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Abstract

This thesis investigates the application of microfabrication techniques in biotechnology,

embracing two major methodologies: biosensing and dielectrophoresis.

In the first instance, the miniaturisation of biosensors for use in aqueous solutions was
explored, focusing on the issues of insulator deposition and metal multilayer adhesion. Two
different immobilisation strategies were used. The first involved the binding of the
electroactive protein, cytochrome ¢, to a self-assembled monolayer in order to measure the
cellular production of superoxide. The second was the entrapment of an enzyme, glucose
oxidase (EC 1.1.3.4), within a polypyrrole film as the core of an amperometric sensor for
glucose. In the latter case, a novel analytical technique was developed for characterising the
sensor interface involving the use of XPS and FTIR. The technique was used to demonstrate
the efficiency with the which enzyme could be bound within the film, and indicated a non-linear
relationship between the concentration of entrapped enzyme and the its concentration in the

polymerisation solution.

To complement these studies, work in dielectrophoresis centred on methods for trapping and
measuring single cell function within microfabricated electrode arrays. Although it was
possible to hold a cell in close proximity to a biosensor array, difficulties concerning the
sensitising of the electrochemical devices precluded measurements on single cells. However, by
using a related technique it was possible, for the first time, to observe the dynamic activation of
a single human neutrophil. The electrorotation technique was used to monitor changes in the
physical character of the cell in order to identify the effects of chemotactic stimulation. Studies
involving electrochemical and chemiluminescent measurements were performed to corroborate

these findings.
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1. Introduction

The rapid expansion ofthe biotechnology sector has generated significant cost reductions in the
biological components of biosensors. Increasingly, microfabrication is regarded as another
avenue to financial savings in biosensor manufacture. The sector is attempting to exploit the
economies of scale and technological developments used so effectively in the electronics
industry. Importantly, microfabrication can offer the possibility of dramatically increased
functionality at little added cost. For example, in the use of ‘on-chip’ signal processingl and

remote sensing/telemetry.2

The potential for exploiting the benefits offered by microfabrication is particularly apparent in
the field of electrochemical biosensors. The basic electrochemical requirements, such as
external connection and conductive tracking, are easily provided wusing standard
microfabrication techniques. The increased performance offered by additional developments
such as microelectrode arrays3 and micromachining4 present exciting opportunities for the
future. Nonetheless, the successful integration of microfabrication techniques and

electrochemical analysis using these novel sensor structures will present many new challenges.

This thesis addresses the issues associated with the fabrication and use of microfabricated
biosensors. A variety of sensor arrays have been fabricated and investigated using a range of

analytical techniques.

1.1 Biosensors

A biosensor is an analytical device which uses biomaterials to directly detect biological or
chemical species without the need for complex signal processing. A more general definition
would categorise a biosensor as a sensing device that contains a biological component. The key
function of the biological component is to provide selectivity and sensitivity. The term
biosensing encompasses a wide variety of sensing mechanisms including: electrochemical,
acoustic, optical and immunological techniques. The biological component of a biosensor can
take many forms. Enzymes and antibodies are commonly used, although other elements such
as membranes, whole cells and the use of mammalian tissue have been reported in the

literature.57
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The majority of the work in this thesis has concentrated on the use of amperometric biosensors
and their basic function is described in figure 1.1. Signal transduction is accomplished by the
use of mediators which are small electroactive molecules that shuttle electrons between the
biological component and the electrode. An important consideration, omitted from figure 1.1, is
the mechanism by which the sensor components are fixed relative to the electrode. For
example, the components can be held by a covalent bond to the electrode surface,® entrapped in
a polymer matrix,® mixed into a dried layer,10 or enclosed by a membrane.l! The nature of the

matrix will have a dramatic effect on the characteristics and performance of the biosensor.

’ h ( ) r . :
Analyte E i Signal I i  Signal
[ Analyte ’ Recognition ' Transductlon r —’ik Interpretation

] \ |
Analyte Biomolecule  Mediator Electrode Output

Figure 1.1: A schematic diagram illustrating the operation of an amperometric biosensor.

1.2 Biosensor Fabrication

The commercial manufacture of biosensors exploits a wide range of techniques. Many are based
upon techniques modified from those developed within the electronics industry, for example,
screen printing, lithographic methods and silicon micromachining. However, some have been
developed specifically for biosensors, for example, the biomaterial spray-deposition unit
marketed by Biospot Inc. and novel large-scale manufacturing methods for enzyme-linked

immunosorbent assays (ELISA).12

Factors such as biocompatability and stability in aqueous solution are issues specific to
biosensor design and fabrication. For example, the mediator ferrocene has been used for ‘in
vitro’ glucose biosensors, however, this mediator could present a toxic hazard for ‘in vivo’
applications. The issue directly addressed in this thesis was the reliability of microbiosensors in
aqueous media. Figure 2.2 in chapter 2 shows a sample of the microfabricated biosensors
developed during the project. The devices were all designed for electrochemical sensing and
were fabricated on inert substrates using lithographic techniques. The planar nature of the
devices necessitates the use of insulating layers to define active electrode area. The adhesion of

the component layers is a crucial factor in sensor reliability and performance.
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1.3 Biosensors Investigated in the Project

Investigations of superoxide and glucose biosensors formed the core of the experimental work
and are described in detail in chapters 3 and 5. The sensors were fabricated using different
immobilisation techniques, these provide illustrations of the range of methods available for the

microfabrication of biosensors.

