independent characterization of the electrode size. Krapf et al. demon-
strated electrodes as small as 2 nm using this approach.75

High-throughput, high-resolution lithographic methods have also been devel-
oped. Nanoimprint lithography77 creates patterns by mechanical deformation of
a so-called imprint resist which typically consists of a monomer or polymer formu-
lation cured by heat or UV light during the imprinting. A master stamp provides
the pattern to be imprinted; while this stamp must first be created using another
lithography method, it is not significantly degraded by the imprinting process and
can be re-used over an extended period of time. A challenge of this technique is
that the process is strongly dependent upon the pressure, temperature, time con-
trol, and even the geometry of the stamp. Nonetheless, electrode arrays created
by nanoimprint lithography have been demonstrated and suggested for low-cost
sensor production.62, 78, 79
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Another, much simpler and low-cost alternative for fabricating electrodes is
nanosphere lithography,80–84 in which self-assembled monolayers of spheres are
used as masks instead of selectively exposed polymer layers. For example, Valsesia
et al.81 spin-coated polystyrene beads with a diameter of 500-1000 nm onto
a Au-coated substrate, forming a monolayer of hexagonally-packed beads whose
surface coverage could be adjusted by tuning the spin-coating acceleration. With a
treatment in oxygen plasma the size of the beads was reduced by half. Afterwards
a layer of silicon oxide was deposited and lifted off by mechanically removing the
beads in an ultrasonic bath. The resulting recessed Au spots with dimensions
in the range of 50-120 nm and surrounded by silicon oxide were then used as
templates to electrochemically grow polypyrrole nanopillars electrodes.

Diamond nanoelectrode ensembles and arrays were created by Hees et al.83
using nanosphere lithography and EBL, respectively. In the first approach a sub-
strate coated with a trimethylboron-doped nanocrystaline diamond (NCD) film
was immersed in an ultrasonic bath with suspended SiO2 spheres having a radius
of 500 nm and a concentration of ∼10−7 cm−3 . The spheres adhered to the sur-
face in a random pattern. An insulating NCD layer was then deposited onto the
surface and lifted off by removing the SiO2 beads with hydrofluoric acid (HF),
creating recessed boron-doped diamond electrodes surrounded by an insulating
NCD layer. The radius of the electrodes was about 175 nm and the average dis-
tance between them was 10 µm. In the second approach all the process steps were
identical except that EBL-patterned plasma-enhanced chemical vapor deposition
(PECVD) SiO2 was used instead of SiO2 beads for lifting off the passivation NCD
film. Electrode arrays following regular hexagonal patterns were formed in this
manner. SEM images of the electrodes and arrays fabricated with both methods
are shown in Figure 2.4. Based on these arrays changes in electron-transfer rates
were observed to change when switching the NCD surface termination from hy-
drogen to oxygen; this subtle effect was not observed based on macroscopic planar
diamond electrodes.

2.3.3 Nanowire-based nanoelectrodes

In the approaches described so far, micro- and nanoscale electrodes were cre-
ated by patterning thin conductive and/or insulating films into the desired ge-
ometry. An alternative bottom-up approach is to first synthesize electrode ma-
terials with nanoscopic dimensions, then to interface these materials to exter-
nal interconnects to enable electrochemical measurements. Wire-shaped objects
with nanometer-scale diameters and micrometer-scale lengths are particularly well
suited for this approach: the long lengths make it relatively straightforward to
pattern interconnects using relatively low-resolution lithography, while the small
diameters mean that the materials effectively function as nanoscale band elec-
trodes.85
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Figure 2.4: SEM images and schematic cross-section of diamond nanoelectrode ensembles
fabricated with nanoshpere lithography (a-d) and arrays fabricated with electron-beam lithogra-
phy (e-h). (a) Overview of randomly distributed electrodes. (b) SiO2 sphere after deposition of
insulating diamond. (c) Final boron-doped NCD electrode after removal of SiO2. (d) Schematic
cross-section of fabricated electrodes. (e) Overview of electrodes distributed in hexagonal pat-
tern. (f) Structured SiO2 island on boron-doped NCD layer. (g) Insulating diamond grown
around SiO2. (h) Final recessed diamond electrode. Adapted with permission from Hees et al.,
ACS Nano, 2011, 5, 3339-3346. Copyright 2011 American Chemical Society.

This approach is perhaps best illustrated by the use of single-wall carbon nan-
otubes (SWNTs) as electrode materials. SWNTs are cylindrically-shaped carbon
macromolecules. They can be readily deposited on a substrate or, often prefer-
ably for device applications, grown by CVD from catalyst particles that can be
deposited according to lithographically defined patterns on a solid substrate. The
diameter and length distribution varies substantially depending on the growth
method, but diameters of 1-3 nm and lengths of a few µm are typical and readily
achievable. In a common approach, the nanotubes are first deposited or grown
on the substrate, metal interconnects are added to make contact to one or more
nanotube, and a passivation layer is deposited and patterned so as to cover the
electrodes but leave (part of) the nanotubes exposed. Since the sidewalls are
electrochemically active,86 each individual nanotube functions as a band nano-
electrode. But because the geometry of the nanotube(s) and passivation can be
controlled, a greater range of electrode geometries can also be created. In partic-
ular, Dumitrescu et al.87, 88 showed that a relatively sparse network of randomly
oriented, interconnected SWNTs can effectively function as a two-dimensional ar-
ray of nanoelectrodes with overlapping diffusion fields: the total diffusion-limited
current at a disk-shaped network electrode was shown to be equivalent to that
to an UME of the same shape and size, but the current density at the surface
of the SWNTs was much higher than at the corresponding UME. Alternatively,
exposing only the sidewall of an individual SWNT leads to a near-ideal cylindrical
electrode with a radius of ∼1 nm.89 Finally, exposing only the end allows forming
a point-like electrode with the same radius.90 In cases where a different electrode
material is needed, it was also shown that SWNTs can also be modified with
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metal nanoparticles by electrodeposition. In these applications the SWNTs serve
both as a template for deposition and as interconnects between the nanoparti-
cles and external wiring. Paralleling the work on bare SWNTs, such deposition
has been employed to create 2D (networks), 1D (wires) and 0D (single particles)
nanoparticle electrodes.90–92

Similar approaches have been applied to a broad range of other 1D nanos-
tructures. For example, Dawson et al.93 demonstrated electrodes based on
Au nanowires with a rectangular (∼210 nm × 250 nm) cross-section created
by nanoskiving.94 This method is based on first forming a block consisting of
thick epoxy layers separated by a Au film. Thin slices of this block are then sec-
tioned off in a plane perpendicular to the layers. Finally the epoxy is dissolved,
leaving only Au nanowires available for contacting via lithographically defined
external wires. Other examples of individual nanowires that have been investi-
gated as electrochemical nanoelectrodes include multi-walled carbon nanotubes,95
carbon nanofibers,96 vanadium oxide nanowires and Si/amorphous-Si core/shell
nanowires,97 mesoporous ZnO nanofibers98 and platinum nanowires prepared by
laser pulling.99

2.3.4 Electrodes for electrochemical AFM

Another area where microfabricated electrodes have played a significant role is
in the preparation of advanced scanning probes, in particular modified cantilevers
for atomic force microscopy (AFM) with electrochemical functionality. In AFM, a
sharp point mounted at the end of a flexible cantilever is scanned along a surface
and the deflection of the cantilever or its resonance amplitude is used as feedback
signal to control the height of the cantilever. Sub-nanometer resolution can be
achieved in the height direction, while the lateral resolution is largely determined
by the sharpness of the tip being employed; micromachining is commonly used for
manufacturing sharp, reproducible cantilever and tip structures. Several authors
have explored the possibility of modifying cantilevers to incorporate one or more
electrodes in AFM tips.100–104 In this way local electrochemical measurements can
be performed while AFM feedback is employed for imaging and tip positioning.

As an early example, silicon nitride cantilevers were modified by patterning
a ring electrode immediately around the apex of the AFM tip.100, 101 This was
achieved by coating the original silicon nitride cantilever with Au and an insu-
lating silicon nitride layer, then milling the apex of the tip to create a sharp
silicon nitride point (made from the original cantilever material) surrounded by
a ring of exposed gold. The sharp nitride tip provides imaging capabilities and
stability comparable to those of the original cantilever, while the ring electrode,
contacted via the Au film, permits electrochemical measurements. In an alterna-
tive approach, Burt et al.102 attached a metal nanowire to the end of an AFM
tip. The wire, which was fabricated by coating a single-walled carbon nanotube
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template, was insulated and then cut to create a Au disk nanoelectrode. This
geometry results in a flat tip which reduces AFM resolution but has the benefit
of allowing SECM measurements with simultaneous AFM imaging. More recent
developments in this area include needle-shaped, individually addressable dual
tips103 and insulating diamond tips with integrated boron-doped diamonds elec-
trodes.104 In most approaches to AFM tip modification, the FIB technique has
been the method of choice to precisely sculpt the complex geometry of the critical
region near and at the apex of the tip.

2.4 Redox-cycling and generation-collection

In the micro- and nanoelectrode arrays discussed above, the motivation for
creating a multi-electrode system is most often to amplify the faradaic current
while retaining the beneficial properties of the individual miniature electrodes.
The constituting electrodes thus function essentially independent of each other.
Redox-cycling and generator-collector approaches instead exploit the interplay
between redox reactions taking place at two or more electrodes. Establishing an
effective coupling between electrodes requires careful control of electrode geom-
etry and placement, a challenge that plays to the strengths of microfabrication
techniques.

In generator-collector systems, the product of a reaction taking place at a
generator electrode is detected at a second, so-called collector electrode. A natural
figure of merit is the collection efficiency, which corresponds to the fraction of
generated molecules that are collected. In redox cycling, both electrodes instead
share both roles of generator and collector, as chemically reversible species are
repeatedly reduced at one electrode and oxidized at the other. The geometries
required for efficient redox cycling tend to be more restrictive than for generation-
collection, since in this case the collection efficiency should be high for both halves
of the cycle. A common figure of merit in redox cycling is the amplification
factor, which essentially corresponds to the average number of times that each
molecule is cycled before it exits the detection domain. Consistent with intuition,
both the collection efficiency and the amplification factor tend to increase as the
distance between the electrodes is reduced due to more effective mass transport.3
Generator-collector and redox-cycling systems are thus natural candidates for
miniaturization to the nanoscale.

At this time, three main classes of devices are undergoing the most extensive
development toward nanoscale applications: interdigitated electrodes (IDEs),59, 68,
105–111 recessed ring-disk (RRD) electrodes84, 112–117and nanogaps,118–130 as sum-
marized in Figure 2.5.
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Figure 2.5: Schematic drawings (a, c, e) and scanning electron microscope images (b, d,
f) of interdigitated electrodes, recessed ring-disk electrodes and nanogaps, respectively. (b)
Top view of interdigitated electrodes, adapted from Ueno et al., Electrochem. Commun.,
2005, 7, 161–165, Copyright 2005, with permission from Elsevier. (d) View from an angle of
a recessed ring-disk electrode array, adapted with permission from Ma et al., Anal. Chem.,
2013, 85, 9882–9888. Copyright 2013 American Chemical Society. (f) View from an angle of
the cross-section of a nanogap, reprinted with permission from Kang et al., ACS Nano, 2013,
7, 10931–10937. Copyright 2013 American Chemical Society.

2.4.1 Interdigitated electrodes

The most widely reported redox-cycling device configuration, illustrated in
Figure 2.5 a and 2.5 b, is the interdigitated electrode (IDE) or, equivalently, in-
terdigited array (IDA).59, 68, 105–111 It consists of two co-planar, interpenetrating
comb-shaped electrodes. Because the two electrodes can be realized simultane-
ously by patterning a single layer of conducting material, this geometry is con-
ceptually straightforward from a fabrication point of view. By the same token,
the smallest achievable electrode spacing is set by the lateral resolution of the
lithographic process employed. IDEs with electrode spacing ranging from mi-
crons down to tens of nanometers were correspondingly demonstrated using opti-
cal,107, 131, 132 e-beam61 and nanoimprint lithography.78, 79 Amplification factors
up to ∼102 are typically reported with these structures.

In a pioneering article, Sanderson and Anderson105 reported co-planar inter-
digitated electrodes fabricated by depositing and defining a layer of Au (1000-2000
Å) with 200-400 ÅCr as adhesion layer on a quartz substrate with photolithog-
raphy and subsequent wet etching. Each electrode was 0.5 cm long and 50 µm
wide, separated from the adjacent electrodes by a gap of 50 µm. Two strips of
gold leaves were placed onto the metal pads to make electrical contacts. A liquid
cell was formed by clamping the quartz substrate and a Teflon spacer between
two quartz windows with quick-tightened screws, as indicated in the schematic
drawing shown in Figure 2.1 a; amplification of the faradaic current by redox cy-
cling was successfully observed in this system. Several years later, further down-
scaled electrode arrays with feature sizes ranging from 0.75 to 10 µm fabricated
using both optical and electron-beam lithography were reported by Niwa and co-
workers.68 A layer of spin-on glass was coated onto wafers as passivation and the
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electrodes and contact pads were uncovered by etching through this passivation
layer using reactive ion etching (RIE).

Besides electrode spacing, the signal amplification provided by IDEs also de-
pends on the width and the aspect ratio of the electrodes.133 Electrodes with a
relatively large height-to-width ratio were shown to generate a higher amplifica-
tion factor than planar electrodes, as the short linear diffusion path created be-
tween the electrode side walls increases the diffusive flux. Dam and co-workers108
reported intentionally vertically-faced IDEs. Trenches were first created by DRIE
on a silicon wafer, after which the electrode material (Pt together with a Ti adhe-
sion layer) was deposited onto the side walls of the trenches by evaporation under
a 45◦ incident angle. While the minimum separation between the electrodes was
only 2 µm, a relatively high amplification factor of 60-70 was nonetheless achieved
with this device because of the advantageous three-dimensional geometry.

Another method introduced by Goluch et al.,109 for achieving higher amplifi-
cation factors is to encase an IDE inside a fluidic channel, thus minimizing the loss
of analyte molecules to the bulk solution above the IDE and increasing the average
number of cycles undergone per molecule. Calculations indicate that the increase
becomes most pronounced once the height of the channel becomes comparable to
or smaller than the lateral electrode finger spacing. By embedding an IDE with
a finger spacing of 250 nm in a series of parallel, 75 nm tall fluidic channels, an
amplification factor of 110 was obtained. This was used to show that the confined
IDE was capable of detecting paracetamol, a chemically reversible species, in the
presence of a large excess of (irreversible) ascorbic acid. More recently, Heo and
co-workers reported an amplification factor of 1100 in devices combining vertical
face and confinement in a microchannel.133

At a higher degree of parallelization (albeit not of miniaturization), an ad-
dressable interdigitated electrode array fabricated on a single glass substrate and
consisting of 32 rows and 32 columns of electrodes forming 1024 addressable sens-
ing pixels was reported by Ino and co-workers.110, 111 The electrodes were defined
by sputtered Ti/Pt and the gap between the fingers were 12 µm; each sensing pixel
was located at the bottom of a microwell which was formed by photoresist SU-8
and had a dimension of 100 µm × 100 µm × 7 µm. Redox signals at each of the
1024 pixels could be acquired within 1 min, based on which a two-dimensional
map of the distributions of electrochemical species could be obtained.

2.4.2 Recessed ring-disk electrodes and arrays

An alternative to the IDE is the coplanar ring-disk electrode, which con-
sists of a central disk-shaped electrode surrounded by a second, ring-shaped elec-
trode.134–136 A further refinement of this structure which is particularly suitable
for microfabrication is the recessed ring-disk electrode,84, 112–117(Figure 2.5 c and
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2.5 d), in which the two electrodes are placed on different planes. That is, a
disk-shaped electrode forms the bottom of a recessed pit while the ring electrode
is located at the rim, also forming part of the side walls of the pit. Most such
devices are fabricated by etching cylindrical cavities through the first two layers of
a metal/insulator/metal stack, the two metal layers thus becoming the electrodes.
An important advantage of this approach compared to IDEs is that the size of
the gap between the two electrodes is determined by the thickness of the insu-
lating layer, which does not depend on the resolution of the lithographic method
employed and which can be straightforwardly controlled down to nm resolution.

A theoretical analysis focusing on the current collection efficiency and the
transient response for this device geometry was provided by Menshykau and co-
workers.115, 116 It was concluded, with support from some experiments, that, in
the operation mode where the disk acted as generator electrode and the ring as
collector electrode, the current collecting efficiency, which depends on the recess
depth and size of the collector ring, could reach 90%.

An interesting work in which RRD electrodes were characterized by both cyclic
voltammetry and scanning electrochemical microscopy was provided by Neuge-
bauer and co-workers.114 Structures with a vertical space between the bottom
and rim electrodes of about 200 nm and ring-electrode diameters varying between
200 and 800 nm were created with nanosphere lithography. Electrochemical activ-
ity images of single RRD electrodes in good agreement with the ring dimensions
were captured, and it was demonstrated how the potential of the unbiased top
electrode was influenced by the ratio of the oxidized and reduced form of the
redox couples.

In a recent proof-of-concept for sensor applications, Ma and co-workers84, 117
reported a RRD electrode array in which the distance between the two electrodes
was ∼100 nm. Cavities were created with nanosphere lithography through de-
posited layers of Au/SiNx/Au/SiO2. The cavities had a radius of about 230 nm,
as defined by the size of the polystyrene spheres; an SEM image of the array
is demonstrated in Figure 2.5 d. The collection efficiency was 98%. The ar-
rays were also confined in a nanochannel; as a result the detection selectivity
for Ru(NH3)63+ in the presence of ascorbic acid was increased by a factor of 7
compared to an array in the absence of confinement.

2.4.3 Nanogaps

Collection efficiency is further improved in a nanogap consisting of two parallel
micrometric metal electrodes separated by a thin liquid layer,118–130as illustrated
in Figure 2.5 e and 2.5 f. Conceptually, this configuration represents a direct down-
scaling of classic thin-layer cells. But whereas thin-layer cells with micron-scale
spacing can be fabricated simply by sandwiching a thin spacer material between
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two flat electrodes, microfabrication mostly relies on a so-called sacrificial layer
approach. A bottom electrode, a sacrificial layer made of a different material and
a top electrode are deposited and patterned on top of each other and passivated
with an insulating layer. The resulting structure is illustrated in Figure 2.5 f,
which shows a SEM image of the cross section of a nanogap device from the au-
thors’ laboratory. At least one access hole is then opened through the insulating
layer to make contact to the sacrificial layer. In a final step the sacrificial layer
is selectively etched away via the access hole(s) using a wet or isotropic dry etch,
leaving a thin-layer-cell structure with an electrode spacing determined by the
thickness of the sacrificial layer before its removal. The nanogap geometry thus
shares with RRDs the benefit that the electrode spacing is set by the thickness
of a thin film, which can be accurately controlled, rather than by the resolution
of the lithographic method employed. Indeed, nanogaps with spacing 40-65 nm
have been demonstrated using micron-resolution optical lithography.122, 125, 127
A potential pitfall of this geometry is that any residual strain in the top elec-
trode can cause it to deform slightly; because of the small spacing between the
electrodes, even minor buckling can result in a significant relative change in the
electrode spacing. This problem was encountered in some early designs in which
the electrodes had a square geometry,118 but was later alleviated through the use
of a thin rectangular electrodes120 or judicious choices of materials.122, 125

Because of the confined geometry of nanogap devices, the collection efficiency
can in certain cases approach 100%, corresponding to a lower bound of ∼104 for
the amplification factor.120 Largely thanks to this high degree of amplification,
the detection of single molecules by redox-cycling electrochemistry was realized
in nanogap devices.123, 127 The ability to form arrays of separately addressable
nanogap detectors was further exploited in a chip-based recording system enabling
invitro measurements of individual neurotransmitter release events from neurons
cultured directly on the chip.137

A strategy for further downscaling nanogaps to the sub-10 nm range was
demonstrated by McCarty and co-workers,130 who employed a combination of
optical and molecular lithography to minimize the gap size. In their approach,
a single- or multilayered molecular film was grown selectively on a first electrode
followed by the deposition and patterning of a second electrode, so that the space
between the two electrodes was controlled by the thickness of the molecular resist.
This molecular layer thus fulfilled the function of sacrificial layer described above.
The resulting nanogaps took the form of 2 µm long, 50 nm deep crevices between
the two electrodes. Gap sizes as small as 4 nm were reported and successfully
employed in redox-cycling experiments. The crevice geometry is open to bulk
solution in a manner reminiscent of IDEs, for which these devices could provide
a higher-performance substitute; the formation of sealed channel structures with
higher collection efficiencies can also be envisioned with additional processing
steps.
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An alternative strategy for further downscaling nanogaps is to decrease the
spacing between the electrodes by controlled electrodeposition of additional ma-
terial on the electrode surfaces.124 This approach has been employed extensively
to create closely separated electrodes, in particular with the aim of measuring the
electronic properties of molecules trapped between the electrodes.138–140 These
applications however tend to focus on sharp, point-like electrodes that lead to low
collection efficiencies. Applying it to parallel planar electrodes would require elec-
trodeposition under conditions in which mass transport is not limiting in order to
achieve a uniform decrease of the electrode spacing. To our knowledge this has
not been realized to date, however.

2.5 Electrochemistry and microfluidics integration

Microfluidic systems,141–143 also referred to as “lab-on-chip” or “micro-total-
analysis systems”, consist of fluid handling elements such as valves, mixers and
pumps integrated on a microchip. In general such miniaturized platforms offer
several advantages including the ability to analyze small volume samples, reduc-
tion in reagent consumption and a consequent reduction in the amount of waste
to be disposed, increased speed of analysis as well as potential for parallelization.
Electrochemical detection is well suited for these applications as it is more read-
ily integrated with fluidics elements than, for example, optical systems. Indeed,
numerous integrated microfluidic electrochemical analytical systems have been
reported in the last decade.144–154

In the early stages of development, the use of relatively complex silicon- and
glass-based micromachining technology developed for integrated circuits (IC) was
explored to fabricate microfluidic chips.143 More recently the focus has shifted
toward simpler techniques, micro/nanofluidic channels being created directly by
lithography or molding using low-cost polymers such as polycarbonate (PC),155
PDMS,145, 156, 157 olefin copolymer (COC)158 and SU-8.159, 160 Among these ma-
terials, PDMS has been the most employed for its gas permeability, deformability
and ability to quickly produce prototype devices. It however has important draw-
backs including in particular analyte absorption and low solvent resistance. COC
is a popular alternative for environmental lab-on-a-chip applications due to its
high chemical resistance and minimal water adsorption. SU-8, a form of pho-
toresist, is available in a wide range of viscosities, making it suitable to form
thick layers and high-aspect-ratio structures. It can be directly spin-coated onto
substrates and patterned lithographically, making it particularly convenient for
integration with electronic components. Depending on the choice of materials,
either the microfluidics are fabricated directly onto a substrate on which electro-
chemical components have already been defined, or the fluidic and electrochemical
structures are formed on independent substrates that are bonded together after-
wards.
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In vitro experiments on living cells have benefited directly from fluidics in-
tegration. As discussed in section 2.2, early approaches relied on glass rings
or pierced petri dishes being glued onto electrode substrates to create culture
chambers. It is now instead relatively straightforward to build arrays of indepen-
dent chambers addressable with individual electrodes. For instance a microwell
device fabricated with SU-8 and PDMS for targeting single cells to detect quan-
tal exocytosis – the burst release of intracellular transmitter molecules – was
reported by Liu and co-workers.161 Transparent nitrogen-doped diamond-like-
carbon (DLC:N)/indium-tin-oxide (ITO) films were defined on glass slides using
photolithography and thin-film etching as electrodes in order to allow visualization
of cells immobilized on the electrodes using a conventional inverted microscope.
DLC:N was reported to promote cell adhesion and to exhibit good electrochemical
properties. SU-8 was then coated and patterned on the slides to form microw-
ells as well as to insulate inactive areas of the conductive film, following which a
poly(ethylene glycol) film was grafted to the surface of the SU-8 to inhibit pro-
tein adsorption and cell adhesion. Finally a PDMS gasket was cut and bonded
to the substrate to confine a drop of solution containing cells to the middle of
the device where 40 working electrodes were located. Single cells were targeted
to the electrodes by functionalizing the electrodes with poly(L-lysine). Ampero-
metric responses from individual cells could be recorded unambiguously without
interference from nearby extraneous cells, and multiple recordings from the same
electrode demonstrated that the device can be cleaned and reused without signifi-
cant degradation of performance. This showed the potential of this platform as an
alternative to carbon-fiber microelectrodes, which are extensively used to study
quantal exocytosis of electroactive transmitters, with the additional advantage of
increased throughput.

