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Abstract

Biosensors are used for the detection of a range of analytes for applications in healthcare, food

production, environmental monitoring and biodefence. However, many biosensing platforms

are large, expensive, require skilled operators or necessitate the analyte to be labelled. Di-

rect electrochemical detection methods present a particularly attractive platform due to the

simplified instrumentation when compared to other techniques such as fluorescence-based

biosensors. With modern integrated circuit capabilities electrochemical biosensors offer

greater suitability for monolithic integration with any necessary signal processing circuitry.

This thesis explores micro- and nanogap devices for both redox cycling and dielectric spec-

troscopy sensing mechanisms. By using two electrodes with interelectrode separation down to

distances in the micro- and nanometre scale, several benefits can be realised. Firstly the close

proximity of the two electrodes significantly reduces the interdiffusion time. This allows an

electroactive species to be rapidly shuttled across the gap and switched between reduced and

oxidised states. The result is feedback amplification of the amperometric response, increasing

the signal. The second benefit is that the screening effect caused by electric double layers at

the electrode–electrolyte interface is reduced due to the electric double layers occupying a

larger fraction of the sensing volume. This significantly improves the sensor suitability for

dielectric spectroscopy by increasing the potential drop across the biolayer.

These two sensing mechanisms are demonstrated using a large area dual-plate microgap

device for the detection of two different analytes. Utilising the first mode, detection of cysteine–

cystine, an important redox couple involved in the signalling mechanism for the regulation of

protein function, interaction and localisation is shown. The microgap device is then used for

dielectric spectroscopy sensing of a mannose-specific uropathogenic Escherichia coli strain

whilst also demonstrating the effect of ionic concentration on the capacitive response.

The response of these devices is highly dependent on the interelectrode separation as well

as the surface area of the electrodes. However, fabrication of large-area nanogap devices
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presents a significant challenge. This meant that careful optimisation and the development

of novel techniques was necessary. This work reports the design, fabrication and character-

isation of both a vertical and a horizontal coplanar large area nanogap device. The vertical

nanogap device is fabricated using an inductively-coupled plasma reactive ion etching process

to create a channel in a silicon substrate. A lower electrode is then optically patterned in the

channel before anodically bonding a second identical electrode patterned on glass directly

above. The horizontal nanogap device uses a different approach, utilising a state-of-the-art

electron-beam lithography system to create a long serpentine nanogap with passivation to

reduce fringing effects. The design allows the electron-beam lithography step to be substituted

with nanoimprint lithography to reduce cost and improve throughput. Both of these devices

have integrated microfluidic channels and provide a capacity for relatively high-throughput

production.

Keywords: biosensor, sensor, large-area, microgap, nanogap, electrochemical, redox cycling,

generator–collector, dielectric spectroscopy, capacitance, electric double layer
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1 Introduction

A biosensor can be considered of being comprised of two key parts, the biomolecular recog-

nition part and the transduction part. In recent years the field of microelectromechanical

systems (MEMS) has seen the emergence of a subset family of devices termed micro total anal-

ysis systems (µTAS). These devices combine a miniaturised sensor platform with microfluidic

sample delivery [1]. Electrochemical detection has favourable attributes for these applications

as the necessary signal processing circuitry can be easily integrated.

Direct electrochemical detection methods are of particular interest. Such systems are often

referred to as ‘label-free’ electrochemical sensors and benefit from avoiding the need for an

expensive and time consuming labelling step. These devices offer the capacity to be low cost,

compact, portable, and have the potential to provide analytical results within a few minutes

for a range of applications [2].

1.1 Background

It was as early as the 18th century that pioneers such as Luigi Galvani and Alessandro Volta

were conducting electrochemical experiments [3, 4]. Galvani’s work centred around what he

called ‘animal electricity’ , studying the contraction of a dead frog’s muscles when applying

static charge. Volta instead believed the galvanism was caused by the metal contacts and

this disagreement led him to develop the first battery, termed a voltaic pile. This was used by

Anthony Carlisle and William Nicholson to demonstrate the electrolysis of water [5]. Some

years later Michael Faraday published his accounts of his research in electricity [6], in which

he described the now conventional terms: electrode, anode, cathode, electrolyte, ion, anion

and cation. Such was the importance of Faraday’s work, charge-transfer reactions occurring at

the electrode surface are termed ‘Faradaic’ reactions.

However, it would take over one century before electrochemistry would be utilised for biologi-
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Chapter 1. Introduction

cal sensing. In 1962 Leland Clark Jr. and Champ Lyons inadvertently created the first glucose

biosensor by demonstrating how blood oxygen content could be monitored using the enzyme

glucose oxidase and an electrochemical oxygen probe [7]. But it was the work by Cass et al. [8]

in developing a redox mediated glucose sensor, capable of determining glucose levels in a

drop of blood that revolutionised the field.

Glucose sensing has demonstrated how biosensing can become both socially and economically

successful with the technology now assisting an estimated 285 million people worldwide

afflicted with diabetes, with the figure expected to reach around 440 million by 2030 [9]. The

market is estimated to be worth around $26 billion by 2021 [10]. Much of this success can be

attributed to the patient now having the ability to perform self-monitoring of blood glucose

levels using a point-of-care (POC) device. This allows the patient to regularly check and track

their blood glucose levels for more effective diabetes management.

Despite the success of glucose biosensing there remain many challenges before biosensors

become a ubiquitous part of our daily lives. The consumer electronics industry has continued

to push the capabilities of fabrication, lowering costs to the point that mobile electronic

devices have now morphed into multifunctional devices with extraordinary capability. Yet

commercially available tools for biosensing are often so expensive that they are resigned to

the most affluent medical centres, hospitals or laboratories. For example, high-performance

liquid chromatography (HPLC) paired with mass spectrometry often forms the pinnacle of

analytical performance. Yet the size, high capital investment, maintenance costs and the

requirement of highly-trained technicians mean they are unlikely to ever be used for POC

biosensing applications.

Fluorescence-based sensors have also demonstrated high sensitivity and selectivity [11] and

allow simultaneous detection of a range of biological targets in the form of a fluorescence im-

munoassay (FIA). Here the hybridisation between an immobilised antigen and a fluorophore-

labelled antibody target (in either direct or indirect formats) can be quantitatively determined

by the fluorescence signal. However, this technique does suffer from a key drawback; the

fluorescent labelling step is both expensive and time-consuming and the optical transduction

requires complex apparatus which is presently difficult to miniaturise.

Biosensors use a form of transduction element to detect the presence of analyte within a

sample matrix. A diagrammatic representation of a biosensor is depicted in Figure 1.1, with

its main elements described in Table 1.1. Transduction methods include electrochemical,

gravimetric, optical, piezoelectric and pyroelectric. However, of all the transduction methods,

it is the electrochemical transduction that best lends itself to low-cost miniaturised devices.

Electrochemical transduction can be split into three main subsets: amperometric, the mea-

surement of current; impedimetric, the measurement of impedance and potentiometric, the

measurement of potential. These measurements offer greater suitability for monolithic chip
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Figure 1.1: Diagrammatic representation of a biosensor.

integration with signal processing circuitry. Direct electrical techniques also benefit from not

requiring an expensive and time-consuming labelling step, making them more amenable to

large-scale manufacturing and thus the development of low-cost POC devices.

Table 1.1: Examples of biosensor elements.

Biomolecular recognition elements Transduction methods Analytes

Antibodies Electrochemical Disease biomarkers

Proteins Gravimetric Drugs and their metabolites

Enzymes Optical Environmental pollutants

Nucleic acids Piezoelectric Industrial chemicals

Organelles Pyroelectric Physiological markers

Peptides Toxins

Boronic acids

1.2 Motivation

Important areas for the development of biosensors are to improve the sensitivity and selec-

tivity, as well as improving the clinical relevance and commercial viability of such devices

through miniaturisation, affordability and ease of use. The typical criteria for a biosensor are

summarised in Table 1.2.
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Table 1.2: Typical criteria for assessing biosensor performance.

Criteria Remarks

Selectivity Describes the ability of the biosensor to discriminate the analyte
in complex media

Sensitivity Provides the ratio of output signal for a measured stimulus

Limit of detection/quantification Defined as the lowest quantity of an analyte that can be reliably
detected, usually calculated as 3/10 times the standard deviation
divided by the slope of the regression line

Reliability The device should act with predictable performance

Dynamic range Describes the range between the largest and smallest levels that
can be detected

Cost This is fundamental to the economic viability of the product

Availability Promotes market uptake

Sample preparation Minimising the requirement for sample preparation often re-
duces time, cost and complexity of a device

Complexity of use Simple operation can significantly reduce the risk of user error.

Size/portability For many applications the device must be small enough to be
easily transported, stored and deployed; this is especially true for
point-of-care and rapid response devices

Some approaches to improve electrochemical sensor performance include the use of enzymes,

electrocatalysts and redox cycling. The enzymatic approach provides the advantage that a

group of analytes can be detected (e.g. substrates, products and inhibitors) and the enzyme

is not consumed in the reaction and therefore can be used continuously. A major drawback

is that the stability of the enzyme over prolonged durations in a range of media can limit

applications.

For electrocatalytic systems a catalyst is used to mediate the charge transfer between analyte

and the electrode (which may in fact be the electrocatalyst). Electrocatalysts lower the acti-

vation energy for the reaction without altering the reaction equilibrium whilst also lowering

the excess energy consumed due to the activation barriers of a redox reaction. Often an

electrocatalyst can be very reaction-specific and can suffer from degradation.

Redox cycling involves the use of two closely spaced electrodes in what is known as a ‘generator–

collector’ configuration. The potentials of the generator and collector electrodes are set such

that an analyte can be repeatedly cycled between a reduced and oxidised state. This leads to a

single molecule contributing to the current response on each reaction, effectively amplifying

the sensor response. Here the challenge is to minimise the interelectrode spacing to reduce

time for interdiffusion, as well as providing sufficient surface area for the electrochemical

reactions.
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1.2. Motivation

Dielectric spectroscopy is a direct electrochemical technique gaining importance as a label-

free detection tool for monitoring biomolecular binding events. Sensing involves recording a

dielectric spectra of an applied electrical signal across a wide frequency range. The dielectric

properties of the system are very complex involving dipole relaxation, ionic relaxation, atomic

polarisation and electronic polarisation. However, by monitoring the capacitance changes

in the interfacial region (i.e., electrode–biomolecular–electrolyte) can be detected. A small

interelectrode spacing means that the electric double layers occupy an increased fraction

of the sample volume, mitigating screening effects and increasing sensitivity. Whilst larger

surface areas allow increased immobilisation of the recognition probe.

1.2.1 Progression of generator–collector systems

Numerous geometries of generator–collector systems have been studied over a period of

several decades. A timeline showcasing some of the key work is provided in Table 1.3. Initial

forms of generator–collector systems were not strictly used for redox cycling as the product of

the reaction at the collector often diffused or, in the case of hydrodynamic systems, was forced

into the bulk solution. In later incarnations both electrodes share both roles of generator and

collector in order to amplify the signal. The earliest form of generator–collector electrodes

was the rotating ring–disk electrode (RRDE). The rotation of the electrode induces convective

flow which moves radially over the generator electrode surface and out towards the collector

ring electrode. The first RRDE was used by Frumkin and Nekrasov in 1959 for the reduction of

oxygen in alkaline solution [12]. Albery et al. contributed significant work on RRDEs for over

two decades from 1966 [13] to 1989 [14], refining the theory and developing new applications.

In the 1960s the group of Reilley also produced generator–collector systems whereby the

interelectrode distance was adjusted using a micrometer positioner [15–18] to create thin-layer

cells. At a similar time Gerischer and coworkers pioneered double channel flow electrodes [19],

whereby solution flows over an upstream generator electrode and the product is detected at

the downstream collector electrode. In the absence of flow these devices form dual-microband

systems, relying on diffusion between the electrodes and were used effectively by Williams et

al. [20].

As microfabrication processes became more widespread, the ability to pattern electrodes

by photolithography resulted in the emergence of interdigitated arrays (IDAs) of electrodes.

IDAs were first described by Sanderson & Anderson [21] in 1985 and developed further to

improve miniaturisation and explore applications by Bard [22, 23], Chidsey [24], Aoki [25]

and Niwa [26–29]. Other significant progression in the use of IDAs has been to achieve

submicron interelectrode separation, first reported by Ueno et al. [30] and burying the IDAs in

microfluidic [31] and nanofluidic [32] channels to improve efficiency.

One of the breakthrough applications of a generator–collector system to arise was scanning
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electrochemical microscopy (SECM). SECM-like measurements were first performed by En-

gstrom et al. by using a micropositioning device to place a microelectrode perpendicular to

the diffusion layer of a macro electrode [33]. However, it wasn’t until 1989 that the term SECM

was introduced by Bard et al. who refined the work of Engstrom, describing the generator–

collector mode relative to the z direction [34] as well as the procedure for obtaining 3D scans

and topographic information of conducting and insulating surfaces, the process that is most

associated with SECM today [35]. This approach was utilised by Fan & Bard in 1995 for the

detection of single molecules [36].

Dual-cylinder microelectrodes were introduced by Seddon et al. in 1994 [37], with the first

dual-disc electrodes later used by Matysik [38] in 1997. Whilst the idea of dual-hemisphere

electrodes was discussed in 1999 [39], it was not until 2008 that a method to fabricate the

electrodes would be developed by the Marken group [40]. These were then exploited by Rassaei

et al. for a range of sensing applications including the detection of glucose [41].

In the last few decades, advanced microfabrication techniques has allowed the fabrication of

more complex structures such as micro- and nanopores. In 1999 Henry & Fritsch developed a

bottom-up fabrication technique for the formation of a gold/polyimide/gold micropore [42].

In 2006 nanoparticles were used by Neugebauer et al. to create a nanoporous device [43]. Many

novel devices with a range of geometries have been reported by the groups of Lemay [32,44–46],

Wolfrum [32, 45–47] and Matsue [48, 49] that include nanofluidic cavities [44, 46], crossbar

arrays [48], IDAs buried in nanofluidic channels [32], dual-plate nanocavities [45], nanoporous

structures [47] and ring–ring nanocavities [49].

1.2.2 Trend towards nanogap devices

The spectacular advance in the development and application of integrated-circuit (IC) technol-

ogy, driven by the consumer electronics industry, has seen the resulting capabilities exploited

by the academic community. Modern microfabrication techniques have allowed feature sizes

of structures to be decreased to the micro- and nanometre scale with high controllability

and reproducibility. Techniques primarily involve thin-film deposition/growth, etching and

lithographic patterning. These processes provide the ability to incorporate electrodes, fluidic

channels and integrated circuits (ICs) all within a single device.

Given the importance device geometry plays in the effectiveness of redox cycling and other

electrochemical sensors, it comes as no surprise that there has been a trend to fabricate

electrodes with submicron interelectrode spacing. Such devices are often termed ‘nanogap’

sensors and their inherent scale make them particularly suited to the detection of biomolecules

(amino acids, lipids, oligonucleotides, proteins, etc.). It is important to highlight that detection

of larger biological targets (bacteria, cells, etc.) are often restricted due to their size (>1 µm).
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Table 1.3: Progression of generator–collector systems and key milestones in their application.

Year Type Remarks Reference & Group

1959 RRDE First generator–collector system Frumkin et al. [12]

1965 TLC Use of a micrometer to create a TLC Anderson & Reilley [15]

1965 DCFE First DCFE system Gerischer et al. [19]

1973 TLC Detailed theoretical expressions for TLCs Hubbard & Peters [50]

1985 IDA Studied steady-state currents of redox markers Sanderson & Anderson [21]

1986 IDA Coupled redox simulations with experiments Bard et al. [22]

1986 IDA Use of redox-active polymer with an IDA Chidsey et al. [24]

1986 SECM First SECM-like experiments Engstrom [33]

1988 IDA Quantitative analysis of redox markers Aoki et al. [25] [Tabei]

1989 IDA Fabricated a vertically separated IDA Niwa [26] et al. [Tabei]

1989 SECM First use of the term ‘SECM’ Bard et al [34]

1989 SECM Performed 3D surface scans with a SECM Kwak & Bard [35]

1990 IDA Studied effect of geometry on system response Niwa et al. [27] [Tabei]

1991 IDA Diffusion measurements using an IDA Nishihara et al. [51]

1991 IDA First biomolecular detection using an IDA Niwa et al. [28] [Tabei]

1991 DCFE Simulations of collector efficiencies of DCFEs Fisher & Compton [52]

1994 dual-cylinder First dual-cylinder system Seddon et al. [37]

1995 SECM First single molecule detection Fan & Bard [36]

1997 dual-microband Flowless DCFE for diffusion-based studies Williams et al. [20]

1997 dual-disc First use of a dual-disc system Matysik [38]

1999 recessed microdisc Recessed microdisc geometry Henry & Fritsch [42]

1999 dual-hemisphere Simulation of dual-hemisphere geometry Fulian et al. [39] [Fisher]

2003 STM Single molecule resistance measurements Xu & Tao [53]

2003 IDA Fabrication of high aspect ratio IDAs Honda et al. [54]

2003 IDA Submicron separation by EBL Finot et al. [55]

2004 IDA Submicron separation by NIL Beck et al. [56]

2006 recessed nanodisc Use of a nanoparticle template Neugebauer et al. [43]

2007 IDE Contained an IDA in a microchannel Dam et al. [31]

2007 nanofluidic cavity Detection of concentration fluctuations Zevenbergen et al. [44] [Lemay]

2008 STM Single molecule charge transfer measurements Li et al. [57]

2008 TLC Single molecule detection with a Pt–Hg TLC Sun & Mirkin [58]

2008 crossbar array Demonstration of a crossbar array Lin et al. [48] [Matsue]

2009 IDA Contained an IDA in nanochannels Goluch et al. [32] [Wolfrum & Lemay]

2008 dual-hemisphere First use of dual-hemisphere electrodes French et al. [40] [Marken]

2009 ring-recessed disc Simulation of ring-recessed disc electrodes Menshykau et al. [59] [Compton]

2010 dual-hemisphere Demonstrated glucose detection Rassaei & Marken [41]

2010 plane-recessed disc First plane-recessed disc electrodes Menshykau et al. [60] [Compton]

2010 nanocavity Dopamine detection with a vertical nanogap Kätelhön et al. [45] [Lemay & Wolfrum]

2011 nanoporous Use of a nanoporous oxide template Hüske & Wolfrum [47]

2011 nanofluidic cavity Single molecule stochastic detection Zevenbergen et al. [46] [Wolfrum & Lemay]

2012 nanofluidic cavity Adsorption found to be a limiting factor Kang et al. [61] [Lemay]

2013 dual-plate Developed epoxy-based dual-plate fabrication Dale et al. [62] [Compton & Marken]

2014 nanofluidic cavity Enzymatic detection in a vertical nanogap Rassaei et al. [63] [Lemay]

2015 nanocavity ring–ring Demonstrated embryoid detection Kanno et al. [49] [Matsue]

Key: DCFE = dual-channel flow electrode, EBL = electron-beam lithography, IDA = interdigitated array,
NIL = nanoimprint lithography, RRDE = rotating ring–disc electrode, SECM = scanning electrochemical
microscopy, STM = scanning tunneling microscopy, TLC = thin-layer cell
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By using electrodes separated by a nanogap, very large electric fields (>100 kV·m−1) can be

established using fairly modest applied potentials (<100 mV). For biosensing applications

the analyte is often within an ionic matrix and as a consequence the electric field will decay

exponentially with increasing distance from the electrode due to the formation of an electric

double layer. Enhancement of the electric field provides improved dynamic range and there-

fore better ability to distinguish properties. Furthermore, these strong electric fields can be

applied whilst ensuring that the potentials are low enough that electrolysis does not occur. It

is important to stress that for extremely high electric fields (>0.5 V·nm−1) biomolecules may

exhibit an adverse response, such as irreversible conformation or malfunction [64, 65].

Nanogap sensors therefore provide a highly sensitive platform for the interrogation of biomolecules

whilst minimising sample volume and allow a wide range of electrical behaviours to be ob-

served. There are two distinct types of nanogap devices that have emerged. The first are

those that are used for the interrogation of biomolecules, often consisting of sharp triangular

point-like electrodes with minute interelectrode distances to match that of the target molecule

and minimal contact area for improved selectivity. The geometry of such devices results in

poor redox amplification and complicated fringing effects. The second type are those that are

employed for electrochemical sensing applications, where both the submicron interelectrode

distance and relatively large surface area lead to improved performance.

As early as 1974 Aviram and Ratner [66] predicted that individual molecules would in future be

used in circuit devices. This drive towards molecular electronics as well as single-molecule

interrogation has resulted in a vast amount of research on nanogap devices aimed at trapping

single molecules. Consequently the majority of early nanogap devices are in the form of

horizontal coplanar point-like junctions with lengths of less than 1 µm. Again, this geometry

results in nonplanar electric fields that complicate electrochemical detection and minute sur-

face areas that limit biomolecular probe loading. However, many of the fabrication techniques

developed can still be exploited to fabricate larger surface areas.

Early forms of nanogaps were predominantly horizontal coplanar devices and fabrication

techniques include: atomic layer deposition (ALD) with adhesive tape planarisation [67, 68],

chemical-mechanical polishing [69], deep-ultraviolet lithography with silylation [70], dip-

pen nanolithography [71], direct chemical synthesis [72], electrochemical synthesis [73],

electromigration [74–76], electron-beam lithography, [77, 78], electroplating [79], focused ion

beam (FIB) milling [80–83], mechanical break junctions [84, 85], molecular lithography [86],

molecular rulers [87, 88], oblique-angle [89] and double oblique-angle evaporation [90], on-

wire lithography [91], oxidative plasma ablation [92] and transfer printing [93].

The earliest vertical coplanar nanogaps appear in the late 1980s and existed in the guise of the

SECM [33,34]. In more recent years new methods to fabricate vertical coplanar nanogaps have

emerged and these include: etching recesses into sidewalls of metallic layers [94], etching

sacrificial layers [44, 46, 95, 96], molecular-beam epitaxy [97], nanosphere lithography [43, 98]
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and nanoskiving [99]. Naturally as microfabrication facilities and processing equipment have

become more accessible there has been a growing number of researchers working on nanogap

devices. As a consequence there are several recent comprehensive reviews [100–103] covering

the fabrication and applications of nanogap sensors.

Considering devices suited for electrochemical redox cycling sensing applications (i.e., <50µm

interelectrode spacing and relatively large surface area), the most widely reported devices

are the class of interdigitated arrays (IDAs) with horizontally orientated nanogaps. For these

devices the fabrication technique of choice remains electron-beam lithography. Most of these

devices do not have any form of passivation on the top surface of the electrode. In the case of

redox cycling applications this means there are large electrode areas exposed to the sample

volume that do not provide a linear diffusion path. Furthermore, unless the electrodes are

contained in a micro- or nanofluidic channel (to limit sensing volume) there can be a large

loss of diffusive flux into the bulk solution, reducing the amplification factor. In order to

maximise the sensitivity the residence time of molecules inside the detection volume should

be maximised, while the spacing between the electrodes (x) is minimised. For capacitive-

based biosensors the sensitivity can be hampered by the fringe electric fields and an exposed

top surface without volume containment would remove any benefits of confining the electric

double layers of the opposing electrodes.

In more recent years there has been a growing number of vertical nanogap devices to emerge.

The most popular method for producing vertical nanogaps has been to etch a sacrificial layer

that exists between two metallic layers. The popularity of this method is most likely due to the

excellent control of layer deposition/growth and well characterised etching processes now

available. However, the method is not without its pitfalls. For cavities etched in sidewalls

the structural integrity and stability of the overhanging electrode limits the distance that can

be etched and thus the surface area that can be achieved. For encapsulated cavities with

micro- nanofluidic access, complete removal of the sacrificial layer and residues becomes

extremely difficult for large areas without causing collapse. Without judicious choice of

material or geometry any residual stress in the top electrode can lead to buckling, altering the

interelectrode spacing along the nanochannel.

It is important to highlight that for sensing applications simply minimising the interelectrode

separation is not always suitable. Many of the reported devices to date provide enough amplifi-

cation to detect a few hundred molecules, but the minuscule sensing volume limits their molar

sensitivity, which is more important in many applications. For instance, a nanofluidic redox

cycling sensor with length of 100 µm, width of 2 µm and 100 nm interelectrode separation,

coupled to a bulk reservoir with an analyte concentration of 100 fM contains approximately

0.0012 molecules within the sensing volume. By increasing the length and width of the elec-

trodes the total sensing volume increases, providing a greater likelihood of a molecule being

present between the electrodes, and therefore detected.
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To summarise, electrochemical nanogap devices offer an exciting prospect for sensitive and

selective label-free sensing applications. Benefits include low sample and reagent volumes,

low power consumption and the ability to create large electric fields with modest applied

potentials. Modern microfabrication processes have allowed continued downscaling of the

transducer element and offers the possibility to incorporate micro- and/or nanofluidics with

ICs into a single chip to provide a µTAS solution. However, there are remaining challenges

involved in the fabrication of large surface area nanogap devices.

1.3 Aim

The aim of this thesis is to explore the design and fabrication of large surface area nanogap

biosensors with ideal geometry for both redox cycling and dielectric spectroscopy sensing

applications. Maintaining ideal parallel-plate geometry presents a significant challenge but

is paramount in providing a linear diffusion path, reduced loss of diffusive flux to bulk so-

lution and minimising fringe electric fields. The approach is two-fold: keep interelectrode

spacing to the nanometre regime to ensure both reduced interdiffusion time and to mitigate

the screening effect from the electric double layer; as well as provide a relatively large surface

area, increasing the electroactive sensing volume and therefore detection probability.

1.4 Overview of the thesis

Using a microgap sensor, both redox-cycling and dielectric spectroscopy sensing techniques

are introduced. Next, the design and fabrication methods for two new large-area vertical

and horizontal coplanar nanogap geometries are reported. The horizontal coplanar nanogap

device is then used to demonstrate oligonucleotide detection by monitoring capacitance

changes caused by the reformation of the electric double layer following hybridisation.

Chapter 2 reviews the necessary theory in order to better understand the potential benefits of

nanogap systems. This includes: an overview of operating a pair of electrodes in generator–

collector configuration and its advantages; the nature of the electric double layer formed at

a polarised electrode in an electrolyte, and the effects of bringing two electrodes into close

proximity; the capacitance of the electric double layer; and finally the importance of the

self-assembled monolayer for affinity-based biosensing applications.

Chapter 3 describes the fabrication of a dual-plate microgap sensor and results of studies of

both the detection of the cysteine–cystine redox couple by redox cycling and detection of an

E coli. strand by performing dielectric spectroscopy sensing.

Chapter 4 introduces the design, fabrication and characterisation of a large-area vertical copla-
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nar nanogap device using a novel fabrication technique that combines an inductively-coupled

plasma reactive ion etch with anodic bonding of silicon and borosilicate glass substrates.

Chapter 5 covers the design, fabrication and characterisation of a large-area horizontal copla-

nar nanogap device using a state-of-the-art electron-beam lithography system. The geometry

maximises the surface area of the device by utilising a serpentine geometry whilst maintaining

dimensions that permit a wide range of microfluidic flowrates. The device is then used for

dielectric spectroscopy sensing of PNA–DNA binding events

Chapter 6 provides a retrospective summary of the completed work, discussion of the two

direct electrochemical sensing techniques and an outlook on future applications and research

directions for large area nanogap devices.
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2 Theory

This chapter provides an overview of the fundamentals of electrochemistry, highlighting

certain key aspects that apply to nanogap transducers for electrochemical sensing applications.

Firstly the two main sensing mechanisms are briefly described before exploring the principle of

electrochemical reactions occurring at electrodes. The limiting factors of the electrochemical

reaction are discussed and the concept of using voltammetry to assess whether they are

kinetically or mass-transport limited is introduced. The process of redox cycling with a

generator–collector system in order to improve the system response is then demonstrated.

Next the theory of the electric double layer formed at the electrode–electrolyte interface is

introduced and the effect of the ionic strength of the electrolyte demonstrated. Attention is

then drawn to the effect of overlapping electric double layers, which can be present in nanogap

systems. The capacitance of the electric double layer is explored before finally discussing the

importance of self-assembled monolayers for capacitive biosensing applications.

2.1 Overview of the sensing systems

Redox cycling

Redox cycling involves polarising two closely spaced electrodes such that an electroactive

analyte is repeatedly cycled between a reduced and oxidised state. In a conventional elec-

trochemical cell, analyte may be lost to the bulk solution and undergo further irreversible

reactions. However, when the interelectrode spacing is below that of the Nernst diffusion

layer thickness (δ), typically 1 µm to 50 µm, the time for interdiffusion is reduced sufficiently

such that an individual molecule can contribute to the current response on each reaction

as it shuttles across the gap. This effectively amplifies the signal response and improves the

sensitivity of the system.

23



Chapter 2. Theory

Dielectric spectroscopy

Dielectric spectroscopy is gaining importance as a label-free technique for monitoring biomolec-

ular interactions. Molecules within the sensing volume respond differently depending on the

frequency of the perturbing oscillatory field. This allows relaxation processes occurring over

a wide range of characteristic times (from approximately 10−12 s to 103 s) to be investigated,

revealing information about electron transfer, atomic bonds and molecular motions. The

sensing strategy is to detect changes in the dielectric properties and charge distribution at the

sensor surface by monitoring the electrical capacitance. These changes occur as a result of

binding events at the recognition layer and reorganisation of the electric double layer formed

at the interface. For nanogap systems the electric double layers occupy an increased fraction

of the sample volume, mitigating screening effects and increasing sensitivity.

2.2 Principles of electrochemistry

Electrochemistry is the study of factors that affect the transfer of charge between the interfaces

of phases, for example, between two metallic electrodes separated by an electrolyte solution.

Often the term ‘electrochemical cell’ is used to describe the collection of interfacial boundaries.

The electrostatic potential across an interface within the electrochemical cell, for instance

φm −φs , is an indicator of the ability to transfer charge between them. Information on these

interfacial regions can be deduced by monitoring and analysing the charge transfer and

potential between them.

O+ne− −−→ R (R2.1)

R −−→ O+ne− (R2.2)

Within the electrochemical cell two half-cell reactions take place, one at each of the two

electrodes. In order to perform analysis, one of these half-cell reactions is usually controlled,

through the use of a reference electrode (RE). The RE is an electrode with steady phases that

provide a stable reference potential. Any changes in charge transfer can then be considered to

be caused by the other half-cell reaction occurring at the other electrode, named the working

electrode (WE).
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2.2. Principles of electrochemistry

At equilibrium the electric potential of the electrode is described by the Nernst equation:

Eeq = E◦+ RT

nF
ln

αox

αred
(2.1)

Where E◦ is the standard electrode potential and αox and αred are the activities of the oxidised

and reduced species at the electrode surface. If the activity coefficients of the two species can

be considered equal, they may be replaced by values of concentrations.

In order to drive an electrolysis reaction an electric potential must be applied such that an

overpotential (η) is formed, where η is the difference between the applied electrode potential E

and the cell equilibrium potential Eeq, (E −Eeq). As the overpotential develops, the Fermi level

within the lattice of the metal electrode will change. With a sufficient change in the Fermi level,

electron transfer at the interfacial region becomes thermodynamically viable and oxidative or

reductive reactions will ensue. These processes are termed ‘Faradaic’ processes because they

obey Faraday’s law*. There are also other processes whereby the interfacial region undergoes

changes (e.g., the development of an adlayer or charging of the electric double layer) that can

cause transient external currents without any electron transfer across the interface and these

processes are termed ‘non-Faradaic’ processes.

By controlling the potential of the WE with respect to the RE and recording the resulting

current, one can yield information about the interfacial boundary and hence the Faradaic

and non-Faradaic processes occurring. This broad technique is termed voltammetry and is

discussed in greater detail later. The current, i [A], is determined by the number of electrons

involved in the reaction, n, the Faraday constant, F [C·mol−1], the electrode area, A [m2], and

the flux of the analyte at the interfacial boundary, j [mol·m−2·s−1], as shown by the following

equation:

i = nF A j (2.2)

The flux is of primary concern and describes the rate of the reaction, comprising of the electron

transfer heterogeneous rate constant, k0 [m·s−1], which describes the electron transfer kinetics

and the concentration of analyte at the electrode–electrolyte interface, ci ,0 [mol·m−3], which

is dependent on the mass transport of analyte to the interface:

j = k0ci ,0 (2.3)

*The reaction of 1 mole of electroactive species from one oxidation state to another involves 96,485 coulombs.
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The slowest process will consequently become the reaction rate-determining process. How-

ever, in general, the factors that influence the reaction rate include:

• concentration of analyte and other species within the bulk solution;

• concentration of analyte and other species at the interfacial boundary;

• mass transport (diffusion, convection and migration) of species from bulk solution to

the interfacial boundary;

• other chemical reactions occurring within the electrolyte;

• and other electrode reactions (adsorption, electrodeposition, etc.).

2.2.1 Kinetics

Reaction Coordinate

G O + ne -

G‡

R

Figure 2.1: Free energy plot for a simple, single electron reduction of species ‘O’ .

Electron transfer reactions can be described by the transition state model shown in Figure 2.1,

occurring via a path that involves reactants O+e− overcoming an energy barrier (transition

state), en route to forming products R. Transition state theory then defines the rate of the

reduction reaction as:

kred = A exp

(−∆G‡
red

RT

)
(2.4)

Where ∆G‡
red is the standard Gibbs free energy of activation [kJ·mol−1] and A is the frequency

factor, describing the frequency of collisions at the electrode surface with correct orientation.
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The important thing to note is that the applied potential at the electrode, φm, and consequent

potential of the solution, φs, will alter the free energies of the reactants (G‡
red), products

(G‡
ox) and transition state (G‡). This leads to the potential dependence of the kinetics of the

electrode reaction. For simplicity these complex relationships are often simplified using

standard constants k◦
i [m·s−1] such that the rate constants at other potentials can be expressed

as follows:

kred = k◦
red exp

(
−αcFη

RT

)
(2.5)

and

kox = k◦
ox exp

(
αaFη

RT

)
(2.6)

Given the net current for the reaction can be simply expressed as: i = ia + ic, therefore:

i = F A
(
koxcred −kredcox

)
(2.7)

By substituting Equations 2.5 and 2.6 into Equation 2.7 the Butler–Volmer equation is derived,

describing the net current:

i = i0

[
exp

(
αaFη

RT

)
cred −exp

(
−αcFη

RT

)
cox

]
(2.8)

Where i0 is the exchange current [A]. There are several important factors to consider here: the

net current response is formed of both anodic and cathodic contributions and if the magnitude

of both the anodic and cathodic contributions are equal, the net current will be zero; the

exchange current density is directly proportional to the heterogeneous rate constant, k0, and

therefore provides an indicator of the kinetics of the system; and finally both the anodic and

cathodic current responses are exponentially dependent on the potential as well as being

dependent on the concentration of the reduced and oxidised species, respectively.