1.3.1 Superoxide Biosensor

The superoxide free radical (O;) has been shown to have a principal role as a bacterial killing

agent in the mammalian immune defence system!3 and is strongly implicated in the pathology
of rheumatoid arthritis.4 In addition, research has been conducted on its activity in various
cancers? and recently novel work has been conducted into its role in cell signalling.1617 An
initial target for the project was the development of a microfabricated sensor for the
measurement of superoxide release from a single human neutrophil. The superoxide radical
has a short lifetime in aqueous media and the ability to measure its release close to the cell

would provide valuable data on both the mechanism of release and the nature of its activity.

The concept of the microfabricated superoxide biosensor is demonstrated in figure 1.2. The
electrode array has two separate elements. The four outer (circular) electrodes exploit the
phenomenon of dielectrophoresis (see section 4.3.2) to generate a force that directs the particle
(in this case, a polystyrene bead) towards the centre of the electrode array. The central ring
electrodes surrounding the particle can be activated in order to detect the release of superoxide.
By the use of multiple ring electrodes, measurements at an increasing radius from the
superoxide source could permit the accurate determination of parameters such as diffusion and

dismutation rates.

Superoxide can be measured using a variety of techniques, such as: luminol
chemiluminescence,!® nitroblue tetrazolium reduction,!® EPR spin-trapping?® and spectrometric
measurement of the reduction of the protein cytochrome c¢.21 Whilst these methods are well
characterised, they remain limited to macroscopic applications and cannot be used in the
analysis of the release of superoxide from single cells. The use of an electrochemical method in
combination with precise control of cell position can potentially overcome this limitation. The

principle of the electrochemical detection of superoxide is outlined in figure 1.3.
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Figure 1.2: A microfabricated sensor array that demonstrates the principle of detecting the
release of superoxide from a single cell. The disc electrode separation is 40|im.

The detection of superoxide ions is achieved using the direct electron transfer reaction of

covalently immobilised cytochrome c:

cytochrome c (I11) + 02 —wcytochrome c (II) +02  (cytochromec reduction) (1.1)

cytochrome ¢ (11)—Mdl,ed Hearodv ) cytochrome c(I11) +e~  (cytochromec oxidation) (1.2)

The main competing reaction in aqueous solution is the dismutation of superoxide according to

the following reaction

02+02—  >H202+02 (1.3)

The cytochrome c that is reduced by superoxide is re-oxidised by maintaining a working
electrode at potential of +100mV (vs. Ag/AgCl).2 The quality of the immobilisation (and hence
oxidising current measured) is highly dependent on immobilisation method and the nature of
the gold surface. Developing an efficient electrochemical couple for detecting the superoxide ion

on a microfabricated electrode was one ofthe most challenging aspects ofthe project.
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534853534823482348482389
. e

Electrode

Cytochrome ¢

Figure 1.3: An electrochemical superoxide sensor. The operation is based upon the reduction of
the cytochrome ¢ protein immobilised at a modified gold electrode. The subsequent
re-oxidation of the cytochrome c generates an electrical current related to the
concentration of superoxide in solution.

1.3.2 Glucose Biosensor

The glucose biosensor has received much attention since the principle of an enzyme-electrode
was first described by Clark and Lyons in 1962.23 The basic sensing element is based on the
oxidation of the hydrogen peroxide at ca. +0.65V (vs. Ag/AgCl) produced as a product of the

reaction ofthe glucose oxidase (GOx) with the glucose substrate. 24

Much of the subsequent work focused on the optimisation ofthe sensor for use in whole blood
and in vitro measurements. The major problems encountered include: biocompatability,
durability, oxygen sensitivity and the elimination of interferent effects. Numerous approaches
have been investigated such as the use of polymer films, membrane coatings and mediators.
For example, the use of cellulose acetate film provides a good biocompatible surface which can
also minimises the effects of specific electrochemical interferents. Mediators such a ferrocene or
ferricyanide allow the assay potential to be lowered, further reducing the current contribution

from interferents.

Progressing from the early “enzyme sandwich” methodology of Clark and Lyons, much work has
been conducted into novel methods of enzyme entrapment. It is desirable to achieve maximal
enzyme loading as close as possible to the electrochemical surface. This reduces diffusional
loses and maximises the current response. The function of some commercially available screen-

printed glucose sensors is based on the crude, but effective, immobilisation of GOx in a carbon
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paste, in contrast, much recent academic work has concentrated on enzyme entrapment in

polymers.
)
H
l
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Figure 1.4: The entrapment of enzyme by the electrolytic oxidation of the pyrrole monomer.
Modified from Hall.1?

Successful entrapment of GOx within a variety of polymer films is classically demonstrated
using an electrochemical assay. However, determination of the amount of active enzyme in the
film requires a more complex analysis. The work on glucose biosensors presented in this thesis
has concentrated on the physical characterisation of the biosensor interface, with the aim of
characterising the distribution of enzyme within the film. An original technique has been
developed based on the determination of the relative ratios of enzyme to binding matrix. The
model system employed was a polypyrrole (PPy)/GOx based sensor, the enzyme being entrapped
within the polymer matrix during its electropolymerisation in an aqueous solution of monomer

and enzyme (figure 1.4).
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The catalytic oxidation of glucose is a two stage compulsory ordered mechanism. First, glucose
reacts with the enzyme, followed by the oxidation of the flavin adenine dinucleotide (FAD)

redox centre by dissolved molecular oxygen, as shown below (equations 1.4 and 1.5):

GOxpap) + A-D-Glucose » GOx R ADH,) * D - Gluconolactone (1.4)

Mediators compete with the molecular oxygen reaction, but when they are not used, the H202
generated provides an intrinsic mediator that can be oxidised at the electrode surface

(equation 1.6):
H,0, — O, + 2H" +2e” (1.6)

Keilin and Hartree?s demonstrated that GOx is highly specific for the B-anomer of glucose. The
other product, gluconolactone, is a weak competitive inhibitor which rapidly hydrolyses to

gluconic acid.