As another example, a disposable polymer-based protein immunosensor was
demonstrated by Zou and co-workers.158 Images, a schematic sketch and the
fabrication process of the device are illustrated in Figure 2.6. A 3-inch blank
cyclic olefin copolymer (COC) wafer with an ultra-smooth surface prepared by
plastic injection molding was used as substrate. A gold IDE and contact pads were
defined with e-beam lithography and lift-off after the COC wafer was coated with
10 nm Cr layer to render it compatible with lithography. Microfluidic channels
were also fabricated in a second COC substrate using the same technique, except
that here a Ni mold defined by a combination of lithography and electroplating
was used, as shown in the right column of Figure 2.6 c. After drilling holes
for fluidic connections in the microfluidic chip using a micro drill and growing a
self-assembled monolayer of alkanethiols on the gold electrode surfaces, the two
substrates were thermally bonded, generating a reaction chamber with a volume
of 0.2 µl.

An example of a higher level of multi-functional integration was reported by
Ferguson et al.,162 who combined in a microfluidic electrochemical DNA sen-
sor the functionalities of polymerase chain reaction (PCR), single-stranded DNA



2.5 Electrochemistry and microfluidics integration 43

Figure 2.6: (a) Optical images, (b) schematic sketch of assembly and (c) fabrication process
for a microfluidic protein immunosensor based on nanoscale IDEs. Reprinted from Zou et al.,
Sens. Actuators, A, 2007, 136, 518-526. Copyright (2006), with permission from Elsevier.

generation and sequence-specific electrochemical detection. The architecture and
fabrication process of the device are shown in Figure 2.7. The detection system
incorporated counter, (quasi-)reference and working electrodes that were defined
by photolithography and lift-off. DNA probes were immobilized on the gold work-
ing electrodes via thiol chemistry. In parallel, a liquid chamber was fabricated by
bonding a glass chip to a UV-ozone treated PDMS sheet in which fluidic channels
had been cut, and fluidic vias were generated by drilling through the glass chip
with a mill equipped with a diamond bit. The exposed side of the PDMS was then
bonded to the chip to complete the integration. During use, liquid was pumped
into the chamber through eyelets affixed to the vias with epoxy. Comparing with
traditional methods, this disposable device was argued to minimize both the sam-
ple loss and the likelihood of contamination as the fluid pathways were contained
within a sterile system.

Fragoso and co-worker reported a system to electrochemically detect breast
cancer markers155 which was realized by high-precision milling of PC sheets form-
ing two distinct sections, a detection zone incorporating an electrode array and
a fluid storage zone. The detection zone was divided into separate microfluidic
chambers for samples and calibrators, and the fluidic storage zone was split into
five reservoirs to store the reagents and sample. The solutions in the separate
reservoirs were actuated by applying pressure through a syringe pump and steered
to the detection zone via two integrated valves. The detection of proteic cancer
markers in patient serum samples were demonstrated with detection limits below
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Figure 2.7: (A) Architecture and (B) fabrication process of a microfluidic electrochemical
DNA sensor. Reprinted from Ferguson et al., Anal. Chem., 2009, 81, 6503-6508. Copyright
(2009), with permission from American Chemical Society.

10 ng mL−1.

Nanogap devices can also be interfaced to fluidic systems. Under typical con-
ditions the fluidic resistance of the nanochannel is so high that negligible flow
takes place within the device; in this case the fluidics merely serve to bring a
sample to the device, but analyte mass transport inside the device remains purely
diffusive.122, 163 When sufficient pressure is applied between access points to the
detection region, on the other hand, advective flows can develop along the surface
of the electrodes. Figure 2.1 b shows such a device reported by Mathwig and
Lemay128 in which microfluidic channels created in PDMS were interfaced to a
nanochannel containing two separately addressable nanogap transducers. Record-
low flow rates at the pL/min level could be measured from analyte time-of-flight
measurements between the two electrochemical transducers.

Besides the benefits such as low consumption resulting from miniaturizing
the fluidic components, phenomena specific to micro- and nanofluidic systems
can also be harnessed to enhance electrochemical response.1 For example, Wang
et al. introduced a pre-concentrating device that could be integrated with an
electrochemical detector to study homogeneous enzyme reaction kinetics.164 The
negatively charged enzymes were concentrated via the exclusion-enrichment effect
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in a nanochannel165 before being detected electrochemically near the outlet of the
channel. In another example, Branagan and co-workers induced an electroosmotic
flow (EOF) through a nanocapillary array membrane to enhance the delivery rate
of analyte to annular nanoband electrodes embedded in the membrane.166 An
array of cylindrical nanochannels was created by focused ion beam milling through
Au/polymer/Au/polymer membranes and subsequently sandwiched between two
axially separated microchannels. The generated EOF enhanced the steady-state
current by a factor >10 compared to a comparable structure without convective
transport.

It is important to note that many electrochemical micro/nanofluidic systems
still rely on macroscopic reference electrodes that are inserted in a solution reser-
voir external to the microfluidic system. This is because integrating a reliable,
long-lived and stable microfabricated reference electrode in miniaturized fluidic
systems remains a challenge.167 The main problem is the rapid dissolution of the
(small) electrode volume, which leads to short lifetimes. Though pseudo-reference
electrodes – usually in the form of patterned metal thin films – can be used as a
replacement, a true reference is often highly desirable. Analogues to conventional
macroscopic liquid-junction reference electrodes have been demonstrated168–170
in the form of encapsulated thin-film Ag/AgCl electrodes located in a dedicated
compartment filled with reference electrolyte of constant Cl− activity. Incorpo-
rating such a device however represents significant added complexity of design
and fabrication. To form Ag/AgCl layers, an Ag film is normally deposited on a
Au or Pt backbone layer in a first step, after which AgCl is formed by passing a
current through the Ag layer in a solution with Cl−.170 Suzuki et al.168 demon-
strated an approach to fabricate a liquid-junction Ag/AgCl reference electrode
using a resin sheet mainly formed by poly(ethylene glycol) as the liquid junction
and screen-printed paste prepared from a mixture of KCl and 2-propanol as the
electrolyte layer. Poly(vinylpyrrolidone) was added into the electrolyte layer to
suppress the dissolution of AgCl, after which the electrode could maintain a stable
potential level within ±1 mV for longer than 100 h. In another work Huang et
al.169 demonstrated a gel-coated Ti/Pd/Ag/AgCl electrode in which an agarose-
stabilized KCl-gel membrane was introduced to serve both as a polymer-supported
solid reference electrolyte and as ionic bridge for the electrode. The variation of
the cell potential was less than 2 mV over pH 4-10 and insensitive to changes in
the concentration of Cl− (about 0.02-0.25 mV/pKCl).

2.6 CMOS integrated electrochemical systems

By virtue of being inherently electrical in nature, electrochemical sensors are
particularly well suited for integration with microelectronics compared to sensors
based on other detection principles. While still in relatively early stages of de-
velopment, such integration could open significant opportunities in applications
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such as high throughput screening, point-of-care (POC) diagnosis and implantable
devices with flexibility, scalability and low cost.

Complementary metal-oxide-semiconductor (CMOS) electronics provide the
backbone of most commercial integrated circuits including microprocessors, mi-
crocontrollers, image sensors, etc. Several CMOS-based potentiostats have been
reported. A great deal of flexibility in circuit topology is provided by CMOS, such
that it is possible to design integrated circuitry with full potentiostat functionality
and a range of operation modes approaching that of table-top instruments.171 For
particular applications, however, it is often more practical to design more special-
ized electronics that implement a single electrochemical measurement technique
of interest.172–174 For example, Martin et al.175 reported a custom integrated
system for anodic stripping voltammetry (ASV) in which the detection circuit
architecture was co-optimized with the electrode design to minimize parasitics,
cancel solution matrix effects and improve the dynamic range of the system. Al-
ternatively, the relative ease with which addressable arrays can be implemented
using CMOS electronics provides an ideal platform for parallelized assays. This
is dramatically illustrated by multiplexed microarrays functionalized with user-
dialed probes via local, electronically-controlled functionalization176, 177 or DNA
synthesis.178, 179 Such systems have been used for example for DNA hybridiza-
tion,176, 179–181 protein arrays178 and a range of immunoassays.177, 180

The electrode materials most commonly employed in electrochemistry span
a wide range including gold, platinum, palladium, carbon, graphite and silver,
all of which share the feature of being incompatible with CMOS manufacturing
equipment and processes. Electrodes must therefore be formed subsequently to
the completion of any CMOS circuitry, in the so-called post-CMOS processing
stage. During this stage high temperatures or intense plasmas that can destroy
the circuits must be avoided. Martin and co-workers175, 182 reported integrated
sensing systems for environmental monitoring with two sets of seven Au working
electrodes which were selectable via an electronic multiplexer, in addition to two
sets of Pt auxiliary electrodes and Ag/AgCl reference electrodes. The post-CMOS
processing started with the deposition and lift-off of a Ti/TiN/Ti/Pt layer stack
in which the two Ti layers were applied as adhesion promoters and the TiN layer
was used as a diffusion barrier between the top-level CMOS metallization and the
Pt sensing electrode. Cr/Au and Ti/Ag electrodes were deposited and defined
separately in the following steps. Subsequently, the Ag/AgCl reference electrodes
were created from the Ag surfaces by submersion of the chip in 1 mM FeCl3 for
2 min.

Another consideration is that it is in general more demanding to package
CMOS-based chemical sensors. The chips must be packaged in such a way that
the electrical components and interconnects are protected from contact with liq-
uid, otherwise contaminants from solution may cause the properties of the tran-
sistors to drift over time. In specific case such as protein-based sensors, aggressive
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electrode cleaning by piranha following organic solutions are required for reliable
self-assembly of nanostructured bio-interfaces, so the packaging material must
withstand this strong corrosiveness. SU-8, polyimide, epoxy and parylene are the
most commonly used passivation material in the reported CMOS electrochemi-
cal microsystems.173 In a microsystem for in situ detection of heavy metals in
rain water,175 SU-8 was used to form a dam-like structure between the bond-
ing pads and the sensor sites. Packaging was accomplished by fixing the device
onto a printed circuit board (PCB) by epoxy, making electrical connections by
wirebonding and then encapsulating the wires in a two-coat epoxy process. It
was concluded that, using this packaging strategy, the passivation had a lifetime
greater than 100 days in saturated salt solutions and the properties of the elec-
tronics exhibited only minor drift after soaking in a 100 mM NaCl solution for
more than 35 days.

A long-lasting, parylene-packaged, wire-bonded chip that survived a harsh
piranha electrode cleaning process was demonstrated by Li and co-workers.173
The post-CMOS fabrication began with the evaporation and wet etching of Ti/Au
to form electrodes, and in the following step polyimide was spin-coated on the chip
and patterned to uncover the electrodes and bonding pads. Afterwards the chip
was wire-bonded to a packaging board and the assembly was coated with 5 µm
parylene, following which the parylene was patterned to uncover the electrode
sites using RIE in oxygen with a layer of crystal adhesive as the mask. This
highlights the strengths of parylene as passivation material for CMOS-integrated
bionsensors: high chemical resistance in addition to biocompatibility, biostability,
low cytotoxicity, relatively simple chemical vapor deposition methods with low
process temperatures, and easy etching in O2 plasmas.173

To achieve a higher level of integration by incorporating microfluidics with
CMOS electrochemical sensors and realize a complete lab-on-CMOS system, prob-
lems caused by topographical conflicts also need to be solved. The first issue is
the size disparity between conventional CMOS chips and microfluidic components,
such as channels, valves, pumps, etc.: the former typically occupy a few square
millimeters, while microfluidic structures require significantly more area. The
other inconvenience is the non-flat morphologies formed through the use of wire
bonding or flip-chip bonding, which are the standard packaging techniques em-
ployed in the semiconductor industry to form electrical interconnections between
CMOS chips and PCBs. These methods lead to uneven surfaces due to wires pro-
truding out of the surface of the chip, which is itself at a different height than the
surrounding board. However, a smooth surface without bumps or steps is usually
a necessary starting point to create the microfluidic systems described above.

To address these issues, Huang and Mason183 recently introduced an integra-
tion scheme in which the CMOS chip was embedded into a micro-machined silicon
carrier as the packaging board, as shown in Figure 2.8. Both the CMOS chip and
the carrier were first pressed onto a wax-coated glass handling wafer with the
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front side of the chip facing the handling wafer. The assembly was then placed in
a 150 ◦C chamber to allow the wax to melt, evening out the vertical position of
the chip and carrier and attaching the chip to the handling wafer. Following this
procedure, epoxy was applied to fill the gap between the chip and the carrier. Af-
terwards the glass handling wafer was released by softening the wax at 100 ◦C, and
the wax remaining on the assembly was cleaned off. Polyimide was then coated
onto the surface to smoothen it, metal wires for electrical interconnections were
added by thin-film deposition and lithography, and a passivation layer consisting
of silicon oxide/nitride/oxide was deposited at 100 ◦C using PECVD. Finally mi-
crofluidic structures with open channels made of SU-8 resist and covered by a glass
cap were incorporated. Tubing was inserted laterally into the taper joint located
at the sidewall of the SU-8 layer to enable high density world-to-chip microfluidic
interconnections. The integrated device and schematic of the microfluidic circuits
are shown in Figure 2.8b. The simultaneous fluidic and electrical operation of the
lab-on-CMOS device was demonstrated by detecting a diluted Toluidine Blue O
(TBO) sample.

Figure 2.8: (a) Schematics of process flow for integrating microfluidics and CMOS elec-
trochemical sensors. (b) The integrated device and schematic of the microfluidic circuits. The
insets show: (upper left) the taper joint, (upper right) the three microfluidic detection channels
across the CMOS potentiostat with on-chip electrodes and (lower right) the microfluidic chan-
nels being filled by TBO. Reprinted from Huang et al., Lab Chip, 2013, 13, 3929-3934 with
permission from The Royal Society of Chemistry.

Amethod based on a similar concept was reported by Uddin and co-workers.184
3 mm × 3 mm × 260 µm CMOS chips were placed on a resist-coated oxidized sili-
con wafer and used as the mask to pattern the resist. The pattern was then trans-
ferred to the oxide layer and subsequently to the silicon wafer by RIE and DRIE,



2.7 Summary and Outlook 49

respectively, so that cavities with approximately the same size as the CMOS chips
were generated in this wafer. The wafer was then placed on a handle substrate and
the CMOS chips were placed face-down inside the cavities of the wafer with the
help of a flip-chip bonder. Another wafer coated with benzocyclobutene (BCB)
was then placed on top of the CMOS chips and the cavity wafer and the whole
stack was placed in a wafer bonding machine with pressure and elevated temper-
ature (250 ◦C). As a result, the CMOS chips and the cavity wafer were bonded to
the wafer coated with BCB. In the next step the handle substrate was removed
from the front side of the CMOS chips, and spin-on glass was coated onto the
surface to fill in the gap between the chip and the cavity wafer. Access to the
contact pads was opened by RIE through the spin-on glass, and metal intercon-
nects between the chip and the carrier were created by evaporation and lift-off.
Up to this step the process was done on the wafer scale, after which the wafer was
diced into individual chips. Measurements with the packaged chip showed that
the post-integration processing did not affect the CMOS device parameters. A
hybrid CMOS/microfluidic system was completed by placing the embedded chip
on an acrylic stage and securing it mechanically by fastening an acrylic microflu-
idic channel on top with screws. A PDMS gasket was used to achieve a tight seal
between chip and fluidic channel.

2.7 Summary and Outlook

This chapter reviewed the development of electrochemical measurement sys-
tems fabricated with micromachining technology. This set of techniques enables
the systematic down-scaling of the dimensions of experimental elements to ex-
plore electrochemistry in new regimes and to enhance sensitivity and selectivity
in sensor applications. Lithography-based techniques provide the opportunity to
build arrays of components with high controllability and repeatability. Addi-
tionally, the flexibility to integrate detecting electrodes, microfluidics and even
integrated circuits onto a single chip that includes the functionalities of sensing,
fluidic handling and signal processing potentially creates new opportunities: while
not going to replace existing instrumentation for classic measurements, the low
costs, low sample and reagent volumes, low power consumptions and possibility
of massive parallelization open the door to new classes of electrochemical analyt-
ical methods. One can envision fully integrated microfluidics-based electrochem-
ical measurement systems implemented on top of CMOS electronics to provide
high-throughput biomedical analytical platforms, point-of-care diagnostic tools,
implantable devices, as well as portable and disposable food- and environment-
monitoring sensors. Although a variety of difficulties remain, such as integration
of reference electrode and effective packaging of the compact systems, the rapid
pace of development means that such systems could become a practical reality on
a relatively short time scale.
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Chapter 3
Redox Couples with Unequal
Diffusion Coefficients: Effect on
Redox Cycling

Redox cycling between two electrodes separated by a narrow gap allows dra-
matic amplification of the faradaic current. Unlike conventional electrochemistry
at a single electrode, however, the mass-transport-limited current is controlled by
the diffusion coefficient of both the reduced and oxidized forms of the redox-active
species being detected and, counter-intuitively, by the redox state of molecules in
the bulk solution outside the gap itself. Using a combination of finite-element sim-
ulations, analytical theory and experimental validation, we elucidate the interplay
between these interrelated factors. In so doing, we generalize previous results ob-
tained in the context of scanning electrochemical microscopy and obtain simple
analytical results that are generally applicable to experimental situations where
efficient redox cycling takes place.

The contents of this chapter have been published as: Dileep Mampallil, Klaus Mathwig,
Shuo Kang and Serge G. Lemay, Redox Couples with Unequal Diffusion Coefficients: Effect on
Redox Cycling, Anal. Chem., 2013, 85 (12), 6053–6058.
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3.1 Introduction

In electrochemical detection at micro- and nanoelectrodes,1, 2 where mass
transport is commonly limited by diffusion, the measured current is proportional
to the diffusion coefficient of the analyte species. This relationship can however
become complex in redox cycling between two electrodes3–6 due to unequal diffu-
sivities of the oxidized and reduced forms of the analyte. This can influence both
transient7–11 and steady-state12–14 behavior of the current. It is therefore crucial
to understand the effect of unequal diffusivities of the oxidized and the reduced
species for a quantitative interpretation of redox-cycling measurements.

A well-studied case is scanning electrochemical microscopy (SECM).15–17 Due
to unequal diffusivities, the steady-state current in SECM depends on the mode
of operation:8 interchanging the potentials of the tip and the substrate, i.e.,
switching between the feedback mode7, 18, 19 and the substrate generation/tip
collection (SG/TC) mode,8, 20, 21 changes the steady-state current by a factor
equal to the ratio of the diffusivities of the oxidized and the reduced species.
Martin and Unwin7, 8 performed a detailed numerical study of these effects sup-
ported by experiments for the SECM geometry (a shrouded disk microelectrode in
close proximity to a planar substrate). This geometry has the particular feature
that the bias of the substrate (reducing or oxidizing) also determines the species
present in the “bulk” solution surrounding the microelectrode. For example, if
the substrate is biased at an oxidizing potential, then the solution in the region
surrounding the microelectrode, which is part of the one-dimensional diffusion
zone generated by the substrate electrode, becomes essentially fully oxidized over
time, independently of whether reduced or oxidized molecules were present in the
original solution. This property was exploited in the experiments of Martin and
Unwin to create a “bulk” solution of oxidized species. More recently, several ex-
periments have started focusing on experimental geometries where this coupling
between one of the electrodes and bulk does not exist. These include for example
experiments where the conducting substrate is limited in extent, as studied by
Zoski et al.22 and more recently by Oleinick et al.,23 as well as microfabricated
nanogap devices that are only weakly coupled to bulk solution, as investigated by
our group.24 In these situations, the nature of the bulk solution and the polarity
of the electrode biases can be independently controlled, in which case conclusions
of Ref. [7] and [8] may not directly apply.

Here we investigate this question using nanogap devices,24 in which the active
region where redox cycling takes place is only weakly coupled to a bulk reser-
voir. This allows us to study independently the effect of switching the modes
of operation and the influence of the species in the bulk. We observe that it is
not the mode of operation but rather the redox state of the species in the bulk
solution that controls the current during redox cycling. By using straightforward
theoretical arguments, which are further supported by numerical calculations, we
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quantitatively explain these experimental findings.

This chapter is organized as follows. We first present numerical simulations
based on diffusive mass transport and the detailed specific geometry relevant in
our experiments. We then derive analytical expressions for the diffusion-limited
current that reproduce the full numerical result. These relatively simple expres-
sions are more general than the numerical results in that they also apply to other
geometries. Finally, we validate both numerical and analytical results through
direct comparison with experiments.

3.2 Numerical model

We consider a simple outer-sphere heterogeneous electron-transfer reaction
at the electrodes, O +ne ⇀↽ R, where n is the number of electrons transferred.
Following the approach of Martin and Unwin,7, 8 we numerically evaluate the
diffusion-limited current under redox-cycling conditions for the general case where
the diffusion coefficients for the reduced and the oxidized forms of a redox couple
(DR and DO, respectively) have different values. We assume that the supporting
electrolyte concentration is much greater than that of the redox species. Under
these conditions, steady-state mass transport obeys the diffusion equation

∇2CR,O = 0 (3.1)

where CR and CO represent the concentrations of the reduced and the oxidized
forms, respectively. The corresponding fluxes are given by

jR,O = −DR,O∇CR,O (3.2)

We solved Equation 3.1 for both R and O using a finite-element simulation
(COMSOLMultiphysics 4.2), as reported earlier.25 The simulation was performed
over a two-dimensional domain representing the geometry and dimensions of the
nanogap devices employed in our experiments, as sketched in Figure 3.1.

In short, the devices consist of two electrodes separated by a distance z = 60
nm. The top electrode has a length LE = 10 µm and defines the so-called ac-
tive region of the device. The active region is connected at both ends to outside
reservoirs via nanochannels of length LA = 8 µm and of the same height as the
active region, z. The bottom electrode spans the entire length of the device, in-
cluding both the active region and the access channel. Note that, importantly
for the conclusions drawn below, the dimensions of the device satisfy the condi-
tions z � LE , LA. For simplicity we assume that the electrodes span the whole
width of the channel in the third (out of the page) dimension; the solution is
then uniform in this third dimension and the simulations can be performed and
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represented in only two dimensions. Boundary conditions corresponded to a high
reducing overpotential at one electrode and a high oxidizing overpotential at the
other electrode (reducing electrode: CO = 0 and jR = −jO; oxidizing electrode:
CR = 0 and jO = −jR). The diffusion coefficients of the reduced and the oxidized
molecules in aqueous solution were taken as 6.7×10−10m2/s and 5.4×10−10m2/s,
respectively, corresponding to the experimental conditions reported below and
to a diffusion coefficient ratio γ = DO/DR = 0.8.8 The concentrations in the
bulk solution far from the entrances to the device, CO1 and CR1 , were treated as
constant.