2.2.2 Mass transport

In order for electrolysis to occur the reactant molecules must be present at the electrode–

electrolyte interface. Therefore the reaction will be dependent on the rate at which molecules
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are brought to or from the electrode through mass transport. The key transport processes are

convection, diffusion and migration.

Convection

Convection is the movement caused by a mechanical force acting on a solution. Natural con-

vection includes the movement caused by thermal or density gradients within the solution and

can significantly affect studies performed with large electrodes. Forced convection includes

stirring or pumping the solution. For microfluidic systems the flow regime is often laminar

and therefore the velocity vector u [m·s−1] is well defined. The change in concentration can

then be given by:

∂ci

∂t
=−ux

∂ci

∂x
(2.9)

Diffusion

Diffusion of a species is dependent on a concentration gradient and Fick’s law describes the

relationship between the analyte concentration, ci [mol·m−3], analyte diffusion coefficient,

Di [m2·s−1], time, t [s], and the diffusion field’s Cartesian directions, x, y and z.

∂ci

d t
= Di

∂2ci

∂x2 +Di
∂2ci

∂y2 Di
∂2ci

∂z2 (2.10)

If the diffusion can be considered planar the equation can be simplified to a single dimension:

∂ci

d t
= Di

∂2ci

∂x2 (2.11)

The diffusional flux, jd [mol·m−2·s−1], of analyte at a given point can then be written as:

jd =−Di
∂ci

∂x
(2.12)
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Migration

Applied potentials at the electrode within the electrochemical cell leads to the formation of an

electric double layer and a subsequent potential drop at the electrode–electrolyte interface.

Ions within the electrolyte experience electrostatic forces leading to movement to or from the

electrode.

This migratory flux, jm, is proportional to the concentration of the ion, ci , the electric field, φ,

and the mobility of the ion, µi :

jm ∝−µi ci
∂φ

∂x
(2.13)

High concentrations of supporting electrolyte are often used to ensure the formation of very

small electric double layers, mitigating migration effects.

Transport-limited reaction

For transport-limited reactions the Nernst model that describes an estimated diffusion layer

thickness (δ), typically 1µm to 50µm, as a result of extrapolating the steady state concentration

gradient allows the flux of species perpendicular to the electrode due to linear diffusion to be

described as:

j = i

nF A
= Di

ci ,b − ci ,0

δ
(2.14)

Given a sufficient overpotential, all the transported electroactive species are consumed by

the electrolysis reaction and ci ,0 → 0. By combining with Equation 2.2 it can be seen that a

steady-state limiting current will be reached for transport-limited reactions:

Ilim = Di nF Aci ,b

δ
(2.15)

2.2.3 Voltammetry

Voltammetry is the study of an electrochemical cell’s current as a function of an applied voltage.

Variants include: cyclic, squarewave, differential pulse, staircase, and stripping. Possibly the

most common is cyclic voltammetry, which was pioneered by Nicholson and Shain in 1964 [1].

Here an electrochemical cell is perturbed with a low-frequency triangular voltage waveform.
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(a) Voltage waveform. (b) Cyclic voltammogram.

Figure 2.2: Voltage waveform (a) and cyclic voltammogram (b) for a system containing a single
working electrode.

By analysing the current response, detailed information on the concentration of electroactive

species, molecular reactions, diffusion and electron transfer characteristics can be gleaned. A

typical perturbing signal and resulting current response for a reversible electroactive species

are shown in Figures 2.2a and 2.2b, respectively.

It can be seen that as the potential is ramped up, an overpotential (η) is imposed and current

rapidly increases as reactant at the electrode surface undergoes oxidation to form product.

Throughout this process the concentration of surface reactant decreases and the concentration

of surface product increases, causing an ever larger concentration gradient to be formed.

The surface reactant eventually becomes completely depleted and an anodic peak current is

reached (ipa); reactant must now travel from bulk solution to the electrode surface and the

current begins to fall. The potential is then ramped back down, causing the reverse, reductive,

reaction and a corresponding cathodic peak (ipc) is observed.

By monitoring the derivative of the current, information about the system can be revealed:

the rate of change of current prior to ip is governed by electron transfer kinetics and the rate

of change of current following ip is governed by mass transport.
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Figure 2.3: Diagram depicting the principle of redox cycling between generator and collector
electrodes.

2.2.4 Redox cycling

One method to overcome the rapid depletion of analyte at the electrode–electrolyte interface

is to perform redox cycling using what is referred to as a ‘generator–collector’ system. By

introducing a second working electrode with an independently controlled potential (through

the use of a bipotentiostat), the second working electrode can be held at a potential such that

‘generated’ product is ‘collected’ and converted to another species, preferably back to the

reactant. If the reactant can be regenerated the analyte can again contribute to the signal.

O+ne−
red−−*)−−ox

R (R2.3)

When the interelectrode separation is below that of the Nernst diffusion layer thickness (δ),

it results in overlapping diffusion fields. The interdiffusion time is now significantly faster,

meaning molecules effectively shuttle between the two electrodes. With such a system an
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analyte can be be repeatedly switched between reduced and oxidised states. The significance

is that a single molecule now contributes to the Faradaic current response on each reaction,

and is less likely to undergo tertiary reactions, amplifying the sensor response and providing a

diffusion-limited response. Figure 2.3 depicts the redox cycling process between generator

and collector electrodes. In this example the reduced species is oxidised at the generator and

reduced at the collector.

When referring to redox cycling systems, rather than use the parameter δ, it is convenient to

define an explicit parameter for interelectrode spacing, x. The average shuttling time for a

single molecule to diffuse across this distance can then be defined as:

Ts = x2

2D
(2.16)

Where Ts is the average shuttling time of the molecule [s], Di is the diffusion coefficient of

the molecule in question [m2·s−1] and x is the interelectrode distance [m]. From this the

average current contribution of a single molecule shuttling between the two electrodes that

can transfer n elementary charges (q) can be evaluated as:

Is = nq

2Ts
= nqDi

x2 (2.17)

In order to demonstrate the amplification effect of redox cycling, the electrochemical response

of an example system, in this case 1,1’-ferrocenedimethanol (Fc(CH2OH)2), with 20 µm

interelectrode spacing is now presented. The simulation settings were identical to those used

to illustrate the cyclic voltammogram in Figure 2.2b apart from the addition of the second

electrode held at a static reducing potential. Simulation parameters for the example are

provided in Table 2.1. The voltage waveforms for both the generator (performing a standard

cyclic voltammetry sweep with respect to the RE) and collector (held at a constant voltage

with respect to the RE) are shown in Figure 2.4a shows.

Figure 2.4b shows that the reactions at both electrodes reach a diffusion-limited, steady-state

current of approximately 0.25 A·m−2, which is around 50 times higher than the 0.005 A·m−2

achieved for the single electrode [Figure 2.2]. The steady-state current of the generator–

collector system provides an analytical signal independent of time (for typical applications

this can be achieved within milliseconds) and can be easily measured from the cyclic voltam-

mogram.
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(a) Voltage waveform. (b) Cyclic voltammogram.

Figure 2.4: Voltage waveform (a) and cyclic voltammogram (b) for a generator–collector
system.

Table 2.1: Parameters used for the simulation of a simple redox cycling process in a microgap
generator–collector system.

αc 0.49
αa 0.51
cred,b 0.05 mol·m−3

cox,b 0.0 mol·m−3

Dred 6.7 ×10−10 m2·s−1

Dox 6.7 ×10−10 m2·s−1

Eeq 0.251 V vs. Ag/AgCl
F 96485 C·mol−1

k0 0.06 m·s−1

R 8.31 J·K−1

T 293.15 K
v 5 mV·s−1

x 20 µm
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Redox cycling metrics

It is useful to have an indicator of the quality of geometrical confinement of the system. The

collector efficiency, ηc, of the redox cycling process is expressed as the ratio of the current at

the collector electrode, Ic, to the current at the generator electrode, Ig. However, its use can be

problematic due to its dependence on the concentration profile of species in the solution and

the temporal nature of redox cycling.

ηc =
∣∣∣∣∣ Ic

Ig

∣∣∣∣∣ (2.18)

Another useful metric is the amplification factor (Γ), describing the amplification of the sensor

operating in redox cycling mode (Irc), where both electrodes are active, versus operating in

standard mode (Inrc), where only a single electrode is active. This parameter is useful as

it isolates the response due to molecules involved in the redox reaction from background

processes. This can be considered a metric of the selective enhancement.

Γ=
∣∣∣∣∣ Irc

Inrc

∣∣∣∣∣ (2.19)

There are several other advantages that can be realised through the use of generator–collector

systems. Further to the signal amplification achieved from the development of a feedback

current, other benefits include: discrimination of interferents such as ascorbates [2] or oxygen

[3]; improved selectivity due to the two separately applied potentials, allowing the redox

system to be effectively switched on or off [4, 5]; a steady-state response; and a collector

response less susceptible to electric double layer charging effects.
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2.3. The electrode–electrolyte interface

2.3 The electrode–electrolyte interface

Figure 2.5: Simplified illustration of the electric double layer at the electrode–electrolyte
interface.

When a metallic electrode is polarised within an electrolyte, solvated ions form what is termed

the electric double layer (EDL). The theoretical model of this electrode–electrolyte interface

has evolved over a period spanning more than one century. Hermann von Helmholtz was the

first to hypothesise on the nature of this interface in 1879 [6], realising that some ions must

reside at the surface in order to balance the electrode’s surface charge.

In later years both Louis-Georges Gouÿ in 1910 [7] and David Chapman in 1913 [8] presented

models to account for mobile ions within the electrolyte, forming what is now termed the

‘diffuse layer’ . They recognised that the charge distribution was dependant on both the

electrode potential and ionic strength, and that the diffuse layer could be described by a

Boltzmann distribution due to their Brownian motion and electrostatic interactions. It was

not until 1924 that the Helmholtz and Gouÿ–Chapman models would be combined by Otto

Stern [9]. Finally in 1947 David Grahame [10] proposed the presence of specifically adsorbed

ions at the metal surface due to forces other than electrostatic interaction.
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In this section the fundamentals of the electric double layer will be explored, specifically look-

ing at the effect of different ionic concentration and overlapping diffusion layers. First, several

assumptions must be made to better understand the complex behaviour at the electrode-

electrolyte interface. Considering an infinite, uniformly charged planar surface, the potential

is related to the charge density by Poisson’s equation:

∂2φ

∂x2 =− ρ

ε0εr
(2.20)

Considering the ions as point charges, their distribution at the interface is determined by both

the temperature and the energy required (wi ) to bring an ion from an infinite distance to a

point at which the potential is φ. This distribution is given by Boltzmann’s equation:

ni = ni ,b exp

(
−wi

kB T

)
(2.21)

Where ni ,b is the number density of ions of type ‘i ’ per unit volume in the bulk electrolyte, kB

is Boltzmann’s constant and T is the absolute temperature [K].

The volume charge density, ρ [C·m−3], can then be defined as:

ρ =∑
i

ni ,b zi q exp

(
−zi qφ

kBT

)
(2.22)

Combining with the Poisson equation, we arrive at the Possion–Boltzmann equation:

∂2φ

∂x2 =− 1

ε0εr

∑
i

ni ,b zi q exp
(−zi qφ

kBT

)
(2.23)

Considering only low potentials, where |zi qφ| ¿ kBT , the exponential can be expanded

retaining only the first and second terms, this is called the Debye–Hückle approximation:

∂2φ

∂x2 =− 1

ε0εr

∑
i

ni ,b zi q −∑
i

ni ,b z2
i q2φ

kBT
(2.24)
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Respecting preservation of electroneutrality:
∑

i ni ,b zi q = 0, the equation simplifies to:

∂2φ

∂x2 =∑
i

ni ,b z2
i q2

ε0εrkBT
φ (2.25)

At this point the Debye–Hückel parameter (k) can be observed:

∂2φ

∂x2 ' k2φ (2.26)

Given that the number density is related to concentration by ni = NAci , the Debye length can

be expressed as:

k−1 '
√

ε0εrkBT∑
i NAci z2

i q2
(2.27)

The symbol k−1 is normally reserved to denote the Debye length for a monovalent electrolyte

and a more generalised symbol (λD) is used ordinarily. In order to visualise the effect of

electrolyte concentration on the Debye length and EDL, the electric potential (φ) can be

analytically calculated and plotted versus the perpendicular distance from the electrode

surface, with varying electrolyte ionic concentrations I = 1
2

∑
i ci z2

i using the equation:

φ=φ0 exp(−kx) (2.28)

With boundary conditions of φ= 0 at x =∞ and φ=φ0 = 10 mV at x = 0.

The calculated Debye lengths for a monovalent electrolyte are listed in Table 2.2.

The calculated potentials in Figure 2.6 show that for certain ionic strengths of electrolytes a

double layer of several hundreds of nanometres is viable. Therefore a pair of electrodes sepa-

rated by a nanogap will have EDLs that either occupy a significant proportion of the volume

or have overlapping electric double layers. The implication of this is that molecules within

a nanogap are often subject to more homogeneous conditions than traditional macroscale

electrode systems and sensitivity should be improved.
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Figure 2.6: Plot showing effect of ionic strength on thickness of electric double layer.

Table 2.2: Calculated Debye lengths for a monovalent electrolyte with a range of ionic concen-
trations.

Ionic strength Debye length (nm)

1 M 0.3045
100 mM 0.9630
10 mM 3.0451
1 mM 9.6295
100 µM 30.451
10 µM 96.295
1 µM 304.51

2.3.1 Overlapping electric double layers

In order to further investigate the effect of overlapping double layers, the Poisson–Boltzmann

equation must be reconsidered. When |zi qφ| ≥ kB T , the Debye–Hückel approximation be-

comes invalid and Equation 2.23 is rewritten as†:

∂2φ

∂x2 =− 1

ε0εr

[
nb zq exp

(
−zqφ

kBT

)
−nb zq exp

(
zqφ

kBT

)]
(2.29)

†For a symmetrical electrolyte, i.e., |zi | = |z+| = |z−| = z

38



2.3. The electrode–electrolyte interface

Rearranging the equation gives:

∂2φ

∂x2 = nb zq

ε0εr

[
exp

(
zqφ

kBT

)
−exp

(
−zqφ

kBT

)]
(2.30)

Using the hyperbolic sine relation the equation can be simplified to:

∂2φ

∂x2 = 2nb zq

ε0εr

[
sinh

(
zqφ

kBT

)]
(2.31)

This can be solved to yield:

tanh

(
zqφ

4kBT

)
= tanh

(
zqφ0

4kBT

)
exp(−kx) (2.32)

With low electrode potentials tanh(x) ' x the equation simplifies to Equation 2.28 just as per

the Debye–Hückel approximation. However, at a large distance from an electrode of high

potential, tanh(x) ' 1 and the equation simplifies to:

φ= 4kBT

zq
exp(−kx) (2.33)

This shows that at large distances from an electrode of high potential, the experienced potential

is independent of the electrode surface potential and instead dictated by the term 4kBT
zq .

Solving Equation 2.32 analytically, a normalised potential distribution can be plotted for

various electrode separation distances, described as multiples of their EDL distance [Figure

2.7].

The potential response described by Equation 2.32 for electrode potentials provides a far

greater potential decay close to the electrode surface whilst maintaining the exponential

decay in the farfield. Nevertheless, the Gouÿ–Chapman model is an equilibrium, mean-field,

point-charge formulation and consequently neglects solvent and ion dynamics. This can lead

to infinitely high concentrations for large surface potentials. There are numerous methods

to provide a limit to the ion concentration at the electrode surface, such as the inclusion of a

Stern layer as described in the following section.
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Figure 2.7: Plot showing normalised potential distributions for electrode separations of k−1,
2k−1, 5k−1 and 10k−1. Zero distance represents the centre point of the gap.

2.3.2 Capacitance of the electric double layer

The capacitor is able to store charge when a voltage is applied across it. This relation is given

by:

C = d q

dV
(2.34)

The capacitance for a parallel plate capacitor with two electrodes each of area A, separated by

a distance of x with dielectric permittivity ε can be ordinarily described as:

C = ε0εr A

x
(2.35)

Considering the EDL storing charge due to an applied electrode potential (φ0) and expressing

as capacitance per unit area:

C " =− q"

φ0
(2.36)
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Debye–Hückel approximation

Starting with a Debye–Hückel approximation (valid for symmetric electrolytes at low applied

electrode potentials), the EDL acts like a parallel capacitor with a separation of λD. The

potential distribution at the electrode surface can therefore be evaluated as:

∂φ

∂x

∣∣∣∣∣
surface

=−φ0

λD
(2.37)

And assuming that the surface and EDL charges are balanced:

∂φ

∂x

∣∣∣∣∣
surface

=−q"
surface

ε0εr
= q"

EDL

ε0εr
(2.38)

Rearranging produces two identities:

q"
surface =

ε0εr

λD
φ0 (2.39)

and

q"
EDL =−ε0εr

λD
φ0 (2.40)

And so the capacitance can be defined as:

C " =−q"
EDL

φ0
= ε0εr

λD
(2.41)

Poisson–Boltzmann approximation

The Poisson–Boltzmann model improves on the Debye–Hückle model by correctly predicting

the capacitance for small applied potentials. The hyperbolic sine solution to the Poisson–

Boltzmann equation predicts the charge in the electric double layer with symmetric electrolyte
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as:

q"
EDL =−ε0εrφ0

λD

[
2kB T

zφ0
sinh

(
zφ0

2kBT

)]
(2.42)

Rearranging and using the identity C " =−q"φ−1
0 , we arrive at a Poisson–Boltzmann expression

for the capacitance per unit area:

C "
EDL =

ε0εr

λD

[
cosh

(
zφ0

2kBT

)]
(2.43)

Stern modified Poisson–Boltzmann approximation

As previously discussed, a downfall of the Poisson–Boltzmann model is its point-charge

approximation. This can be improved by introducing the Stern modification to stipulate a

region of condensed ions with permittivity εS and thickness λS. Thus the capacitance of the

EDL can now be given by the series combination:

1

C "
EDL

= 1
ε0εr
λD

[
cosh

(
zφ0

2kBT

)] + 1
εS
λS

(2.44)

The Stern modification provides a limiting case for φ0 →∞ of C "
EDL → εSλ

−1
S . Typical values

for modelling the Stern layer are εS =6-30 and λS = 1-10 Å.

2.4 Self-assembled monolayers for capacitive sensing

Many biosensors require the use of a biorecognition layer to detect affinity reactions such

as the formation of an antibody–antigen complex. Affinity-based sensors are an attractive

proposition as they are able to determine the analyte with no or very little sample preparation.

A problem associated with label-free affinity biosensors is non-specific binding, as there is

often no discrimination between the measured signal from specific and non-specific interac-

tions. If such a distinction is to be realised the transducer has to be sensitive to conformational

changes of the binding site or changes in charge distribution around this site after binding. It

is therefore imperative to consider the design and immobilisation of the biorecognition layer

when implementing a capacitive biosensor.

The total capacitance of the system can be considered as the combination of capacitances in
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series as demonstrated by Equation 2.45. It is important to note that this makes the assumption

that each layer covers the total electrode area. Here Ctot is the total equivalent capacitance, Cins

represents the insulating layer used to minimise unwanted charge transfer, Crec represents

the probe layer and any bound molecules and finally CEDL represents the capacitance of

the electric double layer. It is evident that the lowest capacitance will dominate the total

capacitance, therefore the capacitance of the insulating layer should be made as high as

possible in order to enhance detection of binding events.

1

Ctot
= 1

Cins
+ 1

Crec
+ 1

CEDL
(2.45)

Gold is widely chosen as an electrode material in biosensing applications, in part due to its

biocompatability, stability and ability to incorporate into microfabrication processes. It is well

reported that alkanethiols spontaneously produce robust and well-organised structures on

gold [11–13] and this gold–alkanethiol system has since been adopted for a range of biosensing

applications [14, 15]. Often a self-assembled monolayer (SAM) is created by immobilising a

mix of thiol-modified probes (e.g., oligonucleotides) and shorter thiol spacers. This provides a

mechanism to control the surface density of the probe and maximise the efficacy of the affinity

reaction by reducing lateral steric hindrance. The spacer helps to displace any non-specific

interactions between the probe and the gold surface during SAM assembly, improving the

number of available reaction sites.

In the case of the capacitive biosensor, if the initial SAM does not provide sufficient insulation,

electron transfer may occur either through permeation of the layer, charger transfer at defect

sites or electron tunnelling through the monolayer, all leading to reduced sensitivity. The

transfer resistance is described to be exponentially proportional to the SAM thickness [11, 16].

For alkanethiols with more than 8 CH2 groups (> 1 nm) tunnelling is greatly reduced and the

insulation is significantly improved [16, 17]. The insulating properties of alkanethiols with 8-

15 CH2 groups has been studied in detail by Boubour et al. using impedance spectroscopy [18].

Results showed little variation in the impedance of the different lengths with a typical value

of 1 ×105 Ω·cm2. Binding of alkanethiols is maximised on Au (111) surface, prominent in

evaporated Au films and preferentially formed during low-temperature (100 ◦C annealing) [19],

providing a maximum density of ≈4.5 × 1014 molecules per square centimetre, requiring a

minimum concentration of ≈1 µM to form a dense SAM [20].

Moving focus to the recognition layer, it may not always be possible to co-immobilise a

thiol-terminated probe with an insulating thiol spacer. In these cases it can be useful to

utilise carboxyl (–COOH) groups to allow covalent bonding (after activation) to amine (–NH2)

groups present on the surfaces of proteins. Importantly, activation with the use of either

N-Cyclohexyl-N ’-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMC) or N-

(3-Dimethylaminopropyl)-N ’-ethylcarbodiimide hydrochloride (EDC) has been shown not to
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interfere with the insulating properties of the initial SAM [21].

In order to improve efficacy of binding events spacers can be used to provide extra distance

between the hybridisation portion of the probe and the anchor site. The use of ethylene-glycol

(EG) groups to form polyethylene-glycol (PEG) linkers are of particular interest as they have

been shown to provide excellent results for capacitive sensing applications [22]. Conventional

hydrocarbon linkers form highly hydrophobic surfaces [23], whereas a PEG linker provides a

highly hydrophilic surface [24]. The hydrophilic nature of the PEG linker results in a decrease

of non-specific interactions at the probe. It has been suggested that the reduced interference

from the linker is a result of the compact arrangement of water molecules around the EG

sites [25].
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3 Pilot Tests with a Dual-Plate Microgap
Sensor

This chapter investigates the use of a microgap sensor for both direct electrochemical detec-

tion of the cysteine–cystine redox couple as well as the detection of E. coli using dielectric

spectroscopy. The work demonstrates the advantages provided by the micrometre interelec-

trode spacing in both sensing modes with practical applications.

The microgap sensor is based on the

use of an epoxy to provide a strong

bond between two opposing metallic

electrodes as well as acting as a sac-

rificial layer. The interelectrode spac-

ing is controlled through the viscos-

ity of the epoxy and the applied force

whilst bonding. A cavity between the

electrodes is formed using a chemi-

cal wet etch process which simulta-

neously cleans the electrode surface.

Interelectrode distances from 50 µm

down to 2.0 µm were achieved with

cavity depths of between 50 µm and

100 µm. The typical electroactive sur-

face area for this type of device was

around 2.5 × 10−7 m2.

Figure 3.1: 3D exploded diagram of the micro-
gap sensor showing glass substrates, metallic
electrodes (highlighted) and epoxy layers.
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Chapter 3. Pilot Tests with a Dual-Plate Microgap Sensor

3.1 Microgap sensor

3.1.1 Microgap sensor fabrication

The device is depicted at key points in the fabrication process with brief descriptions in Figure

3.2. First borosilicate glass slides coated with a <5 nm Ti adhesion layer and 100 nm Au

layer [Sigma Aldrich] were cut into 10 mm × 25 mm strips using a diamond saw [Buehler

Isomet 1000] in cutting fluid [Buehler Cool 3]. These were cleaned in acetone then isopropyl

alcohol (IPA) with 5 minutes ultrasonic agitation before rinsing in IPA and drying with N2. The

electrodes were defined by passivating 5 mm central strips with Kapton® tape and etching

the unpassivated gold with aqua regia solution (HNO3:HCl, 1:3, vol.) for 3 minutes before

immediately neutralising in deionised (DI) water. The electrodes were then placed in a tube

furnace at 500 ◦C for 1 hour to oxidise any remaining Ti.

Next epoxy [Gurit SP 106] was prepared (resin:hardener, 1:10, vol.), mixed for 5 minutes and left

to partially cure for a further 50 minutes. The lower sections of each electrode were then coated

with epoxy and two opposing electrodes overlapped to form a ‘
∨

’, placed between Teflon®

sheets and compressed with a mechanical press applying around 10 kN·m−2 of pressure (16-24

h). The electrodes were then cut across the centre of overlap to create a flat base. Next the

base was polished with increasing grades of SiC polishing paper (240 grit to 800 grit) [Buehler]

then diamond lapping films (15 µm to 1 µm) [Buehler] followed with 0.3 µm alumina slurry

[Buehler]. In order to create the electrochemical junction, a cavity was etched in the epoxy at

the lower region of the electrodes in Piranha solution (H2SO4:H2O2, 3:1, vol.) for 5 minutes

with 50% ultrasonic agitation. The Piranha solution simultaneously etches away the epoxy

and cleans the gold surface. The reaction was neutralised by placing the electrodes in DI water

then rinsing with DI water for 1 minute. The electrodes were left partially submerged in IPA

for at least 15 minutes to help remove any remaining residues. Finally conductive adhesive

copper tape was applied to the top of each electrode for simplified electrical connection to the

bipotentiostat.

Some control over the interelectrode spacing was achieved by controlling the epoxy density,

pre-cure time and the applied pressure during bonding. For a gap of approximately 6 µm, the

epoxy density of the 10:1 mix was 1.15 kg·m−3 (resin = 1164 kg·m−3, hardener = 1008 kg·m−3),

the total pre-cure time was 55 minutes and the applied pressure was ≈10 kN·m−2. The

interelectrode spacing was most sensitive to the epoxy density and least sensitive to the

applied pressure. Achieving smaller interelectrode distances was challenging with many

fabricated devices demonstrating electrical short-circuits. Some of these devices could be

recovered by cutting above the initial cut-line and etching a new cavity, however interelectrode

distances below about 20 µm provided poor yields (≈20%). A typical yield for larger gaps was

around 50%.
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3.1. Microgap sensor

cross-section (x-z) (x-y) 

(a1)
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cross-section (y-z) 

(c2)

(b3)
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(d3)
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(a3)

microgap

cut line

Figure 3.2: Fabrication process of the microgap sensor. (a): A 5 mm central region of gold is
passivated using Kapton® tape. (b): The exposed gold is etched in aqua regia solution before
oxidising the remaining titanium in a furnace. (c): Epoxy is applied to both electrodes and the
two halves brought into contact and bonded under pressure using a mechanical press. (d):
The bonded device is cut with a diamond saw along the cut line shown in (c2), this maximises
the width of overlapping electrodes. The surface is then mechanically polished using various
grits of silicon carbide paper and alumina slurry. (e): Piranha solution is used to etch the epoxy
forming the microgap cavity. Finally conductive adhesive copper tape is attached to the top of
the sensor to provide simplified electrical connections.
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Chapter 3. Pilot Tests with a Dual-Plate Microgap Sensor

(a) (b)

Figure 3.3: SEM images showing interelectrode spacing of the microgap sensor for (a) an
≈800 µm and (b) a ≈40 µm section.

3.1.2 Microgap sensor characterisation

The interelectrode spacing for the device used to complete the redox cycling studies was deter-

mined as 5.71 µm ±0.38 µm using a scanning electron microscope (SEM) [JEOL SEM6480LV]

and measuring acquired images at several points with ImageJ, an image processing toolkit.

Figures 3.3a and 3.3b show the microgap at different levels of magnification.

The sensor’s electroactive area was determined by performing cyclic voltammetry with a redox

marker (1 mM ferri-/ferrocyanide [Fe(CN)6]3−/4− in 0.1 M KCl as a supporting electrolyte) and

monitoring the diffusion controlled limiting current. Using Equation 3.1 [1] with the recorded

collector limiting current Ilim = −3.46 µA, n = 1, diffusion coefficients of Dred for K4Fe(CN)6 =

6.67 × 10−10 m2·s−1, and Dox for K3Fe(CN)6 = 7.26 × 10−10 m2·s−1 [1], A is the electrode area,

c0 is the concentration of ferrocyanide (1 mM), and δ is the Nernst diffusion layer thickness,

which is substituted by the interelectrode distance (x).

Ilim,D = 2nF Ac0

δ

Dred ×Dox

Dred +Dox
(3.1)

The electrode area is calculated to be ≈2.95 × 10−7 m2 and with a ≈5 mm width, the trench

depth is estimated to be ≈60 µm. With a ≈6 µm interelectrode gap, the aspect ratio is approxi-

mately 10. The volume of solution within the sensor can then be calculated by multiplying the

electrode area with the interelectrode spacing, yielding a value of ≈1.7 × 10−12 m3 (≈1.7 nL).
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Figure 3.4: Molecular diagrams of (a) L-cysteine and (b) L-cystine

3.2 Electrochemical redox cycling with a microgap sensor

3.2.1 The cysteine–cystine redox couple

To test the feasibility of the device as a biosensor, the cysteine–cystine couple was investigated

as an analyte [Figure 3.4]. Cysteine is an α-amino acid found in many natural proteins and

physiological media. Cystine, the oxidised dimer of cysteine, provides a modality for cross-

linking via the disulphide bonds, fundamental in defining the primary, secondary and tertiary

structure of proteins. The sulfhydryl group (–SH) of cysteine is partially deprotonated at

physiological pH, decreasing its pKa and ultimately enhancing its reactivity [2]. This leads to

increased formation of reversible oxidative post-translational modifications (oxPTMs). These

oxPTMs are induced by reactive nitrogen species/reactive oxygen species (RNS/ROS) [3].

Levels of RNS and ROS are related to nitrosative and oxidative stress, both leading to cellular

damage. These oxPTMs act like a binary switch providing a signalling mechanism for the

regulation of protein function, interaction and localisation [4, 5].

Formation of disulphide bonds can occur spontaneously in vitro by the oxidation of two

cysteine residues coupled with the reduction of an appropriate acceptor such as oxygen. In the

case of oxygen as an acceptor, a transition metal or flavin moiety is required to overcome the

kinetically sluggish, yet thermodynamically viable reaction. Whereas in vivo thiol–disulfide re-

dox cycling is catalysed by thiol oxidases and disulfide reductases in the lumen of endoplasmic

recticulum in eukaryotic cells and the periplasmic space of prokaryotic cells [6].

Typical concentrations of cysteine in blood plasma approximately range between 200 µM and

400 µM [7–9]. In urine it is the oxidised species, cystine, which is most commonly present

with concentrations varying from around 50 µM to 200 µM [10–12]. Both cysteine and cystine

can be useful as medical indicators in human diseases such as rheumatoid arthritis and

Alzheimer’s disease whereby the cysteine–cystine metabolism regulates the glutathione and

thioredoxin pathways [13]. Elevated levels of cystine is an indicator of cystinuria which leads to

significant morbidity in affected patients due to the recurrent formation of kidney stones [14].

The electrochemical detection of the cysteine–cystine redox couple offers advantages of be-
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ing more affordable, easier to miniaturise as well as providing fast and sensitive detection

when compared to colourimetric/spectrometric [15] or liquid chromatography/mass spec-

troscopy [16] techniques. However, in particular for thiols and disulfides, very few analytical

procedures have been developed due to the complexity of these redox systems. For example:

direct oxidation of cysteine at bare solid electrodes provides a poor voltammetric response

and is only marginally improved with nanostructured electrocatalysts [17]. Reduction of

cystine requires strong negative potentials, encouraging the use of metallic electrodes of high

hydrogen overpotentials such as Sn, Pb, Zn, or Hg, often with very acidic conditions. Both the

oxidative and reductive processes are kinetically slow [18] and both molecules demonstrate

complex adsorption processes [19].

The majority of previous work has focussed on the oxidation of cysteine and has been demon-

strated with a variety of electrode types [Table 3.1], many utilising complex electrocatalysts to

provide sensitivity. There has been comparatively little work on the reduction of the dimer,

cystine. Hanging mercury drop electrodes [20, 21] and lead electrodes [22] have been used

using acidic conditions to shift the reduction potential (Epc) to less negative values. Whereas

Zagal et al. adsorbed vitamin B12 on an ordinary pyrolytic graphite (OPG) electrode to achieve

linear detection from 1 mM to 10 mM [23]. Almost a decade later Mimica et al. refined this

work by immobolising 5’-deoxyadenosyl cobalamin (coenzyme B12) on the OPG electrode, im-

proving the linear range of detection down to 500 µM to 2 mM [24]. More recently Shaidarova

et al. modified a carbon-paste electrode with a cobalt(II) phthalocyanine (CoPC) catalyst to

achieve a linear range of 50 µM to 1 mM [25].

Whilst there has been several successful demonstrations of cysteine and cystine detection, the

majority of these have used exotic electrodes or immobilised catalysts, as shown by Table 3.1.