When the polymer film is thin, it can be assumed that there is no substrate concentration
polarisation within the film,26 and the electrochemical response can be analysed accordingly,
using a simple mathematical model. The original motivation for this research was to try to
determine total enzyme concentration (e, ) at the biosensor interface, as used in the expression

below (equation 1.7):

nFAa_ Ky 1 1
e Kol kesl  EK,a_esl

1.7

L

For the example where GOx is entrapped in a polymer film, the terms used in this model
represent the following: iws is the current response, n is the number of electrons transferred
(two), F is the Faraday constant, A is the area of the electrode, and [ is the thickness of the
polymer film. K, and k¢qt are the enzyme kinetic parameters and k& is the rate constant for the
reaction of dioxygen with GOx. K, and K are the partition coefficients into the polymer film

for oxygen and glucose, respectively - with a_, and s_ representing the bulk concentrations.

oo )

The parameter o describes the balance between the detection of Hz0:z at the electrode surface

and its loss to the bulk solution, previously it has been estimated as 0.5.26.27
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Of the variables used in this model, the terms for / and e, are determined by the polymerisation
conditions chosen during biosensor construction. So, for example, at a given film thickness, it
would seem to be possible to vary e, at the biosensor surface by altering the ratio of enzyme to
monomer in solution prior to polymerisation. To date, however, it has not been possible to
measure e . It has therefore only been practicable to infer that the concentration in the film has
changed by measuring the sensor’s response and correlating this to the polymerisation
conditions (pre-supposing that all of the enzyme present is equally active). As a consequence,
further detailed kinetic analysis of enzyme-polymer films using equation 1.7 has proved
difficult.

Of the many of the interfacial techniques available in biosensor surface characterisation (e.g.
ellipsometry,2® surface plasmon resonance?® or quartz crystal microbalance3?), none can be
readily used to measure e;, as they do not apportion the relative amounts of polymer and
protein. Two studies based upon labelled enzymes have attempted to determine e, entrapped
in non-conducting polymers. In the first instance, Bartlett et al. have used "hot" GOx entrapped
in poly(N-methylpyrrole) to show, through competition studies, that different amounts of
enzyme can be entrapped in films under different polymerisation conditions.?” More recently,
Wang et al. have entrapped fluorescently labelled proteins in non-conducting polymers and
have measured intensity as a function of distribution at the electrode surface.3! However, in the
latter case, if the enzyme is not orientated within the film there may be quenching of the
fluoroprobe at the metal electrode.

In this project, X-ray photoelectron spectroscopy (XPS) was used to provide elemental analysis
and quantification of the enzyme concentration at the interface of the polymer film.
Electrochemical assays were performed in parallel to assess the response of the active enzyme
in the film. Further parallel studies using Fourier transform infra-red (FTIR) spectroscopy
were performed as a bulk sensitive means of monitoring the total enzyme concentration

throughout the thickness of the biosensor film.

1.4 Dielectrophoresis

The phenomenon of dielectrophoresis was used in this project for positioning and rotating
micrometer-sized particles. The applications of dielectrophoresis included: cell sorting and
guidance,3233 the measurement of fundamental electrical properties of cells,3435 the creation of
bio-repellent surfaces36 and the analysis of bacterial contamination.3” The fundamental
advantage of dielectrophoresis is the non-invasive manner by which it exploits subtle electrical
differences to discriminate between similar particles, without the need for chemical

modification or labelling. Microfabrication is ideally suited to the manufacture of a variety of
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electrode geometries required for the generation of the non-uniform electric fields necessary for

dielectrophoretic particle manipulation.

The name dielectrophoresis was coined by Pohl3® - the first person to investigate the
phenomenon in depth. He defined it as the motion imparted to a polarisable (but electrically
neutral) particle when subjected to a non-uniform electric field. In a uniform electric field a
neutral particle will experience no net force due to its polarisation (figure 1.5a). However, when
the same particle is placed in a non-uniform field (figure 1.5b), the regions of greater electric
field strength induce a differential force acting on the opposite sides of the particle. This results
in a net translational force. The direction of the force depends on the relative polarisabilities of
the particle and the medium. If the particle is of greater relative polarisability, the net force
will be directed towards the region of greatest field strength (the ‘pin’ electrode), and the motion
is termed ‘positive dielectrophoresis’. In contrast, a lesser polarisability will result in a net force

away from pin electrode, and is termed ‘negative dielectrophoresis’.

+ +

(b)

Figure 1.5: A particle being polarised in a uniform (a) and a non-uniform (b) electric field. It is
only in the non-uniform field that there can be is a resultant translational force acting
on the particle. The direction of the force can be either towards or away from the pin
electrode.

(@)

The relative polarisabilities of the particle and the medium are frequency dependent. Their
ratio influences the nature of the dielectrophoretic response. Hence, under certain conditions,
the generation of translational and rotational dielectrophoretic forces can be controlled by the
appropriate selection of experimental parameters. The ability to adjust the forces acting on
particles by variation of frequency, applied field and suspension medium provides the basis for

the majority of applications exploiting the phenomenon of dielectrophoresis.