C
R

1

2C
R

3C
R

O
C1

O
C2

O
C3

Top electrode

Bottom electrode

Region 1

Region 2 Region 3

L
A

L
E

z

Figure 3.1: Schematic illustration of the device geometry employed for numerical simula-
tions. Also shown are the three regions employed in analytical calculations: region 1, the bulk
solution outside the device; region 2, the access channel without redox cycling; and region 3,
the active region of the device where redox cycling takes place.

The results of the numerical simulations are summarized in Figure 3.2. We
distinguish between four cases depending on whether the top or the bottom elec-
trode is the reducing electrode and on whether the bulk solution contains only R
(CR1 = CB , CO1 = 0) or only O (CO1 = CB , CR1 = 0).

Figure 3.2 a shows the two-dimensional concentration profiles CR,O(x, z) for
the case where the bulk contains reduced species and the bottom electrode is
oxidizing. Under these conditions, there exists a concentration gradient between
the bulk solution and the access channel (regions 1 and 2 in Figure 3.1) since the
bottom electrode oxidizes molecules from the bulk. There is also an approximately
spherical concentration gradient extending into the bulk solution near each access
hole of the device, but this lies outside the domain shown in Figure 3.2 a. In
the access channel region, on the other hand, essentially all molecules are in the
oxidized form due to the intimate contact with the bottom electrode. Finally, in
the active region redox cycling causes steep gradients of both reduced and oxidized
species between the electrodes. These gradients in the z-direction are essentially
independent of x except for a short transition zone (length a few times z) at each
end of the active region. Because z � LE , this transition zone represents only a
small perturbation on the total redox cycling flux.



3.2 Numerical model 69

x (μm)

0

20

40

60

80

100

z
 (

n
m

)

C
R

R,O
(a)

0-5-10-15
x (μm)

0

20

40

60

80

100

z
 (

n
m

)

C
O

0

10

20

30

40

50

60

0 0.2 0.4 0.6 0.8 1 1.2
0

10

20

30

40

50

60

z
 (

n
m

)

0

10

20

30

40

50

60

0 0.2 0.4 0.6 0.8 1 1.2
0

10

20

30

40

50

60

Oxidized bulk solution

R
e
d
u
c
in

g
 t
o
p
 e

le
c
tr

o
d
e

O
x
id

iz
in

g
 b

o
tt
o
m

 e
le

c
tr

o
d
e

C
R

C
O

(b)

(d)

(c)

Reduced bulk solution

0

0.2

0.4

0.6

0.8

1.0

1.2

O
x
id

iz
in

g
 t
o
p
 e

le
c
tr

o
d
e

R
e
d
u
c
in

g
 b

o
tt
o
m

 e
le

c
tr

o
d
e (e)

z
 (

n
m

)

z
 (

n
m

)

z
 (

n
m

)

C
R,O

/ CB

15105

0-5-10-15 15105

C
R,O

/ CB C
R,O

/ CB

C
R,O

/ CB

0 0.2 0.4 0.6 0.8 1 1.20 0.2 0.4 0.6 0.8 1 1.2

C    / CB

Figure 3.2: Results of numerical calculations. (a) Concentrations of R (top panel) and
O (bottom panel) under steady-state conditions for the case where the bottom electrode is
oxidizing, the top electrode reducing, and the bulk solution outside the device contains only
R. The highly skewed aspect ratio is for clarity. (b-e) One-dimensional concentration profiles
CR,O(x = 0, z) along the cross-section lines in panel (a). The cases where the top electrode is
reducing and the bottom electrode is oxidizing are shown in the top row (panels b, c), while
results for the opposite bias condition are shown in the bottom row (panels d, e). Both cases
with reduced (panels b, d) and oxidized (panels c, e) species in the bulk reservoir are shown.
All concentrations are normalized to the concentration of species in the reservoir, CB .

Figure 3.2 b shows the one-dimensional concentration profiles CR,O(0, z) in
the z-direction at a location halfway between the access holes (corresponding to
the cross section lines in the active region in panel (a)). As required by the bound-
ary conditions, the concentration of R is maximal at the reducing electrode and
vanishes at the oxidizing electrode; the converse is true for O. Both concentration
gradients are linear, reflecting the fact that, apart from a small region near the
edges of the active region, the diffusion gradient is effectively one-dimensional
between the electrodes. The maximum concentration of R is simply the bulk
concentration, CB , while the concentration of R averaged in the z-direction over
the height of the device, which we denote by C̄R3 , is CB/2. The concentration of
O, on the other hand, is modified by a factor of 1/γ = 1.25 compared to that of
R, such that C̄O3 = CB/2γ. This difference between C̄R3 and C̄O3 is dictated by
the electrode boundary condition jR = −jO: since jR,O = ±2DR,OC̄R,O3 /z, this
boundary condition reduces to

C̄O3 =
DR

DO
C̄R3 =

C̄R3
γ

(3.3)

It further follows from the above that the total concentration of redox species in
the active region is given by C̄R3 + C̄O3 = CB(1 + 1/γ)/2, which differs from the
bulk concentration when γ 6= 1. This is possible because there exists a connection
to the bulk reservoir and could not occur in a sealed volume. The total faradaic
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current corresponding to Equation 3.3 is given by

iRlim = nFA|jR| = nFA|jO| = nFADRCB
z

(3.4)

where F is the Faraday constant and A the area of overlap between the electrodes.
This is the same result as if the diffusion coefficient for O had been ignored entirely;
this is because the different speed of diffusion of O is compensated by the changes
in concentration observed in Figgure 3.2.

Figure 3.2 c shows the R and O concentration profiles in the active region
for a different case, namely, where the bulk solution is in the oxidized form in-
stead of the reduced form. The profiles are qualitatively similar to those of panel
(b), except that the concentrations are modified by a factor γ: we now observe
C̄O3 = CB/2 and C̄R3 = γCB/2. The corresponding change in gradients leads to a
corresponding change in faradaic current,

iOlim =
nFADOCB

z
= γ iRlim (3.5)

Finally, Figure 3.2 d and 3.2 e show the corresponding profiles when the roles
of the electrodes (reducing or oxidizing) are inverted. The only change in the
concentration profiles is that they are inverted in the z direction, reflecting the
inverted roles of the top and bottom electrodes; the magnitudes of the concen-
tration gradients are unaffected. Correspondingly, the faradaic current is also
unaffected. This indicates that it is the species present in the bulk that influences
the diffusion-limited current rather than the choice of which electrode is reducing
or oxidizing.

3.3 Analytical model

While useful for gaining a detailed understanding of the factors at play, results
from numerical simulations are by their very nature obtained for a specific geom-
etry and it is not necessarily clear how generally we can apply the conclusions
drawn from a particular set of simulations. Here, armed with insights gained from
the numerical study, we derive a simple analytical theory that reproduces the pre-
dictions of the simulations. Importantly, however, the derivation is independent
of the specific geometry of the nanogap, so long as some simple pre-requisite con-
ditions are satisfied. The analytical results can thus be employed for other redox
cycling geometries without the need for additional numerical simulations for each
case.

We first note that there exist three distinct regions in the system where the
ratio of the concentrations of R and O is fixed, as illustrated in Figure 3.1. Region
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1 consists in the bulk solution. Here the concentrations of R and O, CR1 and
CO1 , respectively, are known by assumption. Region 2 consists of the part of
the access channel far from both the active region and the access holes to bulk
solution (where “far” signifies a distance of a few times the channel height, z).
Here CO2 = βCR2 , where β is set by the potential of the bottom electrode; β → 0
and β → ∞ correspond to the bottom electrode being reducing or oxidizing,
respectively. Finally, region 3 consists of the active region; here both C̄R3 and C̄O3
are finite during redox cycling, and their magnitudes are related by Equation 3.3.

Between these three regions, there exist transition zones (with a spatial extent
of the order of z) where significant gradients in CR and CO can occur in the
x-direction. For example, for the case of Figure 3.2 a, there is a diffusive flux of O
from the access channels to the active region and a compensating flux of R in the
opposite direction. Using the symbol J to represent the total flux integrated across
the entire cross-section of the channel, this situation corresponds to JO2→3 > 0 and
JR2→3 < 0. Under steady-state conditions, the total flux of redox molecules, either
reduced or oxidized, must however vanish. Therefore,

JRp→q + JOp→q = 0 (3.6)

where p, q represent any pair of adjacent reservoirs.

In order to determine explicit expressions for the fluxes JR,Op→q for diffusive
transport between the various regions, it is necessary to solve the diffusion equa-
tion, Equation 3.1, for the specific geometry of interest. For our present purpose,
however, it will prove sufficient that, without loss of generality, the expression for
the total flux has the form26

JR,Op→q = DR,O(CR,Op − CR,Oq ) b (3.7)

here b is a geometry-dependent constant with the units of length. Importantly
the value of b is independent of the diffusion coefficient or concentration; for a
given geometry, its value is thus identical for R and O. Substituting Equation
3.7 into the steady-state condition, Equation 3.6, yields expressions relating the
concentrations of R and O in region q to those in region p. Applying this procedure
to the bulk solution (region 1) and the access channel (region 2) yields expressions
for the concentrations in the access channel (averaged over the channel height)

C̄R2 =
1

1 + γβ

(
CR1 + γCO1

)
(3.8)

and
C̄O2 =

β

1 + γβ

(
CR1 + γCO1

)
(3.9)

Repeating the procedure between regions 2 and 3 and using Equation 3.8 and
Equation 3.9 to eliminate C̄R2 and C̄O2 then yields the concentrations in the active
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region in terms of those in the bulk,

C̄R3 =
CR1 + γCO1

2
(3.10)

and

C̄O3 =
CR1 + γCO1

2γ
(3.11)

Equation 3.10 and Equation 3.11 can be used to obtain |jR| and |jO|, respectively.
Following a similar procedure as in Equation 3.4, the corresponding diffusion-
limited current is

ilim =
nFA

z

(
DRCR1 +DOCO1

)
=
nFADR

z

(
CR1 + γCO1

)
(3.12)

Interestingly, this result is independent of the parameter β characterizing the
access channel; indeed, it can also be obtained by applying Equation 3.6 to
regions 1 and 3 directly.

Equation 3.12 is valid for any mixture of R and O in the bulk solution; for
the special cases of fully reduced (CR1 = CB and CO1 = 0) and fully oxidized
(CR1 = 0 and CO1 = CB) bulk solution, it reduces to Equation 3.4 and Equation
3.5, respectively. Importantly, the equation, since derived from Equation 3.7 is
independent of the specific geometry and applies equally well to other systems
where redox cycling takes place. The only requirements for its validity are that
(1) the electrodes are much closer together than the lateral dimensions of the elec-
trodes (z � LE in our particular geometry; z � electrode radius for a shrouded
disc electrode as in SECM), and (2) there is a sufficiently large overpotential that
complete reduction or oxidation occurs at the two electrodes. Equation 3.12 is
in this sense far more general than the results of the simulations of the previous
section.

Finally, we note that, while the derivation above focused solely on the diffusion-
limited current, it is straightforward to generalize it to the whole voltammogram so
long as the heterogeneous reaction kinetics are reversible. The result in this case is
simply that the whole voltammogram scales with CR1 and CO1 in the same manner
as the limiting current, as described above. For the case of quasireversible kinetics,
on the other hand, a more complex calculation would be required for values of the
potential in the vicinity of the half-wave potential; such a calculation lies beyond
the scope of the present work.

3.4 Experimental methods

Potassium chloride, ammonium persulphate ((NH4)2S2O8) and 1,1-ferrocene
dimethanol were obtained from Sigma-Aldrich in analytical grade and used with-
out further purification. Chromium etchant was obtained commercially from
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Transene Co. Inc. Deionized and filtered water was obtained from a Milli-Q
Advantage ultrapure water system. 1 M KCl (Sigma-Aldrich) was used as sup-
porting electrolyte.

To prepare solutions with fully oxidized redox species, 50 µL of 100 mM
(NH4)2S2O8 was added to 10 ml of a 1 mM 1,1-ferrocene dimethanol aqueous
solution purged with nitrogen for 10 min. Cyclic voltammetry at an ultramicro-
electrode was employed to verify that the solution was fully oxidized.

The nanogap device (as shown in Figure 3.3) was fabricated on a silicon sub-
strate employing techniques reported previously24, 27 except that photolithogra-
phy was employed instead of electron-beam lithography. The fabricated devices
contained two Pt electrodes separated by a Cr sacrificial layer of thickness 60 nm.
The bottom electrode was 3 µm in width and 34 µm in length. The top electrode
was 9 µm in width and 10 µm in length. The active region of the device was
defined as the volume encompassed by the overlapping top and bottom electrodes
(3 µm × 10 µm × 60 nm). The access holes were located at the top of the device,
8 µm away from the ends of the top electrode. Directly before the measure-
ments, the sacrificial layer was chemically removed using a wet chromium etch
at room temperature, thus forming the nanochannel. The etching procedure was
monitored electrically by measuring the resistance between the top and bottom
electrodes.

(a)

(b)

Top electrode

Bottom electrode

Access holes

A

60 nm

Ag/A
gClET

BE

e
-

e
-

10 µm8 µm

A

Figure 3.3: (a) Schematic diagram of the experimental configuration. (b) Top view optical
images of a device with the zoomed in part showing the nanogap region.

Electrochemical experiments in the nanogap devices were performed with two
Keithley 6430 sub-femtoampere source meters used both as voltage sources to
bias the electrode potentials and as current meter. The Keithley instruments were
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controlled remotely using custom Labview code. Electrochemical measurements
using a polished carbon ultra micro electrode (UME) of radius 5.5 µm (BASi MF-
2007) were performed with a bipotentiostat (CHI832B, CH Instruments). For all
the measurements the potentials were applied with respect to a 3 M Ag/AgCl
reference electrode (BASi). No auxiliary electrode was used in either case due to
the low current level through the reference electrode. All the experiments were
carried out at room temperature (21 ± 2 ◦C).

3.5 Experimental results

The measurement started with the cyclic voltammetry of the 1,1-ferrocene
dimethanol solution using a carbon UME, as shown in Figure 3.4 (black curve).
The electrode potential was swept between 0 and 0.5 V vs. Ag/AgCl and a sig-
moidal oxidation wave was observed with half wave potential E0′

= 0.24 V, as
expected for 1,1-ferrocene dimethanol. The corresponding voltammorgram for
1,1-ferrocene dimethanol in the oxidized form is also shown in Figure 3.4 (red
curve), where a reduction wave is now observed. The limiting currents for the
cases of bulk solution with R (black curve) and O (red curve) species are propor-
tional to DR and DO, respectively. Therefore, the ratio of the wave heights of
the two curves in Figure 3.4 gives the diffusivity ratio, γ = DO/DR. Our data
yield γ = 0.80 ± 0.01, which is closely comparable to the values reported in the
literature.8

Immediately following the UME experiments, we performed measurements in
nanogap devices using the same solutions. The devices were filled with solution
containing only reduced species. The top electrode was scanned from 0 to 0.5 V vs.
Ag/AgCl while keeping the bottom electrode at a reducing potential (0 V) or an
oxidizing potential (0.5 V). The former configuration corresponds to the feedback
mode and the latter to the SG/TC mode in SECM. The measured voltammograms
for the two scanning modes are shown in Figure 3.5 (black curves). The figure
includes voltammograms for both the top and the bottom electrodes; the curves
are essentially identical except for a sign reversal in the current, as expected for
redox cycling. Contrary to SECM studies,7, 8 the limiting current is independent
of which electrode is reducing or oxidizing. As discussed above, we attribute this
difference to the fact that here the coupling between the bottom electrode and the
bulk reservoir is weak enough that the composition of the bulk remains essentially
unaffected by reactions taking place in the nanogap device.
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Figure 3.4: Cyclic voltammograms using a carbon UME for 1,1-ferrocene dimethanol solu-
tion in the reduced form (black curve) and the oxidized form (red curve). The ratio of the limiting
currents in the two voltammograms yields the ratio of the diffusion coefficients, γ = DO/DR.
Scan rate 20 mV/s.
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Figure 3.5: Cyclic voltammograms for a nanogap device. The bottom electrode is kept at a
reducing (solid lines) or oxidizing (dashed lines) potential while the top electrode is swept. The
solution in the bulk solution outside the device contained 1,1-ferrocene dimethanol in either the
reduced (black lines) or oxidized (red lines) form. The current at both electrodes is shown for
each case, as identified by the labels ’Top’ and ’Bottom’. The limiting current is independent of
which electrode is reducing or oxidizing, but is systematically lower by a factor 0.83±0.03 when
the bulk solution is in the oxidized form (red lines). Scan rate 20 mV/s.
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The same set of experiments was repeated using the solution containing fer-
rocene in the oxidized form. The measured curves are also shown in Figure 3.5
(red curves). Again, the steady-state current is independent of choice of which
electrode is reducing or oxidizing, that is, of the mode of operation. The limiting
current is however decreased compared to the case with reduced molecules in the
bulk solution (black curves) in a manner reminiscent of the UME measurements.
The measured ratio of the limiting currents for the two cases is 0.83 ± 0.03.
Equation 3.4 and Equation 3.5 predict that this ratio should correspond to the
diffusivity ratio, γ. This is fully consistent with the value of this ratio determined
from the UME measurements, γ = 0.80 ± 0.01.

3.6 Summary

In summary, we have derived a general expression, Equation 3.12, for the diffu-
sion limited current in redox cycling. We have shown theoretically that Equation
3.12 is valid for any mixture of R and O species in the bulk solution and in-
dependent of the geometry of the redox cycling device. Our theoretical results
indicate that the diffusion-limited current is influenced by the redox state of the
species in the surrounding bulk solution and not by the choice of which electrode is
reducing or oxidizing. These predictions were tested experimentally using micro-
fabricated nanogap electrodes and good quantitative agreement was found. Our
results provide a straightforward way of eliminating possible systematic errors
due to unequal diffusion coefficients in a broad range of redox cycling systems.

For the specific case of the SECM configuration, it was instead reported ear-
lier that the choice of which electrode is reducing or oxidizing influences the cur-
rent.7, 8 There is no contradiction with the present conclusions, however, since
in the SECM case the contents of the “bulk” solution near the tip electrode is
determined by the bias of the macroscopic working electrode and is not an inde-
pendently controlled parameter as in the general case discussed here.
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Chapter 4
Response Time of Nanofluidic
Electrochemical Sensors

Nanofluidic thin-layer cells count among the most sensitive electrochemical
sensors built to date. Here we study both experimentally and theoretically the
factors that limit the response time of these sensors. We find that the key lim-
iting factor is reversible adsorption of the analyte molecules to the surfaces of
the nanofluidic system, a direct consequence of its high surface-to-volume ratio.
Our results suggest several means of improving the response time of the sensor,
including optimizing the device geometry and tuning the electrode biasing scheme
so as to minimize adsorption.

The contents of this chapter have been published as: Shuo Kang, Klaus Mathwig and Serge
G. Lemay, Response Time of Nanouidic Electrochemical Sensors, Lab Chip, 2012, 12, 1262–1267.
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4.1 Introduction

Electrochemical (bio)sensors with increasingly complex geometries are being
created for integration into lab-on-a-chip systems.1–4 One particularly promising
approach is so-called redox cycling, in which analyte molecules are repeatedly
oxidized and reduced at multiple, closely-spaced electrodes. The amplification of
faradaic currents inherent to redox cycling can yield important gains in sensitivity
and selectivity, while at the same time reducing the volume of sample needed for
analysis.5–7 A key performance criterion for electrochemical (bio)sensors is speed:
for example, the response time of modern commercialized blood glucose meters
is typically below 15 seconds.8 The factors limiting the response time of “classic”
thin-layer cells and the transient response of redox cycling devices have been
studied.9–11 Additional factors that may be relevant in nanoscale redox cycling
devices have however not been explored in detail to date.

Here we present measurements as well as a theoretical analysis of the chronoam-
perometric transient response of nanoscale redox cycling sensors. Our measure-
ments employ nanogap transducers, which consist of two parallel, closely spaced
electrodes separated by a thin (70 nm) liquid-filled channel. By virtue of their
geometry, these devices exhibit some of the highest levels of redox cycling ampli-
fication reported to date.12 Surprisingly, we find that the response time of this
type of sensor is predominantly limited by adsorption of the redox species onto
the channel and electrode surfaces. This increased role for adsorption is a direct
consequence of the high surface-to-volume ratio inherent to nanofluidic devices.
These results suggest several methods for improving the response time of the de-
vices. Our conclusions are also applicable to other miniaturized electrochemical
sensor configurations, especially those based on redox cycling.

4.2 Experimental

4.2.1 Nanofluidic devices

Nanogap sensors were fabricated as described previously,12 except that optical
lithography was used to define all the structures instead of electron-beam lithog-
raphy. In brief, on a 4-inch Si wafer isolated with 500 nm thick thermally grown
SiO2, a 20 nm thick Pt bottom electrode, a 60 nm thick Cr sacrificial layer and a
100 nm thick Pt top electrode were sequentially deposited by electron-beam evap-
oration and patterned using a lift-off process based on a positive photoresist (OIR
907-17, Arch Chemicals). Afterwards, a passivation layer consisting of 90 nm/325
nm/90 nm thick PECVD SiO2/SiN/SiO2 was deposited. Access holes were then
etched through the passivation layer in a RIE etcher, reaching the Cr sacrificial
layer. Finally, the sacrificial layer was etched by immersing the device in Cr
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etchant, creating a nanochannel. Figure 4.1 a shows schematic cross-sections of
the devices.
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Figure 4.1: Schematic device cross-sections along the longitudinal axis (top) and transverse
axis (bottom) at the stage prior to Cr etching (not drawn to scale). (b) Optical microscope top
view image of device of type L10H2, in which the sacrificial Cr layer has been etched; the arrows
indicate the lines corresponding to the schematic cross-sections in (a). (c) and (d) Devices of
type L50H2 and L50H1, respectively, prior to Cr etching. (e) Cyclic voltammetry of a device of
type L50H2 filled with 1 mM Fc(MeOH)2 and 1M KCl with the potential of the top electrode,
Et, being swept while the potential of the bottom electrode, Eb, was held at 0V.

Three designs with different geometries were employed, as shown in Figure 4.1
(b)-(d). In short, devices of type L10H2 had a 10µm long detection region with
access holes for samples located at both ends of the detection region. Devices
of type L50H2 were essentially identical to type L10H2, except that they had a
longer (50 µm) active region. Finally, devices of type L50H1 were identical to type
L50H2 except that they had only a single access hole located at one end of the
active region; the other end of the active region was blocked. Detailed dimensions
for the three designs are given in Table 4.1.

4.2.2 Electrical measurements

Multi-potential-step chronoamperometry measurements were performed with
two Keithley 6430 sub-femtoamp remote sourcemeters (Keithley Instruments)
that were controlled with in-house LabVIEW software. A standard Ag/AgCl
electrode (3M NaCl, BASi) served both as reference and counter electrode. This
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Device name L10H2 L50H2 L50H1
Length of top electrode (µm) 10 50 50
Width of top electrode (µm) 5 5 6
Width of bottom electrode (µm) 3 3 3
Number of access holes 2 2 1
Size of access holesa(µm × µm) 4×4 2×2 2×2
Distance of the access holes from the
edge of the top electrodeb(µm)

2 2 2

aThe corners of the access holes become rounded during lithography.
bThere is some random offset in the real devices compared to the mask
design due to the alignment tolerance in lithography.

Table 4.1: Dimensions of the three types of devices used in this study.

configuration is appropriate since the current flowing through the reference elec-
trode is negligibly small.12 The reference electrode was immersed in a PDMS
reservoir with an opening at the bottom that contacted the device.