The motivation for using a dual-plate gold–gold microgap sensor is to try and demonstrate

how a simple platform can be used for direct electrochemical detection of the cysteine–cystine

redox couple down to physiologically relevant levels.

Electrochemical reaction mechanism

Cysteine oxidation has been shown to proceed (depending on electrode and applied potential)

in a two-step multi electron pathway via cystine to produce cysteic acid as a final product

[41–44]. First the thiol moiety forms a free radical, providing a mechanism for the amino acid

to adsorb to the gold surface [Reaction R3.1], then the oxidation of adsorbed cysteine on gold

is believed to occur as per Reaction R3.2. This process will occur concomitantly with gold

surface oxidation in aqueous buffer at pH 7.0 [45], adding a further level of complexity to

analytical detection.

54



3.2. Electrochemical redox cycling with a microgap sensor

Table 3.1: Selection of electrodes used for the electrochemical detection of cysteine and cystine
(lower portion) with their metrics.

Electrode Technique Linear Range LoD Remarks Reference

Manganese dioxide carbon (MnO2)–C
nanostructure codeposited with a chi-
tosan hydrogel on GCE

CA 0.5-680 µM 22 nM 0.2 M BSB, pH 7.8 Xiao et al. [26]

Brilliant-blue-modified
poly(diallyldimethylammonium chlo-
ride) nafion-coated GCE

RD CA 10-100 µM 0.5 µM 0.1 M NaCL, pH 1.5, 600 rpm, purged Chen et al. [27]

Oxovanadium(IV)-N, N-
bis(salicylidene)ethylenediamine modi-
fied GCE

LSV 0.1-1 mM — 0.1 M KCL, purged Sonkar et al. [28]

Fluorosurfactant (Zonyl-FSO)-modified
gold electrode

CV ≈10-200 µM 0.5 µM 0.15 M PBS, pH 7.0, stirred Chen et al. [29]

Platinum-modified chemical vapour de-
posited carbon nanotubes on graphite
electrode

CA 0.5-100 µM 0.3 µM 67 mM PBS, pH 7.4, stirred Fei et al. [30]

Carbon paste electrode modified with
N,N ’-ethylenebis(salicylideneiminato)
oxovanadium(IV) complex

CA 0.24-2.3 mM 170 µM 0.1 M KCl, pH 5.0, stirred Teixeira et al. [31]

Cobalt tetra-2-
mercaptopyrimidylphthalocyanine
(CoTMPyr-Pc)-modified GCE

CV 1.5-25 µM 1.5 µM 0.1 M PBS, pH 4.0, purged Obirai et al. [32]

Sol-gel constructed ceramic electrode
modified with Ru[(tpy)(bpy)Cl]PF6 com-
plex

RD FI CA 5-685 µM 2 µM 0.1 M PB, pH 2.0, 3000 rpm, purged Salimi et al. [33]

Silicon electrode coated with microwave
plasma-assisted chemical vapour de-
posited boron-doped polycrystalline di-
amond

LSV 1-200 µM 0.9 µM 0.5 M KHCO3, pH 9.0, purged Spãtaru et al. [34]

Mercury-modified silver electrode with

[His-Cu]2+ complex

P 10 µM-20 mM 10 µM 55 mM PBS, pH 7.4, stirred Drożdż et al. [35]

Lead phthalocyanine incorporated-
poly(vinylchloride) membrane-
coatedpyrolytic graphite electrode

P 1 µM-50 mM 1 µM 0.01 M PBS, pH 8.5 Shahrokian et al. [36]

Copper-zinc superoxide dismu-
tase (SOD1) co-immobilised with
horseradish peroxidase on polypyrrole–
platinum electrode

CV 50-500 µM 10 µM 0.1 M PBS, pH 7.0 Dharmapandian et al. [37]

Ordered mesoporous carbon-modified
GCE

CA 18 µM-2.5 mM 2.0 nM 0.1 M PBS, pH 2.0, stirred, purged Zhou et al. [38]

Ordinary pyrolytic graphite disk
electrode with immobolised 5’-
deoxyadenosyl cobalamin (coenzyme
B12)

CV 1-4 mM — Tris-HCl, pH 7.4, purged Mimica et al. [24]

GCE modified with (ferrocenyl-
methyl)trimethylammonium

CA 50 µM - 6 mM — 0.1 M Na2SO4, purged Gao et al. [39]

Copper-doped polymeric chitosan film
on GCE

CV 2-55 µM 1.4 µM PB, pH 7.0, purged Martínez-Huitle et al. [40].

Cobalt(II) phthalocyanine (CoPC) modi-
fied carbon paste electrode

CV 0.1-10 mM 100 µM 0.1 M NaOH, pH 7.0, purged Shaidarova et al. [25]

Hanging mercury drop electrode CV 116 µM-1 mM — 50 mM PB, pH 7, purged Monterroso-Marco
& López-Ruiz [20]

Hanging mercury drop electrode CV 100-500 µM — 0.1 M HCl, pH 1-2, purged Ralph et al. [21]

Lead disk electrode RD CV 0.5-10 mM — 0.1 M HCl, pH 1-2, 1800 rpm Ralph et al. [22]

Key: BSB = borate saline buffer, CA = chronoamperometry, CV = cyclic voltammetry, LC = liquid chromatography, LSV = linear sweep voltammetry,
FI = flow injection, GCE = glassy carbon electrode, P = potentiometry, RD = rotating disc, V = voltammetry
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Figure 3.5: Molecular diagram showing zwitterionic form of L-cysteine.

RSH(aq) −−→ RS•
(ads) +H++e− (R3.1)

RS•
(ads) +3H2O −−→ RSO3

−+6H++5e− (R3.2)

At neutral pH, cysteine is present in its zwitterionic form (hydroxyl group deprotonated and

amine group protonated, as shown in Figure 3.5) and with controlled potential the one electron

oxidation to cystine can be expected to occur as per Reaction R3.3. In the reverse reaction

cystine is reduced via the two electron pathway to form 2 cysteine molecules.

2RSH(aq) −−→←−− RSSR(aq) +2H++2e− (R3.3)

The one electron product, cystine, is also strongly chemisorbed, requiring strong negative

applied potentials for reductive desorption back to cysteine [19]. The adsorption modes for

cysteine and cystine at gold surfaces differ. Current literature suggests that the mechanism for

cystine adsorption is through vertical buckling of a rotated and relaxed S−S bond, generating

two inequivalent thiol groups, with spin quantum numbers (ms) of +1
2 and −1

2 , which bind at

distances of 3.54 Å and 2.86 Å from the gold surface, respectively [46].

Moving attention to the cathodic reaction, the reduction of cystine at gold is reported to occur
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3.2. Electrochemical redox cycling with a microgap sensor

via a complex kinetic system. Hager et al. performed extensive cyclic voltammetric studies

in neutral media with monolayers of predominantly cysteine or cystine formed by careful

potentiometric pretreatment [19]. The study showed a complex convoluted shoulder on the

reductive sweep. This was attributed to first a reduction of adsorbed cystine/cysteine between

about −0.65 V and −0.55 V vs. SCE followed by a second reduction peak occurring at more

negative potentials, around −0.95 V vs. SCE for the reduction of cystine.

3.2.2 Experimental information

Reagents

L-cysteine (97%), L-cystine (99%), sodium hydroxide (98-100.5%), sodium phosphate monoba-

sic (98-102%), and potassium chloride (99-100.5%) [Sigma-Aldrich] were used without further

purification. Purified water (18.2 MΩ·cm) sourced from a PURELAB Classic purifier [ELGA]

was used to make all aqueous solutions. Cysteine was stored below 5 ◦C and both cysteine and

cystine solutions were prepared immediately before use with 1 minute ultrasonic agitation to

assist solubilisation. All experiments used 0.1 M phosphate-buffered saline (PBS) (pH 7.0) as

a supporting electrolyte. The pH was measured using a 3505 pH meter [Jenway] which was

calibrated with pH 4.0, pH 7.0 and pH 11.0 standards prior to use.

Apparatus

Electrochemical measurements were performed using an Autolab PGSTAT12 [Metrohm] bipo-

tentiostat equipped with a differential electrometer amplifier. All experiments used a saturated

KCl calomel reference electrode (SCE) [Radiometer Analytical] and Pt wire counter electrode

[CH Instruments]. Macro electrode experiments used a three-electrode configuration utilising

a conventional 1 mm diameter gold macrodisc electrode. Experiments performed with the

microgap sensor used a four-electrode arrangement, utilising the two working electrodes of

the gold–gold dual-plate microgap sensor.

A polytetrafluoroethylene (PTFE) jig was used to hold the electrodes in reproducible positions

within a 50 mL glass beaker. Argon purging and blanketing was performed only for macrodisc

experiments, for at least 5 minutes in ≈20 mL of solution. GPES software [Metrohm] was

used to perform cyclic voltammetry and linear baseline correction was used to improve

presentation of data where appropriate.
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Au oxidation

AuO  reductionx

RSH           RSSR

Figure 3.6: Cyclic voltammogram showing the oxidative sweeps of 1 mM cysteine (RSH) and
1 mM cystine (RSSR) at a 1 mm gold electrode in purged 0.1 M PBS, pH 7.0, at a scan rate of
100 mV·s−1.

3.2.3 Results

Electrochemical behaviour at a macro electrode

In order to validate the behaviour of both cysteine and cystine at a gold surface, a 1 mm diame-

ter macrodisc electrode was used to perform cyclic voltammetry in monopotentiostatic mode.

Before each test the electrode was polished for 5 minutes using using 1 µm de-agglomerated

alumina slurry then a further 5 minutes with 0.3 µm de-agglomerated alumina slurry [both

from Buehler], before finally cleaning in DI water with ultrasonic agitation. The electrochem-

ical cell was purged using argon for 5 minutes prior to tests and then blanketed and sealed

with Parafilm M® film. A potential sweep initiated from 0.0 V to 1.2 V, down to −1.2 V and

returning to 0.0 V (all vs. SCE), was repeated 5 times at a scan rate of 100 mV·s−1. Figure 3.6

shows cysteine undergoing oxidation via a complex surface reaction that starts around 0.25 V

vs. SCE then peaking around 0.6 V vs. SCE. The oxidation peak attributed to gold oxidation is

at ≈0.85 V vs. SCE.

Taking the peak anodic current (ipa), the diffusion coefficient (D) can be estimated using

the Randles–Sevcik equation [Equation 3.2]. The calculated value of 6.0 × 10−9 m2·s−1 is

much too high to be physically realistic (literature value for cysteine’s diffusion coefficient

is 8.1 × 10−10 m2·s−1 [47]), indicating either: multi electron transfer, or contributions from

adsorbed cysteine, or both. This supports the premise of cysteine participating in surface

reactions prior to oxidation. Also visible is a response for cystine, indicative of the formation
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Figure 3.7: Cyclic voltammogram showing the reductive sweep of 1 mM cystine (RSSR) at a
1 mm gold electrode in purged 0.1 M PBS, pH 7.0, at a scan rate of 100 mV·s−1.

of surface-adsorbed intermediates and/or multi electron oxidation of cystine to cysteic acid.

ip = 0.4463nF Aci

√
nF vDi

RT
(3.2)

The diffusion coefficient for cystine was determined as 4.8 × 10−10 m2·s−1. The cyclic voltam-

mogram (CV) in Figure 3.7 shows the reduction of cystine commencing at −0.8 V vs. SCE, but

without a clear cathodic peak and with relatively high current (≈40 µA at −1.2 V vs. SCE) it

suggests the response may be affected by the adsorption of cystine on the electrode surface.

Given the complexity of the observed responses for cysteine and cystine at a single macro gold

electrode, it is appreciable that a method to discriminate the redox behaviour from background

processes would be advantageous. Here the use of a gold–gold dual-plate generator–collector

microgap sensor offers just that; the small interelectrode separation reduces the shuttling time

for interdiffusion, providing an amplification of the current response through the feedback

process. This should lead to an improved analytical performance when compared to a single

electrode.

Sensor mode optimisation

The sensor can be operated in two distinct modes with the collector set at a potential to

either reduce or oxidise. Unlike the generator, the collector is held at a static potential (φc )

and consequently capacitive charging of the electric double layer is reduced. The first mode

investigated was using the generator set to sweep into the cysteine oxidation potential and
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Figure 3.8: Cyclic voltammogram showing the effect of collector potential (φc) on the collector
current response for 1 mM cysteine in 0.1 M PBS, pH 7.0 at a scan rate of 25 mV·s−1.

the collector held at different negative potentials to reduce any generated cystine. Figure 3.8

shows that a value of −0.85 V vs. SCE provided the highest signal. Holding the collector at

more negative potentials than this decreased the stability of the sensor.

The effect of the collector potential on the generator current can be seen in Figure 3.9. When

the collector is held at the more negative potential, the reduction of generated cystine be-

comes more efficient, regenerating more of the reduced species. As a consequence there is a

greater flux of analyte at the generator and the current increases. This coupling of reactions

demonstrates the feedback amplification.

The study was repeated for the second mode of operation, this time the generator sweeps

into negative potentials to reduce cystine, forming cysteine. The collector is then held at an

oxidising potential to oxidise and generated cystine. In the first mode, static potentials below

−0.85 V vs. SCE caused destabilisation of the sensor. However, the transient nature of the

generator allows a greater over-potential to be created, sweeping down to −1.05 V vs. SCE. The

responses for a range of collector potentials are shown in Figure 3.10. As expected, the current

response for (φc) = 0.65 V vs. SCE provided the best response. However, to reduce the gold

oxidation masking the analytical signal the collector potential was reduced to 0.6 V vs. SCE.

Cysteine dose response

A dose response was performed with increasing concentrations of cysteine in 0.1 M PBS, pH 7.0.

Figures 3.11 and 3.12 show the CVs for the generator and collector electrodes, respectively.

The generator potential was swept from 0.0 V to 0.6 V vs. SCE at a scan rate of 25 mV·s−1. The
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Figure 3.9: Cyclic voltammogram demonstrating how the collector potential affects the gener-
ator current response for 1 mM cysteine in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1.
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Figure 3.10: Cyclic voltammogram showing the effect of collector potential (φc) on the collector
current response for 1 mM cystine in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1.
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Figure 3.11: Cyclic voltammogram showing the effect of increasing concentration of cysteine
(RSH) on the generator current in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1 and the
collector held at −0.85 V vs. SCE.

collector electrode was held at −0.85 V vs. SCE.

Figure 3.13 shows that plotting the limiting current against cysteine concentration provides

a linear response with a gradient of 140.28 nA·mM−1. Despite the complexity of the overall

redox process a feedback current can be tentatively identified and expressed in terms of the

Nernst model for dual-plate diffusion processes as:

Ilim,D = 2F Ac0

x

Dred ×Dox

Dred +Dox
(3.3)

Here Ilim,D is the feedback current under mass transport control, F is the Faraday constant, A

is the electrode area, x is the interelectrode spacing, and the concentration is defined as c0

= cred+ 2cox. On the basis of this expression the gradient of the line should be 2.9 µA·mM−1,

which is around 20 times higher than that observed experimentally. Therefore the feedback

current is inconsistent with diffusion-limited control and is likely to be kinetically limited.

Cystine dose response

A dose response was also performed with increasing cystine concentrations with the sensor

operating in the second mode (i.e., with the generator reducing cystine and the collector

oxidising cysteine). The generator potential was swept from 0.0 V to −1.05 V vs. SCE at a
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Figure 3.12: Cyclic voltammogram showing the effect of increasing concentration of cysteine
(RSH) on the collector current in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1 and collector
held at −0.85 V vs. SCE.
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Figure 3.13: Plot showing dose response of cysteine (RSH) at the collector with the collector
held at −0.85 V vs. SCE in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1. Error bars indicate
±σ, n = 5. Linear regression constants: 140.28 and +2.464.
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Figure 3.14: Cyclic voltammogram showing the effect increasing concentration of cystine
(RSSR) on the generator current in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1 and the
collector held at 0.60 V vs. SCE.

scan rate of 25 mV·s−1 and the collector electrode was held at 0.6 V vs. SCE. The CVs for the

generator [Figure 3.14] show very high background currents due to the onset of hydrogen

evolution at the strong negative potentials. However, the collector response [Figure 3.15]

demonstrates a well-defined steady-state limiting current for the redox process and therefore

provides a much more useful analytical signal compared to the first mode. (i.e., with the

generator oxidising cysteine and the collector reducing cystine).

Plotting the limiting current against cystine concentration shows approximately linear corre-

lation [Figure 3.16]. Again the gradient of the line was an order of magnitude lower than the

value of 1.45 µA·mM−1 expected based on Equation 3.3. Therefore simple diffusion controlled

reaction conditions are unlikely to govern this process.
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Figure 3.15: Cyclic voltammogram showing the effect of increasing concentration of cystine
(RSSR) on the collector current in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1 and the
collector held at 0.60 V vs. SCE.
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Figure 3.16: Plot showing dose response of cystine (RSSR) at the collector with the collector
held at 0.60 V vs. SCE in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1. Error bars indicate ±σ,
n = 5. Linear regression constants: 140.17 and −0.168.
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Combined dose response

It is possible to express a case of kinetically limited dual-plate process based on i = nF A j and

j = k0ci :

iox = F Akoxcred (3.4)

ired = F Akredcox (3.5)

Irrespective of the nature of both kox and kred, equating the two expressions shows that:

cox

cred
= kox

2kred
(3.6)

This suggests that depending on the applied potential, either cysteine or cystine will be present

within the sensor. By substituting ci = c0 = cred +2cox the kinetically controlled dual-plate

limiting current as:

Ilim,k = F Ac0
kox ×kred

kox +kred
(3.7)

Based on this equation a kinetically controlled limiting current should be obtained with a

linear response to the combined concentration, c0. In order to validate this hypothesis an

experiment involving sequences of cystine/cysteine/cystine additions was performed. Here

the combined concentration was incremented by 50 µM at a time. Cystine proved to be

insoluble at higher concentrations so modest stock concentrations were used (2 mM and

1 mM for cystine and cysteine, respectively). To prevent dilution of the test solution through

additions, the entire sample volume was exchanged with the next concentration. The sensor

was operated in the preferred mode (mode 2), with the generator reducing cystine and the

collector oxidising cysteine.

The experiment comprised of three stages, the first and third involved 50 µM cystine additions

whilst the second stage involved 50 µM cysteine additions:

50 µM c0 addition


cystine, for c0 ≤ 500 µM

cysteine, for 500 µM < c0 ≤ 750 µM

cystine, for 750 µM < c0 ≤ 1.25 mM

(3.8)
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Figure 3.17: Plot showing combined dose response of both cysteine and cystine at the collector,
collector held at 0.60 V vs. SCE in 0.1 M PBS, pH 7.0, at a scan rate of 25 mV·s−1. Error bars
indicate ±σ, n = 5.

The kinetically controlled limiting current for increasing combined concentrations (c0) is

demonstrated in Figure 3.17. Agreement with Equation 3.7 is acceptable and any remaining

nonlinearity may be attributed to the adsorption/desorption kinetics, some degree of multi

electron oxidation and the transient nature of the cyclic voltammetry method. In particular,

the very high surface-to-volume ratio (in this case ≈2 × 105 m−1) leads to pronounced effects

of the adsorption/desorption kinetics as previously reported [48–50].

It is interesting to note that all experiments were performed in the presence of ambient levels

of oxygen. The reduction of oxygen was observed at the generator at −0.4 V vs. SCE, but

does not appear to interfere with the cysteine–cystine redox signal. For the overall cysteine–

cystine process there are two possible scenarios to explain the lower than expected diffusion

controlled limiting current responses: if the cysteine oxidation occurs as a multi electron

process with products other than cystine, this will induce a concentration depletion effect

within the sensor; and/or if a slow surface process is associated with a kinetically limiting

factor (most likely adsorption/desorption hampering electron transfer), lower conversion and

therefore lower currents would be anticipated during feedback between the two electrodes.

The second hypothesis appears most likely, but the first hypothesis may still be contributing.

3.2.4 Discussion

This work demonstrated that a microgap sensor operated in a generator–collector configura-

tion could be utilised to produce well-defined (but kinetically limited) steady-state current

responses for a complex analytical system such as the cysteine–cystine redox couple. The

67



Chapter 3. Pilot Tests with a Dual-Plate Microgap Sensor

results were achieved in non-purged PBS buffer at pH 7.0, down to physiologically relevant

concentrations. Given the importance of the redox couple’s involvement in signalling path-

ways for the regulation of protein function, interaction and localisation, such a platform

presents a promising tool for monitoring and/or detection of a wide range of diseases.

Interfering signals from the gold surface oxidation and thiol adsorption were suppressed and

the analytical signal is feedback-enhanced. Attenuation of the current response for both

the reduction and oxidation processes was evident. Formation of tertiary products from the

multi electron oxidation of cysteine and adsorption/desorption affecting electron transfer

could be playing a role. The use of a nanogap sensor may alleviate this issue, reducing any

concentration depletion effects and should allow the adsorption/desorption processes to be

studied.

The use of other electrode materials or modification of the electrode surface to further increase

the surface area such as the formation of mesoporous gold [51] may help overcome the slow

surface processes. The use of electrocatalysts could also be investigated to provide greater

specificity, allowing different types of thiols and disulfides to be selectively determined.
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3.3. Dielectric spectroscopy measurements with a microgap sensor

3.3 Dielectric spectroscopy measurements with a microgap sensor

Dielectric spectroscopy provides a method of detecting changes in the dielectric constant of

a medium as a function of the perturbing signal’s frequency. For the case of a biosensor, the

affinity reaction between the probe layer and analyte will lead to restructuring of the biolayer

properties which should lead to a change in the capacitance. Both the size and the total charge

of the analyte can contribute to the signal change. For instance, biomolecules are generally

characterised by having a relative permittivity, εr, of 2-5, whereas aqueous solutions usually

exhibit a value of εr between 78 and 80 [52]. Displacement of the solvent ions due to binding

events will therefore result in a change of the charge density at the electrode–electrolyte

interface.

3.3.1 Detection of Escherichia coli

In this work a dual-plate microgap sensor was used to demonstrate dielectric spectroscopy

sensing of bacteria using mannose-specific type 1 Escherichia coli PKL1162 as a case study.

The acceptable limits of Escherichia coli (E. coli ) in samples vary between countries. Typically

a zero-tolerance in drinking water is enforced, however a cut-off concentration of 500 colony-

forming units per mL (CFU·mL−1) is deemed acceptable in some countries. It is important to

highlight that the current protocol for the detection of pathogenic bacteria involves a compul-

sory growth step in order to provide sufficient mass for analysis. Post-growth analysis allows

isolation and characterisation of a single species in a sample, usually achieved with elaborate

and expensive techniques such as immunology, matrix-assisted laser desorption/ionisation

time-of-flight mass spectrometry (MALDI-TOF MS), PCR, and staining [53]. In this context an

affordable and rapid biosensor for pre-screening at this stage could significantly reduce time

and costs associated with these more complex analysis methods.

Uropathogenic E. coli (UPEC) is responsible for urinary tract infections. UPEC exploit hair-

like protein structures called fimbriae present on their surface in order to adhere to the cell,

anchoring themselves during urinary flow. This attachment involves the fimbriae on the

bacteria surface with glycosylated proteins on the cell surface. Lectin protein structures are

expressed in at least 9 out of 10 UPEC strains [54]. Several fimbriae have been identified and

among them mannose-specific type 1 fimbriae is one of the most commonly expressed [55].

The mannose-specific protein called FimH, situated at the tip of the fimbrial rod of the

pathogenic bacteria, undergoes a reaction with the glycosylated cell of the urinary tract.

In this study the recognition event involves the uropathogenic mannose-specific type 1 fim-

brial E. coli PKL1162 (PKL) with α-D-mannose (MANN) sugar (mimicking a glycosylated cell of

the urinary tract). Figure 3.18 illustrates the desired biorecognition stack. An alternative sugar,

2-Acetamido-2-deoxy-α-D-glucopyranose (GAL), and bacterium strain, E. coli K-12 (K12), are

used as controls. Different concentrations of PBS are used to study the effect of ionic strength
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Figure 3.18: Diagram illustrating the expected biorecognition stack after the addition of the
specific bacteria.

Table 3.2: Combinations of sugars and bacteria immobilised on the different electrodes for the
dielectric spectroscopy study.

Electrode Sugar Bacteria Buffers

A MANN PKL 10 mM, 1mM & 100 µM PBS
B MANN K12 10 mM, 1mM & 100 µM PBS
C GAL PKL 10 mM, 1mM & 100 µM PBS

on the capacitive response. Table 3.2 provides an overview of the experimental design.

3.3.2 Experimental information

Reagents

Dimethyl sulfoxide (DMSO), N-(3-Dimethylaminopropyl)-N ’-ethylcarbodiimide hydrochlo-

ride (EDC) [CAS 25952-52-8], ethanolamine (ETA) [CAS 141-43-5], N-Hydroxysuccinimide

(NHS) [CAS 6066-82-6] and PBS tablets were all purchased from Sigma-Aldrich. All aqueous

solutions were prepared using 18.2 MΩ·cm ultra-pure class 1 DI water treated with a Biopak®

polishing pack from a Direct-Q® 5 UV system [Millipore]. A stock 10 mM PBS solution (pH 7.4)

[with 2.7 mM KCl and 137 mM NaCl] was prepared and diluted to two further working concen-

trations of 1 µM and 100 µM. The pH of solutions were measured using a SevenCompact™

pH meter [Mettler-Toledo] which was calibrated with pH 4.0, pH 7.0 and pH 11.0 standards

prior to use. E. coli PKL1162, engineered using the SAR18 strain with pPKL174 plasmid [56]

and E. coli K12 was grown overnight in an incubated shaker at 37 ◦C in lysogeny broth growing
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media. The test concentrations for the bacteria affinity capture was 4.2 ×109 CFU·mL−1. The

aminoethyl glycosides were prepared at concentrations of 50 mM in 10 mM PBS.

Apparatus

A total of 3 gold–gold dual-plate microgap sensors were used, all with approximate dimensions

of around 5 mm × 80 µm and gap sizes of 10 µm. The electrodes were electrochemically

cycled in 0.1 M PBS (pH 7.0) to stabilise the gold surface prior to experiments. Due to the

slight differences in geometry a relative percentage shift is reported when comparing data

from different electrodes.

The measurement setup consisted of a B1500A semiconductor device parameter analyser

[Agilent Technologies] fitted with a 1 kHz to 5 MHz multi-frequency capacitance measurement

unit (MFCMU). Connections to the device were made with coaxial cables terminated with

miniature crocodile clips with a shielded 2-terminal configuration inside a large Faraday

cage. Open, short and phase correction was performed to account for the changes in residual

admittance, impedance and phase caused by the extended cabling. The dielectric spectra

were recorded for a frequency range of 1 kHz to 500 kHz with a 0.0 V DC bias and 10 mV

AC perturbing signal using a ‘medium’ integration time (8 power line cycles). A total of 150

frequency points (logarithmic) were recorded. Five scans were taken and averaged for each

device at each step. The capacitance reported is the ‘parallel’ capacitance, calculated from the

measured susceptance (B) of the auto-balancing bridge of the measurement instrument as B
ω .

Experimental procedure

The key steps for the experimental process are summarised in Table 3.3. First baseline capaci-

tance spectra were recorded in all three of the experimental buffers (100 µM, 1 mM and 10 mM

PBS). Measurement drift was checked by performing measurements at the start and end of

the day with negligible (<0.1%) difference. Next solutions of the linker (HS–(CH2)17–PEG6–

COOH, 0.476 mM, 0.2 mg·mL−1 in DMSO) and the spacer (HS–(CH2)17–PEG3–OH, 0.328 mM,

0.2 mg·mL−1 in DMSO) were prepared. The mixed SAM solution was then prepared using a 1:4

ratio (53 µL:147 µL, linker:spacer) with 20 minutes ultrasonic agitation (100%). Each electrode

was incubated overnight in a humidity chamber with 2 µL of solution. The electrodes were

then rinsed in ethanol, dried with N2 and placed in desiccator for 15 minutes to promote

evacuation of the microgap. The capacitance spectra was then recorded in the 3 experimental

buffers, allowing 5 minutes stabilisation period before measurements.

The SAM was then activated with 5 µL of EDC/NHS solution (5:1, 100 mg·mL−1 : 20 mg·mL−1)

for 1 hour before immobilising the MANN and GAL sugars overnight in a humidity chamber at

<5 ◦C with 5 µL solution at a concentration of 50 mM in 100 µM PBS. The electrodes were then
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rinsed in ethanol (10 min), dried with N2 and placed in desiccator for 15 minutes. A blocking

step of the non-reacted sites was performed using a 10 mM ETA, 100 µM PBS solution (pH 8.5)

for 50 minutes. The electrodes were then rinsed in 100 µM PBS (pH 7.4) and capacitance

spectra recorded in the three experimental buffers, again allowing 5 minutes stabilisation

period before measurements.

Table 3.3: Sequence of key experimental steps for the capacitive sensing of sugar–bacteria
interactions.

Step Description Duration

1a Electrochemical cleaning of the electrode surfaces 20 min

1b Perform capacitance measurements 2.5 h

2a Formation of self-assembled monolayer (linker & spacer) 20 h

2b Perform capacitance measurements 2.5 h

3 Glycosylation with EDC/NHS 1 h

4 Immobolisation of MANN & GAL sugars 15 h

5a Blocking of unreacted sites with ETA 50 min

5b Perform capacitance measurements 2.5 h

6a Incubation of PKL & K12 bacteria 2.5 h

6b Perform capacitance measurements 2.5 h

7a Recovery of sensor by ethanol wash 15 h

7b Perform capacitance measurements 2.5 h

The bacteria were removed from −80 ◦C storage and cultivated in lysogeny broth overnight

in an incubated shaker at 37 ◦C. To harvest the bacteria the solutions were dispensed into a

centrifuge tube and centrifuged for 15 minutes at 4000 rpm at 4 ◦C. The pelleted bacterial cells

were resuspended in 2.5 mL of 10 mM PBS (pH 7.4) and diluted further in 10 mM PBS (pH 7.4)

for a total volume of 10 mL. This solution was then centrifuged for a further 10 minutes at 4 ◦C.

This ‘washing’ step was again repeated before a final re-suspension into 1 mL 10 mM PBS.

The optical density was confirmed between 3.0 CFU·mL−1 and 6.0 CFU·mL−1. The electrodes

were incubated with 2.5 µL of the PKL and K12 solutions in a humidity chamber at 37 ◦C for 2

hours. Finally the electrodes were washed with 10 mM PBS (pH 7.4) and stored in 100 µM PBS

(pH 7.4) prior to further measurements.

The capacitance spectra after bacteria incubation were then recorded with the three experi-

mental PBS buffers with great care taken to reduce cross-contamination through the exchange,

washing and storage steps. Finally the electrodes were stored in ethanol overnight in an

attempt to remove the bacteria and recover the sensor. The electrodes were then rinsed in

ethanol, dried with N2 before taking the final capacitance spectra in the three experimental

PBS buffers.
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3.3.3 Results

Self-assembled monolayer formation

A high-density insulating SAM to reduce charge leakage is paramount to reliable and sensitive

capacitive sensing [57]. The SAM in this work consists of a 1:4 ratio of linker to spacer as per

the optimised protocol demonstrated by Zhi et al. [58] and S̆arzík et al. [59]. Figure 3.19 shows

the change in capacitance after SAM immobilisation. The relative percentage change from

the initial characterisation of the bare gold electrodes is reported due to the differences in

geometry between the three electrodes. All the electrodes experienced a significant decrease

in capacitance after SAM immobilisation, demonstrating a compact and insulating layer

formation.

The capacitance spectra for Electrode A before and after SAM formation in 100 µM [Figure

3.20a], 1 mM [Figure 3.20b] and 10 mM [Figure 3.20c] show the reduction in capacitance

across the frequency range.
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Figure 3.19: Barchart showing the relative capacitance change (%) after SAM immobilisation.
Error bars indicate ±σ, n = 5.

The capacitance is seen to increase with increasing ionic strength, corresponding to a more

compact electric double layer at the electrode–electrolyte interface. At 1 kHz the capaci-

tance drops from 12.62 nF to 6.32 nF, 16.32 nf to 7.92 nF and 22.97 nF to 9.93 nF for PBS

concentrations of 100 µM, 1 mM and 10 mM, respectively.

The capacitance of the SAM measured at 1 kHz can then be calculated using Equation 3.9.

This falsely assumes that the electric double layer contribution does not change after SAM
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Figure 3.20: Capacitance spectra of Electrode A after SAM formation in (a) 100 µM PBS, (b)
1 mM PBS and (c) 10 mM PBS.
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Table 3.4: Calculated capacitance per unit area for the self-assembled monolayer at a frequency
of 1 kHz in different PBS concentrations.

Capacitance per unit area PBS concentration Frequency

≈3.1 µF·cm−2 100 µM 1 kHz
≈3.8 µF·cm−2 1 mM 1 kHz
≈4.4 µF·cm−2 10 mM 1 kHz

formation, but does significantly simplify the calculation whilst providing a reasonable esti-

mate for comparison. Table 3.4 presents the values of capacitance per unit area (C ") of the

SAM at 1 kHz in the three PBS concentrations. These are calculated using an estimated area of

4.0 × 10−7 m2.

Cins = CEDL ×Ctot

CEDL −Ctot
(3.9)

The obtained values of capacitance per unit area are in agreement with values obtained by

other authors. For instance Riepl et al. [60] reported 3-9 µF·cm−2 for 11-mercaptoundecanoic

acid (5 mM PB & 100 mM KCl) and Carrara et al. reported 4 µF·cm−2 for the same 11-

mercaptoundecanoic acid monolayers (100 mM PBS) [61]. Table 3.4 shows the calculated

capacitance per unit areas in the different PBS concentrations at 1 kHz.
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Capacitance spectra

Capacitance profiles for Electrode A (MANN–PKL interaction) in 100 µM, 1 mM and 10 mM are

shown in Figures 3.21, 3.22 and 3.23, respectively. It is interesting to note the effect of increasing

concentration of the PBS buffer on the capacitance response. The stock 10 mM PBS buffer

(2.7 mM KCl and 137 mM NaCl) was diluted to provide two further working concentrations of

1 mM and 100 µM. The ionic strengths of these solutions was 162 mM, 16.2 mM and 1.62 mM,

respectively.