1.4.1 Particle Positioning

The non-uniform electric fields were generated using planar electrode arrays fabricated using
photolithography. = The experimental conditions were adjusted to generate a negative
dielectrophoretic force in order to move the particles into an electric field minimum created at

the centre of the electrode array (figure 1.6). This method of particle positioning proved to be
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both convenient and accurate and has been previously demonstrated in figure 1.2. Little
particle pre-treatment was required and positional tolerances reflected the precision of

photolithographic process.

x \

Figure 1.6: A simulated quadropole electric field trap for a single particle. The parameters have
been set to model the experimental conditions necessary for negative
dielectrophoresis. Particles initially within the “unnel’ of the electric field will
eventually come to rest at the field minimum located at the centre of the electrode
array. Reproduced from the work o/’Fuhr et al.39

The use of dielectrophoresis provides an excellent method for particle confinement and will
readily indicate dramatic differences in cellular properties. An excellent example is the

measurement of the differences in membrane conductivity between live and dead yeast cells.40

1.4.2 Electrorotation

Electrorotation occurs as a result of the induced torque exerted on particles in rotating electric
fields. The use of the technique has gained recent popularity as a means of observing more
subtle changes in both external and internal cellular properties. For example, physiological

changes in oocytes4l upon fertilisation.

In this study, electrorotation was also used to analyse the changes in the electrical properties of
human neutrophils upon activation by chemotactic reagents. Neutrophils are cells in the
bloodstream that play a crucial role in the function ofthe immune system. They are responsible
for processes such as phagocytosis® and free radical release. 434 Upon activation, the cells
undergo rapid physiological changes as part of the fTespiratory burst’45 The changes were

characterised by the variation in the electrorotational response ofindividual cells.

1.5 Thesis Structure

The work has been sub-divided into four main chapters, these are: microfabrication,

microbiosensors, dielectrophoresis and biosensor interfaces. Due to the scope of the work and

10
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the range of techniques, ‘methods’ and ‘theory’ sections have not been given separate chapters

but immediately precede the work for which they were employed.

Chapter 2 provides a summary of the microfabrication techniques developed during the project,
and elaborates upon the issues specific to the manufacture of reliable multilayer sensor

structures.

Chapter 3 describes the range of electrochemical techniques used in the project and
concentrates on the preparation and performance of the cytochromec¢ based superoxide
biosensor. In addition, there is the description of the use of chemiluminescence as a companion

technique for superoxide detection.

Chapter 4 is concerned with the use of dielectrophoresis for particle positioning and rotation.
The dielectrophoretic properties of human neutrophils are investigated and physical changes in

the cell wall during chemotactic stimulation are identified and discussed.
Chapter 5 presents the analysis of the interface of a PPy/GOx glucose biosensor using
amperometry, FTIR and XPS. The three techniques are used in parallel to determine the

activity and relative ratios of polymer and enzyme in the sensor matrix.

The conclusions and recommendations for further work are found in Chapter 6. References,

appendices and a list of abbreviations appears at the end of the thesis.

11



2. Microfabrication

2. Microfabrication

This chapter provides a brief summary of the fabrication methods used in this project. The
results presented provide a detailed analysis ofthe dominant issues identified in the successful
manufacture of microfabricated biosensors. The particular focus is on the development of
durable microbiosensors, hence factors such as metallisation and insulator adhesion have been

investigated in greater depth.

2.1 Methods & Materials: Microfabrication

The basic lithographic process for the fabrication of an insulated planar electrode structure is
shown in figure 2.1. Both photolithography and electron-beam (e-beam) lithography were used
during the course of the project; the practical resolution limit of photolithography is 2pm, for
smaller features e-beam Ilithography was necessary. When a choice was available, the
photolithographic process was the preferred fabrication method since it has a higher yield and a
shorter turnaround time. Etch depths and resist/insulator thickness were determined using a

Dektak ST3(Veeco Instruments Inc.) surface profiler

2.1.1 Substrate Cleaning

All the work presented in this thesis was performed on either glass or polished quartz

substrates. The standard cleaning procedure is as follows:

1) Sonicate the substrate for 20 min in Decon 90 (Decon Labs Ltd.), mixed in a 1:1 ratio
with reverse osmosis (RO) water.

2) Thoroughly rinse in RO water.

3) Sonicate the substrate in RO water for 10 min.

4) Blow dry using nitrogen.

If the substrates are visibly coated with contamination, step 1 (above) should be preceded by a
10 minute sonication in Opticlear(G&S Inc.). Any residual resist remaining from previous
lithographic steps is best removed by sonication in acetone, again, if required, this should

precede step 1in the above procedure.

12
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. . (2) Mask and UV Expose
(1) Spin Resist or e-beam direct write

(3) Develop Resist (4) Metal Evaporation
(undercut profile)

(5) Lift Off (6) Deposit Insulator

(7) Pattern Etch Mask
(UV or e-beam expose) (8) Process Etch Mask

(9) Etch Insulator (10) Remove Etch Mask to
give the Final Structure

EZ777ajy" y .1g:

Figure 2.1: The fabrication sequence for an insulated electrode structure manufactured using
either photo and/or e-beam lithography.
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2.1.2 Photolithography

The standard photoresist used in the project was S1818 (Shipley Inc.). It was purified by
filtering through a 0.25um particle filter. Spinning parameters of 4000rpm for 30s produce a
resist layer of ca. 1.85um thickness. Spin speed is the dominant parameter that controls resist
thickness, spin time has a less significant effect. It is important to fully coat the upper surface
of the substrate with resist before spinning. A slightly thicker rim of resist will always form at
the edges of the substrate, hence for reproducible lithography the pattern should be placed in
the central portion of the substrate. For the very smallest features (close to the practical limit
of 2um) a thinner resist layer is recommended. Thin resist coverage can be achieved using
faster spin speeds or a low viscosity resist such as Shipley ‘1400-17’ (ca. 0.45um thick spun at
4000rpm for 30s). The full photolithographic procedure is as follows:

1) Spin S1818 resist (typically 4000rpm, 30s; to give a thickness of ca. 1.85um).
2) Bake for 15 min at 90°C.

3) Soak in chlorobenzene for 10 min.