4.2.3 Chemicals

Potassium chloride, KCl, was purchased from Sigma-Aldrich (cat. no.P3911),
and Ferrocenedimethanol, Fc(MeOH)2, from Acros (cat. no. 382550010). The
chromium etchant (Selectipur) was from BASF and the sulphuric acid, H2SO4,
from Sigma-Aldrich (cat. no. 339741). All chemicals were used as received and
the solutions were prepared using 18.2 MΩ cm MilliQ water.

4.2.4 Electrode cleaning

Prior to electrochemical measurements, the devices were cleaned by filling with
a solution of 0.5M H2SO4 and repeatedly sweeping the electrode between -0.15
V and 1.15 V vs. Ag/AgCl until a reproducible voltammogram was obtained.

4.3 Results and discussion

The basic operation of a device of type L50H2 is illustrated in Figure 4.1 e,
which shows a cyclic voltammogram in the presence of 1 mM Fc(MeOH)2 and 1M
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KCl as supporting electrolyte. The steady-state oxidation current collected at the
top electrode is equal and opposite to the reduction current collected at the bottom
electrode, as expected for redox cycling. Because the kinetics of Fc(MeOH)2 are
essentially reversible under the present conditions,12 the magnitude of the steady-
state current, iss, is simply given by diffusive mass transport combined with the
Nernst equation,13

iss =
nFADcb

z

(
1

1 + e−fηt

)
(4.1)

here n represents the number of electrons transferred per molecule (n=1 for
Fc(MeOH)2), F the Faraday constant, A the overlap area between top and bot-
tom electrode, D the diffusion coefficient (5.6 ×10−6cm2/s for Fc(MeOH)2)∗, cb
the bulk concentration of the redox species, f = F/RT with R the gas constant
and T the absolute temperature, ηt = Et-E0′

the overpotential applied to the top
electrode, and z the distance between the two electrodes. The latter has a value
z = 70 nm, as deduced from the diffusion-limited steady-state current at high
overpotential (fηt >> 1). This is slightly higher than the thickness of the sacri-
ficial Cr layer (60 nm), which we attribute to slight buckling of the top electrode
after the sacrificial Cr layer was etched.

4.3.1 Multi-potential-step chronoamperometry

To investigate the transient response of the devices, we filled a device with
an aqueous solution of 1 mM Fc(MeOH)2 and 1M KCl as supporting electrolyte.
We then applied a series of step-wise perturbations to the biasing potential of
one of the electrodes while holding the potential of the other electrode fixed. The
resulting electrochemical current response was measured as a function of time.
For example, Figure 4.2 a shows the potentials applied to the two electrodes of a
device of type L50H2; the potential of the bottom electrode was kept at 0 V while
the top electrode was stepped at regular intervals. The resulting current-time
response is shown in Figure 4.2 b.

Each time that the voltage applied to the top electrode was stepped, the redox
cycling current suddenly jumped to a different value, then gradually settled to a
new steady-state current. This new steady-state current corresponded to the
value iss given by Equation 4.1, as expected. Importantly, however, increasing
the voltage typically caused the current to initially jump to a value lower than
iss, a counterintuitive behaviour that cannot be predicted from inspection of
the steady-state voltammogram. Conversely, stepping the potential downward
typically caused an initial increase in the current. Furthermore, the duration of the

∗Determined from the diffusion-limited current at a 5 µm radius platinum ultramicroelec-
trode.
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(a)

(b)

Top electrode
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Top electrode

Bottom electrode

Figure 4.2: Multi-potential-step chronoamperometry of a device of type L50H2 filled with
an aqueous solution of 1 mM Fc(MeOH)2 and 1M KCl as supporting electrolyte. (a) Potentials
applied as a function of time to the top (black) and bottom (red) electrode. (b) Corresponding
current-time response.

transient was longer for more positive potentials at the top electrode, indicating
that the dynamic response of the device is limited by a potential-dependent effect.

To better quantify this potential dependence, a modified multi-potential-step
chronoamperometry measurement was carried out in which the potential of the
bottom electrode was kept at 0 V while a sequence of potential steps was applied
to the top electrode, as shown in Figure 4.3 a. Before each step, the potential of
the top electrode was returned to 0 V so as to initialize the device to the same
state. The corresponding amperometric response is illustrated in Figure 4.3 b (a
similar experiment in which the bottom electrode was kept at 0.5 V, an oxidizing
potential, instead of 0 V, a reducing potential, is shown in Appendix A). No
current flowed in the “initialization” stages where both top and bottom electrodes
were biased at 0 V, as expected. When the potential of the top electrode was
stepped up, the current first jumped to a finite value, then continued to increase
gradually until the steady-state current iss was approached. Higher potentials
resulted in longer transients and larger departures of the current from its steady-
state value in the early part of the transients.
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Figure 4.3: Modified multi-potential-step chronoamperometry of a device of type L50H2
filled with an aqueous solution of 1 mM Fc(MeOH)2 and 1M KCl as supporting electrolyte.
(a) Potentials applied as a function of time to the top (black) and bottom (red) electrode. (b)
Corresponding current-time response.

Quantitatively, the response time t90 (defined as the time to reach 90% of
iss after a perturbation) increased from 5.3 s to 8.1 s and 11.1 s when stepping
from 0 V to 0.4 V, 0.45 V and 0.5 V, respectively. For a linear system, one would
expect the response time to be independent of the size of the stimulus step. The
experimental results therefore indicate that, surprisingly, the response is not linear
in the applied voltage.

To quantify the magnitude of the transient, we define the transient fraction,
FTS , as the ratio of the current excursion away from its new steady-state value,
∆i, and the current level at steady state iss: FTS =∆i/iss. For steps to 0.4 V,
0.45 Vand 0.5 V in Figure 4.3, the observed transient fractions were 75%, 84%
and 89%, respectively. Once again, the dependence of the transient fraction on
the size of the potential step reflects an underlying nonlinearity.

4.3.2 Transient response analysis

The above results show that the response time of the device varies from a few to
a dozen seconds depending on the biasing potential. Several possible mechanisms
can be ruled out as the origin because they take place in much shorter time
scales: the sourcemeters have a rise time of several ms, much faster than the
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observed response; we estimate the RC time of capacitive currents due to charging
of the ionic double layer at the electrodes to be only 0.53 ms, as discussed further
in Appendix A; and the concentration gradient of redox molecules across the
nanochannel is established on a time scale τ = z2/2D = 4.4 µs after a change in
potential, again much shorter than the observed response.

As argued in detail below, we instead interpret the long transient time as the
slow diffusive response to potential-dependent adsorption.14 A change in adsorp-
tion of redox molecules at the electrodes after a voltage step causes a temporary
concentration difference between the nanochannel and external reservoir; to bring
the concentration back into equilibrium, molecules need to diffuse along the length
of the nanochannel.

In a first estimate, the time for molecules to diffuse from the access holes
of a nanochannel to its centre can be approximated by (L/2)2/2D, where L is
the length of the channel. For device type L50H2, this gives a value of 0.65 s.
While shorter than the transient times observed in Figure 4.2 and Figure 4.3, this
already suggests that longitudinal diffusion of the redox-active species along the
length of the device may indeed be implicated in the observed slow response.

To further test this interpretation, we measured the response time of the three
device geometries listed in Table 4.1 under identical measurement conditions.
The expected ratio of response time between devices of type L10H2, L50H2 and
L50H1 was 1 : 15 : 55 (L/2 = 7 µm and 27 µm for devices of type L10H2 and
L50H2, respectively; for type L50H1, L = 52 µm should be used instead of L/2
for the estimation due to the unique access hole at the end of the channel). The
measured current responses, i(t)/iss, are shown in Figure 4.4 a. The observed
response times were t90 = 0.31 s, 5.5 s and 19.5 s, corresponding to a ratio 1 : 18
: 65 and consistent with the above estimate. This supports the hypothesis that
longitudinal diffusion is responsible for the observed transient response.

In addition to correctly predicting the dependence of t90 on geometry, longitu-
dinal diffusion can also quantitatively explain the counterintuitive transient shape
observed in Figure 4.2 and Figure 4.3. At any given moment, the redox-cycling
current i(t) is proportional to c(t), the concentration of redox species present in
the channel averaged over the volume of the channel:

i(t) =
c(t)

cb
iss (4.2)

When a potential step is applied, the distribution of molecules inside the channel
is altered, resulting in a transient c(t). To determine the theoretically expected
form of c(t) we numerically solved the diffusion equation, ∂c/∂t = Deff∂

2c/∂x2 as
detailed in Appendix A. Here Deff is an effective diffusion coefficient inside the
channel, as discussed further below. The numerical solutions for the current are
well described by an analytical expression,
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Figure 4.4: (a) Measured current responses i(t)/iss of devices of type L10H2, L50H2 and
L50H1 to a potential perturbation from 0 V to 0.4 V applied to one electrode while keeping the
other electrode at 0 V. The red lines are fit to Equation 4.3. (b) Response time t90 of device of
type L50H2 to potential steps with different magnitudes in 1 mM Fc(MeOH)2 (triangle) and 1
µM Fc(MeOH)2 (square). In order to obtain comparable data, the same device was used for all
the measurements and the electrode was cleaned with H2SO4 before each measurement.

i(t) = i(0+) + (iss − i(0+)) erf

(
2.97γ

(
Defft

L2

)0.6
)

(4.3)

where i(0+) is the value of current immediately after the potential step, iss is the
new steady-state current and γ is a numerical constant with a value γ = 1 and
0.60 for devices with two and one access hole(s), respectively. This analytical form
can be fitted to the experimental data and the value of Deff can be extracted.

Fits of the measured current transients to Equation 4.3 are shown in Figure
4.4 a. The shape of the transients matches very well with the fits, which provides
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strong evidence that the dynamic response of the nanofluidic device is indeed
determined by longitudinal diffusion of the analyte molecules in the nanochan-
nel. The fitted values of the effective diffusion constant, 8.0 ×10−7cm2/s, 8.5
×10−7cm2/s and 5.4 ×10−7cm2/s for the device of type L10H2, L50H2 and
L50H1, respectively, are however one order of magnitude smaller than the dif-
fusion constant measured in bulk (5.6 ×10−6cm2/s). This indicates that diffusion
of the redox species in the channel is dramatically slowed down compared to that
in bulk solution.

4.3.3 Adsorption-limited diffusion

Our experimental data exhibit two unexpected features. First, changing the
potential of an electrode leads to temporary decreases or increases in the channel
concentration c(t). Second, the effective diffusion coefficient in the channel, Deff ,
is smaller than the bulk diffusion coefficient, resulting in longer transients than ex-
pected from unconstrained diffusion. We propose that both of these effects share
a common origin, namely, reversible adsorption of the analyte molecules onto the
channel walls. Adsorption plays a particularly important role in nanochannels
due to their high surface-to-volume ratio, and it is well documented that dynamic
adsorption results in an apparent decrease of the diffusion coefficient.14–20 Fur-
thermore, the degree of adsorption of redox species to an electrode was shown to
depend on the potential applied to that electrode.14 As a consequence, molecules
are adsorbed or desorbed when changing the potential at an electrode, resulting
in the temporary depletion or accumulation of redox molecules inside the channel.

The adsorption scenario† corresponding to the data of Figure 4.2 and 4.3 is
illustrated in Figure 4.5. In the first case considered, shown in the left column,
the potential of the top electrode is stepped from 0 V to 0.5 V while the potential
of bottom electrode is kept at 0 V. At time t1, before the potential step, all the
molecules are in the reduced form; the concentration of analyte molecules in the
nanochannel, c(t1), then equals the bulk concentration in the external reservoir,
cb, and there is no faradaic current. Some molecules are additionally adsorbed to
the electrode surfaces. When the potential of the top electrode is stepped to 0.5
V at time t2, redox cycling starts and molecules are oxidized at the top electrode.
If these oxidized molecules adsorb more strongly to the top electrode than the
reduced molecules did prior to the voltage step, the number of diffusing molecules
remaining in the channel is temporarily decreased. Consequently, more molecules
must enter the channel from the outside reservoir so as to re-establish the concen-
tration balance until, at time t3, the bulk concentration in the nanochannel, c(t3),
equals the bulk concentration, cb, and a new steady state is approached. At time
t2, stepping to a higher potential causes more molecules to be adsorbed, leaving

†The senario is based on the assumption that the adsorption and desoprtion time are much
shorter than the typical time for molecules to diffuse through the channel.19
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fewer freely diffusing molecules in the channel, and causing the initial current to
depart further from the new steady-state value. This shows how, in Figure 4.3 b,
FTS can increase with the biasing potential of the top electrode. Higher adsorp-
tion further means that Deff decreases with increasing potential, which in turn
causes the transients to last longer at higher top electrode potential, as observed.
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Figure 4.5: Adsorption (left column) and desorption (right column) scenario.

The reverse effect is sketched in the right column of Figure 4.5. Before the
potential step, at time t4, both of the electrodes are biased at 0.5 V, all the
molecules inside the nanochannel are oxidized (c(t4) = cb) and no redox cycling
current is generated. Additional oxidized molecules are adsorbed to the electrode
surfaces. At time t5, when the potential of the top electrode drops from 0.5 V
to 0 V, redox cycling starts and molecules desorb from the electrode, temporarily
increasing the concentration of freely diffusing molecules in the channel, and hense
the current then gradually decreases until diffusive equilibrium with the external
reservoir is re-established. This effect is responsible for the current increases
observed in the second half of Figure 4.2 b.

The data above are representative of measurements on more than 20 devices.
We have however observed that Deff , and therefore the amount of adsorption,
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varied slowly over time for a given device. For example, storing devices for a day
in MilliQ water usually resulted in a smaller value of Deff . Occasionally, devices
with a freshly etched Cr sacrificial layer exhibited opposite tendencies to those of
Figures 4.2 and 4.3, as shown in Appendix A. Such sample history dependence
is not surprising since adsorption is extremely sensitive to trace contaminants on
the channel surfaces. Cleaning with H2SO4, as described in the Experimental
section, helped to ensure reproducible starting conditions.

4.3.4 Improving the response time of nanogap transducers

The above finding that the transient response of nanofluidic thin-layer cells is
dominated by adsorption suggests several ways to improve the response time of
the sensor.

For adsorption-limited diffusion, the mean time for molecules to diffuse along
the channel scales as the square of the length of the device. A short device
provides a faster response, but at the cost of lower signal levels. By designing long
devices with multiple access holes, or building multiple short devices in parallel,
the response time can be shortened while maintaining high signal levels.

Less intuitively, Figure 4.2 b and Figure 4.3 b show that the response time
is influenced by the biasing potential. This is further demonstrated in Figure
4.4 b, which shows the response time as a function of electrode potential for two
concentrations of Fc(MeOH)2 in 1M KCl. The response time at low concen-
tration (1 µM Fc(MeOH)2) was longer than that at high concentration (1 mM
Fc(MeOH)2). This indicates that adsorption is more pronounced at low concen-
trations. This observation is consistent with the commonly observed Freundlich
adsorption isotherm,21 as well as consistent with previous observations in nanogap
devices.20 Importantly, the response times also increased with increasing elec-
trode potential. This is a very significant effect: with 1 mM Fc(MeOH)2, the
response time increased from 2.8 s to 6.1 s for electrode potentials of 0.4 V and 0.5
V, respectively, even though both of these potentials are sufficiently high that the
diffusion-limited steady-state current is observed in both cases. Similarly, with 1
µM Fc(MeOH)2, the response time went from 5.6 s to 20.4 s at these potentials.
This therefore leads to the important conclusion that the response time of redox
cycling sensors can be decreased significantly without loss of signal by choosing
operating potentials that minimize adsorption.

Finally, it has been shown that functionalization of the electrodes with self-
assembled monolayers of organothiol molecules bearing polar end groups can re-
duce adsorption.14 The present analysis indicates that doing so would correspond-
ingly improve the response time of redox cycling sensors.
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4.4 Conclusions

We have found that the chronoamperometric response time of redox cycling
nanofluidic thin-layer cells is limited by adsorption of redox molecules to the
nanochannel surface. Observed trends in the duration, the magnitude, the de-
pendence on device geometry and on electrode potential of the transients are
consistent with this interpretation, and the experimentally observed form of the
transients is in excellent agreement with simulations based on diffusive mass trans-
port. The observed response times were found to be an order of magnitude longer
than expected if adsorption is not taken into account. These findings have impor-
tant consequences for the design of thin-layer cell sensors since the slowing effect
of adsorption can be mitigated by an appropriate choice of electrode material,
device geometry and bias potential.
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Chapter 5
Reversible Adsorption of
Outer-sphere Redox Molecules at
Pt Electrodes

Adsorption often dominates the response of nanofluidic systems due to their
high surface-to-volume ratios. Here we harness this sensitivity to investigate the
reversible adsorption of outer-sphere redox species at electrodes, a phenomenon
that is easily overlooked in bulk measurements. We find that, even though ad-
sorption does not necessarily play a role in the electron-transfer process, such
adsorption is nevertheless ubiquitous for the widely used outer-sphere species.
We investigate the physical factors driving adsorption and find that this counter-
intuitive behavior is mediated by the anionic species in the supporting electrolyte,
closely following the well-known Hofmeister series. Our results provide founda-
tions both for theoretical studies of the underlying mechanisms and for contriving
strategies to control adsorption in micro/nanoscale electrochemical transducers
where surface effects are dominant.

The contents of this chapter have been published as: Dileep Mampallil, Klaus Mathwig,
Shuo Kang and Serge G. Lemay, Reversible Adsorption of Outer-Sphere Redox Molecules at Pt
Electrodes, J. Phys. Chem. Lett., 2014, 5 (3), 636–640.
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5.1 Introduction

An ideal outer-sphere electron-transfer reaction between a molecule in solu-
tion and an electrode involves the tunnelling of one or more electrons without
significant chemical interactions developing between the two. This is in contrast
to inner-sphere reactions that by definition entail some form of linkage between
the molecule and the surface – ranging from covalent binding to adsorption at
specific sites – before the reaction can proceed.1 Outer-sphere reactions are often
associated with fast electron transfer that is relatively independent of the nature
of the substrate.

Classification into inner- and outer-sphere reactions however pertains only
to the electron-transfer mechanism. A reaction proceeds along an outer-sphere
pathway and does not in itself rule out the possibility of residual interactions
between the electrode and the molecule(s) involved, insofar as such interactions do
not influence the electron-transfer process. A prototypical illustration is the case
of a redox species immobilized at an electrode, an approach which was famously
employed to quantitatively study electron tunnelling in outer-sphere reactions.2
One can similarly envision that residual interactions between the reduced and/or
oxidized forms of a redox species and an electrode lead to some degree of weak
adsorption. While not directly involved in electron transfer, such adsorption can
nonetheless affect electrochemical experiments by influencing mass transport.

It is widely accepted that small cations and anions in solution can adsorb
onto solid electrodes.3 In general terms, adsorption of a particular species results
from a difference in (Gibbs) free energy between the species in bulk solution and
at the surface. The microscopic driving mechanism can be enthalpic, entropic,
or some combination thereof, and the degree of adsorption is thus sensitive to a
broad range of tunable parameters that include temperature, the nature of the
solvent, the degree of electrification of the electrode, the presence of other species
at the surface and, of course, the identity of the adsorbing species. For example,
the degree of specific adsorption of anions on metal electrodes is ion specific and
increases in the order F−, SO2−

4 , Cl−, Br−, I−.4–6 Specific adsorption of ions can
in turn change an electrode’s interfacial potential distribution7, 8 and potential of
zero charge,9, 10 with the largest shift arising for the most polarizable ions (e.g.,
Br− and I−). It has further been argued that specific adsorption of anions can
influence electrochemical processes, for example through the formation of ‘bridges’
between a redox-active species and an electrode that increase the reaction rate.8, 11

Given the ubiquity of adsorption, it is reasonable to expect that redox species
can also exhibit some level of adsorption at electrodes, even when this is not a
necessary step in the electron-transfer process. Here we use the term adsorp-
tion in its broadest sense to refer to a total surface excess that includes both
physi- and chemisorption. Measuring such adsorption however represents a sig-
nificant challenge since the corresponding surface concentration can represent only
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a small fraction of a monolayer. For example, quartz microbalance experiments
were initially interpreted as indicating detectable levels of adsorption but this
interpretation was later disputed when it was suggested that the data could be
understood solely by invoking relatively subtle changes in solution density and
viscosity caused by redox reactions.12 Less controversially, metal nanoparticles
functionalized with ferrocene groups were also found to exhibit adsorption at Pt
electrodes.13

One situation in which even a mild degree of adsorption can have a significant
impact on measurements is in micro- or nanofluidic measurement systems. The
last decade has seen a surge of activity aimed at creating miniaturized channels
and electrodes suitable for electrochemical measurements on minute amounts of
solution.14 The motivations for these advances range from fundamental studies of
electron transfer and mass transport, to the development of miniaturized analyt-
ical methods suitable for point-of-care diagnostics.15 An inherent feature of such
miniaturized systems is their high surface-to-volume ratio,16 which can greatly
magnify the influence of any surface interaction compared to measurements at
more conventional macroscopic or micron-scale electrodes. Over recent years our
group has performed a series of redox-cycling measurements at pairs of electrodes
separated by nanogaps with heights below 100 nm suggesting that reversible ad-
sorption is ubiquitous in these systems. We find that at high concentrations of
redox species, adsorption dominates the noise properties of nanoscale sensors17, 18
and limits their response time,19 while at ultra-low-concentrations it significantly
decreases the current levels generated by individual molecules.20 Quantitatively
understanding electrochemical processes in these systems thus requires revisiting
the possible influence of adsorption.

Here we take advantage of our nanofluidic approach to investigate adsorption
of outer-sphere redox couples. The nanogap geometry facilitates the measure-
ments in three distinct manners: (1) it creates a very high surface-to-volume
ratio, which increases the relative number of adsorbed molecules and therefore
magnifies the influence of adsorption at the surfaces, (2) it insures that the abso-
lute number of redox molecules in the detection region remains relatively small,
which allows stochastic spectroscopy methods to be applied to the signals, and (3)
it permits very efficient redox cycling, such that minute amounts of analyte, even
down to single molecules at sub-nanomolar concentrations, can be detected.20, 21
These factors render the method extremely sensitive even to small amount of ad-
sorption. Our observations provide a solid basis for understanding the underlying
physical mechanisms responsible for the adsorption.

A sketch of a nanogap device is shown in Figure 5.1 a. A detailed method
for making the devices using optical lithography is given in Appendix B, and an
optical image of a completed device is shown in Figure 5.1 b. All data shown here
employ Pt electrodes based on thin films created by electron-beam evaporation.
The active volume, namely, the volume sandwiched between the two redox-cycling
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electrodes, is defined by the length of the top electrode, La, the width of the
bottom electrode, wb, and the separation between the electrodes, h. Here we
employ two distinct families of devices, type 1 and type 2, with La × wb × h
= 100 µm × 3 µm × 130 nm and 10 µm × 3 µm × 60 nm respectively. The
redox-cycling current in a device is given by ilim = (enD/h2)Nsol, where −e is
the charge of the electron, n is the number of electrons transferred per cycle, D
is the diffusion coefficient, and Nsol is the number of molecules in solution inside
the active volume at a given instant. On average, 〈Nsol〉 = NALawbhc, where
NA is Avogadro’s number and c is the molar concentration of the redox species in
the reservoir of the device, which is independent of the level of adsorption at the
surface of the electrodes.

A

A

h

Ag/A
gCl

e-

e-

(a)

(b)

LaLe

Bottom electrode Top electrode

Access holes

Cross-sectionTop view

bw
tw

Figure 5.1: (a) Schematic diagram of the longitudinal cross-section of a nanogap device
used for redox cycling. The two electrodes are shown in pink. Also identified are the height
of the nanochannel, h, the length of the active redox-cycling region, La, and the length of the
access channels, Le. (b) Top view optical image of a device and schematic illustration of its
cross-section. The active region (red rectangle) is defined as the volume between the top and
the bottom electrodes. The widths of the bottom electrode and of the nanochannel are wb and
wt, respectively.