The Debye length of the electrolyte varies from 7.5 nm at the lowest ionic strength to 7.5 Å at

the highest, therefore occupying a relatively small fraction of the 10 µm interelectrode distance.

The Debye length could be drastically increased by reducing the ionic strength of the solution,

but further dilution was avoided as it has been reported that this can lead to cell damage due

to the osmotic pressure induced by the high concentration gradient between the inner and

outer bacterial membranes [62, 63].

As the concentration of ions increases the electric double layer becomes more compact and

provides a higher capacitance. The shoulder observed in the 100 µM spectra, caused by the

dielectric relaxation, slowly shifts to higher frequencies until at 10 mM it is barely visible. This

effect has been explicitly reported by both Yi et al. [64] and Mannoor et al. [65] whom studied

the permittivity of ionic strengths ranging from 100 µM to 10 mM as a function of frequency.

This behaviour is also consistent with the results reported by other authors [66, 67].
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Figure 3.21: Frequency profile for Electrode A in 100 µM PBS.

Glycosylation with the MANN sugar leads to only a minor, but measurable relative increase

in capacitance. On binding the 4.2 × 109 CFU·mL−1 concentration of E. coli PKL1162 a

significantly larger signal is recorded. The large negatively charged bacterium leads to a
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Figure 3.22: Frequency profile for Electrode A in 1 mM PBS.
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Figure 3.23: Frequency profile for Electrode A in 10 mM PBS.
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significant disruption of the electric double layer and charge redistribution, resulting in an

increase in the measured capacitance. A washing step with ethanol was used in an attempt

to regenerate the probe layer through disruption of the bacterial membrane. Whilst some

recovery is observed, full regeneration of the biosensor could not be achieved. This could be

explained by some partial retention of bacterial membrane fragments on the probe surface.

Comparison to controls

Figure 3.24 charts the change in capacitance (%) for the MANN–PKL interaction as well as the

two negative controls (MANN–K12 and GAL–PKL) in the form. The measurement errors for

the shifts were calculated using Equation 3.10. Interestingly glycosylation with the GAL sugar

appears to result in a decrease in the capacitance, an opposite behaviour to that of the MANN

sugar. Addition of the bacteria leads to an increase in capacitance for all the cases, with clear

contributions from the non-specific interactions. A maximum shift is given in 10 mM PBS,

with a percentage increase of 117%.

σ=
∣∣∣∣∣
(

ȳ − x̄

x̄

)
×100

∣∣∣∣∣
√√√√σ2

y +σ2
x

(ȳ − x̄)2 +
(
σx

x̄

)2

(3.10)

The ratio of the specific to non-specific interaction signals are presented in Table 3.5. Consid-

ering just these values, there does not seem to be any clear advantage of using a higher ionic

strength buffer other than the creation of a larger capacitive signal. However, considering

the total frequency spectrum a higher ionic strength does seem to offer the ability to detect

changes in the system at higher frequencies.

Table 3.5: Ratios of specific to non-specific signals at a frequency of 1 kHz in different PBS
concentrations.

Concentration specific:nonspecific (bacteria) specfic:nonspecific (sugar)

100 µM 2.6 2.1

1 mM 1.5 1.7

10 mM 2.5 5.2
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Figure 3.24: Set of barcharts showing the capacitance change (%) for different electrodes after
immobilisation of sugar and bacteria in 100 µM, 1 mM and 10 mM PBS. Error bars indicate
±σ, n = 5.

79



Chapter 3. Pilot Tests with a Dual-Plate Microgap Sensor

Verification of sugar–bacteria binding using SEM

For completeness of the study, the bacterial binding and anti-fouling properties of the surface

towards non-specific interactions were checked using SEM. Figure 3.25a shows the the surface

after MANN immobilisation and Figures 3.25b to 3.25d show the different surfaces after the

addition of bacteria at a concentration 4.2 ×109 CFU·mL−1. The SEM reveals that even with

carefully controlled surface chemistry there is still evidence of non-specific interactions for

both the sugar and bacteria controls.

(a) MANN (b) MANN–PKL

(c) MANN–K12 (d) GAL–PKL

Figure 3.25: SEM images showing gold surfaces after immobilisation of different molecules
used for the sugar–bacteria affinity capture assay.

3.3.4 Discussion

The principle of dielectric spectroscopy has been demonstrated using a dual-plate microgap

sensor for the detection of E. coli. The use of a long PEG-terminated SAM proved to be highly

effective in providing a good insulating layer prior to further functionalisation. In this system,

increasing the ionic strength of the buffer was shown to increase the overall capacitance,
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caused by greater charge accumulation at the electrode–electrolyte interface. No clear benefit

in terms of selectivity is provided by the use of a higher ionic strength buffer, but maybe

more interesting is that it may allow capacitance changes to be more easily detected at higher

frequencies due to the increased high-frequency permittivity of the buffer.

Further decreasing the interelectrode distance should improve sensitivity of the system as

the EDLs would occupy a greater fraction of the sensor volume. However, it is important to

highlight that for gap sizes smaller than the EDL, the potential at the electrode–electrolyte

interface surface would decrease with decreasing ionic strength, while the potential at the

centre of the gap increases. This has the benefit of reducing the potential difference and

therefore the capacitance would increase with decreasing ionic strength (in contrast to gap

sizes larger than the EDL). On the contrary, the accumulated charge at the electrode–electrolyte

interface decreases, reducing the overall capacitance. One advantage of these two competing

effects would be that the system capacitance would be less susceptible to ionic fluctuations.

Although the selectivity of the system was affected by non-specific interactions, the system

does show clear sensitivity to changes in the dielectric properties of the biolayer. Considering

the application of pre-screening samples, Formisano et al. recently demonstrated the use of

MALDI-ToF MS for the same sugar–bacteria study and determined the limit of quantification

as 2.7 × 109 CFU·mL−1 [68]. Obviously the fingerprint given by techniques such as MALDI-ToF

or PCR is essential for obtaining detailed information such as antimicrobial susceptibility,

virulence and intra-species typing [69]. However, such evidence is only needed once the

pathogenicity of a sample has been confirmed. An initial screening step utilising a low-cost

direct electrochemical technique could prove an appealing option to optimise time and

expense of the fingerprint assays.

The dual-plate microgap sensor offers advantages of being relatively simple to fabricate and

can be easily used as part of a conventional four-electrode electrochemical cell. However, the

device does present issues relating to the yield and control of the geometry. Some of these

issues were addressed in related work by defining the electrode area by thermal evaporation

[70] or by controlling the interelectrode spacing by spincoating an epoxy-based photoresist [71].

For biological studies involving the formation of functionalised probe layers and to allow a

dose response to be undertaken it would be desirable to have the capacity to produce a

batch of devices with repeatable and well-controlled geometry. Furthermore, reducing the

interelectrode separation to the point of creating nanogap devices should increase sensitivity

for both redox cycling and dielectric spectroscopy techniques.
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4 Fabrication of a Large Area Vertical
Coplanar Nanogap Device

This chapter covers the design and fabrication of a large area vertical coplanar nanogap device.

Existing fabrication techniques used to create vertical nanogaps are reviewed before discussing

some alternative approaches. The adopted methodology is then explained before presenting

the fabrication process.

The large area vertical copla-

nar nanogap device is based

on etching a channel in a sili-

con substrate using inductively-

coupled plasma reactive ion

etching to achieve precisely con-

trolled depths. This channel is

then used to bury a passivation

layer and lower metallic elec-

trode. The upper metallic elec-

trode is then patterned on a glass

substrate before the two sensor

halves are anodically bonded to-

gether. Laser micromachined

apertures in both the silicon and

glass provide access to electrical

contact pads whilst the glass sub-

strate also has circular holes for

microfluidic connections.

Figure 4.1: 3D exploded diagram of the vertical
coplanar nanogap device showing silicon substrate,
silicon nitride and electrode layers (highlighted)
and glass substrate.

The fabrication method for the dual-plate microgap sensors employed in Chapter 3 provided

a relatively simple and affordable way to build microgap sensors. However, it suffered from

complications such as scalability of production (limited to around 1 device every 24 hours),
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limited control of geometry (aspect ratios varied from 2 to 36) and limited control and range

of interelectrode separation (2 µm to 62 µm). The following attributes were desired for the

next device generation:

• precise control of submicron interelectrode separation;

• large electrode surface area;

• high reproducibility;

• integrated microfluidics;

• and dual-plate geometry.

For amperometric detection the current response is related to the electrode area and interelec-

trode spacing as Ilim ∝ A
x where A is the electrode area and x is the separation between the

electrodes. Clearly the sensor response can be increased with larger electrode areas and/or

by decreasing the interelectrode spacing. Importantly, increasing the surface area creates a

greater sensor volume and this leads to improved molar sensitivity. For many sensing applica-

tions this is often more important than simply providing maximum amplification of a very

small number of molecules. A dual-plate geometry is also desirable as it minimises fringing ef-

fects and provides a predominantly planar diffusive flux and electric field, simplifying analysis

and maximising sensitivity.

The main issue associated with dielectric spectroscopy sensing is overcoming the screening

effect caused by the electric double layer (EDL). This can be achieved by reducing the inter-

electrode spacing in order to minimise potential drop across the EDL or by reducing the ionic

concentration of the sample medium. This results in the electric double layers occupying a

greater fraction of the sensing volume. However, for many biological samples the ionic con-

centration cannot be reduced without causing adverse effects to the analyte or biorecognition

layer. Increasing the electrode area not only reduces the proportional contribution of fringing

effects, but also provides a capacity to increase probe loading, ensuring that probe spacing

can be optimised to minimise steric hindrance and maximising the number of detection sites.

In order to achieve nanometre separation and the other desired features a different approach

is needed. Micro- and nanofabrication techniques offer several broad benefits including, in

principle: well-developed protocols that provide highly reproducible results; wide selection

of characterisation techniques available at each fabrication step, allowing protocols to be

optimised for high yield; reduced requirement to characterise every device due to the high

reproducibility of the optimised protocol; and the capacity to scale the process for mass-

production including integration of CMOS circuitry and/or sample handling. Nevertheless, it

is important to emphasise that there are drawbacks with adopting micro- and/or nanofabrica-

tion practices. The processes often require highly specialised and sophisticated equipment

and the need for a clean room environment. Then there is the time-consuming nature of

developing and/or optimising non-standard protocols along with characterising the processes

so that adjustments in the procedure can be understood.
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(a)

cross section (x-z) 

polysilicon glass

SiO2Au

GaAs

AlGaAs SiNx

Pt

(b)

(c) (d)

Figure 4.2: Diagram demonstrating some of the geometries used to obtain vertical nanogaps:
(a) use of a sacrificial layer within a mesa structure then angled deposition; (b) etching a
sacrificial layer to create a deep undercut; (c) formation of nanopores with plane-recessed
disc electrodes using nanosphere templates; and (d) etching a sacrificial layer to form an
encapsulated cavity.

4.1 Present fabrication techniques for vertical nanogap devices

Whilst vertical nanogap devices existed as early as 1986, they were in the guise of the scanning

electrochemical microscope (SECM) [1, 2]. However, such a platform does not lend itself to

miniaturisation. Nevertheless, with improvements in access to microfabrication facilities,

many researchers have developed new methods to fabricate vertical coplanar nanogaps. Some

examples of the techniques are illustrated in Figure 4.2. Many of these methods take advantage

of thin film deposition/growth on account of the controlled precision of layer thickness that

can be achieved during the fabrication process, and the wide range of available wet and dry

etch processes that have been well characterised over the years.

Sacrificial etch in a mesa structure followed by angled deposition

One technique is the use of a sacrificial etch to create a cavity within the sidewall of a ‘mesa’

structure followed by angled deposition of the metallic layers. For example, Krahne et al. [3]
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used molecular beam epitaxy to grow GaAS between two AlGaAs layers. Using a citric acid/hy-

drogen peroxide wet etch the GaAs layer could be etched with a selectivity of around 100:1

(GaAs:AlGaAs). Metallic electrodes are then deposited using an angled deposition step. In

similar fashion, Strobel et al. [4] used reactive ion etching (RIE) of a silicon-on-insulator (SOI)

substrate with buried silicon dioxide layer to create the mesa structure. The intermediate sili-

con dioxide layer was then partially etched to create a recess. Next, the surfaces are thermally

oxidised before an angled deposition step to create a metallic vertically orientated nanogap in

the exposed sidewall. Schukfeh et al. [5] also used this approach but replaced the RIE step with

an anisotropic wet etch to form the mesa structure. Another alternative was demonstrated

by Van Megen et al., whereby the low stress properties of silicon rich nitride was utilised to

create an overhanging ridge on a mesa structure followed by evaporation to create ≈100 nm

vertically separated Au electrodes [6].

Etching of a vertical stack to create ring–ring structures

Pairs of ring–ring electrodes separated by an insulating layer can be fabricated by etching

down through a vertical stack. As an example Lee et al. [7] used a 550 nm parylene layer to

vertically separate two Au electrodes. The vertical nanogap was then created by wet etching

down through both gold layers with a low-frequency plasma step for 1 hour to remove the

parylene film. Han et al. developed a similar geometry, but used a focussed ion beam (FIB)

milling step to etch through the gold and insulating silicon nitride (SiNx ) layers [8].

Etching of a vertical stack to form nanoporous plane-recessed disc structures

As a slight deviation to the ring–ring geometry, nanoporous structures with a plane-recessed

disc geometry can be fabricated by maintaining the lower electrode layer. Neugebauer [9, 10]

and Lohmüller [11] from the Stelzle group used nanosphere lithography to create 200-800 nm

pores (typically 500 nm) in a Au/Si3N4/Au stack with 100-200 nm interelectrode separation.

The group of Bohn also adopted this technique using polystyrene nanospheres to reduce the

typical pore diameter down to 250 nm [12–15].

Very high density nanoporous structures with this geometry, created with electron-beam

lithography (EBL), has since been demonstrated by Hüske et al. [16]. With the capabilities

of EBL processing electrode separation of ≈100 nm and pore radii of ≈50 nm has typically

been achieved. Hüske et al. [17] also demonstrated how a nanoporous alumina template

could be anodised to form a TiO2 capped structure before depositing the upper metallic layer

and electrodepositing an insulating polymer at the base of the pore to complete fabrication.

This further reduced the obtainable pore radii down to ≈20 nm and removed the serial EBL

processing step.
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Sacrificial etch to create deep sidewall cavities

Groups from the University of California, Berkeley created 1 electrode, and later, an array of 5

electrodes with deep sidewall cavities by selectively etching a thermally grown silicon dioxide

sacrificial layer, undercutting the upper electrode by 1.5 µm to form <300 nm nanocavities

between doped polysilicon electrodes [18, 19]. Using the same methodology, Jang et al. [20]

exploited atomic layer deposition (ALD) of Al2O3 to form thinner, but precisely controlled

sacrificial layers between two Au electrodes. A buffered HF etch was then used to laterally etch

the Al2O3, however the selectivity of the etch process creates significantly limits the depth

of the sidewall cavity. Okyay et al. later progressed the design by creating an array of these

electrodes for biotin–streptavidin binding studies and significantly improved the undercut to

≈500 nm [21].

Naturally the deep sidewall cavities progressed into ring–ring nanocavites, whereby a Cr

sacrificial layer is etched between either ring–ring or ring–disc metallic electrodes. This

technique allows microwells to be incorporated into the design and has been used by the

Matsue group to evaluate electrochemical activity of embryoid bodies [22] and by Chen et al.

to study the effects of electrostatics on ion transport within the electrochemical cell [23].

Sacrificial etch to form encapsulated cavities

The Lemay group pioneered the technique of creating an encapsulated nanocavity by etching

a Cr sacrificial layer between two metallic electrodes [24]. This technique can not only provide

the optimal parallel-plate geometry, but can also provide an integrated nanofluidic channel.

This technique has been extensively used by the groups of Lemay, Wolfrum (originally Lemay)

and Rassaei (originally Lemay) [25–45].

One drawback of the technique of these encapsulated devices is that complete removal of

the sacrificial layer and any residues becomes extremely difficult for larger areas without

causing collapse. Furthermore, without judicious choice of material or geometry any residual

stress in the top electrode can lead to buckling, altering the interelectrode spacing along the

nanochannel. This severely restricts the surface area that can be achieved, thus, demonstrated

devices have typical electrode areas of 25 µm2 to 300 µm2 [42]. One way to increase the total

sensing area is to create arrays of these electrodes, as demonstrated by Kätelhön et al. with the

crossbar array consisting of two orthogonal sets of 16 parallel bars to create a total overlapping

area of 1.68 × 10−16 m2 [40].

Another non-ideal feature is that these devices feature an asymmetric geometry, with the lower

electrode spanning a greater distance than the upper electrode to retain device integrity. For

instance, Zevenbergen reports dimensions of 40 µm × 1.5 µm (60 µm2) and 10.0 µm × 2.5 µm

(25 µm2) for the lower and upper electrodes, respectively [26]. This asymmetry typically leads
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to a ‘dead’ volume of up to 40% [35]. Whilst these devices provide enough amplification to

detect a few hundred molecules, the small volume (<100 fL) of the active region of the device

limits their molar sensitivity, which is often more important than the amplification factor in

many sensing applications.

4.2 Alternative fabrication techniques for vertical nanogap devices

4.2.1 SU-8 as a sacrificial layer/adhesive

Initial attempts in this work involved the use of an epoxy-based SU-8 photoresist. SU-8 is a

popular photoresist for high aspect ratio and three dimensional photolithography providing

favourable material properties such as high chemical and mechanical stability [46], high

dielectric strength [47] and optical transparency.

Researchers have successfully demonstrated that SU-8 that is not fully cross-linked can be

used as a sacrificial layer to create cavities between floor and ceiling structures. Specifically,

Chung and Allen demonstrated 5 µm to 250 µm separation between a silicon substrate and

suspended 3 mm × 250 µm NiFe electrodes [48]. Given this success, the first attempt in the

current work involved the use of SU-8 that is not cross-linked as a sacrificial layer.

The first prototype device consisted of a lower Au electrode patterned on a glass substrate

using standard photolithography followed by spincoating a 500 nm SU-8 insulating layer (SU-8

2002 [MicroChem] diluted with cyclopentanone to produce SU-8 2000.5). Regions of the SU-8

layer were then exposed to form partially cross-linked support blocks but not fully developed,

leaving a central 50 µm × 100 µm unexposed region that is not cross-linked, therefore acting

as the sacrificial layer. Next the Au layer of the upper electrode was thermally evaporated

and a thicker SU-8 2010 layer was spincoated and patterned to simultaneously act as an etch

mask for the upper electrode as well as to provide structural rigidity. The Au was wet etched to

pattern the upper electrode and any remaining SU-8 structures that are not cross-linked are

fully developed. Unfortunately the devices were highly prone to collapse, even after increasing

the thickness of the final SU-8 layer to 30 µm in an attempt to improve structural integrity.

The second failed attempt involved the use of SU-8 as an adhesive layer. SU-8 derives its name

from the presence of 8 epoxy groups and is sometimes referred to generally as a ‘photodefin-

able epoxy’. It has been used to bond different substrates together for a range of applications

and provides bond strengths typically between approximately 5 MPa and 20 MPa [49]. How-

ever, the film thickness used for these applications is typically around 10-100 µm [49, 50].

Svasek et al. did investigate thinner films (1-15 µm) for 44.1 mm × 4.4 mm microfluidic mixers

with integrated capillary electrophoresis devices but reported significant decrease in the yield

(≈ 30%, 20 of 62 devices) for an SU-8 thickness of 4.0 µm [51]. It was expected that the bond

strength of even thinner films (<1 µm) could present an issue so a high contact force during

96



4.2. Alternative fabrication techniques for vertical nanogap devices

bonding would be needed as per the recommendation by Svasek et al..

For the second prototype device, large (1.0 mm × 1.5 mm) Au electrodes were optically

patterned on ultra-flat quartz glass substrates. A diluted 1.0µm SU-8 film (SU-8 2001) was then

spincoated onto one of the substrates, softbaked, exposed and developed whilst maintaining

the SU-8 below the glass transition temperature of 65 ◦C. Then the second substrate was

aligned and a force (≈2 kN) applied whilst performing the hardbake. The device was then

placed in a Perspex® jig to minimise stresses during electrical testing. The bond quality of the

device was very poor with many of the devices becoming misaligned as the substrates slipped.

Tests conducted to determine whether the bond strength could be improved by bonding the

two substrates at a different point in the SU-8 crosslinking process (i.e., softbake, exposure,

hardbake) offered no significant improvement.

4.2.2 Wafer bonding

Wafer bonding to form MEMS devices is not a new concept. Often a wafer bonding process is

used to form hermetically sealed devices to trap various gases at specified operating pressures

with integrated CMOS circuitry [52]. There exist many different wafer bonding techniques such

as: adhesive [53], anodic [54], eutectic [55], fusion [56], thermocompression [57], transient

liquid phase [58] and ultrasonic [59]. These bonding techniques provide different suitability

to the end application depending on alignment precision, particle sensitivity, process temper-

ature and surface roughness [60]. The anodic bonding technique was selected as it does not

require a special intermediate bonding layer and provides a simple, relatively low temperature

uniform bonding between glass and silicon.

Anodic bonding

Anodic bonding accounts for the majority of all packaging applications for MEMS, with silicon–

glass anodic bonding being the most prominent. Anodic bonding provides a significant

advantage over other bonding techniques in that it can tolerate rougher surfaces and is less

sensitive to particles. However, no examples of wafer bonding to achieve vertical coplanar

electrodes were found in literature. Even though anodic bonding was first developed in 1968

and published in scientific literature in 1969 [61], the bonding mechanism is mainly only

quantitatively understood.

The mechanism for silicon–glass bonding is illustrated in Figure 4.3. A DC voltage is applied

between heated silicon and glass (with glass held at a negative potential) so that positive alkali

ions in the glass (Na+ and K+) are displaced to form a depletion layer at the interface. Oxygen

anions drifting towards the silicon lead to the formation of an oxide layer. At the start of the

process the surface roughness of the two surfaces results in intimate contact at only a few
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Figure 4.3: Diagram demonstrating the mechanism of silicon–glass anodic bonding.

locations, with the rest of the surface separated by a small gap. This can be visualised by the

abundance of interference fringes across the surfaces. The electric field at the interface is very

high (MV·cm−1) and largest at the periphery of points in intimate contact. The electrostatic

forces act to pull adjacent surfaces together, slowly leading to migration of the bonding front

and the disappearance of interference fringes [62].

The attractive force per unit area of interface can be considered as an electrostatic pressure

(Pe), given by Equation 4.1 [63]. Where ε0 is the permittivity of free space, φ is the potential

difference across the air gap of adjacent surfaces, separated by a distance x and E is the local

electrostatic field in the gap:

Pe = 1

2
ε0
φ2

x2 = 1

2
ε0E2 (4.1)

The chemical reactions that take place at the interface result in the oxidation of the silicon

and hence permanent bonds between the two substrates. There is no general agreement

on the chemistry of the interface reactions but the formation of thin oxide layer has been

experimentally proven [62]. The resultant bond is often much stronger than the glass or silicon

itself, with measured values varying between 5 MPa and 25 MPa [64].
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Figure 4.4: Calculated critical channel heights (hc) for a range of channel widths (w).

From Equation 4.1, and assuming the temperature is great enough to provide sufficient ion

mobility, it is clear that applying greater voltages or reducing the separation between the

silicon and glass surfaces (i.e., increasing the area of intimate contact) will result in increased

electrostatic pressure and therefore faster and more successful bonding. However, sealing of

nanochannels with anodic bonding means that careful control of the voltage is required to

prevent channel collapse [65–67].

The criteria to predict whether a channel will collapse during bonding of wafers of different

thickness and/or material is given by the equation developed by Tong & Gösele [68]:

hc = 2.6

√√√√ wγ

4
×

√√√√(
1

E1
+ 1

E2

)
(4.2)

Where hc is the critical channel height [m] and channel collapse occurs when h < hc, w is the

channel width [m], γ is the surface energy density [J·m−2] and E is the Young’s modulus [Pa].

Using a value* of 100 mJ·m−2 for γ, E1 = 165 GPa for silicon and E2 = 64 GPa for borosilicate

glass it is calculated that for a 2 mm wide channel, collapse will occur for channel heights less

than ≈85 nm. Figure 4.4 shows the critical heights for channel widths ranging from 10 µm to

5 mm calculated using MATLAB.

Choice of wafer materials can also affect the bonding process. Bowing of the bonded device can

*Typical values of γ are 100 mJ·m−2 and 20 mJ·m−2 for hydrophilic and hydrophobic surfaces, respectively [67].
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be minimised by closely matching the thermal expansion coefficient of the chosen glass with

that of the silicon substrate [69, 70]. Corning’s Pyrex® 7740 and SCHOTT’s BOROFLOAT® 33

glasses have been widely adopted for use with anodic bonding [62, 71] due to their high

alkali content (≈ 4%) and lower thermal expansion coefficients (≈3.2 × 10−6 K−1), similar to

that of silicon (≈2.6 × 10−6 K−1). The efficacy of the silicon–glass anodic bonding process is

then maximised with 〈100〉 orientated p-type silicon as the silicon substrate as shown by the

extensive study by Lee et al. [72].

4.2.3 Prototype device and pilot tests for anodic bonding

A prototype device was designed to allow some basic pilot tests of the anodic bonding process

to be carried out. The prototype device uses KOH wet etching to define two raised blocks

(3.0 mm × 5.5 mm) in a silicon substrate to form an 800 nm deep central channel (2.0 mm ×
5.5 mm). In this channel a large sensing electrode (1.0 mm × 1.5 mm) and auxiliary electrode

(100 µm × 1.5 mm), passivated by a SiO2 layer, are patterned using lift-off photolithography.

On a separate glass substrate an identical stack of SiO2/Ti/Au (45 nm/5 nm/100 nm) are again

patterned using lift-off photolithography. The two substrates are then brought into intimate

contact before anodic bonding to create a 500 nm interelectrode spacing. The key steps of the

fabrication process are outlined in Figure 4.5 and the processing parameters in Table 4.1.

Silicon etching

First an AZ® nLOF 2070 (2.0 µm) photoresist lift-off mask is patterned using photolithography

as per steps 1a-1h of Table 4.1. Samples were then mounted onto glass microscope slides

using MICROPOSIT™ S183 photoresist. A 115 nm Cr layer was then deposited using thermal

evaporation (0.5 nm·s−1 at 90 A) and lift-off performed in MICROPOSIT™ Remover PR1165.

Next, the silicon was etched using an optimised anisotropic KOH process (18.5 g : 50.0 g,

KOH:H2O) at 60 ◦C on a hotplate with thermocouple control and agitated with a magnetic

stirrer at 500 rpm for 170 seconds.

The channel depth was measured as 799.6 nm ±2.9 nm using a mechanical profilometer

[Dektak 8, Veeco], equating to an etch rate of 4.70 nm·s−1. The etch rate was non-linear

(varying from 3.17 nm·s−1 to 4.70 nm·s−1 for durations of 100 s to 170 s), however this may

be improved by slowing the etch rate either by increasing the KOH content or lowering the

temperature [73]. Due to the anisotropic nature of the KOH etch, an angled sidewall with

a 54.74 ◦ angle between the 〈111〉 and 〈100〉 planes is developed. Using the trigonometric

identity tan(φ) = opp
adj , and taking an etch depth of 800 nm the lateral distance is calculated as

677 nm. This means that the channel width is reduced by <1.5 µm which can be considered

negligible. The selectivity of the KOH was measured as 32:1 (Si:Cr), confirming the suitability

of Cr as an etch mask. The Cr was then removed in Cr etchant [MicroChemicals] at room
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temperature (RT). Several samples required an elevated temperature of ≈50 ◦C to completely

remove the Cr layer.

channel
cross-section (x-z)

(x-y) 

(a1)

(b1)

(c1)

(d1)

Ti AuSiO2Crsilicon

(a2)

(b2)

(c2)

(d2)

glass

Figure 4.5: Fabrication process of the prototype vertical nanogap sensor. (a): A Cr layer is
patterned by lift-off photolithography on the silicon substrate to act as an etch mask for KOH
etching a submicron channel. (b): The Cr mask is removed in Cr etchant then a stack of
SiO2/Ti/Au, forming the passivation and electrode layers, is deposited using electron-beam
evaporation and patterned using lift-off photolithography. (c): On a separate borosilicate
glass substrate an identical stack of SiO2/Ti/Au is also patterned using lift-off lithography. (d):
Finally the two halves of the device are anodically bonded.
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Table 4.1: Process parameters for the prototype device fabrication.

Step Description

1a Clean substrates: acetone & IPA rinse, N2 dry

1b Dehydration bake in oven, 30 min at 90 ◦C

1c Spincoat AZ® nLOF 2070 (2.0 µm), 5 s at 500 rpm, 100 rpm·s−1, 30 s at 3000 rpm,

10,000 rpm·s−1

1d Softbake on hotplate, 2 min at 110 ◦C

1e Exposure, 10 s at ≈6.5 mW·cm2 (365 nm) [Karl Süss MJB3]

1f Post-exposure bake on hotplate, 1 min at 110 ◦C

1g Manual agitation in AZ® 826 MIF developer, 60 s at RT

1h DI water rinse, N2 dry

2a Thermal evaporation of Cr hard mask (115 nm, 0.5 nm·s−1 at 90 A, P=<1.0 × 10−6 mbar)

2b Lift-off in MICROPOSIT™ PR1165 Remover, 5 min at 65 ◦C

3a Etch silicon in KOH:H2O (18.5:50, wt.) 170 s on a hotplate at 60 ◦C, stirring at 500 rpm,

quench in DI water

3b DI water rinse, N2 dry

4a Remove Cr in Cr etchant on a hotplate at 50 ◦C, quench in DI water

4b DI water rinse, N2 dry

5a Clean substrates: acetone & IPA rinse, N2 dry

5b Dehydration bake in oven, 30 min at 90 ◦C

5c Spincoat AZ® nLOF 2070 (2.0 µm), 5 s at 500 rpm, 100 rpm·s−1, 30 s at 3000 rpm,

10,000 rpm·s−1

5d Softbake on hotplate, 2 min at 110 ◦C

5e Exposure, 10 s at ≈6.5 mW·cm2 (365 nm) [Karl Süss MJB3]

5f Post-exposure bake on hotplate, 1 min at 110 ◦C

5g Manual agitation in AZ® 826 MIF developer, 60 s at RT

5h DI water rinse, N2 dry

6a Electron-beam evaporation of SiO2 passivation layer (45 nm, 0.15 nm·s−1 at 5.0 kV,

15 mA)

6b Electron-beam evaporation of electrode layer Ti (5 nm, 0.1 nm·s−1 at 5.0 kV, 85 mA)

and Au (100 nm, 0.2 nm·s−1 at 5.0 kV, 100 mA)

6c Lift-off in MICROPOSIT™ PR1165 Remover, 5 min at 65 ◦C

6d Ultrasonic agitation (50%) in MICROPOSIT™ PR1165 Remover, 5 min at 65 ◦C

6e Ultrasonic agitation (50%) in acetone, 5 min at RT

6f Rinse in acetone then in IPA, N2 dry

7a Surface activation in H2SO4,H2O2 (5:1, vol.), 10 min at RT

7b Align and apply pressure to create prebond

8 Anodically bond at 250 V, in a tube furnace at 300 ◦C, <1 h

Electrode layers

Electrodes were patterned on the etched silicon and glass samples using lift-off masks prepared

as per steps 5a-5h of Table 4.1. A stack of SiO2 (45 nm), Ti (5 nm) and Au (100 nm) were

deposited using electron-beam evaporation to form the passivation and electrode layers
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without breaking vacuum and lift-off performed in MICROPOSIT™ PR1165 Remover with

ultrasonic agitation [steps 6a-6f of Table 4.1].

Anodic bonding

First surface activation was carried out using Piranha solution (H2SO4:H2O2, 5:1, vol.) for

10 minutes to provide increased hydroxyl groups (–OH). This improves the van der Waals

forces and provides a ‘prebond’ between the two surfaces. The prebonded device is then

mounted between two steel plates clamped together with alumina bolts. The steel clamp is

transferred to a tube furnace [Carbolite] preheated to 300 ◦C and connected to a N5751 high

voltage DC power supply [Agilent Technologies] by wires insulated with alumina feedthroughs.

The device is then left for 5 minutes to allow the temperature to settle and for the power

supply to autozero. A voltage of 250 V is applied between the prebonded device with the glass

connected to the negative terminal and the current measured using a data-logging U1282A

digital multimeter [Keysight]. Typical peak currents of 2.65 µA were recorded with a bonding

time of 40 minutes. The peak current density was calculated to be ≈0.08 µA·mm−2.

Figure 4.6 shows an anodically bonded device with the channel partially collapsed along the

centreline. The fringing fields show the areas in intimate contact and can be seen to emanate

from areas that have been bonded. It can also be seen that unsupported regions of glass on

the perimeter are very prone to undergo bonding and could be leading to channel collapse.

Figure 4.6: Optical image showing one of the prototype devices after unsuccessful anodic
bonding.
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To reduce the likelihood of channel collapse a revised design should minimise the area of

unsupported glass. This should stop the bond front propagating towards the channel during

anodic bonding. The prototype device used an overhang of the silicon and glass substrates to

provide access to electrical contact pads, however this overhang appears to also contribute

to the undesirable bonding. One way to resolve both of these issues is to encapsulate the

electrodes and contact pads within the channel. This would provide increased support of

the glass substrate and also reduce stress on the device when making external electrical

connections. An enclosed channel also provides a way to incorporate a fluidic channel for

sample delivery. One drawback of this approach is that access to the electrical contact pads

and fluidic connections becomes non-trivial.