4) Blow dry and bake at 90°C for a further 15 min,

5) UV Expose for 14s (Hybrid Technology mask aligner, 32J cm?, 364nm)

6) Develop in Microposit developer (1:1 mix with RO water) for ca. 80s.

7) Wash in RO water and blow dry.

The undercut resist profile desirable for an effective lift-off step (see section 2.1.4) is illustrated
in figure 2.1 (step 3). If this profile is not required step 3 above can be omitted and the resist
should be baked for 30 min. The chlorobenzene soak hardens the upper portion of the resist

causing it to develop at a slower rate, thus allowing an undercut resist profile to be formed.

2.1.3 E-Beam Lithography

The majority of e-beam lithography requires a bi-layer resist structure. This is created by the
spinning of two separate layers of resist of different sensitivity to e-beam exposure. The resists
are made by dissolving poly(methyl methacrylate) (PMMA) in o-xylene. The upper layer is a
higher molecular weight (MM > 400,000) version of the polymer, which when exposed to an e-
beam is degraded at a slower rate that the low molecular weight variety (MM ca. 90,000). As a
result, it will develop at a slower rate. As for the chlorobenzene soak procedure described in
section 2.1.2, the resultant undercut profile is tailored for use in the metal lift-off process. The

full procedure is as follows:

1) Spin lower molecular weight resist (5000rpm, 60s are typical spinning parameters).
2) Bake at 180°C for 60 min.

14
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3) Spin higher molecular weight resist (5000rpm, 60s).

4) Bake at 180°C for 120 min.

5) Evaporate a 50nm layer of Cr onto the sample (necessary for charge dissipation).

6) E-beam expose (Leica EBPG-5, HR).

7) Remove the Cr layer using a wet etch (see section 2.1.5.1.1).

8)Develop in methyl isobutyl ketone (MIBK)/isopropyl alcchol (IPA) solution for ca. 35s.
9) Wash in RO water and blow dry.

The higher the concentration of dissolved polymer, the more viscous the resist layers produced.
High resolution patterns require thinner layers of resist. The ratio of MIBK:IPA required for
resist development (step 8 above) is determined by the thickness of the bi-layer resist structure.

2.1.4 Metal Evaporation and Lift-Off

The majority of metal evaporation in this project was performed on the Plasyss QD1 automated
e-beam evaporation system. The low pressure (3x10"Torr) and reduced chamber contamination
of this system are important factors in guaranteeing both the quality and reproducibility of the
resultant metal layer. The most common metal layer used was Ti/Pd/Au (10/10/100nm)
although solitary layers of Ti and Cr were required at certain stages of the fabrication

procedure.

The lift-off procedure is performed following metal evaporation and involves the dissolving of
the resist pattern in acetone to leave the metal in the regions defined by the lithographic
process. An undercut profile is necessary to provide a good break between the metal layer
deposited on the resist and the layer deposited on the substrate (see figure 2.1, step 4-5). Poor
lift-off can be caused by a non-ideal resist profile and will result in rough electrode edges and
short-circuits between closely spaced features. It is important to carefully wash the substrate
as it is removed from the lift-off solution so as to ensure that none of the metal particle re-

adhere to the substrate.

2.1.4.1 Gold Metallisation

Work was performed on the deposition of gold electrodes, i.e. without the need for a Ti/Cr based
underlayer.47.48 This procedure required the deposition of a [3-mercaptopropyl]

trimethoxysilane (MPS) underlayer prior to metallisation. The procedure used is as follows:

1) Clean the substrates

2) In a fume hood, reflux the substrate in a solution of 400ml IPA, 10ml RO water and
10g MPS.

3) Wash the substrates in IPA and blow dry in nitrogen.

15
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4) Bake at 105°C for 10 min.
5) Repeat steps 2-4 above a total of three times.

2.1.5 Electrode Insulation

Insulating layers on planar structures can be created by the deposition of an insulator followed
by its patterning using either wet or dry etch techniques. The two insulators investigated were
polyimide and silicon nitride. Manual insulation of large features (e.g. contact wires) was

performed using silicone adhesive (Dow Corning, RTV 3140) or epoxy adhesive.

2.1.5.1 Polyimide

The standard procedure for the deposition and patterning of polyimide (Hitachi, PIQ 13) is as

follows:

1) Clean the substrates.

2) Spin PIQ 13 primer layer at 5000rpm for 30s.

3) Bake at 350°C for 30 min.

4) Spin on PIQ 13 polyimide, typical film thickness was 1.35um (5000rpm, 30s).
5) Bake at 350°C in a N2 atmosphere for 60 min.

6) Spin resist layer and pattern (see section 2.1.2).

6) Evaporate a 30nm layer of Ti or Cr as the etch mask.

7) Perform lift-off to provide a photo-negative mask.

8) Reactive ion etch (RIE) etch the polyimide in O2/CF4 (see section 2.2.2.1.1).

9) Remove the etch mask using a wet etch (see section 2.1.5.1.1).

2.1.5.1.1 Titanium and Chromium Wet Etching

The Ti etch is composed of 0.1M ethylenediamine tetraacetic acid (EDTA) dissolved 30% H:202
solution.4® The etch should be stored in the refrigerator when not in use, it will maintain a
consistent etch rate for about one week. The etch is highly specific for Ti (at least 20 times
faster than with Ni or Cr) and the etch rate is 10nm min™.

The Cr etch (100ml) is made from 3.5ml glacial acetic, and 20g ammonium ceric nitrate
dissolved in 100ml of RO water. The etch rate is ca. 20nm min and the etch will last for up to

three months when stored at room temperature.