5.2 Discussion

We first illustrate how reversible adsorption can be directly observed in nanoflu-
idic systems through two separate experiments, potential-step amperometry and
electrochemical correlation spectroscopy, as summarized in Figure 5.2. Each of
these experiments furnishes two independent signatures of adsorption, emphasiz-
ing its broad impact on redox-cycling measurements.
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Figure 5.2: Redox-cycling measurements with 1 mM Fc(MeOH)2 in 1 M KCl. (a) Transient
response of the redox cycling current from a device of type 1 for a step change in the potential
of the top electrode (inset) while the bottom electrode is held at 0 V. Each curve represents
a different temperature, as indicated; the transient becomes shorter and less pronounced with
increasing temperature, both trends reflecting a decrease in adsorption as discussed in the main
text. (b) Power spectral density (PSD) of the fluctuations in the redox cycling current at different
temperatures using a device of type 2. The shift of the PSD towards higher frequencies with
increasing temperature reflects a combination of higher diffusion coefficients and decreasing
adsorption. The red lines are fits from which values of the crossover frequency f0,m can be
extracted. (c) Absolute degree of adsorption deduced from using Equation 5.1 (filled stars)
and Equation 5.2 (open triangles). The error bars represent the standard deviation from five
consecutive measurements.
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Potential-step amperometry gives the clearest qualitative signature of adsorp-
tion in nanogap devices by exploiting the fact that the degree of adsorption typi-
cally depends on the electrode potential. For example, adsorption of the oxidized
form of ferrocene is observed to be enhanced with increasing electrode poten-
tial.18, 19 Abruptly stepping the potential of an electrode to a higher potential
therefore causes a temporary decrease of the analyte concentration inside the
nanogap as more molecules become bound to the electrode; this local depletion
then recovers over time as more molecules diffuse from a large reservoir outside
the device. Correspondingly, the redox cycling current, which is proportional to
the local concentration of freely-diffusing analyte inside the nanodevice, is sup-
pressed immediately following the potential step. It then gradually recovers over
time, the rate of recovery being dictated by diffusion from the external reservoir
and into the nanodevice. Because this diffusion is hindered by adsorption, slower
recovery indicates increased adsorption. Both the magnitude of the initial current
suppression and the duration of the recovery are thus indications of the degree of
adsorption.19

This phenomenon is illustrated in Figure 5.2 a for 1 mM Fc(MeOH)2 in 1 M
KCl supporting electrolyte for a range of temperatures in device type 1. The
bottom electrode (reducing) was kept at 0 V. At room temperature (22 ◦C), a
∼50% suppression of the limiting current is observed upon stepping the potential
of the top electrode (oxidizing) from 0 V to 0.4 V, indicating enhanced adsorption
at the oxidizing electrode. The current then recovers to its diffusion-limited value
after ∼20 s. As the temperature is increased, the amplitude of the departure from
the limiting current and duration of the transient both decrease, reaching <5%
and 5 s, respectively, at 50 ◦C. These independent trends are mutually consistent.

Potential-step amperometry, while providing direct, qualitative evidence for
adsorption, is only sensitive to differences in adsorption between two different
electrode potentials. To measure the absolute amount of adsorbed molecules, we
instead rely on electrochemical correlation spectroscopy, which probes fluctuations
in the number of redox-active molecules inside the active volume resulting from
Brownian motion. We have shown earlier17, 22 that the random noise present in
the redox cycling current is dominated by these intrinsic equilibrium fluctuations.
The power spectral density (PSD) of the fluctuations, S(f), takes the relatively
simple form17 S(f) = S0,m/(1 + (f/f0,m)3/2), where the crossover frequency f0,m

is a parameter that quantifies the effect of Brownian motion. In the absence of

adsorption, f0,m takes the ideal value f0 = D
π

(
3

L2
a(La+6Le)

)2/3

. Here La and
Le describe the channel geometry, as given in Figure 5.1 a. In the presence of
adsorption the value of f0,m decreases below its ideal value; the absolute number
of adsorbed molecules at both electrodes, Nads, can then be extracted via the
expression17

Nads

Nsol
=

f0

f0,m
− 1 (5.1)
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We measured the current-time fluctuations of the redox-cycling current under
the same conditions as the data of Figure 5.2 a in type 2 devices with Le = 1 µm
and with the oxidizing and reducing electrodes set at 0.45 V and 0 V, respec-
tively; further details can be found in Appendix B. The corresponding PSDs
are shown in Figure 5.2 b. The spectra exhibit the expected form, crossing over
from white noise at low frequencies to a f−3/2 behavior above a characteristic
frequency f0,m. The crossover frequency clearly increases with increasing temper-
ature, indicating that molecules can enter and exit the detection volume faster at
higher temperatures. While one could expect an increase by a factor of 1.8 be-
tween 21 ◦C and 50 ◦C due to the increase of the diffusion coefficient D over this
temperature range (Appendix B), this is insufficient to explain the observed factor
4.3 change in f0,m. We attribute the additional increase to a change in adsorp-
tion with temperature. Applying Equation 5.1 yields the amount of adsorption,
Nads/Nsol, as a function of temperature, as shown by the filled stars in Figure
5.2 c. The adsorption decays monotonically with increasing temperature over
the temperature range investigated, consistent with the qualitative conclusions
from the transient measurements of Figure 5.2 a. Somewhat counter-intuitively,
Nads/Nsol is found to be of order unity or higher. This is a direct consequence
of the large surface-to-volume ratio: for a 1 mM solution in a 60 nm nanogap,
Nads/Nsol = 1 corresponds to a surface density of only 0.04 molecule per nm2,
well below full surface coverage.

In practice the spectral analysis described above requires extensive data and
prior knowledge of the diffusion coefficient of the molecules. We have earlier
demonstrated that the degree of adsorption can also be extracted from the to-
tal amplitude of the redox-cycling current fluctuations, IF,rms.18 In short, this
approach is model independent and relies solely on the assumption that analyte
molecules undergo independent Brownian motion. High adsorption translates
into more molecules participating to the redox-cycling process, but each molecule
contributing a smaller current; high adsorption thus leads to more averaging and
smaller fluctuations, as indicated by the equation

Nads

Nsol
=

1

Nsol

I2
F

I2
F,rms

− 1 (5.2)

here IF is the average redox-cycling current and for most of the measurements
described here IF = ilim. Strictly speaking, a correction is required to Equation
5.2 to account for the transverse motion of redox molecules in and out of the
active region since wc 6= wb as shown in Figure 5.1 b. Because these transverse
fluctuations occur at relatively high frequencies and are thus masked by motion in
the longitudinal direction, however, we simplify our analysis by neglecting these
corrections (see Appendix B for further details).

The value of IF,rms is readily obtained from amperometric current-time traces.
Figure 5.2 c shows the deduced degree of adsorption obtained using Equation 5.2
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(open triangles) as a function of temperature. The data once again show that an
increase in temperature by about 20 oC above room temperature decreases the
degree of adsorption by a factor of 2 to 3. Both Equation 5.1 and Equation 5.2
yield similar adsorption values;18 we ascribe the small mismatch at high temper-
atures to the uncertainty in determining IF caused by small fluctuations in the
temperature.

The measurements above show four separate ways in which adsorption of redox
species is made manifest in nanogap devices. All of these exhibit consistent trends
with temperature. For the remainder of this work, we concentrate on the method
of Equation 5.2 as it is general, quantitative and straightforward to apply to
experimental data.

The data of Figure 5.2 indicate that, perhaps counter-intuitively, the positively
charged oxidized form of Fc(MeOH)2 exhibits enhanced adsorption at positively
biased electrodes. This suggests that the adsorption might be mediated by the
negatively charged anions in the supporting electrolyte. To investigate this sce-
nario, we quantified the adsorption of Fc(MeOH)2 for different supporting elec-
trolyte anionic species while keeping the cationic species as K+. The results are
plotted in Figure 5.3. We find that the degree of adsorption increases according
to the anion sequence SO2−

4 ∼ F− < Cl− < Br− < I−. This sequence is closely
related to the well-known Hofmeister series,23, 24 which was originally introduced
to classify ions in terms of their ability to precipitate proteins. The relative ef-
fectiveness of anions or cations in a wide range of bio-chemical processes, for
example protein crystallization, colloidal systems and the adsorption of cationic
surfactants, to list a few, also follow the Hofmeister series.25, 26 The sequence
SO2−

4 , F−, Cl−, Br−, I− also corresponds to the direction of decreasing free en-
ergy of hydration.27 It is possible that anions, especially the ions such as Br− and
I− with low hydration energy, can partially deform their hydration shell in favor
of specific adsorption at the interface.5 In support of this scenario, the observed
sequence is close to the direction of increasing degree of specific adsorption of
anions on metal electrodes given as F−, SO2−

4 , Cl−, Br−, I−.4–6

Details of the interactions of molecules at the electrode-electrolyte interface
can be very complex. For example, many experimental studies in the literature
point to the possibility of binding between the adsorbed anions and the oxidized
molecules (ferrocenium ions). Surface ferrocenium ions can have entropically en-
hanced binding with low hydration energy anions present in the supporting elec-
trolyte through ion pairing.28–30 The formation energy of the ion pairs roughly
scales with the solvation energies of the anions28 which is consistent with the
Hofmeister series.

Surprisingly, we also observed a link between the type of anion and the lim-
iting current: with non-adsorbing anions like F− and SO2−

4 , we have observed
decreased limiting currents and voltammograms representing slow reaction kinet-
ics (see also Appendix B). Similar observations were reported in measurements
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Figure 5.3: The degree of adsorption of Fc(MeOH)2 versus anionic species present in the
supporting electrolyte at room temperature. The degree of adsorption increases according to
the sequence SO2−

4 ∼ F− < Cl− < Br− < I−. The oxidizing and reducing electrodes were kept
at 0.45 V and 0 V, respectively.

at nanoelectrodes with different supporting electrolytes.31, 32 These observations
were ascribed to a range of different mechanisms including adsorption,31 Frumkin
and dynamic diffuse-layer effects32 and ion pairing.33

The molecule-electrode interactions driving adsorption can of course be species
dependent. We quantified the degree of adsorption for five commonly employed
redox species, as summarized in Figure 5.4, all of which exhibited some degree
of adsorption. Among these, FcA− and [Fe(CN)6]

3− exhibited the lowest and
[Ru(NH3)6]

3+ the highest degree of adsorption. This is in contradiction with
the common assumption that [Ru(NH3)6]

3+ does not adsorb on noble metal
(gold) electrodes in electrochemical quartz crystal microbalance studies.12 On the
other hand, various other scenarios of the adsorption property of [Ru(NH3)6]

3+

were reported in the literature. For example, adsorption of positively charged
[Ru(NH3)6]

3+ at negatively charged silica surfaces is used for preparing Ru based
catalysts.34 Similarly, [Ru(NH3)6]

3+ adsorbs at anionic self-assembled monolayers
(SAM)35 especially at the domain boundaries and defects formed on the SAM.36

Singh et al.18 also reported adsorption of [Ru(NH3)6]
3+ on bare platinum elec-

trodes, where, contrary to other reports,34–36 adsorption was found to decrease
with increasing negative potentials on the electrodes. By analogy to the anion-
mediated adsorption of Fc(MeOH)2, we suggest that the counter-intuitive adsorp-
tion behavior of [Ru(NH3)6]

3+ may be mediated by the excess cations near the
electrodes at negative electrode potentials.
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Figure 5.4: The degree of adsorption for five different redox molecules, fer-
rocene carboxylic acid (FcA−), hexacyanoferrate-III ([Fe(CN)6]
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(Fc(MeOH)2), (ferrocenyl methyl) trimethyl ammonium ([FcMTMA]+) and hexaammine ruthe-
nium ([Ru(NH3)6]

3+) at room temperature. The potentials at the oxidizing and the reducing
electrode were 0.45V and 0V, respectively (or 0V and -0.4V for [Ru(NH3)6]

3+).

5.3 Conclusions

In summary, we have studied the adsorption of several outer-sphere electroac-
tive species at Pt electrodes. We find that adsorption plays a significant role in
both stepped-voltammetry and spectral measurements. Different degrees of ad-
sorption were observed for several commonly-employed outer-sphere redox couples
and surprisingly, [Ru(NH3)6]

3+, which is often considered as a particularly ideal
species, exhibited the highest adsorption among the molecules we studied. Sys-
tematic investigations with Fc(MeOH)2 suggest that its adsorption is mediated
by the anionic species in the supporting electrolyte and follows the well-known
Hofmeister series. Our results help to design measurement conditions where ad-
sorption can be controlled, for example in single-molecule electrochemistry mea-
surements where excess adsorption mainly limits the signal-to-noise ratio.20, 21
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Chapter 6
Electrochemical Single-Molecule
Detection in Aqueous Solution
Using Self-Aligned Nanogap
Transducers

Electrochemical detection of individual molecular tags in nanochannels may
enable cost effective, massively parallel analysis and diagnostics platforms. Here
we demonstrate single-molecule detection of prototypical analytes in aqueous so-
lution based on redox cycling in 40 nm nanogap transducers. These nanofluidic
devices are fabricated using standard microfabrication techniques combined with
a self-aligned approach that minimizes gap size and dead volume. We demonstrate
the detection of three common redox mediators at physiological salt concentra-
tions.

The contents of this chapter have been published as: Shuo Kang, Ab F. Nieuwenhuis,
Klaus Mathwig, Dileep Mampallil, and Serge G. Lemay, Electrochemical Single-Molecule De-
tection in Aqueous Solution Using Self-Aligned Nanogap Transducers, ACS Nano, 2013, 7 (12),
10931–10937.
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6.1 Introduction

Techniques for detecting and manipulating (macro)molecules in solution near
or at the single-molecule limit enable both fundamental studies and new analytic
applications.1–7 The latter include assays in which the sample has a microscopic
volume, such as single-cell analysis,8, 9 or in which the measurement inherently
requires such resolution, for example single-molecule DNA sequencing.10 Par-
ticularly interesting are purely electrical detection approaches that are compat-
ible with integrated electronics as they can lead to massively parallel assays at
low costs, enabling faster and cheaper point-of-care diagnostic11, 12 and clinical
tools.13 An important bottleneck in the development of such technology is the re-
alization of transducers that can effectively convert chemical information directly
into electrical signals at micro- and nanoscale detectors.

A candidate approach is electrochemical detection, an all-electrical, low-power
transduction mechanism that is highly compatible with microfabrication. We
recently demonstrated electrochemical single-molecule detection at the proof-of-
concept level in an organic solvent, acetonitrile, using nanogap devices.14 These
consist of two closely-spaced electrodes separated by a nanochannel, as sketched
in Figure 6.1 a. Redox cycling - the repeated, successive oxidation and reduc-
tion of analyte molecules at the two electrodes - provided the required charge
amplification.
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Figure 6.1: (a) Schematic of a nanogap device with ideal geometry: both the top and
bottom electrodes span the full width of the nanochannel. (b) Schematic cross-section of a
nanogap device with dead volumes due to alignment tolerances during microfabrication. This
lowers the redox-cycling efficiency. (c) Current-time traces simultaneously obtained at the top
(blue) and bottom (red) electrodes under redox cycling conditions (Et = 0.5 V and Eb = 0.35
V with 10 pM FcTMABr in 0.1M KCl aqueous solution). The traces have been vertically offset
for clarity. Discrete, anti-correlated current steps with amplitude ∼7 fA are generated each time
that an individual FcTMA+ molecule enters and subsequently exits the nanogap. Here two
events are observed during a 120 s period.

Even with highly efficient redox cycling, however, single-molecule detection
is characterized by extremely low current levels in the femtoampere (10−15 A)
range. This is near the limits of detectability at room temperature. As a result,
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and because the diffusion coefficient of redox molecules in water is lower than that
in typical organic solvents, measurements in water have proven unsuccessful so
far. Since most (bio)analytical samples take the form of aqueous solutions, the
ability to measure in water represents a key milestone in the further development
of single-molecule electrochemical assays.

Here we present the first nanofluidic single-molecule electrochemical measure-
ments in aqueous solution. This is made possible by a new microfabrication
approach based on a self-aligned process which refines the nanogap geometry
(eliminating the so-called dead volume illustrated in Figure 6.1 b) and facilitates
downscaling the gap size. This process is based entirely on conventional optical
lithography and is thus suitable for mass production. We demonstrate the ability
to detect common redox mediators including ferricyanide and ferrocene deriva-
tives as they freely diffuse in and out of the detection region of the transducer,
as illustrated in Figure 6.1 c. All measurements were performed near physio-
logical conditions, illustrating the compatibility of our approach with samples of
biological relevance.

6.2 Results and discussion

6.2.1 Self-aligned electrode fabrication

A key challenge in fabricating nanogaps is to minimize the distance between
the electrodes, z, while avoiding short circuits along the edges of the electrodes.
In earlier work,15–17 the bottom electrode, a sacrificial layer and the top electrode
were deposited in separate steps with the sacrificial layer completely enveloping
the bottom electrode in order to prevent any contact between the top and bot-
tom electrodes. Following removal of the sacrificial layer this led to the geometry
shown in Figure 6.1 b, where the electrode spacing z is set by the original thick-
ness of the sacrificial layer. As the thickness of the sacrificial layer must be thicker
than that of the bottom electrode to guarantee good step coverage, this imposed
an important limitation on the minimum achievable z. In addition, the sacrifi-
cial layer needed to be wider than the bottom electrode to allow for alignment
tolerances during lithography. This in turn led to a dead volume where the top
and bottom electrodes did not overlap, as indicated in Figure 6.1 b. Whenever
an analyte molecule enters this region no redox cycling can take place, lowering
the observed current. Given typical alignment tolerances in optical lithography,
the dead volume can easily be as wide as 1 µm on each side of the bottom elec-
trode, thus occupying 40% of the channel in a 5 µm wide device16 and causing a
corresponding decrease in the single-molecule signal. Because of single-molecule
detection at the limit of the sensitivity of present electronics, this can be enough
to render such measurements impossible.
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Figure 6.2: (a) Optical microscope image (top view) of a device prior to Cr etching. (b)
Schematic device cross-sections (not drawn to scale) at different stages of the fabrication process;
the sketches in the left and right columns correspond to the cross-sections along the red and
black dashed lines in (a), respectively. 1. A stack of metal layers is deposited and patterned.
2. SiO2 is deposited and patterned as a mask layer. 3. A trench is etched by IBE to define
the detection region and treatment in aqua regia is used to remove the redeposition. 4 and 5.
SiN is deposited and patterned. 6. A metal layer stack is deposited and patterned for electrical
interconnection. 7. A final passivation layer is deposited. 8. Access holes are generated. 9. The
sacrificial layer is etched and the nanochannel is released.
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Here we introduce an alternate approach which circumvents these difficulties.
The bottom electrode, sacrificial layer and top electrode were first deposited to-
gether, following which the edges of the electrodes and sacrificial layer were defined
in a single lithography step. This allowed both minimizing the dead volume and
simultaneously reducing the risk of short circuits between the electrodes. An ad-
ditional benefit was that the electrode surface was not exposed to environmental
conditions or additional chemicals throughout the complete fabrication process
up to release of the sacrificial layer. Such an uncontaminated surface can improve
the reproducibility of electrochemical measurements, which are very sensitive to
surface conditions.

Figure 6.2 a shows an optical image of a finished device, and the fabrica-
tion scheme is illustrated in Figure 6.2 b. In short, a stack of metal layers was
deposited and patterned in one step on a 4-inch Si wafer (step 1), followed by
an ion-beam etching (IBE) to define the detection region with SiO2 as a mask
(steps 2-3). Step 3 represents the key step in creating the “self-aligned” struc-
ture as it automatically leads to the sacrificial layer and top electrode having the
same width independently of alignment tolerances. Step 3 was also followed by a
short (5 min) cleaning etch in aqua regia to remove material re-deposited during
IBE. Afterwards (steps 4-7) another metal layer stack was defined as the electri-
cal interconnection for top electrode between two passivation layers deposited as
insulating and protecting layer, and finally access holes were generated through
which the sacrificial layer was etched and the nanochannel was released (steps
8-9). Additional details about the individual steps are given in Appendix C.

Figure 6.3 a shows a scanning electron microscope (SEM) image of a finished
device while Figure 6.3 b, 6.3 c and 6.3 d show its cross-sections at different levels
of magnification after the device was cut open using a focused ion beam (FIB)
along the dashed line in Figure 6.3 a. A 200 nm wide dead-volume region is visible
on each side of the bottom electrode, as indicated by the dotted lines in Figure 6.3
d; this was created during the cleaning aqua regia etch, which also attacked the
edge of the top electrode. Further optimizing the durations of the IBE and aqua
regia etches (see Appendix C) allowed compensating for this unwanted feature,
resulting in a dead volume as small as 80 nm (Figure 6.3 e).

The morphology of the device was measured with atomic force microscopy
(AFM) to investigate the flatness of the top wall of the electrode once the nanochan-
nel was released and filled with 1 mM Fc(MeOH)2 in 0.1M KCl (AFM image
shown in Appendix C). No bending of the top electrode membrane was observed,
as expected since a combination of multiple SiO2 and SiN layers were deposited
to balance the stress.18, 19 Therefore, the gap size solely depends on the thickness
of the sacrificial layer.
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Figure 6.3: Scanning electron microscopy images from a 52◦ viewing angle. (a) Image of a
complete device. (b), (c) and (d) Cross-sections at different magnifications. The device was cut
open using a focused ion beam along the line indicated by the dashed line in (a). (b) Shows the
complete overview, (c) shows a zoom of the nanochannel, and (d) shows the dead volume region
at high magnification. (e) Cross-section of a different device with optimized etching procedure.
The areas outlined with red dotted lines in (d) and (e) represent the dead volume.

6.2.2 Single-molecule detection in aqueous solution

Single-molecule detection experiments were based on amperometry under re-
dox cycling conditions in the presence of a concentration C = 10 pM of redox
species; the number of analyte molecules in the detection region is then on average
〈N〉 = CV NA = 0.06, where V = 1 ×10−17m3 is the volume of the nanochannel
between the two electrodes and NA is Avogadro’s number. Figure 6.1 c illus-
trates the results of this measurement in the form of current-time traces that
were recorded simultaneously through the two electrodes of a nanogap transducer
filled with an aqueous solution of 10 pM (ferrocenylmethyl)trimethylammonium
bromide (FcTMABr) in 0.1M KCl. The top and bottom electrodes were biased at
potentials of Et = 0.5 V and Eb = 0.35 V, respectively. Because the formal poten-
tial for FcTMA+ is E0′

= 0.43 V, the given potentials correspond to oxidizing and
reducing potentials, respectively, thus enabling redox cycling. The traces mostly
exhibit a background current which is constant within the noise level determined
by the measurement electronics. At randomly occurring intervals, however, anti-
correlated step-like features are observed in the current. Each of these events
corresponds to a single molecule entering the active region by Brownian motion,
shuttling ∼105 electrons from the bottom to the top electrode by redox cycling,
and exiting the active region again.14 The opposite signs for the steps observed at
the top and bottom electrodes correspond to oxidizing and reducing currents, re-
spectively, as expected (additional control experiments supporting our conclusion
that the steps originate from single-molecule fluctuations are given in Appendix
C).

We note that it would be practically impossible to detect an analyte concen-
tration as low as 10 pM by cyclic voltammetry - even with the help of efficient
redox-cycling amplification provided by nanogaps - because the corresponding
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fA-level currents would be dwarfed by unwanted background reactions involving
water and oxygen. It is the step-like, discrete nature of the single-molecule events
that allows extracting their contribution from the background currents.