The electrodes of the prototype device were isolated from the silicon substrate by using an

electron-beam deposited SiO2 layer. This layer was patterned simultaneously with the Ti and

Au layers using the same lift-off mask to reduce the number of processing steps. However, if a

separate step is added the passivation layer can be extended to cover the floor of the channel.

This would act to reduce the electric field across the channel, reducing the electrostatic

pressure and therefore should reduce the likelihood of channel collapse.
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(a) (b)

Figure 4.7: Comparison of the geometry for (a) the prototype and (b) the revised design.

4.3 Revised fabrication process

The anodic bonding trials performed with the prototype device highlighted several aspects

that needed to be addressed. In this section a revised design is adopted and a detailed

fabrication process is provided. Key changes include: altering the etch mask to provide a

greater elevated area surrounding the etched channel; replacing the KOH wet etch with a more

precise inductively-coupled plasma reactive ion etching (ICP-RIE) process; and increasing the

extent of the passivation layer. The result is a more robust device, less susceptible to channel

collapse during bonding and with an integrated fluidic channel.

Figure 4.7 shows the prototype and revised devices. The size of the sensing electrodes is

maintained at 1.0 mm × 1.5 mm, however the area of all the connecting wires exposed to the

fluidic flow is now significantly reduced by connecting them perpendicular to the channel. A

greater border area is created around the channel and contact pads, providing a much greater

area void of features that can be used for sample handling during the fabrication process. The

total size of the silicon substrate is increased from a size of 12.5 mm × 11.0 mm to 15 mm

× 15 mm, with the elevated area surrounding the channel increased from 33 mm2 to 161 mm2.

The elevated area now accounts for 71.5% of the die area compared to around 24.0% of the

prototype design. Completely encapsulating the electrodes between the silicon and glass

substrates now creates a definitive rectangular (2 mm × 10 mm) fluidic channel.

The key steps of the fabrication sequence are outlined in Figure 4.8. In brief, the fabrication pro-

cess consists of laser micromachining (LMM), inductively-coupled plasma reactive ion etching

(ICP-RIE), plasma-enhanced chemical vapour deposition (PECVD), lift-off photolithography

and anodic bonding. These steps are discussed further in the following subsections.
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Figure 4.8: Fabrication process of the vertical nanogap sensor. (a): A photoresist layer is
patterned on a silicon substrate to provide an etch mask before inductively-coupled plasma
reactive ion etching a submicron channel. (b): A silicon nitride passivation layer is grown using
plasma-enhanced chemical vapour deposition (PECVD) before patterning the lower metallic
electrodes using lift-off photolithography. (c): On a separate borosilicate glass substrate the
upper electrodes are patterned using lift-off photolithography. (d): Finally the two halves of
the device are pretreated and anodically bonded.
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(a) (b)

Figure 4.9: 3D diagram showing the prepared (a) silicon and (b) glass substrates.

4.3.1 Substrate preparation

Wafer dicing

3" silicon wafers (p-type (boron), 〈100〉, 380 µm ±50 µm, 1-10 Ω·cm, single-side polished)

[PI-KEM] were diced into 15 mm × 15 mm dies by manual scribing with a Karl Süss HR-100

manual scriber and cleaving. 3" BOROFLOAT® 33 glass wafers (500 µm ±25 µm, double-side

polished) [PI-KEM] were mounted on dicing tape and diced into 15 mm × 15 mm dies using a

MicroAce 66 semi-automatic wafer saw [LoadPoint]. All the dies were then rinsed in acetone

then IPA to remove debris and placed in acetone then IPA with ultrasonic agitation (100 %)

for 10 minutes. They were then rinsed with acetone then IPA, dried with N2 and stored in

membrane boxes.

Laser micromachining

Laser micromachining (LMM) offers high geometrical accuracy, alignment between features

and surface integrity of machined features. For small to medium scale production, LMM

offers a flexible and efficient process chain capable of rapid, single-process fabrication when

compared to alternatives [74]. LMM was used to provide access to the four electrical contact

pads and the fluidic channel of the final device and was conducted by Dr. Pavel Penchev

at the University of Birmingham with a Lasea LS5 multi-axis laser equipped with a Satsuma

femtosecond laser (5 W) and a MOPA-based Yb fibre laser (50 W). Two large square apertures

(2 mm × 2 mm) were created in both the silicon and glass substrate to provide access to

the electrical contact pad of the electrodes on the opposing substrate. Then two circular
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apertures with a radius of 500 µm, separated by a distance of 8 mm were also created in the

glass substrate to provide access to the 2 mm × 10 mm fluidic channel.

Cleaning

After LMM the dies were rinsed in acetone then IPA to remove immediate debris and placed in

acetone then IPA with ultrasonic agitation (100 %) for 5 minutes. The dies were then rinsed

with acetone then IPA and dried with N2. To ensure any remaining residues were removed

the substrates were then cleaned in Piranha solution (H2SO4:H2O2, 5:1, vol.) for 10 minutes

followed by a DI water rinse and N2 dry and stored until further use.

4.3.2 Silicon etching

(a) (b)

Figure 4.10: 3D diagram showing the substrate (a) before and (b) after channel formation.

ICP-RIE

For the prototype device a liquid-phase ‘wet’ KOH etch process was used to create the channel

in the silicon substrate. Because the reaction is stopped by quenching in DI water, slight

deviations in the etch duration between batches may arise. The etch rate was found to be

nonlinear making it difficult to accurately predict the etch depth of different etch durations.

To provide improved control, a ‘dry’ etch process was investigated. In dry etching, plasmas

or etchant gasses are used to remove substrate material by physical bombardment with high

kinetic energy particles, chemical reactions or both. One of the most diverse and widely used

processes in industry and research is reactive ion etching (RIE) whereby a chemically reactive

plasma is used in both physical and chemical mechanisms.
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Most RIE systems generate a plasma by applying a strong RF electromagnetic field between

an upper and lower electrode in the chamber. The oscillating field ionises gas molecules by

stripping them of electrons, creating the plasma. A negative self-bias develops on the lower

electrode due to an accumulation of electrons and creates an electric field that drives positive

ions in the plasma towards the substrate. The ions react with the surface of the substrate as

well as sputter material due to their kinetic energy. The mostly vertical motion of the reactive

ions often leads to highly anisotropic etch profiles.

An evolution of the RIE system is the inductively-coupled plasma (ICP) RIE (ICP-RIE) system,

where the plasma is generated inductively via a coil wrapped around the RIE chamber. This

arrangement provides independent control of the ion density and other plasma properties

without significantly affecting the incident energy of the ions which is controlled by RIE

configuration.

In this work a SF6/O2 chemistry was used to etch the silicon channel. Fluorine-based chemistries

are widely adopted for silicon etching [75, 76]. The addition of oxygen allows deep channels to

be formed by protecting the sidewalls to provide highly anisotropic etch profiles with rapid

etch rates [77, 78]. The formation of ion and radical species by electron impact disassociation

are outlined in Reactions R4.1 and R4.2:

SF6(g) +e− −−→ Sx Fy
•+F•+e− (R4.1)

O2(g) +e− −−→ O++O•+e− (R4.2)

The role of oxygen is to passivate the silicon surface (specifically to protect the sidewalls) by

reacting with the silicon to form an oxide layer:

O•+Si(s) −−→ SiOz(s) (R4.3)

The surface passivation layer is then removed by the plasma, where the ion bombardment

plays a critical role by enhancing the adsorption, reaction and desorption:
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Figure 4.11: Channel depth as a function of time for SF6/O2 ICP-RIE. Error bars indicate ±σ,
n = 5.

SiOz(s) +F• −−→ SiFx (ads) +SiOx Fy(ads) (R4.4)

The fluorine radical then proceeds to etch the silicon by adsorption, product formation then

desorption:

Si(s) +F• −−→ SiFx (ads) −−→ SiFx (g) (R4.5)

Trials were conducted to characterise the etch rates for a range of etch durations. 15 mm ×
15 mm silicon dies without laser micromachined features were patterned with a MICROPOSIT™

351 photoresist etch mask as per the parameters outlined in Table 4.2. A total of 11 different

durations were tested with 5 samples spread across the carrier wafer. The depth of the channel

was found to be a linear function of the etch duration as shown by Figure 4.11.

The etch rate is calculated to be 20.9 nm·s−1 for ts + t = 45 s, where ts is the duration of the

plasma stabilisation step and t is the duration of the second step. The stabilisation step

consists of an elevated power for a duration of 8 seconds and leads to slightly increased rates

for shorter durations. Nevertheless, altering the duration provides a relatively simple way of

tuning the electrode separation and it is envisaged that more precise control could be obtained
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Table 4.2: Process parameters for etching the channel in silicon.

Step Description

1a Clean substrates: acetone & IPA rinse, N2 dry
1b Dehydration bake on hotplate, 5 min at 200 ◦C
1c Spincoat MICROPOSIT™ S1813, 5 s at 500 rpm, 100 rpm·s−1, 30 s at 4000 rpm,

10,000 rpm·s−1

1d Softbake on hotplate, 3 min at 100 ◦C
1e Exposure, 15 s at 8.8-10.5 mW·cm2 (365 nm) [Karl Süss MJB3]
1f Manual agitation in AZ® 826 MIF developer, 50 s at RT, quench in DI water
1g DI water rinse, N2 dry
1h Hardbake in oven 30 min at 90 ◦C
2a Clean ICP-RIE chamber and carrier wafer using O2 chemistry, 30 min
2b ICP-RIE using SF6/O2 chemistry, 8 s at 1300 W, 33 s at 1200 W
2c Remove MICROPOSIT™ S1813 in acetone bath, ≈60 s
2d Rinse in acetone then IPA, N2 dry

Table 4.3: ICP-RIE parameters used to characterise the effect of etch duration.

Parameter Value

SF6 flow rate 50 SCCM
O2 flow rate 8 SCCM
He backing flow rate 5 SCCM
Operating pressure 10 mTorr
Substrate temperature 0.0 ◦C
RF power 90 W
ICP power (stabilisation) 1300 W, ts = 8 s
ICP power 1200 W

by reducing the power.

Substrates were then processed using the same parameters as those in Table 4.3 but with a

total etch duration of 43 seconds (ts = 8 s, t = 35 s). The processing steps are outlined in Table

4.2. Profilometry data of 15 samples provided a mean value of 900.8 nm ±4.3 nm, n = 35,

with four of the dies measured at six positions. The etch rate is calculated as 20.95 nm·s−1.

Figure 4.12 shows a typical surface profile across the channel wall, demonstrating the flatness

achieved from the ICP-RIE process.

One advantage of this process is that even though the etch depth could be reliably controlled,

it can be quickly confirmed using mechanical profilometry. The thickness of passivation

and electrode layers can then be adjusted to account for the over/under etch to provide the

target interelectrode distance. Deviations between batches was generally acceptable (<10 nm

total), particularly larger gap sizes, and very small for samples etched during the same process.

Adjustments can therefore be made to batches and in some instances, for groups of similar

batches.
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Figure 4.12: Profilometer data showing the 900 nm deep silicon channel.

4.3.3 Passivation layer

(a) (b)

Figure 4.13: 3D diagram showing the substrate (a) before and (b) after patterning the silicon
nitride passivation layer.

PECVD of SiNx

Silicon nitride (SiNx ) is used as the passivation material as it provides an excellent high

density insulating surface with excellent chemical resistance [79–81]. Using plasma-enhanced

chemical vapour deposition (PECVD), SiNx can be deposited at low temperatures (e.g., below

the melting point of Au), allowing passivation of pre-patterned metallic layers and with fast

112



4.3. Revised fabrication process

Table 4.4: PECVD parameters for SiNx deposition.

Parameter Value

Substrate temperature 300 ◦C
Operating pressure 1750 mTorr
SiH4 flow rate 250 SCCM
NH3 flow rate 5 SCCM
RF power 50 W
Deposition time 4 × 60 s
Deposition rate 0.42-0.50 nm·s−1

deposition rates whilst maintaining film quality. The silicon nitride deposition was achieved

using a silane (SiH4) and ammonia (NH3) chemistry as per the reaction:

SiH4(g) +NH3(g)
plasma−−−−−→ SiNx (s)+H2(g) (R4.6)

A multi-layer deposition process was used to provide superior passivation properties. Yota [82]

has previously demonstrated that multi-layer deposited SiNx films deposited by PECVD at

300 ◦C exhibited significantly higher dielectric breakdown voltage and lower leakage current

characteristics compared to single layer films. A major advantage is that pinhole defects

present in a specific layer are usually covered by overlying and subsequent layers, reducing

charge leakage. A 50 nm multi-layer SiNx film should provide a leakage density less than

1 × 10−15 A·µm−2 for voltages below 20 V, with breakdown occurring at ≈55 V [82].

PECVD was performed using a 790 series system [Plasma-Therm]. Prior to loading the samples

the PECVD system is first cleaned using a SF6/N2O chemistry before performing a SiNx

‘dedication run’ . The native silicon oxide is then removed from the silicon substrates using

a 5:1 (NH4F:HF) buffered oxide etch (BOE) and immediately loaded onto the chuck of the

PECVD system. Multi-step PECVD of SiNx is then performed using the parameters outlined

in Table 4.4. After forming the SiNx layer a MICROPOSIT™ S1813 photoresist etch mask is

defined using standard contact photolithography. The SiNx layer is then patterned using a 5:1

BOE before removing the etch mask in acetone. The full process is described in Table 4.5.

One issue attributed to the use of a wet etchant is that undercutting of photoresist can lead to

line edge roughness (LER) as the etchant etches beyond the intended limits. The main cause

of this is usually poor adhesion between the substrate and photoresist or poor contact during

exposure. Figure 4.14a shows an optical microscope image of the SiNx surface achieved for

the majority of samples after BOE etching and photoresist removal.
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(a) (b)

Figure 4.14: Optical images showing the buffered oxide etched SiNx passivation layer after pho-
toresist removal: (a) without defects; (b) and with minor edge defects caused by undercutting
of the photoresist mask.

Table 4.5: Process parameters for patterning the SiNx passivation layer.

Step Description

1a Clean PECVD chamber with SF6/N2O chemistry
1b Perform SiNx dedication run
2a Clean substrates: H2SO4:H2O2 (5:1, vol.), 5 min at RT
2b Rinse in DI water, N2 dry
2c Remove native oxide in BOE (5:1, vol.), 3 min at RT, quench in DI water
2d Rinse in DI water, N2 dry
3a Load samples into PECVD chamber
3b Multi-step deposition of SiNx by PECVD, 4 × 60 s, 100 nm target
3c Unload samples from PECVD chamber
4a Spincoat MICROPOSIT™ S1813, 5 s at 500 rpm, 100 rpm·s−1, 30 s at 4000 rpm,

10,000 rpm·s−1

4b Softbake on hotplate, 3 min at 100 ◦C
4c Exposure, 15 s at 8.5 mW·cm2 (365 nm) [Karl Süss MJB3]
4d Manual agitation in MICROPOSIT™ 351 developer, 50 s at RT
4e Hardbake in oven, 30 min at 90 ◦C
5a BOE (5:1, vol.) etch, 5 min at RT, quench in DI water
5b Rinse in DI water, N2 dry
6a Remove MICROPOSIT™ S1813 in acetone bath, ≈60 s
6b Rinse in acetone then IPA, N2 dry
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Figure 4.15: Profilometer data showing a 900 nm silicon channel with a 110 nm silicon nitride
passivation layer.

A few samples exhibited rather extensive undercutting and therefore LER, as shown by Figure

4.14b. Fortunately, the design of this device mitigates the majority of issues related to this type

of defect as well as alignment issues. It is expected that a more stringent cleaning protocol

and/or a dehydration bake between the SiNx deposition and spincoating the MICROPOSIT™

S1813 photoresist mask may aleviate this issue.

After patterning the SiNx passivation layer the film thickness was measured as 110.4 nm±2.2 nm

(n = 10), which was ≈10 nm above the target thickness of 100 nm. As previously mentioned,

this discrepancy can be easily measured using mechanical profilometry and accounted for by

adjusting the thickness of the electrode layer. A typical surface profile is shown in Figure 4.15,

demonstrating the flatness of both the Si and SiNx surfaces.
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(a) (b)

Figure 4.16: 3D diagrams showing (a) the silicon substrate after patterning the lower electrode
and (b) the glass substrate after patterning the upper electrode.

4.3.4 Electrode layers

Figure 4.16 shows both the silicon and glass substrates after patterning the electrodes.The

same AZ® nLOF 2070 (2.0 µm dilution) lift-off mask was used for both the lower (on Si/SiNx )

and upper (on glass) electrodes, with the process parameters outlined in Table 4.6. The

patterned lift-off mask on the silicon substrates is shown in Figure 4.17. The samples were

checked under an optical microscope for any defects and patterned again where necessary.

Electron-beam evaporation was used to deposit a 5 nm Ti adhesion layer and a 140 nm Au

layer. The layer thickness was monitored using a quartz crystal microbalance (QCM), with

the tooling factor calibrated on previous run, and the beam current reduced as the target

thickness was approached. The accuracy of the QCM and the ability to somewhat control the

deposition rate makes this step the most suitable for resolving any deviations in the channel

depth or passivation thickness.

With the channel measuring ≈900 nm deep and the SiNx passivation layer measuring ≈110 nm

thick the 145 nm electrode layers should provide an interelectrode distance of around 500 nm

when the silicon and glass substrates are bonded together. Some issues were encountered

during electrode patterning resulting in a few samples with gold areas around the edges of the

die. Fortunately these seem to occur at a distance far enough from the channel not to interfere

with the localised bonding.
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Table 4.6: Process parameters for patterning the lower and upper electrodes.

Step Description

1a Clean substrates: H2SO4:H2O2 (5:1, vol.), 5 min at RT
1b Rinse in DI water, N2 dry
1c Rinse in acetone then IPA, N2 dry
1d Spincoat AZ® nLOF 2070 (2.0 µm), 5 s at 500 rpm, 100 rpm·s−1, 30 s at 3000 rpm,

10,000 rpm·s−1

1e Softbake on hotplate, 2 min at 110 ◦C
1f Exposure, 8 s at ≈8.0 mW·cm2 (365 nm) [Karl Süss MJB3]
1g Post-exposure bake on hotplate, 1 min at 110 ◦C
1h Manual agitation in AZ® 826 MIF developer, 60 s at RT
1i DI water rinse, N2 dry
2 Electron-beam evaporation of electrode layer Ti (5 nm, 0.1 nm·s−1 at 5.0 kV, 85 mA)

and Au (140 nm, 0.1 nm·s−1 at 5.0 kV, 80 mA)
3a Lift-off in MICROPOSIT™ PR1165 Remover, 5 min at 65 ◦C
3b Ultrasonic agitation (50%) in MICROPOSIT™ PR1165 Remover, 15 min at 65 ◦C
3c Ultrasonic agitation (50%) in acetone, 15 min at RT
3d Rinse in acetone then IPA, N2 dry

(a) (b)

(c) (d)

Figure 4.17: Optical images of the lift-off mask showing: (a) the transition to contact pad;
(b) connection to the sensing electrode; (c) transition of the connect; and (d) the auxiliary
electrode.
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4.3.5 Anodic bonding

To finalise the sensor fabrication, the glass and silicon substrates were anodically bonded.

This process required careful optimisation to prevent channel collapse so a large number of

devices without laser micromachined apertures were used to tune the voltage and temperature

(vide infra). The full process parameters are provided in Table 4.7. First the surfaces of the

silicon and glass dies were activated using Piranha solution (H2SO4:H2O2, 10:1, vol.) for 10

minutes to provide increased hydroxyl groups (–OH). The ratio was adjusted from earlier trials

(5:1) to prevent damage to the Au surfaces (presumably caused from reactions with a titanium

oxide layer through pinhole defects in the gold). The electrodes were then rinsed in DI water

and dried with N2 taking care to ensure that there was no remaining water on the surfaces.

The two dies were then brought into intimate contact, at which point fringing fields appear,

and aligned under a stereoscope. Using a Perspex® jig a small pressure is applied to form

distinctive dark regions indicative of successful prebonding. Figure 4.18 shows microscope

images of a prebonded device, highlighting the problem of misalignment.

(a) (b)

(c) (d)

Figure 4.18: Optical images of the vertical nanogap device after prebonding: (a) alignment
marks; (b) visible darker prebonded area on raised silicon section; (c) connect wire between
contact pad and electrode; and (d) misalignment of the main sensing electrodes.

The prebonded device is then transferred to the anodic bonding setup described earlier.
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Table 4.7: Process parameters for silicon–glass anodic bonding.

Step Description

1a Surface activation: H2SO4:H2O2 (10:1, vol.), 10 min at RT
1b Rinse in DI water, N2 dry
2a Bring silicon and glass dies into intimate contact and align under stereoscope ensuring

that there is no fouling
2b Apply small amount of pressure using Perspex® jig to form prebond
3a Transfer prebonded device to steel jig and fasten with alumina bolts
3b Preheat tube furnace to 225 ◦C
3c Slide mounted device into tube furnace, make electrical connections and allow 5 min

to acclimatise
4a Ramp voltage to 225 V (≈10 V·s−1)
4b Either monitor current and turn off voltage supply at ≈10% of peak current or turn off

voltage supply after 2.5 h
5a Disconnect electrical connections and remove mounted device from tube furnace
5b Allow mounted device to naturally cool down to room temperature
5c Unfasten alumina bolts and remove device from steel jig

Voltages of 225-300 V and temperatures of 225-300 ◦C were used to bond the devices. It is

interesting to highlight that literature shows that Cr atoms can readily diffuse into the Au

layer at relatively low temperatures, significantly affecting the resistivity [83] [84] and have

the potential to affect the electrochemical response. For example Huang et al. demonstrated

that annealing at a temperature of just 200 ◦C for 30 minutes leads to a significant fraction

of Cr atoms diffusing into the Au layer and that at 250 ◦C this occurs at an even shorter time

of around 5 minutes [84]. At least for lower temperatures (<300 ◦C) the effect seems less

prominent for Ti [85], possibly due the larger ionic radii reducing diffusivity.

Figure 4.19 shows a typical current profile for the anodic bonding process. Initially the current

rises rapidly as the area of intimately contacted area grows due to the increasing electrostatic

pressure. A maxima is reached but bonding continues until a plateau is reached (around

10% of peak current). It was found that the bonding process could be stopped and restarted

without any obvious consequence, allowing the device to be inspected. The total bonding

time was approximately 2.5 hours. Peak current was 10.61 µA and with a total bonded area†

of ≈150 mm2, the peak current density is ≈0.07 µA·mm−2. Experiments showed that devices

with greater intimately contacted areas formed during the prebonding stage led to higher

initial currents, in agreement with the model developed by He et al. [86].

For the revised design both the voltage and the temperature needed to be reduced to improve

the yield. Due to the increased surface area in intimate contact, at higher voltages and

temperatures the increased electric field and ion mobility was found to cause channel collapse.

Table 4.8 shows the yield of a number of devices at different voltage and and temperature

settings. For the final devices a voltage of 225 V and temperature of 225 ◦C ensured channel

†This value is based on a visual estimation of unbonded regions.
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Figure 4.19: Current profile for glass–silicon anodic bonding at 225 V, 250 ◦C.

collapse did not occur, however these settings did sometimes result in unbonded regions at

the corners of the device. Elevating the temperature to 250 ◦C appeared to resolve this issue.

Although the entire parameter space was not explored, Table 4.8 does demonstrate a clear

trend towards collapsed devices when moving towards both increased voltage and temperature.

For the majority of devices that exhibited partial channel collapse, the failure occurred during

the initial bonding period as the current density approached its maximum value. An ideal

anodic bonding setup may actively control the applied voltage based on the current density

and its rate of change in order to prevent this failure mode.

A completed device is shown in Figure B.3, with the microscope images highlighting the issue

with misalignment during the prebonding stage. This misalignment would lead to a reduced

amplification factor as well as fringing fields. However, the overlapping region of the sensing

electrodes still accounts for the majority of the total area. The misalignment is estimated to

reduce the overlapping area by 0.052 mm2 to 1.448 mm2, a reduction of around 3.5%. It is

envisaged that performing alignment at the wafer-scale or using a commercial anodic bonding

system this could be minimised if not eliminated.
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Table 4.8: Anodic bonding parameters and respective device yield.

Voltage (V)

225 250 275 300

Te
m

p
er

at
u

re
(◦

C
)

225 7 × S 1 × S — —

250 2 × S 2 × S, 2 × PC 1 × PC 1 × PC, 1 × F

275 1 × S, 1 × PC 1 × S, 2 × PC 1 × PC, 1 × F 2 × F

300 1 × PC 2 × PC 2 × F 8 × F

Key: S = success, PC = partial collapse, F = fail

(a) (b)

Figure 4.20: Images showing a completed vertical coplanar nanogap device. Left: Photograph
showing an entire device. Top-right: microscope image with a microfluidic inlet/outlet and
alignment marks visible. Bottom-right: Microscope image with increased magnification
showing the misalignment at the sensing electrodes.
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4.4 Simulation

4.4.1 Microfluidics

Flow conditions within the sensor’s fluidic channel were simulated using COMSOL Multiphysics®

to provide an understanding of the flow’s velocity at the electrodes. When simulating microflu-

idic devices it is important to first consider the Reynolds number (Re) and the Mach number

(Ma) of the system. This allows suitable selection of the governing equations that need to be

solved.

Reynolds number

The Reynolds number is an important indicator of the ratio of the relative magnitude of the

flow’s inertial to viscous forces and is defined as Re = ρuL
µ where ρ is the density of the fluid

[kg·m−3], u is the velocity vector of the fluid [m·s−1], L is the characteristic length [m] and µ is

the dynamic viscosity of the fluid [Pa·s]. For Reynolds numbers <1 the flow can be considered

laminar and if it is ¿1 the flow can be considered as a Stokes flow and the inertial term in the

Navier–Stokes equations can be neglected [87].

Considering that for this device the majority of the fluidic channel has a characteristic length

of 800 nm, assuming a maximum velocity of 1 × 10−2 m·s−1 and using values for the density

and viscosity of water at 20 ◦C of 1000 kg·m−3 and 1.0 mPa·s, respectively the Re number can

be calculated as 0.008. This value is ¿1 and therefore the fluidic flow can be considered to be

a Stokes flow.

Mach number

The Mach number provides a ratio of the convective speed to the speed of sound in the

medium. It is defined as Ma = u
c where u is the flow velocity [m·s−1] and c is the speed

of sound in the medium [m·s−1]. Importantly, when Ma <0.3 the density and temperature

of the fluid is not affected by the velocity and the flow can be considered as quasi-steady

meaning that simplified incompressible flow equations can be used. For this device, assuming

a maximum velocity of 1 × 10−2 m·s−1 and using a value of 1482 m·s−1 for the speed of sound

in water at 20 ◦C, the Ma number is calculated as 6.75 × 10−6. This value is ¿0.3 and therefore

the incompressible flow equations can be considered valid.
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Navier–Stokes equation

The simulation solves the Navier–Stokes momentum equation, [Equation 4.3] along with the

continuation equation for mass conservation[Equation 4.4] where ρ is the density [kg·m−3], u

is the velocity vector [m·s−1], P is the pressure [Pa], I is the identity matrix, F is the volume

force vector [N·m−3]. The indicated terms correspond to the inertial forces (1), pressure forces

(2), viscous forces (3) and any external forces applied to the fluid (4).

ρ
∂u

∂t
+ρu ·∇u︸ ︷︷ ︸

1

= −∇P︸ ︷︷ ︸
2

+∇·
[
µ
(
∇u+ (∇u)T

)
− 2

3
µ(∇·u)I

]
︸ ︷︷ ︸

3

+ F︸︷︷︸
4

(4.3)

∂ρ

∂t
+∇· (ρu) = 0 (4.4)

For incompressible flow a single-phase fluid can often be assumed incompressible (i.e., ρ is

either constant or nearly constant). Equation 4.3 then becomes:

ρ
∂u

∂t
+ρ(u ·∇)u =∇·

[
−PI+µ

(
∇u+ (∇u)T

)]
+F (4.5)

And the continuity equation, Equation 4.4, simplifies to:

ρ∇·u = 0 (4.6)

Hagen–Poiseuille flow

The Hagen–Poiseuille flow can be shown to be an exact solution to the Navier–Stokes equations

for an incompressible and Newtonian fluid in laminar flow through a channel of constant cross

section. Whilst it is only strictly valid for a steady Stokes flow, it is also a good approximation

for Re /1 in long channels. For a cylindrical cross section the volumetric flow rate (Q) is given

by:

Q = πr 4

8µl
∆P (4.7)
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Or more generally as:

Q = ∆P

Rh
(4.8)

It describes the relationship between the volumetric flow rate (Q), pressure drop (∆P ) and

hydraulic resistance (Rh) which represents the channel geometry and fluid viscosity (µ). For

pressure- or vacuum-driven flow systems a pump (analogous to a DC voltage supply) is used to

apply a pressure drop either directly across the ports of a device or to pressurise an externally

connected reservoir. The Hagen–Poiseuille law (∆P =Q ×Rh) can be considered analogous to

Ohm’s law (∆V = I ×R), and provides a simple way of determining the volumetric flow through

a microfluidic network. This is particularly true for systems where inertial effects (analogous

to inductance) and hydraulic compliance (analogous to capacitance) are negligible and the

operating frequency is below the resonance frequency of the flow [88].

Hydraulic resistance

The hydraulic resistance (Rh) is a central concept in characterising microfluidic system, de-

scribing how a channel impedes a fluidic flow. For a cylinder with radius r [m] the flow

resistance is given by:

Rh = 8µl

πr 4 (4.9)

Whereµ is the dynamic viscosity [m2·s−1] and l is the length of the cylinder [m]. For rectangular

channels with width w [m] and height h [m] (where l À w , and w À h) it is given by:

Rh = 12µl

h3w
(4.10)

The hydraulic circuit in Figure 4.21 represents a vacuum pump generating a flow through a

fluidic network comprising of a device between two sections of tubing. In this system one

section of tubing (Rh1) is selected to provide a significantly larger hydraulic resistance. In the

case where Rh1 À (Rh2 + Rh3), the flow rate will be dominated by Rh1 and pressure drop across

Rh2 and Rh3 will be minimised.

Table 4.9 shows the calculated hydraulic resistances of various fluidic circuit components.

Clearly using tubing with a smaller internal diameter will provide greater hydraulic resistance

but importantly it also minimises the ‘dead volume’ of the connections. This is particularly
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Figure 4.21: Diagram representing a typical hydraulic circuit.

Table 4.9: Hydraulic resistances of fluidic circuit components.

Component Rh (Pa·s·m−3) Volume (nL)

25 µm ID, 0.25 m long tubing 2.61 × 1016 122.7
50 µm ID, 0.25 m long tubing 1.63 × 1015 490.8
65 µm ID, 0.25 m long tubing 5.70 × 1014 829.6
100 µm ID, 0.25 m long tubing 1.02 × 1014 1963.5
500 µm ID, 0.25 m long tubing 1.63 × 1011 49087.5
800 nm × 2 mm × 10 mm channel 2.50 × 1010 15.5

evident when considering the volume of the nanogap device is just 15.5 nL‡. Reducing the

length of the tubing will help reduce the dead volume, however the practical limitations of

shorter lengths must be taken into account.

Flow rates

The expected flow rates achievable with a Mitos Fluika low vacuum pump [Dolomite] capable

of generating 5-350 mbar below atmospheric pressure are presented in Table 4.10. Here the

length of the flow-limiting tubing is set as 0.25 m and the internal diameter and the vacuum

pressure varied.

‡This value accounts for the reduced volume caused by the displacement of the electrodes.
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Table 4.10: Expected flow rates of 0.25 m tubing using a 5-350 mbar vacuum pump.

Vacuum (mbar) ID (µm)

25 50 65
5 1.2 nL·min−1 18.4 nL·min−1 52.6 nL·min−1

25 5.8 nL·min−1 92.0 nL·min−1 262.9 nL·min−1

100 23.0 nL·min−1 368.1 nL·min−1 1051.4 nL·min−1

150 34.5 nL·min−1 552.2 nL·min−1 1577.1 nL·min−1

250 57.5 nL·min−1 920.4 nL·min−1 2628.6 nL·min−1

350 80.5 nL·min−1 1288.5 nL·min−1 3680.0 nL·min−1

Resolution (nL·min−1·mbar−1) 0.23 3.68 10.51

Flow velocity

With the connection tubing set to dominate the hydraulic resistance of the microfluidic

network, the volumetric flow determined by the Hagen–Poiseuille law [Equation 4.8] can be

used as a boundary condition (BC) for simulating the flow velocity inside the sensor with the

laminar flow interface of the computational fluid dynamics module in COMSOL Multiphysics®.

With the hydraulic resistance dominated by the tubing and the device itself being structurally

rigid, the device is unlikely to exhibit any change in volume. The hydraulic capacitance (Ch)

can be considered to be negligible and thus volumetric flow entering the device should equal

that exiting the device.

The simulation solves the Navier–Stokes equation with the inertial term neglected due to the

low Re number (Stokes flow) and the term −2
3µ(∇ ·u)I removed from the viscous term§ as

the low Ma number allows the flow to be considered as incompressible. A shallow channel

approximation is made to allow the system to be modelled in 2D by adding a drag force of

−12µu
h2 where h is the channel thickness. The final equation to solve is:

0 =∇·
[
−PI+µ

(
∇u+ (∇u)T

)]
−12

µu

h2 (4.11)

Along with the continuity equation:

ρ∇· (u) = 0 (4.12)

The outlet velocity (vacuum driven flow) determined by the Hagen–Poiseuille law is used as

the outlet port BC. With the inlet port taking an ‘open boundary’ condition (describing the

unrestricted flow from sample reservoir) and the square apertures set as inlet BCs with zero

inlet velocity intial values. A surface plot showing the steady-state surface velocity through

the sensor channel for a flow rate of 80.5 nL·min−1 is shown in Figure 4.22a. The area of the

§This is because the divergence of the velocity is equal to zero, i.e., (∇·u = 0).
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sensing electrode is indicated with a black rectangle. Some minor disturbance of the flow can

be seen where the electrode connection wires are fed towards the contact pads however this

does not seem to interfere with the flow across the sensor surface. The flow velocity across

the sensor surface is approximately 30% lower than the outlet velocity, regardless of flow rate.