2.1.5.2 Silicon Nitride

The procedure for patterning of silicon nitride deposited by plasma enhanced chemical vapour
deposition (PECVD) is as follows:

1) Clean the substrates.

16
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2) Deposit silicon nitride using an Oxford Plasma Technology pP-80, the routine
deposition rate is ca. 10nm min™.

3) Spin resist layer and pattern (see section 2.1.2), the etch mask is a photo-positive.

4) RIE etch the silicon nitride in C2Fs (see section 2.2.2.1.2), the standard etch rate is
50nm min" at 100W (Oxford Plasma Technology BP-80, 30sccm flow rate, 10mT).

5) Remove residual etch mask using acetone.

2.2 Results and Discussion

In this section, aspects of microbiosensor metallisation and insulator patterning will be
discussed. Effective metallisation of sensor structures must satisfy a number of requirements
such as: adhesion, durability and electrochemical stability. The work also addresses the issues
of gold metallisation and the fabrication of multilayer structures. Polyimide and silicon nitride
were the insulators used in the project, and results are presented on the influence of factors
such as adhesion, etching method and insulator integrity. Samples of the sensor structures

fabricated using the range of techniques described in this chapter are shown in figure 2.2.

2.2.1 Sensor Metallisation

The main goal of the work on sensor metallisation was the formation of an electrochemically
stable and adherent structure. The need for a gold electrochemical surface presented the first
limiting factor since evaporated gold alone does not adhere well to the majority of substrates.
Limited success has been observed by gold evaporation onto heated mica,?0 however, in general,

an underlayer of Ti or Cr is necessary to promote gold adhesion.

Due to the need for an underlayer, most sensor structures were fabricated using a recipe of first
10nm Ti followed by 100nm gold. Providing the evaporation was performed at low pressure in a
low contamination chamber (an advantage afforded by the automated Plasyss evaporation
system), the adhesion of the metal film using this recipe was good. The adhesion was tested
using the ‘Scotch’ tape test. While this metallisation method was suitable for most
electrochemical experiments conducted at low positive potentials, the Ti/Au structure
demonstrated poor long term stability at voltages >0.9V (vs. Ag/AgCl) necessary for procedures
such as acid cycling (see section 3.1.3.1.1) and polymer oxidation (see section 5.1). The failure

mechanism was the de-lamination of the metal layer due to the oxidation of the Ti underlayer.
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Figure 2.2:

2. Microfabrication

(a) (b)

Samples of the microfabricated electrode structures produced during the course of the
project, (a) A ring array fabricated using e-beam lithography (200nm wide rings), (b) A
ring electrode array fabricated using photolithography, (10pm wide rings); the insulator
has been patterned so as to only cover the tracking to the array. The ¥-shaped’ TWD
electrode structure (c). The electrode has three channels and can be used for cell sorting
applications (see section 4.4.1); The individual gold finger electrodes are 120nm tall,
10pm wide and on a 10pm pitch, there is a SOpm gap across the channel. The close-up
photograph (d) highlights the thru-holes etched in the silicon nitride insulator (200nm
thick).
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In an attempt to improve the stability of the metallisation, a Pd intermediary layer (10nm) was
introduced between the Ti and the Au following the method of Lambrechets et al.! This method
was successful, and the electrode structure provided a stable electrochemical response during
repetitive cycling for up to 60 min in 1M HC1O4(100mV s, 0 to +1.5V vs. Ag/AgCl). The precise
mechanism by which the Pd improves the stability of Ti/Pd/Au structure is not clear, although
according to Sharp5! the Pd forms an diffusion barrier to oxygen that reduces the rate of
underlayer oxidation. An additional benefit gained from the use of the Pd layer is the
minimisation of the undesirable electrochemical currents caused by Ti or Cr diffusion along

grain boundaries to the surface of the gold layer.48

2.2.1.1 Gold Metallisation

Exploratory work was performed on the use of the method of Goss et al.52 to form an gold-only
metallisation layer to eliminate any potential effects from underlayer metal contamination.
The procedure relied on the use of MPS, which contains siloxane and thiol terminating groups.
The siloxane group bonds to the glass/quartz substrate and the thiol group bonds to the
evaporated gold layer. The procedure was very successful, and while a quantitative
measurement of adhesion could not be made, due to the lack of suitable equipment, the

metallisation did survive the benchmark ‘Scotch’ tape test.

It was not necessary to immediately evaporate the gold layer, and excellent adhesion was
achieved on substrates metallised within three days of formation of the MPS adhesion layer
(samples were kept in a sealed container). It was also possible to perform photolithography on
a treated substrate before evaporation of the gold layer. This result provides a simple way to
fabricate gold-only structures while maintaining excellent metal adhesion. A similar
experiment using e-beam lithography was unsuccessful, suggesting that the high energy
electrons destroy the integrity of the MPS layer while the UV energy used in photolithography

does not have a similar effect.

The final test of the MPS/Au structure was to determine its electrochemical stability during
acid cycling at high positive potentials (1M HCIO4, 100mV s?, 0 to +1.5V vs. Ag/AgCl). Stability
was better than observed for the Ti/Au metallisation method (ca. 5-10 cycles), however, the
gold-only structure did eventually begin to de-laminate after about 30 cycles. The adhesion

failure was most likely caused by the oxidation of the thiol underlayer..

2.2.1.2 Multilayer Structure Metallisation

The need for a multilayer metallisation was driven by the work on the fabrication of the
travelling-wave dielectrophoresis (TWD) electrode design shown in figure 2.2c. However, the
procedures described could be applicable to the fabrication of any multilayer microbiosensor

structure. The TWD electrode required two layers of metallisation that were connected by
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‘thru-holes’ in the first layer of insulator. The first base metal layer was Ti/Pd/Au, the second
layers investigated were either Ti alone, TV/NiCr or Ti/Pd/Au. The insulator layer was PECVD
silicon nitride (200nm) patterned using photoresist masking and C:Fs etching (see
section 2.2.2.1.2).