The current per molecule in Figure 6.1 c, which corresponds to the height of
the single-molecule current plateaus, is observed to be ∼7 fA. This corresponds to
a signal-to-noise ratio (SNR) of 2.3, where we define the SNR as the ratio of the
current step height to the standard deviation of the measured background current.
How does this measured step height compare to theoretical expectations? In the
presence of excess supporting electrolyte, as is the case here, mass transport of
the analyte molecules is purely diffusive and the current per molecule, ip, has the
general form

ip = ip,idealχbiasχgeomχads (6.1)

here ip,ideal represents the maximum expected current for pure diffusion and has
the value ip,ideal = e/2τ , where -e is the electron charge, τ = z2/2D is the average
time a molecule takes to diffuse across the gap, z is again the distance between
the electrodes and D is the diffusion coefficient of the redox species.20 In the case
where the diffusion coefficients of the reduced (Dred) and oxidized (Dox) forms
are unequal,21 D = 2DredDox/(Dred+Dox). For aqueous solutions of the analytes
studied here the difference between Dox and Dred is however small and we ignore
it for simplicity. χbias, χgeom and χads are dimensionless numerical coefficients
that represent the signal reduction from the electrode bias, the device geometry
(in particular any dead volume) and analyte adsorption to surfaces in the device,
respectively:

• The value of χbias is given, under the assumption of Nernst equilibrium at
the two electrodes,22 by

χbias =

∣∣∣∣ 1

1 + e−e(Et−E0′ )/KT
− 1

1 + e−e(Eb−E0′ )/KT

∣∣∣∣ (6.2)

here k is the Boltzmann constant, T is the absolute temperature and the
potentials are as defined above. Deviations are possible due to the finite rate
of electron transfer at the electrodes, but this is only a small correction for
the fast redox couples employed here.15 In principle one can always insure
that χbias has its maximum value of unity by applying sufficient reducing and
oxidizing overpotentials at the two electrodes. With analyte concentrations
as low as 10 pM, however, it is extremely difficult to remove all background
contaminants, so a narrower potential window (100 - 150 mV) was usually
employed to minimize any potential interference from such contaminants.
In practice, χbias was determined from the cyclic voltammogram measured
with a 5 µm radius ultramicroelectrode in a 1 mM analyte solution in 0.1M
KCl.
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• The value of χgeom represents the fact that shuttling time is lost when an
analyte molecule enters the dead volume, effectively reducing the current
per molecule (as shown in Appendix C). For linear, channel-shaped devices
as discussed here, its value is simply given by the ratio of the width of the
active region to the width of the fluid-filled nanochannel; for devices with
minimal dead volume, such as that shown in Figure 6.3 e, it has a value
χgeom = 0.97.

• Because of the high surface-to-volume ratio of nanogap devices, adsorption
can play a large role.16, 23–25 The value of χads is given by χads = (1+
τads/τ)−1, where τads represents the average time per half cycle spent by
an analyte molecule adsorbed to the electrodes.

For the case of Figure 6.1 c, where D= 5.0 ×10−6 cm2/s and z = 40 nm, Equa-
tion 6.1 yields ip,ideal = 50 fA. Further correcting for χbias = 0.90 and χgeom = 0.92
yields an expected current per molecule of 41 fA. This is significantly higher than
the observed steps height, ip = 7 fA, indicating a substantial degree adsorption
with χads = 0.17. This corresponds to each molecule spending more than 80%
of its time adsorbsed at the electrodes. This level of adsorption is typical for
ferrocene derivatives in nanogap devices as determined from high-concentration
electrochemical spectroscopy methods.23, 24 Single-molecule measurements in ace-
tonitrile also found substantial suppression of the current due to adsorption with
χads = 0.32.24 The current per molecule observed here is thus consistent with
expectations.

In order to test the broader applicability of single-molecule detection in our
nanogaps, we performed detection experiments for two other commonly employed
redox mediators, namely, ferrocenedimethanol (Fc(MeOH)2, E0′

= 0.25 V) and
ferricyanide (Fe(CN)63−, E0′

= 0.23 V). Figures 6.4 a-6.4 c show amperometry
results for 10 pM FcTMABr, Fc(MeOH)2 and K3[Fe(CN)6] in 0.1M KCl as sup-
porting electrolyte at room temperature (22 ◦C) under redox conditions (Et = 0.5
V and Eb = 0.35 V for FcTMA+, Et = 0.3 V and Eb = 0.2 V for Fc(MeOH)2, Et =
0.3 V and Eb = 0.15 V for Fe(CN)63−). In each case events with a height 5 - 7 fA
were observed. Taking into account the different values of the diffusion coefficient
D, χbias and χgeom in each case, as summarized in Table 6.1, this indicates dif-
ferent degrees of adsorption for these three compounds. In particular, FcTMA+

and Fe(CN)63− show similar degrees of adsorption, with χads having a value of
0.12 and 0.10, respectively, while Fc(MeOH)2 exhibits the least adsorption with
χads = 0.21.

Because of the large influence of adsorption on the current per molecule, re-
ducing adsorption can cause a significant improvement in ip and the SNR. Since
spectroscopic measurements indicate reduced adsorption of ferrocene derivatives
at higher temperatures,21 we expected that an increase in temperature would
result in increased values for ip. To test this hypothesis, we performed measure-
ments at elevated temperatures. Amperometry results at 37 ◦C, while keeping
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Figure 6.4: Bias schemes and current-time traces for single-molecule detection in (a,d) 10
pM FcTMABr in 0.1M KCl, (b,e) 10 pM Fe(MeOH)2 in 0.1M KCl, and (c,f) 10 pM K3[Fe(CN)6]
in 0.1M KCl. The top and bottom rows were measured at 22 ◦C and 37 ◦C, respectively. The
traces have been vertically offset for clarity.

Temperature Quantity FcTMA+ Fc(MeOH)2 Fe(CN)63−

χgeom 0.92 0.80 0.92

22 ◦C

χbias 0.88 0.75 0.88
D (cm2/s) 5.0 ×10−6 5.6 ×10−6 6.0 ×10−6

ip (fA) 5 ±1 7 ±1 5 ±1

ip,ideal (fA) 50 56 60
ip,idealχbiasχgeom (fA) 40 34 49
χads 0.13 ±0.02 0.21 ±0.03 0.10 ±0.02

37 ◦C

χbias 0.87 0.69 0.82
D (cm2/s) 7.0 ×10−6 7.8 ×10−6 8.4 ×10−6

ip (fA) 14 ±2 20 ±2 15 ±2

ip,ideal (fA) 70 78 84
ip,idealχbiasχgeom (fA) 56 43 63
χads 0.25 ±0.03 0.47 ±0.04 0.24 ±0.03

Table 6.1: Theoretical and measured values in Equation 6.1 for single-molecule
measurement with FcTMA+ , Fc(MeOH)2 and Fe(CN)63− at 22 ◦C and 37 ◦C.

the other parameters identical to those in Figure 6.4 a-6.4 c, are shown in Figures
6.4 d-6.4 f. A systematic increase of ip by a factor of ∼3 was observed for each
measurement while the background current noise was essentially unchanged. A
factor of 1.4 increase in ip can be attributed to the increase in diffusion coefficient,
while the remaining factor of 1.5-3 is attributed to reduced adsorption, consistent
with the spectroscopic measurements. The increase of ip was accompanied by a
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shortening of the average duration of the events, which is also consistent with
reduced adsorption: the average time for a molecule to diffuse along the channel
becomes shorter if it spends less time being immobilized on the electrode.

These experiments demonstrate unambiguously the ability of nanogap trans-
ducers to detect individual molecules in water. Naturally, only events with du-
ration longer than the response time of the measurement electronics can be re-
solved. Because we relied on Brownian motion to bring molecules in and out of
the detection region, however, we expect that many events may be much shorter;
such events are not individually recognized but instead appear as noise in the
baseline.14, 26, 27 In the future we expect that advection of the sample solution
through the nanogap transducer can overcome this difficulty.26–29 In addition,
functionalizing the electrode surface to minimize fouling and adsorption could
greatly improve the performance and reliability of the transducer.24, 30–32

6.3 Conclusions

We have demonstrated a new self-aligned method for the fabrication of nanogap
transducers that allows wafer-scale manufacturing of devices with 40 nm electrode
spacing and sub-100 nm dead volume using conventional optical lithography with
relatively poor (1 µm) alignment tolerances. The resulting gains in redox-cycling
efficiency allowed us to detect for the first time individual redox molecules in
aqueous solution using nanofluidic transducers, raising the possibility of new as-
says based on single-molecule fingerprinting. The robustness of the technique was
demonstrated using different common analytes, namely FcTMA+, Fc(MeOH)2
and Fe(CN)63−. It was further shown that the magnitude of the single-molecule
signal can be increased by mitigating analyte adsorption.
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Chapter 7
Single-Molecule Electrochemistry
in Nanochannels: Probing the
First-Passage Time

The diffusive mass transport of individual redox molecules was probed experi-
mentally in microfabricated nanogap transducers. The first-passage times of single
molecules exiting a detection region were extracted and the resulting distribution
was compared with quantitative analytical predictions. The results suggest that
different adsorption processes dominate at trace analyte levels.

The contents of this chapter are to be submitted to JACS.

125



126 Chapter 7. Single-Molecule Electrochemistry in Nanochannels

7.1 Introduction

The ability to address and probe individual molecules has led to significant
new insights on molecular transport and internal dynamics in fields ranging from
molecular electronics to biophysics.1, 2 It is thus of considerable interest to ex-
tend the range of single-molecule analysis methods to other transduction mecha-
nisms such as electrochemistry. While single-molecule detection by electrochem-
ical means has indeed been reported,3–7 efforts so far have focused almost ex-
clusively on demonstrating the basic ability to resolve single molecules and have
not allowed for deeper analysis. This is largely due to the experimental challenge
inherent in measuring the extremely small signal levels associated with single-
molecule faradaic processes.

Here we demonstrate for the first time the ability to statistically analyse the
diffusive dynamics of individual molecules using an electrochemical method. We
focus on the distribution of residence times for molecules randomly entering and
leaving a nanofluidic cavity, an inherently single-molecule property. The resi-
dence time corresponds to a well-studied quantity in stochastic systems, the so-
called first-passage time,8 which appears in diverse fields including ecology,9 bio-
physics,10–12 finance,13 diffusion-controlled chemical reactions,14 etc,15 and which
permits a quantitative comparison with theory. This detailed analysis is made
possible through the use of redox cycling in nanogap transducers,6 which robustly
yield extensive, high-quality single-molecule data.

7.2 Results and Discussion

The nanogap device is sketched in Figure 7.1 a. It consists of two electrodes
with a length L = 50 µm and a width of 4 or 5 µm that are separated by a solution-
filled gap of 40 nm. The device was micro-fabricated using optical lithography,
as described earlier:6 In brief, a stack of metal layers was first deposited and
patterned on a 4-inch Si wafer, followed by ion-beam etching (IBE) and subse-
quent wet etching to define the active nanogap detecting region. Afterwards a
final metal layer sandwiched between two passivation layers was deposited and
patterned to provide electrical connections. Finally, access holes for liquid were
created by etching through the passivation and top electrode. Immediately be-
fore use the sacrificial layer was wet-etched via the access holes, releasing the
nanochannel. An optical microscope image of a complete device and a scanning
electron microscope image of the nanogap cross section are shown in Figures 7.1
b and 7.1 c, respectively.

The measurements were performed by interfacing the device with an external
reservoir containing an aqueous solution with a concentration C = 10 pM of redox
species and 0.1 M KCl as supporting electrolyte. The average number of analyte
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Figure 7.1: (a) Schematic illustration of a nanogap device. (b) Optical microscope image
(top view) of a device. (c) Scanning electron microscopy image of the cross section of a device
from a 52◦ viewing angle. The device was cut open using a focused ion beam along the line
indicated by the dashed line in (b). (d) Current-time traces simultaneously measured at the top
(blue) and bottom (red) electrodes (5 µm wide) under redox-cycling conditions (Et = 0.5 V and
Eb = 0.35 V, 10 pM FcTMABr in 0.1 M KCl aqueous solution). The traces have been offset
vertically for clarity.

molecules in solution in the detection region was then <N> = CV NA = 0.05 for
a device with a width of 4 µm, where V= 8 × 10−18 m3 is the volume of the
nanogap region and NA is Avogadro’s number. For a 5 µm wide device, <N> =
0.06 under the same conditions. For such low occupancy, the fraction of the time
that the device is occupied by two or more molecules at the same time is low (<
0.2%) based on Poisson statistics.

For single-molecule experiments, the bottom and top electrodes were biased at
reducing and oxidizing potentials, respectively. Under these redox-cycling condi-
tions, each chemically reversible redox molecule present in the nanogap is repeat-
edly oxidized and reduced as it undergoes Brownian motion, generating faradaic
currents of opposite polarity at the two electrodes. These reduction and oxida-
tion currents were measured simultaneously; each time that a molecule randomly
entered and subsequently exited the nanochannel, current steps with magnitudes
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of order 10−14 A and opposite signs were observed in the measured currents.
This is illustrated in Figure 7.1 d, which shows a time trace with four distinctly
recognizable single-molecule events with durations of the order of a few seconds.

In order to achieve sufficient sensitivity to detect these extremely low currents,
current-to-voltage converters with 1012 V/A trans-impedance gain and a response
time of 350 ms (10% - 90% rise time) were employed.16 Such a slow response is
essentially unavoidable due to the inverse relationship between gain and measure-
ment bandwidth in high-gain amplifiers. Consequently, and as discussed further
below, only events lasting longer than ∼450 ms could be reliably resolved.
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Figure 7.2: (a) Simulated occupancy-time trace for an average occupancy <N> = 0.1. (b)
Corresponding simulated current-time trace including additive Gaussian noise and filtered to
account for the influence of the measurement electronics.

To ascertain the feasibility of identifying events and determining their du-
rations from the data, we performed 1D random walk simulations of individual
single-molecule trajectories.17 Figure 7.2 a shows a typical trace of the device oc-
cupancy versus time for an average occupancy <N> = 0.1. Most events are very
short, with only a minority of events having durations of the order of seconds.
To simulate the role of the measurement electronics, white noise was added to
the simulation results and the resulting traces were convolved with a first-order
impulse response with a time constant of τ = 350ms, the resulted trace is shown
in Figure 7.2 b. Events with a duration of order 1 s reach (or exceed, because of
noise) the full single-molecule current, ip; such events exhibit a trapezoid shape,
with a full width at half-maximum that agrees within ±10% the duration of the
underlying event in Figure 7.2 a. Longer events (not shown) instead exhibit a
well-defined plateau, while events with durations of order τ = 450ms or shorter
contribute to the apparent noise in the current but cannot be reliably identified.
Occasionally two long events are juxtaposed and cannot be distinguished, as il-
lustrated in Figure 7.2 around 17 s. However, at this occupancy such occurrences
–as well as occurrences of two long events overlapping in time– are rare, and they
have minimal impact on overall statistics. Taken together, these simulation re-
sults suggest that it is feasible to accurately identify single-molecule events longer
than τ = 450ms and to determine their duration.



7.2 Results and Discussion 129

0 5 10 15

-20

0

20

Time (s)
C

u
rr

e
n

t 
(f

A
)

(a)

0 5 10 15

-50

0

50

Time (s)

C
u

rr
e

n
t 

(f
A

)

(c)

0.5 1 1.5 2 2.5
0

10

20

30

40

50

60
N

u
m

b
e

r 
o

f 
e

v
e

n
ts

(b)

Residende time (s)

0.5 1 1.5 2 2.5
0

5

10

15

20

25

30

35

40

N
u

m
b

e
r 

o
f 

e
v

e
n

ts

(d)

Residende time (s)

D

Deff

Fc(MeOH)2

D

Deff

Fe(CN)6
3-

Figure 7.3: (a, c) Representative current-time traces for 10 pM Fc(MeOH)2 and Fe(CN)63−

in 0.1 M KCl under redox cycling conditions (Et = 0.3 V, Eb = 0.2 V, E0′ = 0.25 V and Et =
0.3 V, Eb = 0.15 V, E0′ = 0.23 V respectively). (b, d) Histograms (bin size γ = 0.1s) of observed
event durations and corresponding theoretical predictions for the experimental conditions of (a)
and (c). Events shorter than 450ms were excluded as they could not be resolved reliably.



130 Chapter 7. Single-Molecule Electrochemistry in Nanochannels

Extensive current-time traces, were recorded with aqueous solutions of 10
pM ferrocenedimethanol (Fc(MeOH)2, E0′

= 0.25 V) and 10 pM ferricyanide
(Fe(CN)63−, E0′

= 0.23 V) in 0.1 M KCl under redox cycling conditions (Et
= 0.3 V, Eb = 0.2 V for Fc(MeOH)2 and Et = 0.3 V, Eb = 0.15 V for Fe(CN)63−)
in 4 µm and 5 µm wide devices, respectively, as shown in Figures 7.3 a and 7.3
c. Single-molecule events were identified and their durations were extracted from
these data. Figure 7.3 b and 7.3 d show the histograms of event durations ex-
tracted from 26min and 20min long traces measured under the same conditions
as Figures 7.3 a and 7.3 c, respectively. Events shorter than 450ms were ex-
cluded from this analysis, yielding totals of 132 and 91 events for Fc(MeOH)2 and
Fe(CN)63−, respectively. In both measurements, the histograms exhibit a sharply
decreasing number of events with increasing event duration, with the majority of
identifiable events having durations below 1 s.

The histograms in Figure 7.3 encapsulate detailed quantitative information
about the statistics of individual single-molecule trajectories. Furthermore, be-
cause mass transport is purely diffusive at the high supporting electrolyte concen-
trations employed here, the form of the histograms can be predicted quantitatively
from random-walk theory. This provides an unprecedentedly detailed test of elec-
trochemical single-molecule data.

We have previously shown that, due to the devices’ highly anisotropic geome-
try,17 Brownian motion in nanogap transducers can be accurately modelled as a
discrete 1D random walk with step size L/a, where L is the length of the device
and a (a >> 1) is the number of grid points in the simulation.17 The two edges of
the simulation domain correspond to the two access holes of the device. Within
such a model, a single-molecule event corresponds to a molecule starting at one
edge of the simulation domain and taking a number of random steps inside the
device, this process continuing until the molecule makes a final jump that takes it
out of the simulation domain at either end. This process corresponds exactly to
the so-called first-passage time of a particle undergoing a discrete random walk
in a linear domain with absorbing boundaries at each end. The probability of the
particle exiting after exactly n steps has the exact analytic form18

P (n) =
1

a

a−1∑
µ=1

cosn−1 πµ

a
sin

πµ

a
sin

πµz

a
+

1

a

a−1∑
µ=1

cosn−1 πµ

a
sin

πµ

a
sin

πµ(a− z)

a
(7.1)

here z is the starting position of the particle (1 ≤ z ≤ a); we set z = 1 (or
z = a− 1, which is equivalent from symmetry) to represent the starting position
of the molecule near either access hole. The first term of the equation represents
the probability that the particle exits from the same end as it entered and the
second term from the opposite end. Equation 7.1 indicates that the most probable
scenario is a molecule enters the nanochannel and exits from the same end within
a few steps,5, 17 such that the residence time is very short and cannot possibly be
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resolved experimentally. In relatively rare cases the molecule penetrates further
into the device, generating events that may be sufficiently long to be detected.

To compare theory with the experimental histogram data of Figure 7.3, we
re-normalize Equation 7.1 to yield the average number of events in a histogram
bin of width and centred at time t,M(t):

M(t) =
γ

∆t
MtotalP

(
n =

t

∆t

)
(7.2)

here ∆t = (L/a)2/2D is the random-walk step time, D is the diffusion coefficient
of the molecule, and Mtotal is the total number of events take place over the
course of the measurement. The value of Mtotal is in turn obtained from Mtotal =
T<N>/τ0, where T is the total duration of the measurement, <N> is the average
number of analyte molecules in the detection region, and τ0 is the average duration
of an event:

τ0 =

∞∑
n=1

P (n)n∆t (7.3)

Equations 7.1 - 7.3 represent a quantitative prediction for the histogram, M(t),
with the only inputs the device length, L, the diffusion coefficient, D, and the
average occupancy, <N>. Predictions based on the bulk diffusion coefficient (D
= 5.6 ×10−10 m2/s for D= 6.0 ×10−10 m2/s, as determined from the diffusion-
limited current at a 5 µm radius platinum ultramicroelectrode) and<N> based on
the 10 pM bulk concentration are shown as red curves in Figures 7.3 b and 7.3 d. In
both cases the analytical calculation reproduces quite well with the experimental
data, with both the absolute number of events per bin and the decrease in the
number of events with increasing duration being comparable between calculation
and experiment.

This good agreement however has subtle implications for our understanding of
the microscopic dynamics of single redox molecules. We have previously reported
that the species studied here undergo some degree of reversible adsorption at
the electrodes.6, 19, 20 This is manifested by a suppression of the single-molecule
current ip by a factor χads (with 0 ≤ χads ≤ 1) compared to its ideal, diffusion-
limited value ip,ideal = eD/z2,3 where −e is the electron charge and z is the
electrode spacing.∗ But reversible adsorption can also have a second consequence
for mass transport, namely, that of decreasing the apparent diffusion coefficient
along the channel, Deff , below its value for unhindered diffusion in bulk solution,
D.17, 19, 21, 22 These two adsorption-induced effects are coupled: for the simplest
model of adsorption in which adsorbed molecules are immobile on the electrode,

∗Additional corrections are also included to take into account the electrode biases and the
geometry of the device, as per Ref. [6].
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Deff = χadsD.6, 19 The amperometric data illustrated in Figure 7.3 a and 7.3 c
yield χads = 0.3 and 0.5 for Fc(MeOH)2 and Fe(CN)63−, respectively. Replacing
D with the corresponding values of Deff in Equations 1-3 yields the dashed green
curves in Figures 7.3 b and 7.3 d; consistent with intuition, slower diffusion along
the channel leads to a higher occurrence of long events in theory. Interestingly,
however, these predictions do not agree well with the data, as significantly more
long events are predicted than are observed in the experiment.

In its most literal interpretation, the observation that the histograms fit well
with calculations using the bulk diffusion coefficient D but not with those us-
ing Deff suggests that molecules adsorbed to the electrodes can diffuse along
the channel without being slowed down substantially. In such a scenario the
shuttling rate between the two electrodes is influenced by adsorption but the
residence time inside the active region is not, as per the experimental findings.
Surface diffusion of adsorbents has been studied in a variety of systems,23–27 in
particular using single-molecule fluorescence techniques. In some cases adsorbed
molecules occupy specific binding sites but are able to move between binding
sites,27 qualitatively consistent with our observations. On the other hand, ad-
sorption studies in nanogaps based on power spectral density (PSD) analysis19
and transient chronoamperometric response21, 22 yield unambiguous evidence of
an effective slowing down of Brownian motion at 1 µM or higher concentrations
(five or more orders of magnitude higher than the concentration employed here).
This would imply that facile hopping between binding sites is possible, but only
at extremely low surface concentrations (presumably due to most binding sites
remaining unoccupied). Such a reduction of surface diffusion coefficient of ad-
sorbed molecules at solid/liquid interfaces with increasing adsorbed concentration
has been reported in experiments with macromolecules.28, 29

An alternate interpretation is that Deff is indeed the correct diffusion coef-
ficient, in which case an additional mechanism must be invoked to explain the
missing long events when compared to the theoretical predictions. Decay of the
molecules on the scale of seconds would provide such a mechanism. This can
however be ruled out on the basis that the species under study are stable, for
example the oxidized form of ferrocene derivatives having a lifetime on the or-
der of an hour.30–33 Another hypothesis is the existence of deep trap sites at
which molecules can remain adsorbed for several tenths of seconds, causing long
events to be replaced by a succession of shorter –yet still resolvable– events due
to repeated binding/unbinding at these sites. Since clustering of long events has
not been observed in the measurements, however, we tentatively rule out this
interpretation.
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7.3 Conclusions

In summary, first-passage times of individual redox molecules were probed
using electrochemical nanogap devices and their statistical distribution was com-
pared with analytical calculations. The results suggest that single molecules un-
dergo facile surface diffusion while adsorbed to the electrode surface, in contrast
with behavior at high surface concentrations. This is the first time that mass
transport is characterized with single-molecule resolution using an electrochemi-
cal method.
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Appendix A
A.1 Multi-potential-step chronoamperometry

Figure A.1 shows an experiment complementary to the one of Figure 4.3: The
bottom electrode was kept at 0.5 V instead of 0 V while the potential of the top
electrode was stepped. Current transients were observed when the top electrode
potential was stepped to the base level of 0 V, which corresponds to diffusion-
limited mass transport. The shape of the transient depended on the potential
of the top electrode prior to the potential step, the magnitude of the transient
fraction is larger for higher starting potentials. Specifically, when the potential
of the top electrode was stepped from 0.4 V, 0.45 V and 0.5 V to 0 V, the current
increased to 129 nA, 133 nA and 139 nA, respectively.