Table 4.11 provides the simulated flow velocities across the sensor surface for a range of flow

rates.

(a) (b)

(c)

Figure 4.22: Simulated results for microfluidic flow: (a) surface velocity; (b) normalised pres-
sure contours with proportional velocity arrows; and (c) the utilised mesh for the simulations.

Based on these results, the sensor volume could be considerably reduced by reducing the
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Table 4.11: Simulated flow velocities at the sensor surface.

Vacuum (mbar) Flow rate (nL·min−1) Outlet velocity (mm·s−1) Sensor surface velocity (mm·s−1)

5 1.15 0.039 0.030
25 5.75 0.195 0.150
100 23.0 0.781 0.602
150 34.5 1.171 0.090
250 57.5 1.952 1.500
350 80.5 2.733 2.080

length of the channel. Unlike reducing the channel width, this is unlikely to cause any major

disruption to the flow over the sensing electrodes. This would also help to minimise the

likelihood of channel collapse by reducing the suspended area of glass. These results also show

that in the current configuration it may be possible to place large electrodes both upstream

and downstream of the central electrodes. This could be particularly interesting for performing

hydrodynamic electrochemical measurements.

4.4.2 Electroanalysis

The effect of interelectrode spacing on the limiting current density was studied using the

electroanalysis interface of the electrochemistry module in COMSOL Multiphysics®. This is

a chemical species transport interface solving the diffusion-convection equation for mass

transport, which incorporates electrode kinetic boundary conditions to drive a flux of chemi-

cal species at a electrode–electrolyte interfaces as a function of the overpotential. The model

assumes that there is a supporting electrolyte in considerable excess to the quantity of elec-

troactive species such that the solution resistance does not contribute noticeably to the

behaviour of the electrochemical cell.

The flux in an electrolyte can be described by the Nernst–Planck equations and accounts for

the diffusion, migration and convection of the charged solute species, given respectively as

the first, second and third terms in the following equation:

ji =−Di∇ci − ziµi F ci∇φ+ ci u (4.13)

Where ji is the flux of species ‘i ’ [mol·m−2·s−1]. In the absence of convection (u = 0) and

ignoring migration (considered appropriate for a ratio of supporting electrolyte in excess of

100 [89]) the flux reduces to:

ji =−Di∇ci (4.14)
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Table 4.12: Parameters used to simulate the effect of interelectrode distance on limiting current
density.

αc 0.49 Eeq 0.251 V vs. Ag/AgCl
αa 0.51 F 96485 C·mol−1

cred,b 0.05 mol·m−3 k0 0.06 m·s−1

cox,b 0.0 mol·m−3 R 8.31 J·K−1

Dred 6.7 × 10−10 m2·s−1 T 293.15 K
Dox 6.7 × 10−10 m2·s−1 v 10 mV·s−1

The model then solves the electroanalytical Butler–Volmer equation¶:

i = nF k0

[
exp

(
αaFη

RT

)
cred −exp

(
−αcFη

RT

)
cox

]
(4.15)

The Butler–Volmer model has been shown to be applicable for >100 nm interelectrode spacing

for k◦ of ≈1× 10−2m·s−1 and >20 nm for k◦ of ≈1× 10−1m·s−1 (demonstrated using a 0.5 M

monovalent supporting electrolyte and 1 mM redox species) [90]. However, for gap sizes

<50 nm the Butler–Volmer model does not accurately predict the response as the effects

of the electric double layer start to dominate. A further consideration is for systems with

slow electron transfer kinetics, for instance a value for k◦ of 1 × 10−3m·s−1 is only correctly

predicted for interelectrode spacings greater than ≈400 nm. For accurate simulations outside

of these limitations the Marcus–Hush–Chidsey model is required [91].

To demonstrate the effect of reducing the interelectrode distance (x) on the limiting current

density, an archetypical redox reaction involving Fc(MeOH)2
++e− −−*)−− Fc(MeOH)2 was stud-

ied with the parameters outlined in Table 4.12. To maintain the validity of the Butler–Volmer

model, the value of x was kept above 100 nm and the concentration of the redox marker kept

considerably low (0.05 mol·m−3 or 50 µM) so that the concentration of a typical supporting

electrolyte can be considered to be in excess.

Figure 4.23a shows the cyclic voltammogram for x = 500 nm. The limiting current density

[A·m2] is then plotted against the interelectrode distance (x) [µm] in Figure 4.23b. This demon-

strates that as the distance between the electrodes is reduced the time taken for the reduced

and oxidised species to diffuse between the electrodes is also reduced, leading to significantly

increased amplification factor and therefore current density. This current response is termed

an approach curve and is the foundation of the scanning electrochemical microscope.

¶When the current is zero the electroanalytical equation can be rearranged to the thermodynamic Nernst equa-

tion: cred = cox exp
(−F Eeq

RT

)
, and with cred ≈ cox ≈ c, the exchange current density i0 is the related by i0 = nF k0c.
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Figure 4.23: Simulated electrochemical response for Fc(MeOH)2: (a) cyclic voltammogram
(10 mV·s−1) for a 500 nm nanogap; (b) effect of the interelectrode distance (x) on the limiting
current density; (c) concentration profile of cred at Ilim; and (d) concentration profile of cox at
Ilim.
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4.5 Electrical characterisation

I-V sweeps of the device were performed within a Faraday cage using a B1500A semiconductor

device analyser [Agilent Technologies] and a probe station [Wentworth Laboratories]. A two-

terminal configuration was created using a micropositioner for the topside (through glass)

lower electrode contact and three different connection methods for the backside (through

silicon) upper electrode contact. These included using solder paste, wire with solder paste and

simply wire to connect to an underlying pad on a printed circuit board. The current response

was at the level of the measurement noise, indicating an isolation of >1 TΩ.

One of the key benefits of this geometry and the use of anodic bonding is that the bond

interface isolates both substrates, therefore the leakage current path is through the air gap.

Failed devices can be quickly identified as the device would be expected to fail in such a way

that it creates an electrical short. Some caution should be taken as applying larger potentials

directly between the electrodes may lead to electrostatic collapse.
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Figure 4.24: I-V traces for vertical nanogap device filled with air for backside connection
modes: (1) solder paste; (2) coiled wire with solder paste; and (3) coiled wire.

The capacitance response of the device in air was recorded using a B1500A semiconductor

device analyser fitted with a 1 kHz to 5 MHz multi-frequency capacitance measurement unit

(MFCMU) [Agilent Technologies]. A shielded two-terminal configuration was created, shorting

the Lp & Lc and Hp & Hc terminals inside the Faraday cage. Here the electrical connection to

the backside contact (upper electrode) was made with a coiled piece of wire. The response

was recorded for a frequency range of 1 kHz to 500 kHz with a 0.0 V DC bias and a 10 mV

AC signal using a ‘long’ integration time (16 power line cycles). Figure 4.25 shows that the

capacitance at 1 kHz is ≈21.8 pF ±0.2 pF. This value is close to the expected theoretical value

for a parallel-plate capacitor with the same geometry.
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Figure 4.25: Capacitance profile for a 500 nm vertical nanogap device filled with air for the
frequency range 1 kHz to 500 kHz.

4.6 Discussion

In summary, a novel process for the fabrication of large area vertical coplanar nanogap device

has been presented. The fabrication process is primarily based on the use of ICP-RIE of

a silicon substrate to form a channel and then silicon–glass anodic bonding to a nanogap

between electrodes patterned on these opposing substrates. The linear response of the SF6/O2

ICP-RIE process provides predictable control of the channel depth. Furthermore, this dry etch

process allows the use of a photoresist mask instead of a hard mask, reducing the necessary

processing steps.

Anodic bonding of silicon and glass substrates to form nanochannels without causing collapse

still remains a challenge. Undeniably there must be a practical limit to the channel depth that

can be achieved without drastically affecting the device yield. However, this work has shown

that large area electrodes can be contained in the channel by reducing the electrostatic pres-

sure across the channel through geometric design, electrical passivation as well as lowering

the applied voltage and temperature.

Prior to anodic bonding one of the critical steps in the fabrication is accurate alignment of the

two substrates during the prebonding step. This was considered in the design by providing

significant lateral and rotational tolerance between features. Commercial anodic bonding

systems often provide built-in alignment with submicron accuracy that would resolve this

issue. One of the main difficulties associated with this type of device is forming electrical

connection to the upper electrode contact pad through the backside of the silicon. This could

be addressed by developing a spring-loaded ‘pogo pin’ interface. Ideally the device would
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incorporate an internal via to connect the upper electrode to a contact pad on the silicon

substrate to simplify usability.
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5 Fabrication of a Large Area Horizon-
tal Coplanar Nanogap Device

Here the design and fabrication of a large area horizontal nanogap device is presented. The

fabrication process is largely based on electron beam lithography and uses a serpentine

geometry so to maximise the length of the electrodes in the writeable area. The electrodes are

covered by a passivation layer to maximise the planar interdiffusion between the nanogap. As

an example application the device is used for dielectric spectroscopy sensing of PNA–DNA

binding.

The device is comprised of two

electrodes separated by a central

nanogap in the shape of a serpentine.

This serpentine consists of twenty

400 µm straight sections connected

with twenty arcs of 50 µm radius to

provide a total length of ≈11 mm. The

electrodes are covered by a thin SU-

8 passivation layer in order to max-

imise the planar diffusion between

the nanogap. The electrodes are eas-

ily addressed by large 4 mm × 12 mm

rectangular contact pads on either

side of the nanogap. The top layer

consists of a SU-8 microfluidic layer

with a 35 µm wide serpentine directly

above the nanogap along with fun-

nelled inlet and outlet reservoirs.

Figure 5.1: 3D exploded diagram of the hori-
zontal nanogap device showing glass substrate,
electrode layer (highlighted) and the SU-8 pas-
sivation & microfluidic layers.

Nanogap devices have been used in research for several decades and have predominantly

exhibited horizontal coplanar geometry. As a consequence, there are several comprehensive
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Chapter 5. Fabrication of a Large Area Horizontal Coplanar Nanogap Device

reviews on the subject of fabricating horizontal coplanar nanogaps [1–4]. However, the ma-

jority are used for molecular junctions where the objective is to trap a molecule between two

point-like electrodes. Here it is desirable for the interelectrode distance to be similar to that

of the target molecule and for the contact area to be kept at a minimum in order to improve

selectivity.

For electrochemical sensing applications the criteria is rather different. Reducing the inter-

electrode distance will lead to improved redox cycling and dielectric spectroscopy sensing,

however the surface area must also be considered. Increasing the surface area not only leads

to higher measurable currents and higher molar sensitivity but it can also allow greater probe

loading for affinity-based biosensing.

Fabricating nanogap electrodes with larger surface areas presents several complications. After

all, nanogap fabrication itself often goes beyond the capability of traditional microfabrication

technologies. In the previous chapter the primary issue faced with many vertical nanogap

devices is preventing the collapse or deformation of the upper electrode. For horizontal

nanogap devices the main issue is normally associated with the electrodes shorting from

discontinuities, often arising from misalignment.

5.1 Present fabrication techniques for horizontal nanogap devices

Despite the obstacles, several effective and creative methods of fabricating nanogap elec-

trodes with controlled spacing have emerged, these include: adhesion lithography [5–7],

chemical-mechanical polishing [8], deep-ultraviolet lithography with silylation [9], dip-pen

nanolithography [10], direct chemical synthesis [11], electrochemical synthesis [12], elec-

tromigration [13–15], electron-beam lithography, [16, 17], electroplating [18], focused ion

beam (FIB) milling [19–22], mechanical break junctions [23, 24], molecular lithography [25],

molecular rulers [26, 27], oblique-angle [28] and double oblique-angle evaporation [29], on-

wire lithography [30], oxidative plasma ablation [31] and transfer printing [32]. All of these

methods have provided promising results and offer their own characteristics. Some examples

of these fabrication methods are illustrated in Figure 5.2. It is not uncommon for devices to be

fabricated by an amalgamation of methods in order to achieve the desired geometry.

The tool of choice for the creation of nanogap electrodes is, without any doubt, electron-beam

lithography (EBL). EBL is a serial process and therefore is more time consuming and costly

compared to optical lithography. However, it does provide exceptional resolution, with modern

systems capable of achieving features <10 nm. Nevertheless, several non-standard steps can

be incorporated with optical lithography to overcome the inherent resolution limitations of the

light source wavelength. In the next few pages some of the alternative fabrication techniques

to EBL are discussed before moving on to nanogap devices that rely on EBL for at least one

step of the fabrication process.
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(a)

cross section (x-z) 

ZrO2 Al O2 3

Ptsilicon

Al

SiO2 glass

Cu

(b)

(c) (d)

angled deposition

FIB
+ Ga

FEB
-e  

PMMA, high Mw

PMMA, low Mw

oxidation direction

Figure 5.2: Diagram demonstrating some of the fabrication techniques used to obtain hori-
zontal nanogaps: (a) use of oblique-angle deposition with microchannels acting as a shadow-
mask [33]; (b) oxidation of a metallic layer to create an overhanging self-aligned mask [34]; (c)
milling through a metallic layer with a Ga+ focused ion beam [35]; and (d) use of a focused
electron beam to pattern a bilayer of positive tone electron-beam resists to create the desired
lift-off profile.
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Oblique-angle deposition/shadow masks

One of the early reports to improve the feature size using optical lithography techniques was

oblique-angle deposition. This involves depositing thin films with the substrate set at an

angle so that it creates a shadowing effect. Dean and Matarese [36] as well as Dolan [37]

demonstrated in the mid 1970s that submicron structures could be created using a single

mask and oblique-angle thin-film deposition. Many applications were found in transistor

fabrication, for instance Tracy Turner Jones et al. used angled deposition to create 50-70 nm

source–drain separation [38].

An inventive technique was shown by Ishii et al. [39], where an electrospun fibre is stretched

to control its diameter and then used as a shadow mask. In this work average gaps of

865 nm ±109 nm over an electrode length of 2 mm were achieved. Although the gap de-

viated by around 13% of the gap size, it does represent a simple, low-cost technique with the

merit of achieving long electrode lengths.

The use of micrometre channels acting as shadowmasks has been used by several groups.

Adjusting the height of the channels as well as the angle of deposition provides some control

over the shadowing effect and thus the final geometry of the nanogaps. Van Gerwen developed

this technique and demonstrated fabrication of 500 nm spaced Pd electrodes [40]. Later Jeon

et al. fabricated 400 nm spaced Al electrodes using this technique for use in impedimetric

studies [33]. More recently, Yun et al. [41] demonstrated the use of PMMA as a shadow mask

to create electrodes separated by 500 nm. The significance of this work is that the technique is

solvent-free and therefore sensitive organic materials can be utilised.

As a final note, by performing deposition in opposite directions the shadowing effect can be

exploited twice. This ‘double oblique-angle deposition’ technique has been used to achieve

even smaller (5-60 nm) nanogaps [29, 42]. Here the conditions of the second deposition

are critical in ensuring that the granularity of the electrode materials do not lead to defects.

Liang and Chou successfully used this technique to form electrodes with a width of 45 nm

and interelectrode distance of <13 nm perpendicular to a 45 nm wide fluidic channel. This

nanofluidic channel allowed electrical signals from double-stranded DNA sequence to be

observed as it passed through the gap [43].

Oxidation layer as a self-aligned mask

Another technique avoiding the use of EBL is oxidising a layer in an optically patterned stack

to act as self-aligned mask. Hashioka et al. [44] first showed how a Ti layer could be used

to grow a self-aligned oxide mask, strictly acting as a sacrificial layer. In the initial step a Ti

electrode is patterned and covered with a photoresist to allow the Ti to be oxidised laterally

by anodic oxidation. An Au layer is then deposited over the entire surface before performing
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lift-off and etching the TiOx . One issue with this process is that the final device consists of

electrodes of dissimilar materials.

A similar approach was taken by Tang et al. [34], but with a two-step evaporation to achieve

identical electrode materials. First Pt/SiO2/Al layers are patterned on a Si/ZrO2 substrate. The

Al layer is then oxidised to create an overhanging structure before aligning a second Pt layer.

The Al2O3 layer acts as a mask creating a nanogap between adjacent Pt layers and the initial

SiO2/Al layers then act as sacrificial layers allowing lift-off patterning of the second electrode.

Fursina et al. [45] adopted this technique but eliminated the difficulties associated with the

chemical etching of Al2O3 mask by using Crx Oy as a substitute. The revised process involved

evaporating a Ti/Au/Cr stack before oxidising the Cr layer to create the overhang. This is

then used as the mask to deposit a second Ti/Au layer perpendicular to the first, separated

by a nanogap. This technique is particularly appealing as it not only provides a self-aligned

process but in theory could provide a wide range of interelectrode distances, with gap sizes of

≈2-50 nm and electrode lengths of 1-20 µm having already been demonstrated.

Focused ion beam milling/deposition

A focused ion beam (FIB) can be used to both ablate or deposit material in order to create

nanogaps. FIB milling is a process where ions such as Ga+ or Ar+ are accelerated towards the

substrate to cause sputtering. At higher primary currents relatively large amounts of material

can be removed at the expense of surface roughness caused by redeposition. Alternatively,

material can be deposited by allowing a precursor gas to chemisorb on the surface before

irradiating the area with the beam to invoke deposition.

Santschi et al. used FIB milling to create a 1 µm2 Ti IDA with 50 nm interelectrode distance.

The introduction of XeF2 was shown to reduce redeposition effects [46]. Nanogaps with a

range of 56-815 nm, between 100 nm × 5 µm electrodes, have been fabricated by Hatsuki et

al. [47]. The group later used a similar device with 250 nm × 5 µm electrodes separated by a

510 nm gap for impedimetric virus detection [22].

Purohit and coworkers created 40 nm × ≈10 µm Au electrodes separated by 200-300 nm

gaps [48]. In this work they report large leakage currents that they attribute to damage of

the SiO2 substrate during FIB milling, highlighting one of the drawbacks of the techniques.

Electrodes of different materials (including Au and Cu) with widths of 200 µm and nanogaps

ranging from 100 nm to 500 nm were fabricated by Singh et al.. These were patterned on

different insulating substrates to study the effect of the substrate on leakage current. In this

work they also created smaller 20-200 nm nanogaps with ≈2 µm wide W electrodes using FIB

induced deposition [35].
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Although highly complex 3D structures have been fabricated with FIB induced deposition [49],

it is often considered a much more time-consuming approach than its counterpart. One major

complication is that the induced deposition generated by secondary electrons is bigger than

the diameter of the incident beam, leading to a halo effect [50]. This is usually resolved by

adopting a suspended substrate, but is less problematic for larger geometries.

A technique using ion irradiation to induce deformation with a FIB system was demonstrated

by Cheang-Wong and coworkers. Here FIB milling is first used to create ≈800 nm gaps between

PdSi electrodes. Then O2+ ion irradiation is used to deform the supporting structure, in turn

reducing the gap size to around 200 nm [51].

Electron-beam lithography

The use of electron-beam lithography (EBL) is by far the most popular approach to fabricate

nanogap devices. EBL uses a focused electron beam to pattern electron-sensitive resists

and provides significantly greater resolution capabilities than optical lithography. Early EBL

systems were adapted from scanning electron microscopes (SEMs) with dedicated EBL systems

developed in the 1970s [52]. Although the proximity effect (interaction of primary electrons

with resist and substrate) presents a challenge to EBL processing, at present nanogaps <10 nm

can be routinely created between nanowires using EBL [53, 54]. One of the most important

works on metal nanogaps was by the group of Dekker, who developed an EBL fabrication

technique [55] that was later used [56] for direct measurement of electrical transport through

DNA molecules. Given that the majority of modern techniques to fabricate nanogap electrodes

utilise EBL for at least one of the steps, nanogap devices that specifically use EBL to achieve

nanogap structures for electrochemical sensing are next discussed.

For electrochemical sensing applications fabricating an interdigitated array (IDA) of electrodes

is an effective way of increasing the surface area. An early showcase of the use of EBL to

fabricate nanospaced IDAs with a variety electrode materials for electrochemical sensing was

the work by Niwa and coworkers [57–59]. Since this there has been a plethora of examples: Au

and AuGe IDAs with interelectrode spacings of 150-1300 nm created using EBL were used by

Montelius et al. for admittance spectroscopy [60]; Au IDAs with interelectrode distances of

250-2000 nm, 200 nm and 30-50 nm have been demonstrated by Hayashi et al. [61], Finot et

al. [62] and Ueno et al. [63], respectively.

Although IDAs fabricated by EBL provide a simple way provide nanogap electrode separation

with large surface areas, the majority of this area is often exposed to the bulk solution. For

highly efficient and selective redox cycling the residence time of electroactive molecules in

the nanogap sensing volume should be maximised. For exposed IDAs these molecules can

easily diffuse into the bulk solution and therefore the efficiency and selective enhancement

is reduced. Solutions have been developed to mitigate this effect, an early example being
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the work by Dam to create out-of-plane IDAs with 2 µm interelectrode distances by dry

etching microchannels in Si followed by oblique-angle deposition. This work demonstrated

that improved confinement of the redox species leads to higher efficiencies and therefore

amplification factors [64].

Confinement of nanospaced IDAs was achieved by Goluch et al. [65] by creating what they

termed a ‘nanofluidic IDE’ (nF-IDE). First Pt IDAs with 250 nm wide spacing were fabricated

using EBL. Nanochannels with widths of 3 µm and heights of 75 nm were then defined by

patterning a Cr sacrifical layer before encasing the entire structure in SiO2. RIE is then used to

define access holes before removing the sacrificial layer with Cr etchant. The authors used

the device to show that nF-IDEs provide significantly greater amplification factors through

improved confinement of the sample within the nanogap.

Electrochemical and chemical deposition methods

One way to reduce the interelectrode distances without necessarily using laborious non-

standard techniques with direct-write technologies is to make use of electrochemical or

chemical deposition. These techniques provide a relatively simple and controllable way of

tuning the gap size to the nanometre or even atomic scale. However, to date these approaches

have only been used for small electrode areas for molecular junction applications

In 1999 the Tao group demonstrated how electrochemical etching or deposition could be

used to create structures similar to break junctions between nanowires [66]. Morpurgo et al.

used the same approach to reduce 50-400 nm nanogaps down to ≈1 nm nanogaps [18]. One

interesting feature of this process is that it can be easily reversed into the ‘dissolution’ mode to

widen the gap again. This technique has since been demonstrated with a range of electrolytes

and metal materials [12, 67–71]. One of the difficulties in this approach is depositing Au

electrodes without the use of toxic compounds or strong acids, therefore Pt electrodeposition

is favoured [68].

More recently several techniques using chemical deposition have been demonstrated. This

technique has the benefit of avoiding the need of external circuitry to conduct the electro-

chemical deposition. Hatzor & Weiss [26] showed how submicron gaps could be reduced

further by the use of layer-by-layer deposition of ‘molecular rulers’. Similar demonstrations

of electroless plating to reduce nanogap dimensions have since been reported by several

others [27, 72–74]. Importantly the work by Ah et al. [72] demonstrated that an array of a

large number of nanowires separated by 50 nm nanogaps could be processed simultaneously,

potentially providing a future high-throughput method of fabrication.
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5.2 Fabrication process

cross-section (x-z) (x-y)

Tiglass SU-8 2000.3 SU-8 2010Au

Figure 5.3: Diagram showing the horizontal nanogap device (cross section not to scale).

5.2.1 Overview

This section describes the fabrication of a ≈11 mm long nanogap with demonstrated inter-

electrode distances between 80 nm and 300 nm. Most importantly, the electrodes are covered

by a passivation layer to maximise the planar interdiffusion between the nanogap. A serpen-

tine consisting of twenty 400 µm straight sections connected by twenty arcs of 50 µm radius

ensures that the length of the nanogap can be maximised in the writeable area of the EBL

instrument. The device takes the shape of a bow-tie with the nanogap situated at the centre

and large 4 mm × 12 mm contact pads on either side. An SU-8 microfluidic layer with a 35 µm

wide serpentine sits directly above the nanogap connected to funnelled inlet/outlet reservoirs.

Passivating the top surface of the electrodes was a major challenge in the fabrication. Originally

the aim was to use a single EBL step to pattern a Ti hard mask on top of a Ti/Au/SU-8 stack.

This hard mask was then used to create the nanogap in both the SU-8 insulating layer and

Ti/Au electrode layer using a dry etch and FIB milling process, respectively. ICP-RIE was found

to provide satisfactory results for etching through the SU-8 layer, however FIB milling caused

significant erosion of both the Ti mask & SU-8 insulating layers and redeposition of milled

material limited the aspect ratio. With no current compatible chemistry for dry etching gold

(Cl2/Ar needs to be above 200 ◦C which is too aggressive for this process), a lift-off process was

adopted. Some of the early trials are discussed in more detail in Appendix B.1.
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(a1)

(b1)

(c1)

(d1)

cross-section (x-z) (x-y)

(nanogap at centre of substrate)

Ti

glass SU-8 2000.3ma-N 2403

SU-8 2010Au

(c2)

(d2)
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Figure 5.4: Fabrication process of the horizontal nanogap sensor. (a): Electron-beam lithogra-
phy (EBL) is used to pattern the electrode layers by lift-off method. (b) A thin SU-8 layer is
deposited and blanket exposed to form a passivation layer. An aluminium hard mask, pat-
terned with a second EBL lift-off mask, is used to pattern the thin SU-8 layer by reactive ion
etching (RIE). (c) A series of wet and dry etching steps are used to define the device geom-
etry and provide access to electrical contact pads. (d) Finally a thick SU-8 layer is optically
patterned to provide a microfluidic layer. 151
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The successful fabrication process is based primarily on electron-beam lithography (EBL)

using a two-stage process to pattern the electrode layer followed by the passivation layer. In

brief, first a Ti/Au electrode layer is patterned using lift-off using a ma-N 2403 negative tone

electron-beam resist [MicroChem]. The entire device is then coated with a 300 nm thick SU-8

layer. This SU-8 layer is removed in the vicinity of the nanogap, using a reactive ion etch (RIE)

process through an Al hard mask, patterned by lift-off using a second ma-N 2403 resist layer

defined with EBL. After patterning the SU-8 passivation layer the Al hard mask is removed

using a wet etch process. Two MICROPOSIT™ S1813 masks are optically patterned and used

to define the device geometry through a sequence of wet and dry etch processes before finally

patterning a 10.0 µm thick SU-8 microfluidic layer. The key steps of the fabrication process

are summarised in Figure 5.4 and described in more detail throughout this section.

5.2.2 Electrode layer

(a) (b)

Figure 5.5: 3D diagram showing the (a) glass substrate and (b) patterned electrode layers.

The electrode layer is patterned by a lift-off process using a ma-N 2403 electron-beam resist

[MicroChem] patterned with a state-of-the-art JBX-6300FS EBL instrument [JEOL] in a ISO 3

cleanroom. First a 3" BOROFLOAT® 33 glass wafer was diced into 20 mm × 20 mm dies using

a MicroAce 66 semi-automatic wafer saw [Loadpoint], then cleaned in acetone then IPA with

ultrasonic agitation. The cleaned glass dies were then dehydrated on a hotplate at 200 ◦C for

10 minutes and allowed to cool.

Next a 300 nm ma-N 2403 negative tone resist was spincoated at 4000 rpm for 40 seconds.

A 5 nm Al was then thermally evaporated [Edwards Auto 306] to serve as an anti-charging

layer. Originally Au was used as an anti-charging layer but was prone to leaving residues

after etching. The ma-N 2403 resist was then patterned to form a 11 mm long, 200 nm wide
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serpentine using EBL (exposure conditions: 100 kV, 3.0 nA beam current, 4 nm shot pitch,

1600 µC·cm−2 dose).

BEAMER software [GenISys] was used to perform proximity effect correction (PEC), modulat-

ing the relative dose and the exposure pattern to address scattering effects within the resist

and substrate that spatially and energetically redistribute the electrons of the incident beam.

PEC therefore improves the productivity and process reproducibility of EBL and high contrast

3D PEC has been successfully demonstrated for complex applications such as the fabrication

of suspended masks [75].

The Al layer was then removed by wet etching in PAN etchant (H3PO4:HNO3:HAc:H2O, 80:5:5:10,

vol.) with manual agitation for 90 seconds before developing the resist in MICROPOSIT™

MF-322. The electrode layer was formed by an electron-beam evaporation [Leybold Vacuum

Univex 350] of a 5 nm Ti adhesion layer followed by 150 nm Au (multi-step deposition). Lift-off

was performed in N-Methyl-2-pyrrolidone (NMP) (MICROPOSIT™ Remover 1165) at 80 ◦C for

10 minutes followed by 5 minutes with 50% ultrasonic agitation at room temperature (RT).

Table 5.1: Process parameters for patterning the electrode layer.

Step Description

1a Dice wafer into 20 mm × 20 mm dies using semi-automated wafer saw
1b Clean substrates: ultrasonic agitation in acetone then IPA, rinse in IPA, N2 dry
1c Dehydration bake on hot plate, 10 min at 200 ◦C
1d Allow samples to cool to RT and use immediately
2a Spincoat ma-N 2403 (300 nm), 5 s at 500 rpm, 100 rpm·s−1, 40 s at 4000 rpm,

10,000 rpm·s−1

2b Softbake on hotplate, 2 min at 90 ◦C
2c Thermal evaporation of Al anti-charging layer (5 nm, 0.3 nm·s−1 at 34 A,

P = 4.0 × 10−7 mbar)
3a Electron-beam exposure, 100 kV, 3.0 nA beam current, 4 nm shot pitch, 1600 µC·cm−2

dose [JEOL JBX-6300FS]
3b Remove Al anti-charging layer in PAN etchant (80:5:5:10, H3PO4:HNO3:HAc:H2O, vol.),

90 s with manual agitation, quench in DI water
3c DI water rinse, N2 dry
3d Manual agitation in MICROPOSIT™ MF-322 developer, 90 s at RT
4a Electron-beam evaporation of electrode layer Ti (5 nm, 0.1 nm·s−1 at 7.33 kV, 20 mA)

and Au (40/60/30/20 nm, 1.0 nm·s−1 at 7.51 kV, 278 mA, P = 1.2 × 10−6 mbar)
4b Lift-off in MICROPOSIT™ PR1165 Remover, 10 min at 80 ◦C
4c Ultrasonic agitation (50%) in MICROPOSIT™ PR1165 Remover, 5 min at RT
4d DI water rinse, N2 dry

Adhesion of the ma-N 2403 to the substrate was found to be a limiting factor for reducing the

nanogap size. Trials showed that pattern collapse occurs for ma-N 2403 for features <70 nm.

The use of PMMA as an adhesion layer was trialled but the PMMA was cross-linked under the

ma-N 2403 leading to a ‘halo’ effect. Attempts to etch the PMMA by ICP-RIE with O2 chemistry

were unsuccessful. These trials are discussed further in Appendix B.2.
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An alternative would be to add a thin Cr adhesion layer under the ma-N 2403, this could be

easily removed with a wet etch during the sequence of etch processes after patterning the

passivation layer. Preliminary trials showed that the Cr significantly improved the adhesion,

allowing smaller nanogaps to be patterned. Providing the layer is kept very thin and assuming

some level of undercutting during the wet etch process, its affect on the sensor performance

should be minimal. Furthermore, dedicated adhesion promoters such as SurPass 3000/4000

[DisChem] could also be used.

5.2.3 Passivation layer

(a) (b)

Figure 5.6: 3D diagram showing the sample with (a) just the electrode layer and (b) both the
electrode and passivation layers.

At this point a serpentine nanogap has been created between two Ti/Au electrodes. However,

the top surface of the electrodes must be passivated so that it does not provide any contribution

to the sensor response. This ensures that the electric field and interdiffusion is primarily planar

across the nanogap. The high dielectric strength (0.44 GV·m−1 for SU-8 2000 [76]) and long-

term stability of SU-8 makes it well suited to sensor applications with high electric fields.

In order to achieve a 300 nm thickness, SU-8 2002 [MicroChem] was diluted with cyclopen-

tanone (8:15, SU-8 2002 : cyclopentanone, wt.). Samples were first cleaned with UV-ozone

[Jelight Company 42-220] the the diluted SU-8 was applied and spincoated at 4000 rpm for 40

seconds, softbaked and flood-exposed for 10 seconds at 14.6 mW·cm−2 (365 nm) to initiate

cross-linking using a EVG 610 lithography system. Further cross-linking is achieved through

an acid-catalysed thermally driven post-exposure bake on two separate hotplates, first at

95 ◦C, then at 130 ◦C. This passivation layer is then patterned, providing access to the nanogap,

using ICP-RIE with a O2 chemistry using a Al hard mask patterned with a ma-N 2403 lift-off

mask defined by EBL.
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The second ma-N 2403 lift-off layer was carefully aligned to the initial layer (accurate alignment

critical in preventing defects) and an identical nanogap serpentine patterned by EBL (exposure

conditions: 100 kV, 3.0 nA beam current, 4 nm shot pitch, 1600µC·cm−2 dose). Again, BEAMER

software was used to perform PEC. After exposure the resist was developed in MICROPOSIT™

MF-322. Figure 5.7 shows the developed lift-off mask; on inspection, some subsidence of

the SU-8 film is visible, but this does not seem to dramatically affect the lift-off process (and

provides a marked improvement over the 80 nm film used in the FIB trials). A 25 nm Al was

then deposited by electron-beam evaporation before lift-off in NMP.

(a) (b)

Figure 5.7: SEM images showing the second ma-N 2403 layer after development.

Using the Al as a hard mask, the SU-8 in the nanogap was removed by low-pressure ICP-RIE

with an O2 chemistry [Advanced Vacuum Vision ICP] using the parameters in Table 5.2. The Al

layer is then removed using PAN etchant before rinsing in DI water. Figure 5.8 shows a straight

≈12.5 µm section of the passivated nanogap, the gap is measured to be ≈215 nm, with the

SU-8 passivation layer receded 60 nm perpendicular from each electrode face [Figure 5.8b].