There are two standard methods of ‘thru-holing’ used in microfabrication, either electroplating
(be it electrochemical5? or electroless®) or profiled metal-layer evaporation.’s Electroplating
methods deposit metals such as Ni, Cu or Au on regions exposed in the base metal layer
following the etching of thru-holes in the insulator layer. The procedure completely fills the
etch holes and subsequent thru-hole interconnection is achieved by evaporated/sputtered
deposition of a metal layer. Work on the mechanism of gold electroplating was investigated and
figure 2.3a illustrates the porous nature of the surface produced. Whilst electroplating can be a
reliable and well characterised process53.5¢ within the electronic industry, it was found to be
difficult to control in the laboratory. The main difficulties were the poor electrochemical surface
produced, solution degradation, and the variation in deposition rates associated with different
shapes and areas in the exposed base metal layer. Further work is required on this topic to
develop a consistent process. Electroplating is very cost effective in relation to metal
evaporation/sputtering and an excellent method for the metallisation of high aspect ratio

structures.

The key to successful ‘thru-holing’ by metal evaporation is the etching of thru-holes with walls
at an angle of ca. 60°5¢ which is a compromise between a high hole density and reliability. The
shallower the angle the more space each thru-hole feature occupies on the substrate. In
comparison, steep angle thru-holes occupy less space but promote track breaks. The thru-holes
produced using a C2Fs etch in the silicon nitride had an angle of ca. 80°, as measured by the
observation of scribed substrate using a scanning electron microscope. This angle was rather
higher than optimal and the available methods for reducing the angle, such as lowering etch
power or increasing gas flow rate had little significant effect. A thorough analysis57.58 concludes
that thru-holes are best formed using either an isotropic wet etching or by using a low power
RIE etching mechanism that is highly ‘chemical’ in nature (i.e. less anisotropic). Unfortunately,
wet etching using HF acid was unreliable and the facilities for alternative RIE procedures were
not available during this project. Nevertheless, for the TWD electrodes, the 80° angle
thru-holed samples (Ti/Ni metallisation) resulted in a 66% (n=6) success rate as measured by

using a simple continuity test.
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Figure 2.3:

2. Microfabrication

(a) (b)

(c) (d)
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(a) An electroplated gold electrode, the photograph illustrates the rough nature of the plated
surface, (b) A Durnt out’ ring electrode, the failure was caused by seepage of electrolyte
between the poorly adhered insulator and substrate layers, (c) A dramatic example of the
RIE etch residue (‘polyimide grass’), photograph courtesy of F. Pottier. (d) An instance
where the etch residue/resistant area (severely over-etched sample) has formed a uniform
covering. A small region of residue (arrowed) in the centre of the sample has broken free,
the surface profile (vertical line) provides an indication of thickness.
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In addition, the choice of evaporated metal and its thickness had a significant effect on
fabrication success. The initial method used was the e-beam evaporation of a 240nm thick layer
of metal so as to fill the thru-holes etched in the 200nm thick insulator layer. The alternative
method of evaporating a thinner layer (i.e. 50nm), to metallise the profile of the thru-hole was
unreliable, probably due to track breaks caused by the high 80° thru-hole angle (see figure 2.4).
Using a 240nm Ti layer alone was unsuccessful, due to the stress that existed within the
evaporated metal film. This caused the metallisation to de-laminate during the lift-off process.
This prompted the investigation of alternative ‘ow stress’ metal films, such as, Ti/Pd/Au
(20/20/200nm) and a mixed layer of Ti/Ni (60/20 in three consecutive layers). Both methods
produced working thru-hole structures. The Ti/Ni option being preferred due to the prohibitive
cost of evaporating 200nm of gold. The Ti/Ni mixed layer is thought to be successful for thick
evaporated metallisation due to the counteracting effect® of the opposing stresses in the

individual metals, this results in an combined film that is low stress in nature.

Whilst a satisfactory yield could be obtained using the above metallisation procedure, the
performance of the TWD electrode structures was poor when used in solution. In a saline
solution under the application of high AC potentials, the structure rapidly disintegrated.
Failure was ascribed to the de-lamination of the silicon nitride from the substrate, a process
seen previously in similar non-multilayer structures used in work on neural networks.@ The
failure mechanism of the silicon nitride has been identified as poor adhesion and latent stress

within the insulator film. This problem is discussed in greater detail in section 2.2.2.2.
(a) (b)
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Figure 2.4: An illustration of the alternative thru-holing’ methods investigated in the project.
(a) A thin layer of metal coating the top surface of the insulator and the wall of the
thru-hole. Probable location of track breaks are indicated by arrows, (b) A thick
layer of metal that completely fills up the thru-hole

2.2.2 Sensor Insulation

The work on planar deposition and patterning of insulator layers focused on two materials:
polyimide and silicon nitride. Polyimide is an organic polymer deposited by spin coating
followed by curing at 350°C. Silicon nitride is deposited as an amorphous material using

chemical vapour deposition (CVD). In this project PECVD was used, since the alternative CVD
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method is a high temperature method56 conducted at 900°C which is above the melting point of
the gold used in the sensor metallisation. Polyimide can be deposited at a thickness from 0.5-
20um by adjustment of viscosity and/or spin speed. In contrast, silicon nitride is deposited as a
thinner layer due to the slower rate of deposition (ca. 10nm min™) - standard film thickness

ranged from 50-1000nm.