A.2 RC charging time of the device

Here we estimate the RC charging time when stepping the potential of the top
electrode (geometry of the device of type L50H2 is used). The equivalent circuit
for this case is shown in Figure A.2. The various parameters in Figure A.2, as
well as estimates for their numerical values, are as follows:

• Cp is the capacitance between bulk solution and the electrode across its
protective passivation layer. This protective passivation layer consists of
a 90 nm/325 nm/90 nm thick SiO2/SiN/SiO2 stack. The total capacitance
is therefore given by the individual capacitances contributed by these three
layers connected in series. Using a relative permittivity of εr = 7 for PECVD
SiN, εr = 5 for PECVD SiO2, and an area A ≈ 1000 µm2 (including 350

Supporting information of Chapter 4 is included in this appendix.
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(a)

(b)

Figure A.1: Multi-potential-step chronoamperometry of a device of type L50H2 filled with
an aqueous solution of 1 mM Fc(MeOH)2 and 1M KCl as supporting electrolyte. (a) Potentials
applied as a function of time to the top (black) and bottom (red) electrode. (b) Corresponding
current-time responses.

µm2 for the top electrode itself and about 650 µm2 for its contacting wire
exposed to solution) yields a total capacitance Cp ≈ 0.1 pF.

• Cd is the ionic double layer capacitance. At a given potential, the double
layer capacitance per unit area is typically in the range of 10 to 40 µF/cm2.1
Using A = 175 µm2, which is half of the top electrode area (for a symmetric
device with two access holes), yields Cd in the range of 18 to 70 pF.

• Ra is the resistance of the cylindrical access hole given by l/κπr2 = 16 kΩ,
where l = 505 nm is the depth of the access hole, r = 1 µm is its radius, and
κ is the conductivity of the solution, which is 10.2 Ω−1m−1 for 1M KCl at 20
◦C. The spreading resistance in the vicinity of the entrance hole contributes
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Figure A.2: Equivalent circuit diagram of the nanofluidic system.

an additional resistance 1/4κr = 25 kΩ, for a total access resistance Ra =
41 kΩ.

• Rr is the resistance of the bulk solution, Rr, is dominated by the spreading
resistance in the region near the device. A rough estimate is Rr = 1/4κL
= 500 Ω, which indicates that it can be neglected.

• Rc is the resistance of (half of) the nanochannel, Rc, is equal to L/κhW =
7.6MΩ, where L = 27 µm is half of the length of the nanochannel, h = 70 nm
and W = 5 µm are the height and width of the nanochannel, respectively.

The above indicates that the capacitance of the passivation layer is utterly
negligible compared to the double-layer capacitance, despite the additional area
relevant for Cp. Similarly, the resistance in series with the double layer capacitance
is dominated by the nanochannel itself by virtue of its small cross-sectional area.
An upper bound for the dominant RC time constant is therefore estimated as τ
= (Rr + Ra + Rc)Cd = 0.53 ms. This is orders of magnitude shorter than the
transients observed in the experiments, indicating that the latter have a different
origin. A corresponding calculation for the bottom electrode yields a similarly
short RC time constant.

In addition to estimating the RC time constant, we measured the current
response of a device of type L50H1 filled with only supporting electrolyte to the
potential steps applied as in Figure A.3 a. Keeping the potential of bottom
electrode at 0 V, without any redox species present in the nanochannel, positive
or negative current spikes were observed at the top electrode when its potential
was stepped upward or downward, respectively. The transients lasted ∼0.2 s,
significantly shorter than those observed in the experiments with redox molecules.
This shows that the slow response in the latter experiments was not caused by
charging effects. To understand the difference between the observed response
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and the numerical estimate of the RC time given above, note that besides RC
charging, dielectric relaxation of the passivation material (SiO2/SiN/SiO2)2–4 also
contributes to (and in fact dominates) the measured current.

(a)

(b)

Figure A.3: Transient response of a device of type L50H1 filled with only supporting
electrolyte of 1M KCl. (a) Potentials applied as a function of time to the top (black) and
bottom (red) electrode. (b) Corresponding current-time responses.

A.3 Determination of the transient response

We obtained the expression for the transient response of the current, Equation
4.3, as a purely phenomenological fit to the numerically determined diffusion of
molecules into the channel. The one-dimensional diffusion equation,

∂c(x, t)

∂t
= D

∂2c(x, t)

∂x2
(A.1)
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was solved numerically along the length L of a nanochannel using the following
initial and boundary conditions: Initially, no redox active molecules are present
in the channel. Hence, the starting condition for t = 0 is

c(x, 0) = 0 for 0 < x < L (A.2)

The bulk concentration at the edge of the nanochannel that is connected to
the reservoir is kept constant at cb for all times t:

c(x = 0, t) = c(x = L, t) = cb (A.3)

For t > 0, molecules start to diffuse into the nanochannel from both ends until
the concentration equilibrates to c(x, t) = cb at time t → ∞.

The total number of molecules present in the channel was determined by inte-
grating the numerical solution c(x, t) along the channel length for all time steps
t:

N(t) =

∫ L

0

c(x, t)dx (A.4)

This numerical solution N(t) was phenomenologically fitted to the analytical ex-
pression

N(t) = cbL erf

(
2.97

(
Dt

L2

)0.6
)

(A.5)

which does not deviate more than 3% from the numerical solution for all time t
(Figure A.4).

If molecules are initially present in the nanochannel, i.e. N(t = 0) 6= cbL, the
expression for N(t) is modified to

N(t) = N(0) + (cbL−N(0)) erf

(
2.97

(
Dt

L2

)0.6
)

(A.6)

Since the faradaic current is proportional to the concentration of molecules in the
channel, the current i(t) can be be expressed as

i(t) = i(0) + (iss − i(0)) erf

(
2.97

(
Dt

L2

)0.6
)

(A.7)

where i(0) is the current at t = 0 and iss is the steady-state current.
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Figure A.4: Comparison of the normalized numerical solution for N(t) (green
line) and the analytical expression (dashed red line) for a 10 µm long device with
two access holes using Deff = 8 ×10−7 cm2/s for both curves. Inset: Difference of
the numerical solution and analytical expression.

For the case of a device with one access hole, molecules can only diffuse into
the nanochannel from one end. This corresponds to starting conditions

c(x, 0) = 0 for x > 0

c(x, 0) = cr for x ≤ 0

and the boundary conditions

c(x=0, t) = cb

∂c(x=L,t)
∂x =0

The numerical solution of the diffusion equation under these conditions is well
described by

N(t) = cbL erf

(
2.97× 0.60

(
Dt

L2

)0.6
)

(A.8)

and the solution for the diffusion with N(0) molecules present in the channel at
t = 0 is
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N(t) = N(0) + (cbL−N(0)) erf

(
2.97× 0.60

(
Dt

L2

)0.6
)

(A.9)

Correspondingly, the current is equal to

i(t) = i(0) + (iss − i(0)) erf

(
2.97× 0.60

(
Dt

L2

)0.6
)

(A.10)

A.4 Multi-potential-step chronoamperometry ex-
hibiting opposite tendencies

(a)

(b)

Top electrode

Bottom electrode

Top electrode

Bottom electrode

Figure A.5: Multi-potential-step chronoamperometry of a device of type L50H1
filled with an aqueous solution of 1.5 mM Fc(MeOH)2 and 1M KCl as support-
ing electrolyte exhibiting tendencies opposite to Figure 2 and 3. (a) Potentials
applied as a function of time to the top (black) and bottom (red) electrode. (b)
Corresponding current-time response.

Occasionally it was observed that a device whose Cr sacrificial layer was freshly
etched exhibited opposite tendencies to those shown in Figure 4.1 and 4.3, as
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shown in Figure A.5. When the potential of the oxidizing electrode was stepped
up while that of the reducing electrode was maintained at 0 V, the current jumped
to a value higher than iss and gradually returned to the steady-state value; the
current fell below iss when the potential was stepped downwards, then increased
again during the transient.
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B.1 Experimental methods

Potassium fluoride, potassium chloride, potassium bromide, potassium iodide,
potassium sulfate, ferrocene carboxylic acid (FcCOOH), potassium hexacyanoferr-
ate-III (K3Fe(CN)6), 1,1 ferrocene dimethanol (Fc(MeOH)2), (ferrocenyl methyl)
trimethyl ammonium iodide (FcMTMAI) and hexaammine ruthenium chloride
(Ru(NH3)6Cl3) were obtained from Sigma-Aldrich in analytical grade and used
without further purification. Aqueous solutions of 1 mM Fc(MeOH)2 were pre-
pared with the above-mentioned salts as supporting electrolyte with concentration
1 M except for K2SO2−

4 , whose concentration was only 0.68 M due to its limited
solubility in water. Additionally, 1 mM solutions of all the above mentioned redox
species were prepared in 1 M KCl as supporting electrolyte, except for FcCOOH
whose supporting electrolyte was 200 mM PBS buffer with pH 6.5 due to solubility
issues. Water was obtained from a Milli-Q Advantage ultrapure water system.

Nanogap devices were fabricated using lithographic techniques on a silicon
substrate employing an approach reported previously1, 2 except that photolithog-
raphy was employed instead of electron-beam lithography. The fabricated devices
contained two Pt electrodes separated by a Cr sacrificial layer. The active re-
gion of the device was defined as the volume encompassed by the overlapping
top and bottom electrodes. We used two types of devices, Type 1 and Type 2,
with La × wb × h = 100µm × 3 µm × 130 nm and 10µm × 3 µm × 60 nm,
respectively. Type 1 devices were used for the transient measurements in which
the potential of one of the electrodes was stepped and the corresponding current
transient was monitored (Figure 5.2 a). All other measurements were performed
in Type 2 devices. There were two access holes located at the top of the devices.
The distance between the edge of the top electrode and the access hole was Le=

Supporting information of Chapter 5 is included in this appendix.
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2µm except for devices used for temperature varied measurements where Le was
1µm. Since the top electrode was wider than the bottom electrode, there are
two inactive regions of width 1µm, symmetrically located at both sides of the
active region. In all the devices, directly before the measurements, the sacrificial
layer was chemically removed using a wet chromium etchant (Selectipur) from
BASF, at room temperature, thus forming the nanochannel. The etching proce-
dure was monitored electrically by measuring the resistance between the top and
the bottom electrodes.

Electrochemical experiments in the nanogap devices were performed with two
Keithley 6430 subfemtoamp source meters used both as voltage sources to bias
the electrodes and as current meters. The Keithley instruments were controlled
remotely using Labview code. All potentials were applied at the electrodes with
respect a 3 M Ag/AgCl reference electrode (BASi). No auxiliary electrode was
used since the current through the reference electrode was appropriately small (in
the range of pA, which is three orders of magnitude smaller than the redox-cycling
current).

In the redox cycling measurements the potential at the reducing electrode was
0 V (or -0.4V for Ru(NH3)6Cl3) while that at the oxidizing electrode was swept
between 0V and 0.6V. Current-time traces, each of length 50 s, were recorded
at different temperatures ranging from room temperature (21± 2 ◦C) to 60 ◦C
by heating the metal slab over which the nanogap sensor was placed using a
resistive element. The temperature was measured using a Pt-100 temperature
sensor. From the steady state currents (i = 4ner0DNB , where NB is the bulk
number concentration of the redox species) measured using a glassy carbon ultra-
microelectrode (UME) of radius, r0 = 5.5µm (BASi MF-2007) the bulk diffusion
coefficient D of Fc(MeOH)2 molecules in 1 M KCl was determined at different
temperatures.

B.2 Cleaning the electrodes

Prior to the redox cycling measurements, the devices were cleaned by filling
with a solution of 0.5 M H2SO4 and repeatedly (typically 2 to 3 times) sweeping
the electrode potential between -0.2 V and 1.2 V vs. Ag/AgCl until a reproducible
voltammogram was obtained. A typical cyclic voltammogram obtained in this
way from a nanogap device is shown in Figure B.1. The peaks (1) to (4) are
representative for Pt in contact with H2SO4.3 This shows that a clean Pt surface
is exposed to the solution.
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Figure B.1: Cyclic voltammogram of a platinum electrode in a nanogap sensor filled with 0.5
M of H2SO4. The peaks correspond to: (1) hydrogen adsorption, (2) oxidation of the adsorbed
hydrogen, (3) oxidation of platinum, (4) reduction of the platinum oxide layer. The scan rate is
50 mV/s.

B.3 Quantifying adsorption

To quantify adsorption using Equation 5.2 one must determine the rms value
of the fluctuations in the faradaic current, IF,rms. As plotted in Figure B.2, we
determined the degree of adsorption from the values of IF,rms obtained directly
from the current-time traces (open squares) or from the PSD of the traces (open
circles) as4

IF,rms =

√∫
S(f)df (B.1)

The integration is performed between the minimum (20 mHz) and the maximum
(25 Hz) frequencies of the measured PSDs.

As the temperature increases, the frequency spectrum shifts towards higher
values and frequency fluctuations beyond 25 Hz are not captured due to the
limited data acquisition rate of the instrument. Therefore, the values of IF,rms
determined in this way from the current-time traces at high temperature are
not fully accurate. This is the reason why the initial decreasing trend in the
adsorption in Figure B.2 (open circles and squares) disappears and above 35 ◦C
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the adsorption appears to increase as the temperature rises. To overcome this
issue, we integrated the expression for the PSD (S(f) = S0,m/(1 + (f/f0,m)3/2))
from f = 0 to +∞ to include contributions from all frequencies. This results in
the expression,

IF,rms =
√

2S0,m f0,m (B.2)

This means that if the values of S0 and f0,m are obtained from fitting the PSD, it is
then possible to get the correct value of IF,rms using Equation B.2. In Figure B.2,
the degree of adsorption obtained using Equation B.2 is plotted (open triangles).
These values are very close to the ones calculated using the frequency analysis
(filled stars), as embodied by Equation 5.2, both showing a decreasing adsorption
with increasing temperature.
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Figure B.2: Degree of adsorption versus temperature obtained from the rms noise analysis
using Equation 5.2 (open symbols) and frequency analysis using Equation 5.1 (filled symbols)
for 1 mM Fc(MeOH)2 in 1 M KCl. In Equation 5.2, the rms value of the fluctuations in the
faradaic current can be obtained directly (black open squares) from the current-time traces
or by integrating the PSD (red open circles) of the traces. As the temperature increases the
frequency spectrum of the fluctuations goes beyond the detection bandwidth of the measurement
device which brings inaccurate values of IF,rms and adsorption. Integrating the PSD with
frequencies ranging from 0 to ∞, however, gives correct values of IF,rms and adsorption (green
open triangles).

Figure B.2 indicates that determining adsorption using IF,rms obtained directly
from the current-time traces does not give correct values if a significant portion
of the spectra is not included due to instrumental averaging. This becomes sig-
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nificant as f0,m approaches the measurement bandwidth at higher temperatures.
However, at room temperature and when adsorption is large, this procedure is ac-
curate and generates adsorption values similar to the ones obtained using Equa-
tion 5.1.5 In all the measurements at room temperature (with devices having
Le= 2 µm) we determined the degree of adsorption using Equation 5.2, with
IF,rms directly obtained from the current-time traces.

B.4 Effect of the inactive region

The devices have two inactive region each of width 1 µm, symmetrically placed
at each side of the active region due to the fact that the top electrode is broader
than the bottom one. No redox cycling takes place in the inactive region as
there is only one electrode (top) present. The transverse diffusion of molecules
between the active and inactive regions causes high frequency fluctuations in
the redox-cycling current. A detailed analytical derivation of the expressions to
calculate the maximum power S0 and cross-over frequency f0 of these transverse
and longitudinal fluctuations can be found in ref.2 These values depend on the
device geometry through the parameters Le and La as,

S0 =
Ni2p
3D

(L2
a + 6LeLa) (B.3)

f0 =
D

π

(
3

L2
a(La + 6Le)

)2/3

(B.4)

where N is the average number of molecules present in the active region, D is the
diffusion coefficient, and ip is the current per molecule.2 In the transverse case,
taking Le = 1 µm (width of the inactive region) and La = 3 µm (in this case, the
width of the bottom electrode) we obtain S0 is at least 100 times smaller than
that of the longitudinal fluctuations taking Le = 1 µm (the length of the access
channel) and La = 10 µm (the length of the active region). Similarly, the cross-
over frequency f0 is 36 times larger than that of the longitudinal fluctuations.
Therefore, since the longitudinal fluctuations mask the transverse fluctuations, to
simplify our analysis we neglected any correction due to the inactive regions.

B.5 Temperature and limiting current

The diffusion-limited current in redox cycling is given by

IF =
neADcNA

h
(B.5)
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where n is the number of electrons transferred, −e is the electron charge, A
is the active area, NA is the Avagadro constant, c is the molar concentration
of the molecules and h is the distance between the top and bottom electrodes.
Increasing the temperature also increases the diffusion-limited faradaic current,
as shown in Figure B.3, because the value of the diffusion coefficient increases
with temperature.
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Figure B.3: The diffusion limited steady state current for 1 mM Fc(MeOH)2 in 1 M KCl.
The steady state current is directly proportional to the diffusion coefficient and increases with
increasing temperature. The error bars are the standard deviations from five consecutive mea-
surements.
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Figure B.4: Cyclic voltammogram of 1 mM, Fc(MeOH)2 with 1 M concentration of sup-
porting electrolyte with different anions (shown in the figure). With SO2−

4 the reaction kinetics
are found to be significantly slowed.
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B.6 Cyclic voltammogram of Fc(MeOH)2 and an-
ions

We measured the redox-cycling current of Fc(MeOH)2 while scanning the po-
tential at the oxidizing electrode between 0 and 0.45 V. The experiments were
performed with different anionic species in the supporting electrolyte and K+ as
cation. The results are shown in Figure B.4. With anions, F− and SO2−

4 , the
limiting current was considerably lower than the expected diffusion-limited value,
obtained with Cl−. The voltammogram for SO2−

4 further exhibits slow reaction
kinetics. The half-wave potential (0.25 V) also changes for different anions.



References

[1] Zevenbergen, M. A. G., Krapf, D., Zuiddam, M. R. and Lemay, S. G., Meso-
scopic Concentration Fluctuations in a Fluidic Nanocavity Detected by Redox
Cycling, Nano Lett., 2007, 7, 384-388.

[2] Zevenbergen, M. A. G., Singh, P. S., Goluch, E. D., Wolfrum, B. L. and Lemay,
S. G., Electrochemical Correlation Spectroscopy in Nanofluidic Cavities, Anal.
Chem., 2009, 81, 8203-8212.

[3] Bard, A. j. and Faulkner, L. R., Electrochemical Methods: Fundamentals and
Applications, John Wiley & Sons: New York, 2001.

[4] Stremler F. G., Introduction to Communication Systems, 3rd ed., Addison-
Wesley Publishing Company, 1990, pp. 168-171.

[5] Singh, P. S., Chan, H. S. M., Kang, S. and Lemay, S. G., Stochastic Am-
perometric Fluctuations as A Probe for Dynamic Adsorption in Nanofluidic
Electrochemical Systems, J. Am. Chem. Soc., 2011, 133, 18289 -18295.

154



Appendix C
C.1 Methods

C.1.1 Fabrication of nanogap devices

The complete process flow is shown in Figure 6.2 b. In step 1, a stack of metal
film layers consisting of 15 nm/50 nm/40 nm/50 nm/10 nm Ti/Pt/Cr/Pt/Ti was
defined on a 4-inch Si wafer with 500 nm thermally grown SiO2. The metal layers
were deposited consecutively by electron-beam evaporation without breaking vac-
uum and patterned using a lift-off process based on a positive photoresist (OIR
907-17, Arch Chemicals).

Afterwards, a layer of 210 nm of PECVD SiO2 was deposited and patterned
(step 2) in a RIE etcher to function as the mask for the following IBE step. IBE
was chosen to etch through the Pt top electrode and Cr sacrificial layer and thus
define the active region of the device (step 3). This was because it was found
that the etching speed of Cr by wet etching was too fast to control1 and that
RIE deposited contaminants at the edges of the pattern which were difficult to
remove. SiO2 was used as mask instead of photoresist because the photoresist
was hardened during IBE and difficult to remove afterwards. The IBE was done
with an Oxford i300 system which has a secondary ion mass spectrometry (SIMS)
endpoint detector integrated in the chamber. Etching was terminated 20 s after a
rising signal of Pt was observed in SIMS to guarantee that all the Cr in the trench
had been removed. During IBE the wafer was tilted with an ion beam incident
angle of 70◦ and rotated with a speed of 5 rpm. Nonetheless, re-deposition2–4 of
some of the etched Cr and Pt was inevitable, resulting in an electrical connec-
tion between the two electrodes. The wafer was therefore immediately dipped
into 5% HF for 10 s (to remove a passivation layer,5, 6 see C.4) and immersed

Supporting information of Chapter 6 is included in this appendix.
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into freshly prepared aqua regia solution (37% HCl : 70% HNO3 : H2O 3 : 1 : 2, no
external heating) for 5 min to remove the Pt re-deposited during IBE.

Subsequently, a passivation layer of 210 nm PECVD SiN was deposited (step
4) to cover all the metal layers. In the next two steps, a contact wire was deposited
to provide a connection between the top electrode and its leading wire by first
etching through the SiN plus SiO2 using RIE so as to open a contact window
(step 5) and then lifting off the sputtered 10 nm/340 nm/10 nm Ti/Pt/Ti (step 6)
with the same photoresist as used in step 1. A final passivation layer consisting
of 108 nm/528 nm/108 nm PECVD SiO2 / SiN/ SiO2 was deposited (step 7) to
protect the device from being exposed to the liquid. Finally entrance holes were
generated by RIE through the passivation layer followed by IBE through the top
Pt layer (step 8). A second 10 s 5% HF dip plus aqua regia treatment of 8 minutes
was carried out to remove any redeposition. Immediately before electrochemical
measurements, the Cr layer was etched by immersing the device in Chromium
Etch Selectipur (BASF), creating a nanochannel (step 9).

After releasing the nanochannel but before measurements, the devices were
placed in a sonication bath and vortex to increase their robustness, since 40 nm
long hanging beams of TiO2 were generated around the access holes in step 8,
causing failures in some devices. By this method, the yield of the devices was
50%. More detailed explanations and information are provided in C.5.

The devices used for the experiments had a channel dimension of 50 µm × 5
µm × 40 nm, with 4 × 2 µm2 access holes at each end.