Table 5.2: ICP-RIE parameters used for low-pressure SU-8 etching.

Parameter Value

O2 flow rate 20 SCCM
Operating pressure (stabilisation) 10 mTorr
Operating pressure 1 mTorr
Substrate temperature 25.0 ◦C
RF power 40 W
ICP power 150 W, ts = 10 s, t = 4 min

The receding of the SU-8 layer is undesirable as it partially exposes the top surface of the

electrodes, which will result in some fringing fields and hemispherical diffusion. The low

pressure improves directionality by increasing the mean free path in the plasma and hence

increased ion energy, however etch anisotropy could be further improved with the addition
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of SF6, as demonstrated by Rasmussen et al. [77]. SF6 adds more heavy, charged and non-

charged particles that can be exploited to increase directionality providing a high RF power

(>25 W) is maintained. The presence of fluorine should also help reduce the antimony present

in SU-8 accumulating during the etch process through the formation of antimony tri- and

pentafluoride which can evaporate from the surface, also reducing surface roughness.

(a) (b)

Figure 5.8: SEM images showing the electrode and passivation layers after lift-off (Figure
5.4, view (b).): (a) A ≈12 µm straight section of the serpentine. (b) Measurements of the
separation of both the electrode and passivation layers.
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Table 5.3: Process parameters for patterning the passivation layer.

Step Description

1a Clean samples with UV-ozone, 10 min
1b Spincoat diluted SU-8 (8:15, SU-8 2002 : cyclopentanone, wt.) 5 s at 500 rpm,

100 rpm·s−1, 40 s at 4000 rpm, 10,000 rpm·s−1

1c Softbake on hotplate, 5 min at 95 ◦C
1d Flood exposure, 10 s at 14.6 mW·cm−2 (365 nm) [EVG 610]
1e Post-exposure bake on hotplate, 2 min at 95 ◦C, then 3 min at 130 ◦C
2a Spincoat ma-N 2403 (300 nm), 5 s at 500 rpm, 100 rpm·s−1, 40 s at 4000 rpm,

10,000 rpm·s−1

2b Softbake on hotplate, 2 min at 90 ◦C
2c Electron-beam exposure, 100 kV, 3.0 nA beam current, 4 nm shot pitch, 1600 µC·cm−2

dose [JEOL JBX-6300FS]
2d Manual agitation in MICROPOSIT™ MF-322 developer, 120 s at RT
2e DI water rinse, N2 dry
3a Electron-beam evaporation of Al hard mask (25 nm, 1.3 nm·s−1 at 7.57 kV, 174 mA,

P = 2.7 × 10−7 mbar
3b Lift-off in MICROPOSIT™ PR1165 Remover, 10 min at RT
3c Ultrasonic agitation (50%) in MICROPOSIT™ PR1165 Remover, 5 min at RT
4a Etch SU-8 using low-pressure ICP RIE with O2 chemistry, 4 min at 150 W
4b Etch Al hard mask in PAN etchant (80:5:5:10, H3PO4:HNO3:HAc:H2O, vol.), 90 s with

manual agitation, quench in DI water
4c DI water rinse, N2 dry

5.2.4 Etch processes for defining device geometry and electrical access

With the nanogap electrodes now passivated, the device is patterned with a series of wet and

dry etch processes to define the bow-tie geometry and provide access to electrical contact

pads. All optical lithography was performed by optical lithography using 4" chrome masks

(CBL4009Du-AZ1500) patterned using a µPG 101 direct laser writer (DLW) [both from Hei-

delberg Instruments Mikrotechnik]. Photomask designs were created using CleWin4 layout

editor [WieWeb].

The first MICROPOSIT™ S1813 mask is used to define the boundary of the electrodes followed

by low-pressure ICP-RIE to clear the SU-8 followed by KI:I2:H2O and HF:H2:O wet etches to

etch the Au and Ti layers, respectively. The dilute HF etch caused significant undercutting

(≈1 µm) of the Au layer at the boundary. Reducing this undercut is difficult without leaving Ti

residues so the undercut was accepted.

A second MICROPOSIT™ S1813 mask is used with the same low-pressure ICP-RIE process to

etch through the SU-8 and provide access to the electrical contact pads. This is then removed

in acetone and the device cleaned with an IPA rinse and N2 dry before proceeding to pattern

the microfluidic layer. The process parameters for the optical lithography and etch processes

are detailed in Table 5.4.
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Table 5.4: Process parameters for the sequence of etch processes to define device geometry
and provide electrical access.

Step Description

1a Spincoat MICROPOSIT™ S1813, 5 s at 500 rpm, 100 rpm·s−1, 40 s at 3000 rpm,

10,000 rpm·s−1

1b Softbake on hotplate, 3 min at 110 ◦C

1c Exposure, 3.2 s at 14.6 mW·cm−2 (365 nm), soft contact [EVG 610]

1d Manual agitation in MICROPOSIT™ MF-319 developer, 60 s at RT

1e DI water rinse, N2 dry

2a Etch SU-8 using low-pressure ICP-RIE with O2 chemistry, 105 s at 150 W

2b Etch Au in KI:I2:H2O (8:2:80, vol.), 90 s with manual agitation, quench in DI water

2c Etch Ti in HF:H2O (1:10, vol.), 25 s with manual agitation, quench in DI water

2d Remove MICROPOSIT™ S1813 in acetone, IPA rinse, N2 dry

3a Spincoat MICROPOSIT™ S1813, 5 s at 500 rpm, 100 rpm·s−1, 40 s at 3000 rpm,

10,000 rpm·s−1

3b Softbake on hotplate, 3 min at 110 ◦C

3c Exposure, 3.2 s at 14.6 mW·cm−2 (365 nm), soft contact [EVG 610]

3d Manual agitation in MICROPOSIT™ MF-319 developer, 60 s at RT

3e DI water rinse, N2 dry

4a Etch SU-8 using low-pressure ICP RIE with O2 chemistry, 115 s at 150 W

4b Remove S1813 in acetone, IPA rinse, N2 dry

5.2.5 Microfluidic layer

(a) (b)

Figure 5.9: 3D diagram showing the sample (a) before and (b) after patterning the microfluidic
layer.
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With the passivated nanogap now formed, the final step is to optically pattern the microflu-

idic layer. A 10.0 µm SU-8 2010 [MicroChem] microfluidic layer is spincoated and optically

patterned using an EVG 610 semi-automated mask aligner system. The pattern consists of a

35 µm wide serpentine directly above the nanogap serpentine connected to funnelled inlet

and outlet reservoirs. To reduce ‘T-topping’ the exposure was performed with the addition

of a ZJB360 long-pass (λc = 365 nm) optical i-line filter [Omega Optical]. T-topping is a phe-

nomenon observed in patterning thick SU-8 films, where the top surface is overexposed to the

UV spectrum and results in an undesirable overhang. This is resolved by blocking the shorter

wavelengths (<350 nm) during exposure [78].

The SU-8 was then developed with MICROPOSIT™ EC Solvent 11 in two separate baths and

hardbaked at 150 ◦C for 20 minutes. Early devices were covered in surface cracks, presumably

from the residual stress in the thick SU-8 layer. To resolve this the processing parameters

were optimised using a batch of test devices mimicking the stack of layers. Slightly increased

exposure doses and extending the second step of the post-exposure bake (95 ◦C) improved

matters but ultimately the problem was best resolved with a lengthy hardbake. The prolonged

elevated temperature of the hardbake anneals the surface cracks of even the worst samples.

Table 5.5: Process parameters for patterning the microfluidic layer.

Step Description

1a Spincoat SU-8 2010, 5 s at 500 rpm, 100 rpm·s−1, 40 s at 4000 rpm, 10,000 rpm·s−1

1b Softbake on hotplate, 1 min at 65 ◦C then 5 min at 95 ◦C, allow to cool to RT
1c Exposure, 1050 mJ·cm−2 (365 nm), soft contact, ZJB360 filter [EVG 610]
1d Post-exposure bake on hotplate, 1 min at 65 ◦C then 3 min at 95 ◦C, allow to cool to RT
1e Manual agitation in MICROPOSIT™ EC Solvent 11, 2 min bath 1, 1 min bath 2, at RT
1f IPA rinse, N2 dry
1g Hardbake on hotplate, 20 min at 150 ◦C

Figure 5.10 shows a completed device with the microfluidic serpentine visible at the centre

of the device, surrounding alignment marks and the electrical contact pads on either side

of the device. A close-up shows the surface cracks due to the residual stress in the SU-8

layer [Figure 5.10b]. The majority of these surface cracks disappear after annealing with

the hardbake. Samples can be introduced into the device by pipetting a small volume into

the reservoirs and allowing capillary flow to transport the solution towards the centre of

the device (typically 25 seconds). Alternatively a polydimethylsiloxane (PDMS) lid can be

bonded to the SU-8 microfluidic layer with O2 plasma activation and silanisation with (3-

Aminopropyl)triethoxysilane (APTES) [79, 80].
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(a) (b)

Figure 5.10: Microscope images showing a completed device: (a) The bow-tie-shaped sen-
sor with contact pads and central microfluidic channel visible. (b) A close-up showing the
serpentine microfluidic channel with funnelled inlet/outlet.

5.3 Simulation

To further understand the importance of the geometry at the micro- and nanoscale, the

system was modelled using COMSOL Multiphysics® finite element analysis software. The

electrostatics and microfluidic simulations are covered separately in Appendices C.1 & C.2,

respectively. Figure 5.11 shows a cross section of the fabricated device.

cross-section (x-z)

Tiglass SU-8 2000.3 SU-8 2010Au

lateral etch
distance

passivation
thickness

cross-section (x-z)

Figure 5.11: Annotated diagram depicting exposed top surface of the nanogap electrodes.
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5.3. Simulation

5.3.1 Effect of the passivation layer on device performance

The passivation layer is formed by coating the electrodes with SU-8, in the process filling the

nanogap, before cross-linking. The SU-8 between the electrodes is then etched using ICP-RIE

with a Al hard mask. Some undercutting of the Al hard mask occurs leading to undesirable

lateral etching of the passivation layer. The result is that a portion of the top surface of

the electrode is left exposed. For an ideal geometry the lateral etch distance would be zero,

meaning that the top surface of the electrodes would be completely covered. However, due to

the undercutting during ICP-RIE, the actual lateral etch distance of the fabricated device is

≈65 nm. The effect of this nonideality on the limiting current density was simulated using the

electroanalysis interface of the electrochemistry module in COMSOL Multiphysics®. Figure

5.12 shows the cyclic voltammograms (CVs) and surface concentration plots for the fabricated

device geometry and ideal geometry. The lateral etching of the passivation layer leads to a

reduction the limiting current density from 19.88 A·m−2 to 17.19 A·m−2, a reduction of ≈13.5%.

The effect of this nonideality was studied by simulating the limiting current density as a

function of the lateral etch distance whilst maintaining the passivation thickness at 300 nm

[Figure 5.13a]. Increasing the lateral etch distance from 0 nm to 135 nm results in a decrease

of the limiting current density from 19.88 A·m−2 to 14.37 A·m−2, a reduction of 27.7%.

In comparison, the effect of the passivation thickness is less pronounced. Figure 5.13b shows

the limiting current density plotted against passivation thickness. In this case the interelec-

trode distance is set as 215 nm, the lateral etch distance is maintained at 65 nm (345 nm total

distance) and the height of the electrodes is 150 nm. Reducing the passivation thickness to

100 nm led to a greater current density (17.47 A·m−2), possibly due to improved diffusive ac-

cess. When increasing the passivation thickness to 500 nm the current density was decreased

by 1.7% (17.18 A·m−2). Here the passivation thickness did not appear to affect the collection

efficiency.

For an ideal geometry the decrease in current density when increasing the passivation thick-

ness from 100 nm to 500 nm was just 0.2% (19.93 to 19.88 A·m−2, data not shown), yet there

was a ≈1% increase in collection efficiency. This may be explained by the fact that here the

diffusive flux between the generator and collector is entirely planar, so increasing the passiva-

tion layer provides improved confinement of the redox species, reducing the probability of

diffusion back into the microchannel.
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(a) (b)

(c) (d)

Figure 5.12: Simulated current response and surface concentration plots demonstrating the
effect of undesirable lateral etching of the passivation layer.
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Figure 5.13: Simulated limiting current density for (a) increasing lateral etch distance and (b)
increasing passivation height.

5.4 Electrical characterisation

I-V characteristics in air were measured using a B1500A semiconductor device analyser [Agilent

Technologies] and a probe station [Wentworth Labs] placed on an isolation table [Newport]

equipped with 4 micropositioners [JMicron Technology]. Connections to the device were

made using a four-terminal (Kelvin) configuration. The entire setup was housed in a large

Faraday cage. Figure 5.14 shows that the leakage current at −125 mV is ≈500 pA, equating to an

isolation of ≈0.25 GΩ. Increasing the potential window further eventually led to breakdown,

with the device exhibiting ohmic behaviour, indicating a short.

The device could be recovered by permitting higher currents to ‘blow’ the short (potentially

creating more in the process), returning the device to open-circuit behaviour. However,

the Joule heating leaves a small, approximately symmetric, crater along the nanogap. After

recovering from breakdown the leakage current increased to ≈1.5 nA at 100 mV, equating to

an isolation of ≈67 MΩ.

The capacitance response in air and in 10 mM PBS (with 2.7 mM KCl and 137 mM NaCl) were

recorded using a B1500A semiconductor device analyser fitted with a 1 kHz to 5 MHz multi-

frequency capacitance measurement unit (MFCMU) [Agilent Technologies]. Connections

were made using a four-terminal pair configuration with the Lp & Lc and Hp & Hc terminals

shorted on the contact pads of the device. The response was recorded for a frequency range of

1 kHz to 1 MHz with a 0.0 V DC bias and a 10 mV AC signal using a ‘long’ integration time (16

power line cycles).
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Figure 5.14: Measured I-V responses in air for a prototype and a batch of five horizontal
nanogap devices.

Frequency (Hz)
103 104 105 106

C
ap

ac
ita

nc
e 

(p
F)

9.5

10

10.5

11

11.5

12

12.5
Mean
+SD, n = 5
- SD, n = 5

(a)

Frequency (Hz)
103 104 105 106

C
ap

ac
ita

nc
e 

(p
F)

0

100

200

300

400

500

600

700

800

900
Mean
+SD, n = 5
- SD, n = 5

(b)

Figure 5.15: Capacitance profiles for the frequency range 1 kHz to 1 MHz in (a) air and in (b)
10 mM PBS.
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The electrochemical response was confirmed by performing redox cycling with 50 µM 1,1’-

ferrocenedimethanol (Fc(CH2OH)2) in 10 mM phosphate buffer (with 2.7 mM KCl and 137 mM

NaCl) [both from Sigma Aldrich]. A potential window of 0.0 V to 0.5 V vs. Ag/AgCl was used

with a scan rate of 2.5 mV·s−1. The electrochemical measurements were taken using the

B1500A semiconductor device [Agilent Technologies], with a potential step size of 1 mV and

both the hold and delay time set to 200 ms. All connections were made to the device using

micropositioners [JMicron Technology]. A pseudo reference electrode created using Ag wire

and Ag/AgCl ink [BASi®] was connected to the dedicated ground unit (GNDU) and both the

generator and collector electrodes connected to individual source measurement units (SMUs).

Figure 5.16 shows that steady-state response is reached, with the limiting currents for the

generator and collector calculated as 25.11 nA and −24.84 nA, respectively, yielding a collection

efficiency (ηc) of 98.9%. The simulated response [data not shown] provided limiting current

densities of 17.198 A·m−2 and −17.197 A·m−2 for the generator and collector, respectively, with

a value for ηc of 99.9%. Using the calculated length of the nanogap serpentine (10.91 mm)

and electrode height (150 nm), the overlapping region of the electrodes is calculated as

1.6365 × 10−9m2. Multiplying by the current density provided an expected limiting current

of 28.14 nA, which is much higher than that measured experimentally. It is possible that this

could be caused by intrinsic defects in the passivation layer, defects caused by SEM inspection

or defects caused by Joule heating during I-V sweeps.
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Figure 5.16: Current response in 10 mM phosphate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4,
with and without the addition of 50 µM Fc(CH2OH)2) at a scan rate of 2.5 mV·s−1. In both
cases the collector is held at 0.0 V vs. Ag/AgCl.
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5.5 Oligonucleotide detection by dielectric spectroscopy sensing

The horizontal coplanar nanogap device was used to demonstrate how oligonucleotide hy-

bridisation can be detected by dielectric spectroscopy sensing. The capacitance formed by

the accumulation of counter-ions near the electrode surface is sensitive to the changes in

dielectric and charge environment at the electrode–electrolyte interface. Hybridisation of

probe and target oligonucleotides disrupts the electric double layer and charge transport

between the polarised electrodes. Detection is based on changes in the measured sensor

capacitance across a frequency range as a result of the formation of a oligonucleotide duplex.

Oligonucleotides are short nucleic acid oligomers consisting of a low number of parts. They

readily bind in a sequence-specific manner to complementary oligonucleotides through a

process termed hybridisation to form double-stranded (ds) oligonucleotides. The base pairing

of adenine–thymine (A–T) or cytosine–guanine (C–G) of two complementary single-stranded

(ss) oligonucleotides occurs with high efficiency and specificity in the presence of a mixture

of many different non-complementary nucleic acids. They can therefore serve as effective

probes for the detection of target analyte sequences.

Figure 5.17: Diagram illustrating the physical displacement occurring after oligonucleotide
hybridisation.

The hybridisation of two single-stranded oligonucleotides results in a physical change from a

flexible to rigid state, as demonstrated in Figure 5.17. This physical displacement results in a

redistribution of the surrounding ions that form the electric double layer, in turn leading to

changes in the capacitance. Furthermore, target oligonucleotides with localised charge will

lead to further changes in the capacitance.

5.5.1 Peptide nucleic acids as a probe layer

Peptide nucleic acid (PNA) was developed in 1991 as a chemical analogue of DNA, replacing the

sugar–phosphate backbone with repeating N-(2-aminoethyl)-glycine units linked by peptide
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bonds. The resulting structure does not carry charge at physiological pH and this leads to

stronger binding between ssPNA and ssDNA due to lack of electrostatic repulsion compared

with conventional ssDNA to ssDNA binding. Figure 5.18 shows the structure of DNA and PNA.
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Figure 5.18: Molecular diagram comparing DNA and PNA structures.

The use of PNA as a probe can provide several advantages, as outlined by numerous re-

views [81–88]. One of the most significant advantages is that the detection mechanism pro-

ceeds from an uncharged to charged state (compared to states of increasing change for the

DNA–DNA case). This also results in PNA–DNA and PNA–RNA duplexes exhibiting higher

thermal stabilities (≈1 ◦C per base [89]) compared with DNA–DNA or DNA–RNA duplexes. Fur-

thermore, the duplex melting temperature (Tm) is relatively insensitive to ionic strength [81],

providing a greater freedom in the choice of hybridisation and measurement conditions. The

hybridisation kinetics of ssPNA hybridisation tend to be faster and with greater specificity [90],

with single point mismatches being better discriminated by PNA than by DNA or RNA [91].

Finally, the peptide backbone bearing purine and pyrimidine bases are not easily recognisable

by other nucleases or proteases, therefore extending the lifetime of these compounds both

in vivo and in vitro [92].
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5.5.2 Experimental information

Reagents

Dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA) [CAS 60-00-04], 6-mercapto-

1-hexanol (MCH) [CAS 1633-78-9], and phosphate-buffered saline (PBS) tablets (10 mM

phosphate buffer, 2.7 mM KCl & 137 mM NaCl, pH 7.4 at 25 ◦C) were all purchased from

Sigma-Aldrich. All aqueous solutions were prepared using 18.2 MΩ·cm ultra-pure class 1 DI

water treated with a Biopak® polishing pack from a Direct-Q® 5 UV system [Millipore]. A stock

10 mM PBS solution (pH 7.4) was prepared and filtered with a 0.2 µm pore nylon membrane

bottle top filter [Corning] under vacuum prior to use.

Thiolated ssPNA [Cambridge Research Biochemicals] with sequence HS-C6-AEEEA-ACA-ACA-

ACA-ACA-ACA (N- to C-terminus, where AEEEA is a 1.8 nm long 9-amino-4,7- dioxanonanoic

acid linker used to distance the hybridisation portion of the molecule from the anchoring

group) was suspended in a 1:1 volumetric ratio of DMSO:DI to create a 100 µM stock. The use

of a DMSO-based solvent is to improve the solubility of PNA. Complementary TGT-TGT-TGT-

TGT-TGT and complete mismatch CAC-CAC-CAC-CAC-CAC ssDNA sequences (both from

Sigma-Aldrich) were suspended in a 10 mM Tris-HCl pH 7.4, 1 mM buffer to form a 100 µM

stock. The use of an ionic solution is to provide a suitable electrostatic environment for the

charged ssDNA.

Apparatus

The measurement setup consisted of a B1500A semiconductor device parameter analyser

[Agilent Technologies] fitted with a 1 kHz to 5 MHz multi frequency capacitance measurement

unit (MFCMU). Connections were made using micropositioners with a four-terminal pair

configuration with the Lp & Lc and Hp & Hc terminals shorted on the contact pads of the

device. The response was recorded for a frequency range of 1 kHz to 1 MHz with a 0.0 V DC

bias and a 10 mV AC signal using a ‘long’ integration time (16 power line cycles).

Open, short, and phase corrections were performed prior to measurements to correct for

residual admittance, impedance, and phase in the system, respectively. The capacitance was

recorded between 1 kHz and 1 MHz with a 0.0 V DC bias and a 10 mV AC perturbing signal with

a ‘long’ integration time (16 power line cycles). A total of 76 frequency points (logarithmic) were

recorded. Five scans were taken and averaged for each device at each step. The capacitance

reported is the ‘parallel’ capacitance, calculated from the measured susceptance (B) of the

auto-balancing bridge of the measurement instrument as B
ω . All measurements were taken

on the same day with temperature varying from 20.4 ◦C to 22.5 ◦C and relative humidity from

58%–64%.
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Experimental procedure

The sensors were first cleaned by rinsing with acetone, IPA then DI water and dried with

a N2 stream. The thiolated ssPNA (HS-C6-AEEEA-ACA-ACA-ACA-ACA-ACA) 100 µM stock

heated to 55 ◦C for 10 minutes using a digital dry block heater followed by vortex mixing for 30

seconds and ultrasonic agitation for 1 minute. The stock was then diluted to 1 µM aliquots in

DMSO:DI (1:1, vol.) ready for co-immobilisation. A 1 mM stock solution of MCH was prepared

in DMSO:DI (1:1, vol.) for backfilling of the probe layer and also diluted to 4 µM aliquots for

co-immobilisation with the PNA probe.

The importance of the spatial density of the PNA probe has previously been studied by Keighley

et al. [93]. If the probe density is too high, the steric hindrance actually leads to a decrease

in target hybridisation. Therefore co-immobilisation of PNA with MCH (acting as a spacer

molecule) was performed with a molar ratio of 1:4 to provide optimised spatial density of the

probe. The sensors were incubated with 10 µL of solution in a humidity chamber (to reduce

evaporation) at 5 ◦C for 16 hours. Next, the sensors were rinsed with DI water then, to ensure

complete thiol coverage, backfilled with 10 µL of 1 mM MCH in DMSO:DI (1:1, vol.) for 1 hour

at room temperature. Finally the backfilled sensors were rinsed with 10 mM PBS solution and

stabilised in 5 µL of 10 mM PBS.

The stock solutions of complementary (TGT-TGT-TGT-TGT-TGT) and complete mismatch

(CAC-CAC-CAC-CAC-CAC) 15-mer ssDNA sequences were then prepared for the hybridisation

studies. First the stock solutions were vortex mixed for 30 seconds followed by ultrasonic

agitation for 1 minute and a further 30 seconds vortex mixing before preparing 10 µL aliquots

of working concentrations (10 pM to 100 nM) in 10 mM PBS.

Capacitance measurements were taken of the ssPNA probe layer and then with increasing

concentrations of the complementary and complete mismatch non-complementary ssDNA

sequences. A total of four sensors were used: two for the complementary target sequence

(TGT repeat) and two for the non-complementary control sequence (CAC repeat). Between

measurement steps the sensors were washed with DI water, dried with N2, and then incubated

for 30 minutes at room temperature with 5 µL of ssDNA sequences. After incubation the

sensors were then rinsed in 10 mM PBS, dried with N2, stabilised with 5 µL 10 mM PBS for

5 minutes, before taking measurements.

5.5.3 Results

Figure 5.19 shows the capacitance spectra after hybridising with increasing complementary

[Figures 5.19a & 5.19b] and non-complementary [Figures 5.19c & 5.19d ] ssDNA sequences.

One of the controls [Figure 5.19d] shows a very unusual response for the SAM measurement,

with the capacitance much higher than the other sensors. Although the capacitance response
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Table 5.6: Sequence of key experimental steps for the capacitive sensing of PNA–DNA interac-
tions.

Step Description Duration

1 Clean sensors: rinse with acetone then IPA, dry with N2 —
2a Co-immobilisation of 10 µL PNA:MCH (1 µM : 4 µM) in DMSO:DI

(1:1, vol.) at 5 ◦C
16 h

2b Rinse sensors with DI water —
3a Backfilling with 10 µL of 1 mM MCH (in DMSO:DI, 1:1, vol.) at RT 1 h
3b Rinse sensors with DI water, N2 dry —
3c Stabilise with 5 µL 10 mM PBS 1 h
4a Perform capacitance measurements <1 h
4b Rinse with DI water, N2 dry —
5a Incubate with 5 µL ssDNA at RT 30 min
5b Rinse with 10 mM PBS, N2 dry —
5c Stabilise with 5 µL 10 mM PBS 5 min
6a Perform capacitance measurements <1 h
6b Rinse with DI water, N2 dry —
7 Repeat steps 5a-6b for increasing ssDNA concentrations —

is provided for a wide frequency range, it is important to highlight that below 10 kHz the capac-

itive behaviour is marred by the fact that the low-frequency dielectric response is dominated

by ionic relaxation.

Even with the use of nanogaps, problems associated with low-frequency measurements have

been well reported in literature [22, 47, 94–98]. Fluctuations of the buffer can not only mask

the the dielectric changes due to binding of the target oligonucleotide, but the conductivity of

biological buffers also results in a large frequency-dependent dielectric dispersion. On the

other hand, the capacitance changes due to the redistribution of ions within the buffer will be

most significant at these lower frequencies. Equation 5.1 shows how the dielectric constant

(εr) is comprised of the real (ε
′
r) and imaginary (ε

′′
r ) parts, with the imaginary part governed by

the conductivity (σ) [Equation 5.2].

εr = ε
′
r − iε

′′
r (5.1)

ε
′′
r =

σ

ωε0
(5.2)

The frequency-dependent nature of the conductivity,σ(ω), is described by Jonscher’s ‘universal
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5.5. Oligonucleotide detection by dielectric spectroscopy sensing

dielectric response’ [99, 100]:

σ(ω) =σ0 + Aωn (5.3)

Here σ0 is the direct current (DC) conductivity, A is a pre-exponential factor related to temper-

ature and n is a frequency exponent, where (0 < n < 1).

At medium frequencies (10-100 kHz) the overall response is less dependent on the ionic

contribution from the buffer, therefore providing a more reliable measurement of biomolecular

interactions. Using the measurement of the SAM capacitance as a baseline, the relative

percentage change at 25 kHz is calculated and plotted in Figure 5.20. The response for the

addition of complementary ssDNA plotted in blue and the response of the controls (for the

addition of non-complementary ssDNA) are plotted in black. The error bars represent the

uncertainty in the measurement and were calculated using Equation 3.10.

Increasing the concentration of complementary ssDNA from 10 pM to 100 nM saw an increase

in the measured capacitance, with one device showing a 5.2% shift and the other device

showing a 12.2% shift. Although one of the controls shows very negative values due to an

initial unexpected shift from its baseline, both the controls show much flatter responses to

the addition of the non-complementary ssDNA. The capacitance of the controls varied by no

more than ±1.1%. The dose response for all the devices was consistent across the medium

frequency range (10-100 kHz).
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Figure 5.19: Capacitance spectra showing the dose response for: (a) & (b) complementary and
(c) & (d) non-complementary single-stranded DNA.
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Figure 5.20: Relative percentage change in capacitance at 25 kHz for increasing concentrations
of complementary and non-complementary single-stranded DNA. Error bars represent the
measurement error calculated using Equation 3.10, for 5 measurements of each device at each
stage in the experiment.

The increase in capacitance following the formation of the the PNA–DNA duplex can be

attributed to redistribution of the electric double layer. After hybridisation the negative charge

of target ssDNA causes an increased local cation concentration, resulting in an increase of the

Gouÿ-–Chapman diffuse layer capacitance, and an increase of the total measured capacitance.

Regeneration of the PNA probe layer

It is often highly desirable if the biorecognition layer of a biosensor can be regenerated. As

the stability of the double-stranded oligonucleotide hydrogen bonds is highly dependent on

temperature, one way to reverse the hybridisation of oligonucleotides is to elevate the thermal

environment. The melting temperature (Tm) defines when 50% of the oligonucleotide and its

complement are in duplex. As the PNA–DNA duplex has increased thermal stability compared

with a DNA–DNA duplex, the Tm value for the PNA–DNA duplex was calculated as 74.8 ◦C (at
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4 µM) [101]. An attempt to regenerate the PNA probe layer was made by submerging each of

the devices in 20 mL DI water at 90 ◦C for 50 minutes with agitation on a 3D rocker. However,

on inspection there was significant delamination of the SU-8 layer on two of the devices.

This would lead to significantly increased electrostatic fringing fields and therefore no way to

reproduce similar results. An alternative, less aggressive, approach could be to use a 10 mM

NaOH solution to break the hydrogen bonds of the duplex as reported by Zaffino et al. [102].

However, due to the delamination observed this was not attempted.

5.6 Discussion

In this work a fabrication process to produce a large area horizontal nanogap with passivated

electrodes was demonstrated using electron-beam lithography (EBL). The use of a serpentine

shape allows the length of the electrodes to be maximised within the addressable area of

the electron-beam tool. By increasing the surface area the sensing volume and therefore

the number of molecules available for detection is also increased, this leads to improved

‘molar sensitivity’ when compared to other fabricated geometries. The use of a silicon mould

patterned by EBL and dry etching [Appendix B.3] would allow the time-consuming EBL steps

to be replaced with nanoimprint lithography (NIL). This would provide a low-cost, high-

throughput approach to producing devices.

The importance of the passivation layer was demonstrated using finite element analysis.

In particular, the limiting current density during redox cycling is drastically effected when

partially exposing the top surface of the electrodes. This nonideality is a result of undercutting

the Al hard mask during ICP-RIE removal of SU-8 in the nanogap. Addition of SF6 to the

plasma should improve the directionality of the etch process as well as reducing surface

roughness [77].

With the current methodology the SU-8 passivation layer could be swapped with a thick

SiNx layer deposited by PECVD followed by a highly directional dry etch with a CHF3/O2

chemistry [103] or other fluorine-based recipes [104] to provide a a more robust passivation

layer. Ideally, a self-aligned process would be developed so that the second electron-beam

lithography (EBL) step becomes redundant. A SiO2 passivation layer could be deposited by

electron-beam evaporation immediately after the Ti/Au electrode layer (after a thin Ti or Cr

adhesion layer) before performing lift-off. Depositing an alternative material, such as SiNx ,

by PECVD or sputtering would not be an option due to the required deposition temperature

being above the working range of the electron-beam resist.

The positive sidewall of the ma-N 2403 negative-tone resist created during EBL exposure

and the 300 nm resist thickness already complicates a single lift-off process. Even if a bilayer

resist was adopted to create a negative sidewall for more efficient lift-off, the quality of an

SiO2 passivation layer would likely be inferior to that of SU-8. The other consideration is
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that the electrode surface area is dependent on the thickness of the deposited Ti/Au layer

thickness. Successful lift-off requires the resist to be thicker than the layers to be lifted off,

with ratios greater than 2:1 typically used. Another major drawback with any single lift-off

process would be the high risk of accidentally passivating the sidewalls of the electrodes, this

being exacerbated with the greater degree of undercutting achieved from using a bilayer.

An interesting option worth exploring would be to grow an oxide layer. As an example, a

relatively think Ta layer could be deposited by evaporation after the Ti/Au electrode layers.

This Ta layer could then be anodised to form Ta2O3/Ta2O5. This way a high-quality passivation

layer covering the entire top surface of the electrodes could be achieved with reduced risk

of accidentally covering the electrode sidewalls. Furthermore tantalum oxides have been

shown to exhibit substantialy lower leakage currents when compared to conventional SiO2 or

SiNx films, with values of εr typically greater than 20, depending on the conditions of oxide

formation [105].

Finally the device was used to demonstrate the detection of oligonucleotide hybridisation

using dielectric spectroscopy sensing. With just a few devices used for the experiments it

is difficult to draw any firm conclusions. At low frequencies (<10 kHz) the overall dielectric

response is dominated by the ionic contribution of the buffer. By using a frequency range of

10-100 kHz these adverse effects are mitigated whilst still providing reasonable sensitivity. The

neutral charge of the ssPNA probe results in an increase of local cation concentration, and

therefore electric double layer capacitance after hybridisation with the negatively charged ss-

DNA target. Nevertheless, the work is an important proof of concept and shows that large-area

nanogap devices can be very useful for direct electrochemical detection of oligonucleotides.
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6 Summary and Outlook

6.1 Summary

Electrochemical sensors naturally lend themselves to monolithic chip integration for low-

cost miniaturised devices by virtue of being inherently electrical in nature. Furthermore,

techniques such as redox cycling and dielectric spectroscopy sensing can be used to pro-

vide improved sensitivity, without necessarily including a labelling step, when combined

with micro- or nanogap devices. For both of these techniques the signal is maximised by

reducing the inter-electrode distance as well as increasing the planar electroactive surface

area. However, fabricating large-area coplanar nanogap devices is a challenging and complex

endeavour.