2.2.2.1 Patterning of Insulator Layers

Polyimide and silicon nitride can be patterned using both wet and dry etching techniques. The
wet etch for polyimide is high temperature KOH¢! but this method was discovered late in the
project, and was not investigated. The wet etch for silicon nitride is Hydrofluoric acid. This
etching mechanism is inconsistent and was little used, since it would also etch the glass or
quartz used as substrates for the electrode structures. For both insulators, the dominant
patterning technique is RIE, using an O2/CF4 mixture for polyimide and either C2Fs, CHF3 or

SF for silicon nitride.
2.2.2.1.1 Polyimide - RIE Etching

Figure 2.5 provides details of the etch rate of PIQ13 polyimide using Oz at a range of powers.
The variation of etch rate with power is linear over the range 25-100W. Photoresist is an
unsuitable etch mask, since it etches at a faster rate than polyimide.62 The etch mask used was
a 30nm layer of Ti that was subsequently removed using the procedure described in
section 2.1.5.1.1. To promote a more isotropic etch for applications such as the shallower wall
profiles required for thru-holes, the use of CFs has been recommended.63 Whilst the structures
fabricated in this project using polyimide did not require specific aspect ratios, the use of 5%
CF4 increased the etch rate by ca. 10% and improved the quality of the etching process by

reducing the amount of deposited etch residue (termed “polyimide grass’ in the literature54).
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Figure 2.5: A comparison of the PIQ 13 polyimide etch rate (25W) at a range of powers (a), and
the variation of etch depth with time (b). The polyimide was prepared as described in
section 2.1.5.1 and was etched with oxygen (20sccm, 22mT) using an Oxford Plasma
Technology BP-80 RIE machine.
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The deposition of etch residue was a persistent and intractable problem encountered
throughout the studies on polyimide and examples are shown in figure 2.3c&d Any residue
remaining on the etched surface severely inhibited subsequent electrochemical studies due to
fouling of the electrode surface. Over-etching the polyimide, in an attempt to remove the
residue, only compounded the problem. It is suggested® that residue formation is based on the
formation of metallo-organic compounds from reactions of RIE products with metal sputtered
from the electrode structures. The residue components are resistant to the etching gases and
form a permanent coating on the substrate. Hence, successful RIE etching is a very sensitive
process requiring the minimal degree of over-etching necessary to form a viable electrode

structure.

The methods used to reduce the amount of etch residue produced include: the reduction of
etching power (to minimise metal sputtering) and the careful control of etch depth to ensure
only a 2-5% over-etch. Whilst attempts were successful, the majority of electrodes were
scrapped due to either excessive residue or under-etching. A interactive step-wise approach to
the etching procedure was difficult to implement since the optimal etch-stop point was

impossible to determine without an electrochemical test.

Polyimide is a flexible insulator with many advantages over silicon nitride. For example, it has
a greater thickness range, excellent planarisation properties and improved adhesion. However,
the difficulties with etch residue deposition need to be overcome before it can be used as a
reliable element in electrochemical microbiosensors. Attempts in the literature at minimising
the residue deposition have focused on the use of complex process control55 minimal etch
powersé and partial ‘de-grassing’ using a dilute HF acid wet etch.67 Alternative methods include
the use of photosensitive polyimide, hence avoiding the need for RIE. Furthermore, the use of
a thick hardened photoresist etch mask (instead of the standard Ti, Ni or Cr mask) is an option,
the reduced surface area of exposed metal will limit the amount of sputtered metal particles

within the RIE chamber atmosphere.

2.2.2.1.2 Silicon Nitride - RIE Etching

Silicon nitride etching using a photoresist mask was less sensitive to the residue deposition
problems encountered during the patterning of polyimide (see section 2.2.2.1.1). However,
excessive over-etching can result in similarly poor electrochemical surfaces. Etching in C2Fs

1

was preferred to CHF; purely in terms of speed: 50nm min' in comparison to 30nm min™'. The

dominating difficulty encountered using silicon nitride was poor adhesion.

2.2.2.2 Insulator Adhesion

Insulator adhesion is a crucial factor in the stability of an aqueous biosensors. For devices such

as integrated circuits, manufactured using standard microfabrication techniques, insulator
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adhesion has only a minor effect on device reliability. However, the majority of microbiosensors
are designed for use in an aqueous environment and hence reliable substrate/tacking adhesion
becomes a crucial factor in controlling their performance and reliability. Poor adhesion leads to
rapid device failure (see figure 2.3b) and a time-dependent electrochemical response determined

by the rate of liquid seepage between the substrate and insulator layers.

Polyimide shows good adhesion to glass and quartz substrates, as tested using the ‘Scotch’ tape
test. Its adhesion has been investigated in detail by other authors.5869 Silane based adhesion
promoters (either spun-on as an initial step or included in the un-cured polyimide) can be used
to form a firm chemical bond to the substrate. An area of significant concern is the adhesion of
polyimide to the metal tracking. Any silane based promoters is unlikely to aid the metal to
insulator adhesion (particularly for gold), a novel solution to this problem has been proposed by
Cloud et al.7 and was replicated during this study. The method required the use of a very thin
(1nm) Ti layer deposited above the base metallisation (i.e. the final structure was Ti/Pd/Aw/T4).
The upper Ti layer will be immediately oxidised to TiOz upon exposure to air. It is proposed
that a thin layer TiO2 will not contaminate the gold layer to the same extent as a thicker layer
of partially oxidised Ti. Once the insulator has been deposited (adhering much better to TiOz
than Au) the active gold surface can be exposed using a Ti etch (see section 2.1.5.1.1).
Comparative ‘Scotch’ tape tests on glass slides coated Ti/Pd/Au-polyimide and
TV/Pd/AwTi-polyimi