C.1.2 Electrical measurements

The currents were measured with two FEMTO DDPCA-300 variable-gain sub-
femto-ampere amplifiers that were controlled with in-house LabVIEW software.
The trans-impedance gain was 1012 V/A and oversampling with a sampling fre-
quency of 10 kHz and averaging interval of 50 ms was employed. In the absence
of redox molecules, the current traces exhibited random noise with amplitude
3 - 5 fA rms. A standard Ag/AgCl electrode (3M NaCl, BASi) served both as
reference and counter electrode. This configuration is appropriate since the cur-
rent flowing through the reference electrode is negligibly small. The reference
electrode was immersed in a PDMS reservoir with an opening at the bottom
that contacted the device. All the potentials mentioned in the manuscript are
referenced to Ag/AgCl. The device was placed on a vibration isolation table in-
side a Faraday cage to shield vibration and interfering electrical signals. For the
high-temperature measurements, the chip was placed on a copper block that was
heated by passing a current generated by a TTi PL303-P power supply through
a 20 Ω 50W resistor glued onto the block. The temperature was monitored with
a K-type (Chromel-Alumel) thermocouple reader (206-3738, RS components).
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The diffusion coefficients of the analyte molecules were determined from the
diffusion-limited current at a 5 µm radius platinum ultramicroelectrode (BASi
MF-2005).

C.1.3 Chemicals

(Ferrocenylmethyl)trimethylammonium bromide (FcTMABr) was purchased
from ABCRGmbH (cat. no. AB145893), potassium ferricyanide (K3Fe(CN)6) from
Sigma-Aldrich (cat. no. 702587), ferrocenedimethanol (Fc(MeOH)2) from Acros
(cat. no. 382550010), potassium chloride (KCl) from Sigma-Aldrich (cat. no. P3911)
and Selectipur chromium etchant from BASF. All chemicals were used as received
and the solutions were prepared using 18.2MΩ cmMilliQ water.

C.2 Reduction of single-molecule current due to
dead volume and origin of χgeom

We argued in the main text that the observed single-molecule current, ip, is
suppressed by a factor χgeom due to the existence of a dead volume. Here we
explain in more detail the origin of this suppression.

First consider a particular random-walk trajectory of a molecule in a device
with no dead volume, as sketched in Figure C.1 a. The occupancy of the device
increases from 0 to 1 when the molecule enters the active region and returns to 0
when it exits, as sketched in Figure C.1 b. The corresponding measured redox-
cycling current exhibits a similar time evolution, except that, due to the finite
response speed of the current measurement circuit, finite rise and fall times are
observed. Such limited time resolution is unavoidable: the inverse relationship be-
tween the gain and measurement bandwidth of current-detection circuitry ensures
that the more sensitive a measurement system, the lower its time resolution. In
particular, the rise time of the transconductance amplifiers employed in this work
is 350 ms for the 1012 V/A gain required for measuring single-molecule signals;
only events lasting longer than this can be resolved.

Now consider the same trajectory in a device with a dead volume along both
lateral edges of the device, as shown in figure C.1 d. Each time that the molecule
enters the dead volume the occupancy of the active region drops to 0, leading to
rapid consecutive oscillations as the molecule travels along the channel (Figure C.1
e). If the dead volume is sufficiently narrow, however, these random excursions
into the dead volume are short-lived compared to the rise time of the electronics.
Consequently, the extra fluctuations cannot be resolved and are instead averaged
over, as sketched in Figure C.1 f. Because the total amount of charge transferred
per unit time is lowered, however, the fluctuations still result in a decrease in
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the average detected current. This can be put on a more quantitative footing by
noting that the residence time in the dead volume is of order (∆x)2/D, where ∆x
is the width of the dead volume. This corresponds to ∼1 ms for ∆x = 1 µm and
decreases rapidly with decreasing dead volume, the typical residence time being
thus orders of magnitude shorter than the time resolution for all values of ∆x
investigated here.

The arguments above are addressed formally in the supporting information of
Ref. [23], where it is shown analytically that the fluctuations associated with a
random process much more rapid than the longitudinal diffusion time scale have
negligible effect on the noise spectral density of the redox-cycling signal but do
reduce the current per molecule.
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Figure C.1: (a,d) Sketch of a trajectory of the random walk of a molecule in the plane
parallel to the electrode plates in a device without and with dead volume, respectively. (b, e)
Simulated occupancy-time traces corresponding to situation (a) and (d). (c, f) Corresponding
current-time plot after convolving the trace in (b) and (e) with a model impulse response with
a time constant τ equal to the rise time of the electronics.

C.3 Stress-balanced passivation layer and AFM
measurement of the morphology of the device

The complete passivation layer consisted of a SiO2/SiN/SiO2/SiN/SiO2 stack
with thickness 60/210/108/528/38 nm; the bottom and top SiO2, which were
originally 210 nm and 108 nm as deposited, were later consumed during the IBE
(10 nm/min) and 5% HF dip (4 nm/s). A combination of PECVD oxide and
nitride was employed because a layer with tensile stress was required to prevent
film bending7 and, based on previous reports, multiplex layers exhibit superior
insulation compared to monolayers of pure silicon nitride and silicon dioxide.8, 9

A device with the nanochannel released was placed in an atomic force mi-
croscope (AFM, Cypher, Asylum Research) liquid cell that was filled with 1 mM
Fc(MeOH)2 in 0.1M KCl and the morphology was measured in solution in con-
tact mode. The height image and 3D image are shown in Figure C.2 a and C.2
b, respectively, which show that the top electrode membrane remained flat.
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Figure C.2: AFM images of the detection region of a device. (a) Height image. (b) 3D
image.

C.4 Redeposition in IBE, HF pre-treatment and
etching with aqua regia

To determine the etching rate in aqua regia (37% HCl : 70% HNO3 : H2O 3 : 1
: 2, no external heating) of the metals, a test wafer was fabricated following the
same method as described in the manuscript up to step 3, etching through the
top Pt and Cr with IBE. Afterwards, the wafer was broken into pieces, three of
which were processed further, one without any pre-treatment, one dipped in 1%
HF for 10 seconds and the other in 5% HF for 10 seconds. All three were then
immersed into freshly mixed aqua regia solution for 10 min. Finally, each chip
was cleaved along the direction perpendicular to the side wall of the pattern and
cross sections were observed with SEM.

Figure C.3 a shows the SEM image of a chip that was not treated with HF.
Pt is not etched at all in aqua regia and a re-deposited film is visible along the
side wall. Figures C.3 b and C.3 c show two different locations on a chip that
was dipped in 1% HF before the aqua regia etch; in both figures, the bottom Pt
is not etched, however, the top Pt is etched laterally with a different etching rate
in the two cases. This shows that the passivation layer5, 6 formed in the trench
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that stopped the etching of Pt in aqua regia was not effectively removed; the top
Pt electrode was etched when aqua regia went through the rift of the re-deposited
film along the side wall, and the etching process thus depended on how much the
side wall was sealed by the redeposition. Since it is thicker in Figure C.3 b than
in Figure C.3 c, the lateral etching of the top Pt was more hindered in the former
case than in the latter one.

Figure C.3 d shows a chip that was pre-treated with 5% HF and in which the
SiO2 mask layer was much thinner; as a result the bottom Pt in the trench was
totally etched in aqua regia and an undercut of ∼100 nm was created, while the
top Pt was etched in the lateral direction for ∼200 nm. This indicates that the
passivation layer was removed by the HF, allowing the Pt to be effectively etched
in aqua regia. The redeposition was completely removed in this case, as shown in
the figure.

Based on the above tests, it was found that the etching rate of Pt in aqua
regia was about 10 - 20 nm/min. The etching proceeded faster where there was a
thinner re-deposited layer. Cr was not attacked in aqua regia, thus the sacrificial
layer was wider than the two Pt electrodes and short circuits were avoided (Figure
C.3 d). The etching rate of Ti in aqua regia was about 3 angstroms/min, this slow
rate insured that some Ti was still remaining after the etching (as also shown in
Figure C.3 d) and the electrical connection to the bottom electrode was not lost.

In the discussion section, Figure 6.3 d and 6.3 e show two devices resulted in
different geometries by tuning the durations of the IBE and aqua regia etches.
The device shown in Figure 6.3 d was fabricated by switching off the IBE as soon
as Pt was detected in SIMS, at which point some Cr still remained and hindered
the following etching of the Pt beneath. With 20 min etch in aqua regia, the
bottom Pt in the trench was still present, and a ∼200 nm undercut was formed
in the top electrode only. In Figure 6.3 e, an over-etching of 20 s was instead
employed in the IBE step, etching away all the Cr in the trench; following 5 min
immersion in aqua regia, the bottom electrode was etched through and a further
lateral etch proceeded for ∼50 nm, while the top electrode was etched laterally
for ∼80 nm. This represents a good compromise between minimizing the dead
volume and, simultaneously, the risk of short circuits.

In the discussion section, Figure 6.3 d and 6.3 e show two devices resulted in
different geometries by tuning the durations of the IBE and aqua regia etches.
The device shown in Figure 6.3 d was fabricated by switching off the IBE as soon
as Pt was detected in SIMS, at which point some Cr still remained and hindered
the following etching of the Pt beneath. With 20 min etch in aqua regia, the
bottom Pt in the trench was still present, and a ∼200 nm undercut was formed
in the top electrode only. In Figure 6.3 e, an over-etching of 20 s was instead
employed in the IBE step, etching away all the Cr in the trench; following 5 min
immersion in aqua regia, the bottom electrode was etched through and a further
lateral etch proceeded for ∼50 nm, while the top electrode was etched laterally
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Figure C.3: Scanning electron microscopy images of cross-sections of test structures im-
mersed for 10 min in aqua regia with (a) no pre-treatment, (b) and (c) 10 s in 1%HF as pre-
treatment and (d) 10 s in 5%HF.

for ∼80 nm. This represents a good compromise between minimizing the dead
volume and, simultaneously, the risk of short circuits.

C.5 Hanging beams around the access holes

In Figure C.3 d, there is a ∼40 nm wide strip hanging at the edge of the
remaining SiO2 mask. This was generated when the Ti adhesion layer of the top
Pt electrode was oxidised and became resistant to the etching chemicals. Once the
SiO2 above was etched in 5% HF and the Pt beneath was etched in aqua regia, a
hanging beam was formed which was merged with the passivation layer deposited
in the following step, causing no risk for later steps. However, beams were also
created around the access holes and kept hanging after the 5% HF treatment and
aqua regia etching in process step 8. Figure C.4 a and C.4 b show the SEM images
of access holes of two devices after the nanochannels have been released. In Figure
C.4 a, part of the hanging beam was broken off and flushed away, as indicated
by the arrow; this did not influence the functioning of the device. However, if
part of the beam collapsed and touched the bottom electrode, a conduction path
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was formed, as indicated by the arrow in Figure C.4 b, which caused the failure
of the device. Based on a large number of experiments, it was found that the
beams could be broken off and the residue flushed away, greatly increasing the
robustness of the devices. This was achieved by applying 15min sonication to
the chip (Branson DTH-1510, 42 kHz, 80W) and subsequently placing the chip
in a vortex generated by a magnetic stirrer rotated with a speed of 1600 rpm in
a beaker of water. Yields of 50% were achieved with this additional handling.
In the future, the formation of hanging beams can be avoided by changing the
material used for the IBE mask.

(a) (b)200 nm 50 nm

Figure C.4: Scanning electron microscope images of hanging beams around the access holes.
(a) A working device in which part of the hanging beam has been broken off and flushed away.
(b) Part of the hanging beam collapses and touches the bottom electrode, forming a conducting
path between the top and bottom electrode and causing a short circuit of the device.

C.6 Single-molecule detection control experiments

We interpret the anti-correlated step-like features excursed from the baseline
as the signature of single molecules entering the nanogap, as further supported
by the following control experiments:

• Measurement at redox cycling conditions with and without redox species.
Figure C.5 a and C.5 b show traces obtained from a device biased at Et =
0.48 V and Eb = 0.32 V in 0.1M KCl and 10 pM FcTMABr in 0.1M KCl
respectively. By adding FcTMABr, the anti-correlated excursions started
to appear, which was not observed with only KCl in the solution. This
supports the conclusion that anti-correlated events are caused by the redox
molecules.
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Figure C.5: Current-time traces at redox cycling conditions (Et = 0.48 V and Eb = 0.32 V)
in (a) 0.1M KCl and (b) 10 pM FcTMABr in 0.1M KCl.

• Measurement in redox species with and without employing redox-cycling
potentials. Figure C.6 a and C.6 b show traces measured from a device
filled with 10 pM Fc(MeOH)2 in 0.1M KCl with Et = Eb = 0.1 V and Et
= 0.3 V, Eb = 0.2 V respectively. Anti-correlated steps arose only when
potentials suitable for redox cycling were applied.
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Figure C.6: Current-time traces measured with 10 pM Fc(MeOH)2 in 0.1M KCl at (a) Et
= Eb = 0.1 V and (b) Et = 0.3 V, Eb = 0.2 V.

• Measurements while swapping the bias potentials of the electrodes. Figure
C.7 a and C.7 b show traces measured in 10 pM Fc(MeOH)2 in 0.1M KCl
with Et = 0.3 V, Eb = 0.2 V and Et = 0.2 V, Eb = 0.3 V, respectively. The
polarity of the excursions were reversed when the potentials were swapped,
consistent with the reversed oxidizing/reducing role of the electrodes.
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Figure C.7: Current-time traces measured with 10 pM Fc(MeOH)2 in 0.1M KCl at (a) Et
= 0.3 V and Eb = 0.2 V and (b) Et = 0.2 V, Eb = 0.3 V.

• Measurement with shifted potential window. Figure C.8 a and C.8 b show
traces measured from a device filled with 10 pM Fc(MeOH)2 in 0.1M KCl
with Et = 0.3 V, Eb = 0.2 V and Et = 0.5 V, Eb = 0.4 V respectively. When
the potential window was shifted to the non-redox cycling region, the signal
disappeared.
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Figure C.8: Current-time traces measured with 10 pM Fc(MeOH)2 in 0.1M KCl at (a) Et
= 0.3 V and Eb = 0.2 V and (b) Et = 0.5 V, Eb = 0. 4 V.

• Cross-correlation analysis of data obtained at different concentrations of
Fc(MeOH)2 in 0.1M KCl at Et = 0.4 V and Eb = 0.1 V. Each of the two
simultaneously acquired amperometric traces consists of two components:
the redox cycling current, which has the same magnitude but opposite signs
at the two electrodes, and instrumental noise, which is independent for the
two electrodes. This allows performance of a cross-correlation analysis10 to
extract the amplitude of the faradaic fluctuations. Figure C.9 shows the un-
correlated and anti-correlated parts of the fluctuations in the current versus
concentration of Fc(MeOH)2. Noise from the instrumentation is indepen-
dent of the concentration of redox species, while the faradaic contribution
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scales as C1/2 , supporting the conclusion that the fluctuations originate
from the random walk of the molecules.6

At low concentration (100 pM and below), the anti-correlated component
shows a higher value than predicted, indicating some contributions from
contaminating background signals. At this level, it is extremely difficult
to entirely remove contamination, therefore a narrower potential window of
100 - 150 mV was employed.
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Figure C.9: Uncorrelated and anti-correlated parts of the measured fluctuations in the
current versus concentration of Fc(MeOH)2.

C.7 Ultra-low noise current measurements

Together with sub-femto-ampere amplifiers (FEMTO DDPCA-300), a Keith-
ley 7078-TRX low noise triaxial cable was used. The inner shield was driven by
a unity gain low impedance amplifier (guard) to reduce the cable leakage current
and effective cable capacitance.11 With probes lifted up to create an open-circuit
configuration, the peak-to-peak background noise current with gain settings of
1012 and 1013 V/A was 2 fA. Part of the measurement setup, including a FEMTO
amplifier, triaxial cable and probe manipulator are shown in Figure C.10.
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Figure C.10: Part of the measurement setup, including FEMTO amplifier, triaxial cable,
probe manipulator and probe.
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Summary

This thesis presents results obtained during a research project aimed at re-
alizing electrochemical single-molecule detection in water. By virtue of being
inherently electrical in nature, electrochemical sensors are particularly well suited
for integration with microelectronics compared to sensors based on other detec-
tion principles. They may thus enable cost effective, massively parallel analysis
and diagnostics platforms. However, limited sensitivity and selectivity have been
bottlenecks for years in the development of a wide range of bio-electrochemical
sensors. In this project, a microfabricated nanogap device with significantly en-
hanced properties based on redox cycling is developed. With the ability to resolve
single molecules, sensitivity is pushed to its most fundamental limit and selectiv-
ity can potentially be improved by distinguishing species via their single-molecule
signatures.

In the opening part of the thesis, the development of microfabricated electro-
chemical systems is reviewed in order of increasing device complexity. Methods to
fabricate micro/nanoelectrode and arrays, redox-cycling devices and compact sys-
tems integrated with microfluidics and CMOS electronics are introduced. Thanks
to lithography-based technologies, not only arrays of sensing elements can be fab-
ricated with high control and reproducibility, but also it is feasible to integrate
multiple components with functions such as sensing, fluidic handling and signal
processing onto a single chip.

The thesis then goes on to describe how optical lithography and standard mi-
crofabrication techniques were employed to fabricate nanogaps, which consist of
two electrodes with a length in the range of 10 to 100 µm and a width of several
microns embedded in the ceiling and floor of a nanofluidic channel with a height
of ∼50 nm. Redox molecules enter the detection region defined by the two elec-
trodes through entrance holes located at the two ends of the channel. With the
electrodes biased at high over-potentials, the molecules are oxidized and reduced
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repeatedly, generating an amplified current. Preliminary work to characterize and
understand the behavior of the device, including how redox couples with different
diffusion coefficients and reversible adsorption of analyte species influence its per-
formance, are presented in Chapter 3-5. Small outer-sphere redox molecules such
as ferrocene derivatives were found to adsorb reversibly to electrodes, especially
in miniaturized systems with high surface-to-volume ratios. It was concluded
that some device properties were dominated by adsorption, in particular sensor
response times and single-molecule signal levels. In Chapter 5, results of more
detailed investigations of adsorption with different analyte and electrolyte species
at different temperatures are presented.

Based on a self-aligned fabrication scheme that minimizes the gap size and
dead volume of the device, redox-cycling efficiency was further improved and
electrochemical detection in aqueous solution with single-molecule resolution was
achieved. This is demonstrated in Chapter 6 for three common redox mediators
at physiological salt concentrations. The signal-to-noise ratio was improved by
a factor of 2-3 when the temperature of the experimental system was increased
from 22 ◦C to 37 ◦C as diffusion coefficient and dynamic adsorption of analyte
molecules were increased and suppressed, respectively. This is the first reported
electrochemical detection of single-molecules in water solution in a nanofluidic
device. Further building on this approach, we also demonstrated the first study
ever to characterize mass transport of individual redox molecules using an elec-
trochemical method. Analysis of the distribution of first-passage times of single
molecules suggests anomalous surface diffusion of adsorbed analyte molecules at
ultra-low (10 pM) concentrations compared to measurements at high (µM to mM)
concentrations.



Samenvatting

Dit proefschrift betreft onderzoek gericht op het realiseren van de elektro-
chemische detectie van enkele moleculen in waterige oplossingen. Vergeleken met
andere detectiemethoden zijn elektrochemische sensoren inherent elektronisch van
aard, en daardoor buitengewoon geschikt voor integratie met micro-elektronica.
Hierdoor maken ze de ontwikkeling van kostenefficiënte, parallelle analytische
en diagnostische platformen mogelijk. Echter, beperkingen in gevoeligheid en
selectiviteit vormden al jaren het knelpunt in de brede ontwikkeling van bio-
elektrochemische sensoren. In dit project is een verbeterd instrument met een
microgefabriceerd nanokanaal ontwikkeld gebaseerd op ‘redox cycling’ (het her-
haaldelijke oxideren en reduceren van een enkel molecuul). Dankzij de mogeli-
jkheid om een enkel molecuul waar te nemen is de gevoeligheid gemaximaliseerd
tot de fundamentele limiet. De selectiviteit kan verder worden verbeterd door ver-
schillende soorten moleculen te onderscheiden aan de hand van het karakteristieke
signaal van een enkel molecuul.

In het eerste deel van dit proefschrift is er een overzicht gegeven van microge-
fabriceerde elektrochemische systemen, in het volledige spectrum van ogenschijn-
lijk eenvoudige tot meer complexe instrumenten. Methoden voor het vervaardigen
van micro- en nano-elektroden, redox cycling-instrumenten en compacte systemen
met geïntegreerde microfluïdica en CMOS elektronica worden geïntroduceerd en
besproken. Technieken gebaseerd op lithografische methoden maken het mogelijk
om series van detectie-elementen met een hoge mate van beheersing en repro-
duceerbaarheid te fabriceren. Bovendien maakt deze techniek de integratie van
meerdere componenten met verschillende functies zoals detectie, vloeistofmanip-
ulatie en signaalverwerking op een enkele chip mogelijk.

Het volgende deel van dit proefschrift beschrijft hoe optische lithografie en
gangbare microfabricatie technieken zijn gebruikt om nanokanalen te maken met
daarin twee parallelle elektroden van 10-100 µm lang en enkele micrometers breed,
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die van elkaar gescheiden zijn door een nanofluïdisch kanaal met een hoogte van
∼50 nm. Redox-actieve moleculen kunnen het detectiegebied tussen de twee elek-
troden binnentreden middels toegangspunten aan beide uiteindes van het kanaal.
Wanneer de elektroden op een hoog overpotentiaal gehouden worden, worden de
redox-actieve moleculen herhaaldelijk geoxideerd en gereduceerd, wat leidt tot
een versterkte elektrische stroom aan de elektroden. Inleidend werk om de in-
strumenten te karakteriseren en te begrijpen is beschreven in Hoofstukken 3-5.
Hierbij is onder meer gekeken naar redoxkoppels met verschillende diffussiecoef-
ficiënten en naar de rol van omkeerbare adsorptie van het analiet. Voor kleine
redox-actieve moleculen zoals ferroceen-derivaten is adsorptie aan elektroden om-
keerbaar, vooral in geminiaturiseerde systemen met een hoge oppervlakte/volume
verhouding. Er is geconcludeerd dat sommige systeemeigenschappen, zoals de de-
tectietijd en de grootte van het signaal afkomstig van een enkel molecuul, in zeer
grote mate bepaald wordt door adsorptie. De resultaten van een gedetailleerd
onderzoek naar de rol van adsorptie met verschillende analieten en redox-actieve
moleculen bij verschillende temperaturen zijn gepresenteerd in Hoofdstuk 5.

Door gebruik te maken van een zelfuitlijnend fabricageproces met als doel de
hoogte van het kanaal en het dode volume van het systeem te minimaliseren werd
de redox cyclingsefficiëntie dusdanig verhoogd dat het mogelijk was om een enkel
molecuul in een waterige oplossing te detecteren. Het bewijs wordt geleverd in
Hoofdstuk 6, voor drie veelgebruikte redox-actieve moleculen in oplossingen met
fysiologische zoutconcentraties. De signaal/ruis verhouding kon verder verbeterd
worden door de temperatuur te verhogen van 22 ◦C naar 37 ◦C, omdat de ver-
hoogde temperatuur de diffusiecoefficient laat toenemen en de dynamische adsorp-
tie van het analiet onderdrukt. Hiermee is voor eerste keer de elektrochemische
detectie van enkele moleculen in een waterige oplossing waargenomen met behulp
van een nanofluïdische instrument. Deze nanokanalen hebben het verder mo-
gelijk gemaakt om voor de eerste keer ooit het massa-transport van enkele redox-
actieve moleculen te karakteriseren met elektrochemische technieken. Verdere
analyse van de eerste doorkomsttijd van enkele moleculen suggereert een afwijk-
end diffusiemechanisme langs het oppervlak van geadsorbeerde analiet moleculen
bij ultralage analiet concentraties (10 pM) ten opzichte van metingen bij hogere
(µM-mM) concentraties.
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