This thesis first demonstrated how a microgap device can be used for biosensing for the

detection of the cysteine–cystine couple, an important biomolecule in protein signalling

pathways, by redox cycling. The use of a generator–collector system with micrometre electrode

separation allowed interfering signals from the gold surface oxidation and thiol adsorption to

be overcome. The sensor provided well-defined (but kinetically limited) steady-state current

responses down to physiologically relevant concentrations in the presence of ambient oxygen.

The microgap device was also used to show how binding of an α-mannose specific E. coli

strain could be detected using dielectric spectroscopy. Although the developed self-assembled

monolayer still suffered from non-specific interactions, consistently greater capacitance

shifts were recorded for the target bacterium. Here the effect of ionic concentration on the

capacitance response was also explored.

Although there are many existing methods to fabricate nanogap electrodes, the majority are

limited to producing minute surface areas or do not provide passivation of the non-planar

surfaces. Furthermore, the small surface area of many devices result in minuscule volumes

that make efficient detection of low concentrations difficult. The main focus of this work was to

explore methods to fabricate large-area coplanar nanogap devices. However, fabricating such
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devices proved in practice to be incredibly challenging and resulted in many failed attempts.

These included using an epoxy-based photoresist, SU-8, both as a sacrificial layer [Appendix

A.1] and as an adhesive layer [Appendix A.2], as well as combining inductively-coupled plasma

reactive ion etching (ICP-RIE) through a passivation layer and focused ion beam (FIB) milling

through an electrode layer [Appendix B.1].

However, two fabrication techniques were successfully and demonstrated both vertical and

horizontal coplanar geometries. The fabrication of the vertical coplanar device relies on

simple optical lithography, a dry etch and the use of anodic bonding to permanently bond

to opposing electrodes patterned on silicon and glass. Here the unique process is the use

of silicon–glass anodic bonding which required careful optimisation of the device geometry,

temperature and applied voltage during bonding to prevent collapse. One downside to using

a vertical coplanar geometry is the difficulty in creating interconnections, particularly the

electrical connection to the upper electrodes through the laser micromachined apertures.

A method to fabricate a horizontal coplanar device was also reported whereby two aligned

electron-beam lithography (EBL) steps are used to define lift-off masks for electrode and

passivation layers, respectively. Here a serpentine is used to maximise the length, and therefore

area, of the nanogap in the writeable area of the EBL instrument. One issue with this technique

was that during removal of the passivation material between the electrodes, lateral etching of

the passivation layer occurs, partially exposing a non-planar region. Finite element analysis

was used to predict how this affects the limiting current density, showing that completely

passivating the top surface of the electrodes appears to be more important than the height of

the passivation layer, at least for the length scales investigated.

Finally the horizontal coplanar device was used to demonstrate oligonucleotide detection with

dielectric spectroscopy sensing. By using a single-stranded (ss) peptide nucleic acid (PNA)

probe layer, hybridisation with a complementary single-stranded deoxyribonucleic acid (DNA)

target results in a distinctive change from an uncharged to charged state. The presence of the

negatively charged backbone of DNA after hybridisation causes a redistribution of the ions

within the electric double layer (EDL), detected by an increase in measured capacitance. As

reported by several others using nanogap devices [1–4] the capacitive response at frequencies

below 10 kHz can be marred by the dependence on the ionic strength of the buffer. This

is particularly true for biosensing where the high ionic concentration and conductivity of

the necessary buffers results in a large frequency-dependent dielectric dispersion. Although

the limited number of devices used for the experiments made it difficult to draw any firm

conclusions, the behaviour of complementary and non-complementary targets was consistent

between frequencies of 10 kHz and 100 kHz. If the gap size was made smaller than the EDL,

either by reducing the physical interelectrode distance or by decreasing the ionic concentra-

tion, the measured capacitance would be less susceptible to ionic fluctuations and should

therefore provide more stable measurements at low frequencies (<10 kHz).

188



6.2. Outlook

6.2 Outlook

Practical limitations surrounding sample introduction and making electrical connections

make testing of nanogap devices for biosensing applications extremely difficult. There remains

a general requirement for reliable, low-cost and convenient interfaces between lab-on-a-

chip/micro total analysis systems (µTAS) devices and the outside world. This ‘interconnect

bottleneck’ has been known for some time [5, 6], yet the problem remains largely unaddressed,

with remarkably little progress made to date [7–9]. Often these critical issues are overlooked,

or not fully considered at the design phase. Clearly some level of standardisation is required

to alleviate these issues and help push research-based systems towards viable products.

Wider adoption of nanogap devices for sensing applications will ultimately depend on whether

devices can be fabricated in large quantity and appropriate cost. A major advantage of

the vertical coplanar nanogap device fabrication method is that the all the key steps (i.e.,

optical lithography, dry etching and anodic bonding) could be easily parallelised. Whilst the

fabrication method for the horizontal coplanar nanogap device currently relies on a slow and

expensive electron-beam lithography process, it is envisaged that this could be replaced by

nanoimprint lithography to provide a low-cost and high-throughput. One exciting prospect

for the fabrication of nanogap devices is the use of additive manufacturing such as multilayer

inkjet technology. In fact, just recently the group of Yakushenko reported the fabrication of

submicron interelectrode distances using inkjet printing [10]. Here the gap size is controlled

by the number of printed polystyrene nanosphere layers and in theory biofunctionalised

inks could be directly integrated into the fabrication process. With further development this

fabrication technique could operate in a roll-to-roll configuration.

As a concluding remark, although further work is required to improve interfacing for practical

usage, two separate fabrication methods for the fabrication of large-area coplanar nanogap

devices with close to ideal dual-plate geometry have been demonstrated. With some optimisa-

tion, the relative simplicity of the fabrication processes mean that they could be easily scaled

towards mass-production. Nanogap devices are a promising platform for the direct electro-

chemical detection of biomolecules. By avoiding the use of time-consuming and expensive

labelling techniques they are more amenable to low-cost point-of-care systems. The ability to

operate the device in two modes, by performing either redox cycling or dielectric spectroscopy,

offers a wider scope of detection schemes for applications in the fields of healthcare, food

production, environmental monitoring and biodefence.
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A Trialled Fabrication Methods for Verti-
cal Coplanar Nanogaps

A.1 Unexposed SU-8 as a sacrificial layer

SU-8 offers a wide range of advantageous mechanical, electrical and optical characteristics that

make it an attractive material for use in microelectromechanical systems (MEMS). Another key

benefit of SU-8 is that several individual layers can be consecutively spincoated and exposed

before performing a single development step to fully cross-link the polymer. This technique

has been previously reported by several groups [1–3] to create complex multi-layer structures

that would be difficult, if not impossible to achieve with traditional processing.

Specifically, Chung and Allen demonstrated how by delaying the development step, uncross-

linked SU-8 could be used as a sacrificial layer [4]. In their work they demonstrated 5-250 µm

separation between a silicon substrate and suspended 3 mm × 250 µm NiFe electrodes for

the fabrication of torsional silicon oscillators. One important point is that below 65 ◦C the

spincoated SU-8 provides a flat and stable surface for subsequent processing.

Figure A.1 outlines the fabrication approach, with the processing parameters provided in

Table A.1. First, a 2.0 µm SU-8 2002 resist [MicroChem] is diluted using cyclopentanone to

produce a 500 nm layer. This is spincoated on top of the lower electrode and partially exposed

to define support blocks, leaving a central 50 µm × 100 µm unexposed and uncross-linked

region acting as the sacrificial layer. An Au layer is then thermally evaporated over the entire

area, ensuring that the temperature is kept below 65 ◦C to prevent any cross-linking of the

SU-8 layer. A thicker, >2 µm, SU-8 layer is then fully developed on top of the Au to provide an

etch mask for patterning the upper electrode. This layer also acts to provide some structural

support to the device, reducing the stress in the upper electrode. As the sacrificial layer is

confined within a microchannel the device is left in MICROPOSIT™ EC Solvent 11 overnight

to ensure that any remaining uncross-linked SU-8 is developed. Electrical connection to the

top electrode is then made by piercing the top SU-8 layer.
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One of the problems with the process is that it was quite common for residues to be left within

the microchannel, even after development overnight. This could have been due to partial

cross-linking caused by poor contact during mask alignment. The top electrode was also

prone to collapse and even when increasing the final SU-8 layer from 2 µm to 30 µm, the

problem persisted.

One solution to help reduce collapse of the top electrode could be to reduce the distance

between the support blocks. A sequence of such structures could then be fabricated on the

same die to provide greater surface areas. In a similar vein, an array consisting of a large

number of small support pillars could be fabricated to provide support. However, although

this would provide planar diffusion of molecular species, the electromagnetic field would be

somewhat more complex.

Table A.1: Process parameters for the fabrication of a vertical nanogap device using SU-8 as a
sacrificial layer.

Step Description

1a Clean substrates: H2SO4:H2O2 (5:1, vol.), 10 min at RT, DI water rinse, N2 dry
1b Dehydration bake in oven, 30 min at 90 ◦C
1c Spincoat 2.0 µm AZ® nLOF™ 2070 (standard dilution), 5 s at 500 rpm, 100 rpm·s−1, 30 s

at 3000 rpm, 10,000 rpm·s−1

1d Softbake on hotplate at 100 ◦C, 2 min at 110 ◦C
1e Align lower electrode mask and expose for 10 s at 6.3 mW·cm−2/60 mJ·cm−2 dose

(365 nm) [Karl Süss MJB3]
1f Post-exposure bake on hotplate, 1 min at 100 ◦C
1g Manual agitation in AZ® 826 MIF developer, 50 s at RT
1h Thermal evaporation of electrodes: Cr (20 nm, 0.4 nm·s−1) and Au (80 nm, 1.0 nm·s−1)
1i Lift-off in MICROPOSIT™ PR1165 Remover, 5 min at 60 ◦C with 30%-40% ultrasonic

agitation
2a Dilute SU-8 2002 using cylopentanone (8:11, wt.) to form SU-8 2000.5 and spincoat, 5 s

at 500 rpm, 100 rpm·s−1, 30 s at 5000 rpm, 10,000 rpm·s−1

2b Softbake on hotplate, 65 ◦C for 3 min
2c Align first SU-8 mask and expose for 12.5 s at 6.3 mW·cm−2/80 mJ·cm2 dose (365 nm)

[Karl Süss MJB3]
2d Post-exposure bake on hotplate, 65 ◦C for 3 min, ensuring layer is not exposed to UV
3a Electron-beam evaporation of electrode layer (100 nm Au, 0.5 nm·s−1), maintaining

temperature below 65 ◦C
3b Spincoat thick SU-8 layer (SU-8 2002/2010/2030), 5 s at 500 rpm, 100 rpms−1, 30 s at

3000 rpm, 10,000 rpms−1

3c Softbake on hotplate, 65 ◦C for 60 s, ramping to 95 ◦C then holding at 95 ◦C for 60 s
3d Align second SU-8 mask and expose to provide 100/125/155 mJ·cm2 dose (365 nm)

[Karl Süss MJB3] for SU-8 2002/2010/2030, respectively
3e Post-exposure bake on hotplate, 1 min at 65 ◦C then 3 min at 95 ◦C
3f Manual agitation in MICROPOSIT™ EC Solvent 11 for 60 s at RT
3g Etch Au in KI:I2:H2O (4:1:80, vol.) for 120 s, quench and rinse in DI water
3h Develop any remaining SU-8 in MICROPOSIT™ EC Solvent 11 overnight
3i Rinse with IPA, dry with N2 and pierce SU-8 to expose contact pads
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(a1)

(b1)

(c1)

(d1)

cross-section (x-z) (x-y)

Cr

glass Au SU-8 2000.5 (not cross-linked)

SU-8 2000.5 SU-8 2002/2010/2030

(a2)

(b2)

(c2)

(d2)

Figure A.1: Fabrication process based on SU-8 as a sacrificial layer. (a): First a lower metallic
electrode is patterned using lift-off photolithography. (b): A diluted (500 nm) SU-8 layer is
spincoated and exposed, but not fully cross-linked, acting as a sacrificial layer. (c): The top
metallic electrode is ‘blanket’ deposited before patterning a thicker (2-30 µm) SU-8 layer that
simultaneously acts as an etch mask for the top electrode as well as improving structural
integrity. (d): Any remaining SU-8 that is not cross-linked (e.g. within the confined nanogap)
is developed overnight.
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Appendix A. Trialled Fabrication Methods for Vertical Coplanar Nanogaps

A.2 SU-8 as an adhesive layer

Another trialled approach was to use SU-8 as an adhesive layer between two substrates

patterned with electrodes. Figure A.2 shows the key steps of the attempted fabrication process

and the processing parameters are provided in Table A.2. Two large (1.0 mm × 1.5 mm)

central Au electrodes connected to two contact pads were optically patterned on ultra-flat

quartz glass substrates. A 1 µm thick SU-8 film was then diluted from SU-8 2002 (2.0 µm)

with cyclopentanone and spincoated on one of the substrates. The other substrate was then

aligned and bonded under force and/or heat during one of the SU-8 cross-linking stages (i.e.,

UV exposure, post-exposure bake, hardbake).

Devices bonded during the hardbake with an applied force of >2 kN qualitatively provided

better results. However, even with some of the devices showing promising adhesion, many

of them became separated when trying to make electrical connections. The adhesion was

particularly vulnerable to shear stress. A Perspex® jig was used to try and reduce the number

of failures, however, the large dimensions of the device mean that the resultant forces are

relatively high. A redesign to bring the electrical contact pads closer towards the centre of the

device may alleviate this issue.

It is important to highlight that when SU-8 is used as an adhesive layer the typical film thickness

used for is around 10-100 µm [5–7]. In hindsight, a much thicker SU-8 film could be used

to provide adhesion by elevating the lower electrode on the substrate. It would be relatively

straightforward to first pattern an SU-8 block for the lower electrode to sit on. Any issue of

adhesion between the SU-8 and metallic layer could be resolved with the use of a promoter

such as 4-aminothiophenol (4-ATP) or Omnicoat™ [MicroChem]. Using this approach, much

thicker SU-8 layers could then be used to provide better adhesion. Consideration must be

made for narrow channels (<200 µm) as the viscosity of SU-8 changes rapidly above the glass

transition temperature (64 ◦C). Tuomikoski & Franssila investigated this issue and suggest that

68 ◦C may provide the optimal temperature as a compromise between successful bonding and

minimal channel filling [6]. In their work they also suggest the use of ‘moats’ (i.e., voids either

side of the central structure) to reduce channel filling as well a provide improved resilience to

failure by reducing stress in the SU-8 film.
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A.2. SU-8 as an adhesive layer

Table A.2: Process parameters for the fabrication of a vertical nanogap device using SU-8 as an
adhesive layer.

Step Description

1a Clean substrates: H2SO4:H2O2 (5:1, vol.), 10 min at RT, DI water rinse, N2 dry
1b Dehydration bake in oven, 30 min at 90 ◦C
1c Spincoat 2.0 µm AZ® nLOF™ 2070 (standard dilution), 5 s at 500 rpm, 100 rpm·s−1, 30 s

at 3000 rpm, 10,000 rpm·s−1

1d Softbake on hotplate at 100 ◦C
1e Align lower electrode mask and expose for 10 s at 6.3 mW·cm−2/60 mJ·cm−2 dose

(365 nm) [Karl Süss MJB3]
1f Post-exposure bake on hotplate, 1 min at 100 ◦C
1g Manual agitation in AZ® 826 MIF developer, 50 s at RT
1h Thermal evaporation of electrode layer Cr (20 nm, 0.4 nm·s−1) and Au (80 nm,

1.0 nm·s−1)
1i Lift-off in MICROPOSIT™ PR1165 Remover, 5 min at 60 ◦C with 30%-40% ultrasonic

agitation
2a Clean sample in acetone then IPA, N2 dry
2b Dehydration bake on hotplate, 10 min at 200 ◦C
2c Allow samples to cool to RT and use immediately
2d Dilute SU-8 2002 using cylopentanone (8:9, wt.) to form SU-8 2001 and spincoat on

first substrate, 5 s at 500 rpm, 100 rpm·s−1, 30 s at 5000 rpm, 10,000 rpm·s−1

2b Softbake on hotplate for 3 min at 65 ◦C
2c Align mask and expose for 15 s at 6.4 mW·cm−2/100 mJ·cm−2 dose (365 nm) [Karl Süss

MJB3]
2d Post-exposure bake on hotplate for 3 min at 65 ◦C
3a Align second substrate and apply force whilst heating on hot plate at 115 ◦C for 15 min
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(a1)

cross-section (x-z) (x-y)

Crquartz Au SU-8 2001

force

heat

(b1)

(c1)

(a2)

(b2)

(c2)

Figure A.2: Fabrication process based on SU-8 as an adhesive layer. (a): Metallic electrodes are
first patterned on identical quartz substrates using lift-off photolithography. (b): A diluted
(1 µm) SU-8 layer is spincoated on one of the substrates and exposed to UV. (c): The second
half of the device is aligned before applying force and/or heat during one of the cross-linking
stages to bond the two halves.

200



B Trialled Fabrication Methods for Hori-
zontal Coplanar Nanogaps

B.1 Focused ion beam milling

Initially the fabrication process of the horizontal coplanar nanogap device was designed

to include a single electron-beam lithography (EBL) step to pattern both the electrode and

passivation layers. In this scheme the Ti/Au electrode layer was electron-beam evaporated on

the glass substrate followed by atomic layer deposition (ALD) [Kurt J Lesker PVD75] of a TiO2

passivation layer. A Ti hard mask was then patterned by lift-off using a ma-N 2403 negative

tone EBL resist [MicroChem]. The Ti/Ai/TiO2 stack was then milled using a focused ion beam

(FIB) [FEI Nova 200 NanoLab]. However, trials showed that the TiO2 layer did not provide

adequate isolation.

Figure B.1 outlines the revised process. The TiO2 layer was substituted with an ≈80 nm

SU-8 layer, etched using either reactive ion etching (RIE) [Figures B.2a & B.2b] or inductively-

coupled plasma (ICP) RIE [Figures B.3a & B.3b] using the Ti hard mask. ICP was found to leave

substantially less residue, likely due to the improved base pressure of the instrument. The

undercut was estimated to be around 15 nm and 5 nm for the RIE and ICP-RIE processes,

respectively. The Ti/Au layers were then milled using FIB through the Ti hard mask and

underlying SU-8 layer.

Results showed that narrower trenches [Figure B.4] were not completely milled and the aspect

ratio was restricted by the redeposition of milled material. Significant erosion was also evident

at the edge of the mask layer. Varying the milling angle (0-40 ◦) and increasing the ion energy

(0.2 kV to 1.0 kV) made little difference to improve the result. Removing the Ti hard mask

after milling also presented several issues. Wet etching in HF:DI (1:1, vol.) was not sufficient

to completely remove the layer, with the layer still providing a conducting electrical path.

Attempts to remove any remaining Ti by FIB milling led to significant charging of the thin

underlying SU-8 layer, eventually causing burning. For these reasons a two-stage lift-off

strategy was adopted for further fabrication of horizontal coplanar devices.
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(a)

cross-section (x-z)

Tiglass SU-8 2000.08 ma-N 2403Au

(b)

(c)

FIB

(d)

Figure B.1: Fabrication process based on FIB milling. (a): A ma-N 2403 resist is patterned by
EBL on top of a Ti/Au/SU-8 stack. (b): A Ti hard mask is then patterned by lift-off and the
exposed SU-8 dry etched using either RIE or ICP-RIE. (c): The top Ti layer and underlying
SU-8 are used as a mask to mill a nanogap into the Ti/Au electrode layer. (d): After FIB milling
the Ti hard mask is removed in diluted HF.

(a) (b)

Figure B.2: SEM images showing the result of etching the SU-8 passivation layer with RIE for:
(a) a wide channel and (b) a narrow channel.
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B.1. Focused ion beam milling

(a) (b)

Figure B.3: SEM images showing the result of etching the SU-8 passivation layer with ICP-RIE
for: (a) a wide channel and (b) a narrow channel.

(a) (b)

(c)

Figure B.4: SEM images showing the results of FIB milling for decreasing sizes of nanogaps.
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(a) (b)

(c) (d)

Figure B.5: SEM images showing the results of dose tests (600 µC·cm−2) for approximately (a)
200 nm, (b) 100 nm, (c) 80 nm and (d) 50 nm nanogaps.

B.2 Improving ma-N 2403/glass adhesion

During trials for the lift-off fabrication of the horizontal coplanar nanogap devices it became

evident that the adhesion of the ma-N 2403 would be a limiting factor for the reducing the

nanogap size. Results showed that pattern collapse would occurs for ma-N 2403 for features

<70 nm. Figure B.5 show developed features of decreasing size, at a feature size of ≈50 nm the

pattern collapses [Figure B.5d]. Increasing the dose was from 600 µC·cm−2 to 1600 µC·cm−2

led to improved line edge roughness for larger features and allowed smaller gaps, on occasion,

to be achieved.

A diluted PMMA 950 k M w (2% anisole) (PMMA:anisole, 2:3, vol.) layer was trialled as an

adhesion layer between the glass and ma-N 2403. This was spun at 6000 rpm for 40 seconds

followed by a softbake on a hotplate at 200 ◦C for 5 minutes. The ma-N 2403 electron-beam

resist was then patterned as previously reported. However, after electron-beam exposure the

PMMA was cross-linked under the ma-N 2403 leading to a ‘halo’ effect. Attempts to etch the
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B.3. Patterning of a nanoimprint lithography silicon master

PMMA by ICP-RIE with O2 chemistry were unsuccessful. Figure B.6a shows a microscope

image of a large section of the nanogap serpentine. At this magnification the seriousness of

the defect is not completely obvious. However, with increased zoom, Figure B.6b shows what

appears to be cross-linking of the PMMA beneath the ma-N 2403 electron-beam resist.

Next a hexamethyldisilasane (HMDS) priming step was tested by spincoating HMDS directly

onto the dehydrated substrate. HMDS activates hydrophilic surfaces by binding its silicon

atom with the oxidised surface and releasing ammonia to make the surface hydrophobic, thus

improving resist adhesion. This was a complete failure, with the HMDS simply leaving the sur-

face during spincoating; it may be that vapour application is required. Cationic priming agents

such as SurPass 3000 [DisChem] would be more appropriate for application by spincoating.

Finally a thin Cr layer (≈2.5 nm) was tested; this provided very good adhesion between the

glass and ma-N 2403 allowing 50 nm features to be reliably patterned. An additional step

is required to later remove this Cr layer and must provide significant undercut of the Ti/Au

electrode layer.

(a) (b)

Figure B.6: Microscope images of: (a) the nanogap serpentine and (b) a zoomed view showing
the ‘halo’ effect caused by cross-linking of the PMMA adhesion layer.

B.3 Patterning of a nanoimprint lithography silicon master

The process of nanoimprint lithography (NIL) was first reported in scientific literature by

Stephen Chou’s group at University of Minnesota in 1996 [8]. It provides a relatively low-cost

and high-throughput method of creating nanometre scale features. The process does requires

a silicon master to be first patterned by electron-beam lithography, however this mould can

then be used for a few thousand imprints. The process can be performed using a full wafer

scheme and with the combination of other fabrication processes can be used to provide a

wide variety of layer profiles.
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A proposed NIL process is shown in Figure B.7. First an etch mask must be patterned by

EBL, before dry etching the silicon wafer. It is critical that the profile is close to vertical to

ensure that the intermediate stamp can be removed after curing, and also to provide a suitable

profile for the following processes. The intermediate stamp is then used to imprint a bilayer

consisting of an imprint resist on top of a dedicated ‘lift-off ’ resist. The imprint resist can be

either a UV- or thermal-sensitive resist and adopts the profile of the intermediate mould. After

imprinting, the residual imprint resist is dry etched. Along with development conditions, this

process provides the necessary undercut in the lift-off resist. The final step is to deposit a stack

consisting of adhesion, electrode and passivation layers before performing lift-off to produce

the nanogap geometry.

Possibly the most complex task is creating the silicon master. The electron-beam resist was

swapped from ma-N 2403 to XR-1541-006 [Dow Corning], a hydrogen silsesquioxane (HSQ)

negative tone resist ideal for patterning high resolution features with low line edge roughness.

The final processing parameters are outlined in Table B.1. Initially MICROPOSIT™ MF-319

was used as a developer. Whilst this was acceptable for isolated features, it produced unsatis-

factory results for dense features due to its low contrast. Using a 25% tetramethylammonium

hydroxide (TMAH) aqueous solution provided improved results.

The patterned 200 nm serpentine is shown in Figure B.8 and measured as ≈167 nm. A series

of 50 nm features including straight sections and arcs were also patterned and measured

approximately 33 nm to 37 nm [Figure B.9].The SEM images demonstrate the quality of

the features that can be obtained with EBL patterning. The last step of the silicon master

fabrication is to etch the silicon wafer using the electron-beam resist as a mask.

An initial ICP-RIE recipe developed by Hung et al. [9] for fabrication of highly ordered silicon

nanowire arrays was adopted. In their work they demonstrated the fabrication of tall (400 nm

to 1.3 µm) silicon pillars with sidewall angles between 88.4 ◦ and 90.6 ◦. Grating structures with

similar feature sizes to those on the mould were patterned by displacement Talbot lithography

as test structures to check the etch recipe. The stack consisted of Si/ARC/ULTRA-i 123, with

the 200 nm anti-reflective coating (ARC) etched by ICP-RIE with a CF4 chemistry and the

ULTRA-i 123 diluted from 800 nm to 400 nm prior to spincoating.

The features were developed in MEGAPOSIT™ MF CD-26 developer. Etching was performed

using an Oxford Instruments PlasmaPro 100 ICP-RIE instrument. In order to create a stable

plasma the RF power substantially increased from 9 W to 20 W. To bring the sidewall as close

as possible to vertical (90 ◦), the operating pressure was increased from 19 mTorr to 20 mTorr.

A high degree of reflected power was recorded and even when tuning the capacitor field values

(C1 = 51.5%, C2 = 17.5%) the reflected power could only be reduced from 100 W to 60 W.
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B.3. Patterning of a nanoimprint lithography silicon master

(a)

(c)

cross-section (x-z)

XR-1541-006

silicon lift-off resistPDMS

imprint  resistglass

Ti

Au

SiO2

(b)

(d)

(e) (f)

stamp

master

Figure B.7: Proposed nanoimprint lithography process. (a): First a XR-1541-006 resist is
patterned using EBL to act as an etch mask. (b): The silicon is then dry etched and the resist
removed to produce the master. An intermediate stamp is then created in PDMS (c): The
PDMS stamp is then used to imprint a bilayer consisting of an imprint resist (e.g., Mr-UVcur06
[micro resist technology]) and a lift-off resist (e.g., PMGI/LOR [MicroChem]). (d): The residual
resist is then removed using ICP/ICP-RIE with an O2 chemistry whilst also generating the
undercut required for lift-off. (e): A stack of Ti/Au/SiO2 can then be deposited using electron-
beam lithography without breaking vacuum. (f) Finally lift-off is performed in a suitable
solvent (e.g. Remover PG [MicroChem]) to create the nanogap structure.
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(a) (b)

Figure B.8: SEM images showing: (a) two straight sections of the 200 nm nanogap serpentine
connected by an arc and (b) measurement of the 200 nm nanogap serpentine.

(a) (b)

Figure B.9: SEM images showing measurement of (a) 50 nm straight sections and (b) 50 nm
arcs.

Table B.1: Process steps for EBL patterning the NIL silicon master.

Step Description

1a Clean wafer: ultrasonic agitation in acetone then IPA, N2 dry
1b UV-ozone treatment for 5 min
2a Spincoat XR-1541-006 (≈110 nm), 5 s at 500 rpm, 100 rpm·s−1 2000 rpm for 60 s, 10,000 rpm·s−1

2b Softbake on hotplate, 2 min at 80 ◦C
3a Electron-beam exposure, 100 kV, 1.5 nA beam current, 1200 µC·cm−2 dose [JEOL JBX-6300FS]
4a Develop patterns in 25% TMAH, 30 s at RT
4b DI water rinse, N2 dry
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B.3. Patterning of a nanoimprint lithography silicon master

Table B.2: Optimised ICP-RIE parameters for etching vertical sidewalls in silicon.

Parameter Reference value Optimised value

Ar flow rate 20 SCCM 20 SCCM
SF6 flow rate 26 SCCM 26 SCCM
C4F8 flow rate 54 SCCM 54 SCCM
He backing flow rate — 5 SCCM
Operating pressure 19 mTorr 20 mTorr
Substrate temperature — 0.0 ◦C
RF power 9 W 20 W
ICP power 800 W 800 W
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C Simulation of the Horizontal Copla-
nar Nanogap Device

C.1 Electrostatics

Simulations were performed using the electrostatics interface of the AC/DC module in COM-

SOL Multiphysics® to provide an understanding of the electric fields for both the ideal geome-

try, with the top surface of the electrodes completely passivated and non-ideal geometry, with

some portion of the passivation layer removed due to lateral etching during ICP-RIE. Contour

plots show both the normalised electric potential and proportional electric field arrows. The

streamline plots provide both normalised electric potential and the electric field lines.

In both cases the model simulates the electrostatics within the substrate (borosilicate), metal-

lic electrode (Au), passivation layer (SU-8) and the sample medium (air/PBS). One of the

electrodes is defined as a voltage terminal (with surface-applied potential) and the other as a

ground. A relative permittivity constitution relation is selected to describe the properties of the

medium, relating the electric displacement field D [C·m−2] with the electric field E [V·m−1],

i.e., D = ε0εrE. The simulation then solves the static conditions for ∇D = ρ and E = −∇V ,

where ρ is the electric charge density [C·m−3] and V is the applied terminal voltage [V]. Both

geometries are simulated in air [Figures C.1 & C.2] and in phosphate-buffered saline (PBS)

Figures C.3 & C.4].

Table C.1: Parameters used for electrostatic simulations.

Material εr σ [S·m−1]

Air 1.0 —
Borosilicate 4.8 —
Au 6.9 45.6 × 106

PBS 80.0 1.5
SU-8 4.0 —
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(a) (b)

Figure C.1: Contour (a) and streamline (b) plots for the horizontal nanogap device with top
surface of electrodes partially exposed in air.

(a) (b)

Figure C.2: Contour (a) and streamline (b) plots for the horizontal nanogap device with top
surface of electrodes completely passivated in air.
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C.1. Electrostatics

(a) (b)

Figure C.3: Contour (a) and streamline (b) plots for the horizontal nanogap device with top
surface of electrodes partially exposed in PBS.

(a) (b)

Figure C.4: Contour (a) and streamline (b) plots for the horizontal nanogap device with top
surface of electrodes completely passivated in PBS.
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C.2 Microfluidics

Flow velocities within the microfluidic serpentine were simulated using the laminar flow inter-

face of the computational fluid dynamics module in COMSOL Multiphysics®. The boundary

conditions used in the simulations were calculated by the Hagen–Poiseuille law [Equation 4.8].

Using a tube with an internal diameter of 50 µm and length of 0.25 m within the microfluidic

network acts as a flow-limiting element. The hydraulic resistance Rh of this element domi-

nates the flow through the series network and can be calculated as Rh = 8µl
πr 4 , where µ is the

dynamic viscosity of the fluid [m2·s−1], l is the length of the tube [m] and r is the radius [m].

The flow can then be calculated by: Q = ∆P
Rh

, where Q is the volumetric flow rate [m3·s−1] and

∆P is the applied pressure difference [Pa]. Again, given that the hydraulic resistance of the

horizontal coplanar nanogap device (1.25 × 1011 Pa·s·m−3) is much smaller than that of the

tubing (1.63 × 1015 Pa·s·m−3), the the total flow can be assumed to be controlled by the single

hydraulic resistance. As the flow entering the device must equal the flow leaving the device

the flow rate calculated by the Hagen–Poiseuille law makes a suitable boundary condition.

Flow rates ranging from 18.41 nL·min−1 to 1.29 µL·min−1 were used based on using a Mitos

Fluika low vacuum pump [Dolomite] generating 5 to 350 mbar below atmospheric pressure,

respectively. At the upper values of flow rates the Reynolds number, defined as Re = ρuL
µ ,

where ρ is the density of the fluid [kg·m−3], u is the velocity vector of the fluid [m·s−1], L is the

characteristic length [m] and µ is the dynamic viscosity of the fluid [Pa·s], approaches 1 for

flow velocities within the serpentine. Therefore although the flow is laminar, a Stokes flow is

not a suitable approximation and the inertial terms are retained.

Figure C.5a shows the central portion of the device, with the inlet/outlet funnels and serpen-

tine visible. The mesh quality used for the simulation is depicted in Figure C.5b, which shows

a zoomed area of the serpentine. Figures C.6a and C.6b then show the surface velocities within

the microfluidic serpentine for flow rates of 18.4 nL·min−1 and 1.29 µL·min−1, respectively.

At the centre of the serpentine the velocity is typically around 10 times greater than the inlet

velocity. For example, at a flow rate of 18.41 nL·min−1, the inlet velocity is 1.56 × 10−4 m·s−1,

whereas along the nanogap it varies between 1.29 × 10−3 m·s−1 at the centre of a straight sec-

tion to 1.33 × 10−3 m·s−1 at the centre of an arc. Whilst the micro- and nanofluidic serpentines

have a combined volume of ≈4 nL, the total volume of the microfluidic layer is ≈250 nL. This

means that at low flow rates it can take considerable time (> 10 min) for the volume to be

exchanged. This could be quite easily rectified by simply reducing the size of the reservoirs.

Alternatively, the inlet and outlet connections can be positioned as close as possible to the

serpentine.
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C.2. Microfluidics

(a) (b)

Figure C.5: Simulated surface velocities for (a) a flow rate of 18.41 nL·min−1 and (b) mesh used
for the microfluidic simulations.

(a) (b)

Figure C.6: Surface velocity plots for flow rates of (a) 18.41 nL·min−1 and (b) 1.29 µL·min−1.
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