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Abstract

This thesis describes a novel approach to the fabrication and characterisation of metal-
lic nanopores and their application for the detection of single DNA molecules. Metallic
nanopores with apparent diameters below 20 nm are produced using electrochemical de-
position and real-time ionic current feedback. Beginning with large nanopores (diameter
100-200 nm) milled into gold silicon nitride membranes using a focused ion beam, platinum
metal is electrodeposited onto the gold surface, thus reducing the effective pore diame-
ter. By simultaneously observing the ion current feedback, the shrinking of the nanopore
can be monitored and terminated at any pre-defined value of the pore conductance in a
precisely controlled and reproducible way.

The ion transport properties of the metallic nanopore system are investigated by char-
acterising the pore conductance at varying potentials across the nanopore and concentra-
tions of electrolyte. The results are compared to conventional bare silicon nitride nanopore
systems. Chemical modification at the nanopore surface is also studied using thiolisation
to reduce the capacitive charging effects observed with metallic nanopores. Further to
this, impedance measurements are carried out to study the resistive behaviour exhibited
in these systems. An equivalent circuit model is proposed to validate the results obtained
from the experimental studies.

To evaluate the suitability of these nanopores for applications in single-molecule biosens-
ing, translocation experiments using A-DNA are performed. DNA molecules are electroki-
netically driven through the nanopore under an applied electric field, hence as the DNA
translocates through the pore, current blockade events are detected. Each event is the
result of a single molecular interaction of DNA with the nanopore and is characterised
by its dwell time and amplitude. Characterisation studies and noise analysis towards
the applicability of metallic nanopores as single molecule detectors are also studied and

compared to current bare silicon nitride pore systems.
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Chapter 1

Introduction

1.1 The need for improved biosensing tools

The relevance of DNA as a biological information storage molecule was immediately ap-

preciated when its double helix structure was first proposed by [Watson and Crick (1953).

DNA contains information that is fundamental in a wide variety of biological processes at
the cellular and whole-organism level, ranging from development, reproduction to death.
In the 50 years since its discovery, a major branch of genetic research has been stimulated

by the anticipated advances in detection and treatment of diseases, and understanding of

the processes that occur in nature (Collins, 2003).

A large amount of nucleic acid information resulting from The Human Genome Project

HGP), and (Venter, 2001) has also generated a great demand for the development of

faster and inexpensive nucleic acid detection and sequencing methods. For example
certain genetic analysis can enable the identification or diagnosis of a disease, facili-

tating rapid and appropriate treatment for individuals based on their own genomes,

Guttmacher and Colling (2002). In an ideal scenario, genetic disorders could be diag-

nosed at birth in order for treatment to begin at the early developmental stage of life.
Genome sequencing could then become routine, making it much easier to identify the
genetic basis of diseases or isolate the factors that cause a drug to work in one patient
but not another. Such diagnosis requires determining the sequence of chemical base pairs
which make up DNA, and identifying and mapping approximately 20,000-25,000 genes of
the human genome.

What currently limits the pace of genetic research is the available speed and cost

of DNA sequencing. The Human Genome Project and the industrial gene sequencing

13



Chapter 1 Introduction

efforts currently uses state-of-the-art sequencing technology to extract the genetic codes

of individuals at a cost of $10,000 in eight days, [llumina; [Metzken (2010); [Venter (2001).

Much of the cost for biomolecular analysis is expended in sample preparation prior to
analysis. Therefore, the current goal for sequencing lies in reducing this time to a matter
of hours or even minutes for less than $1,000. Using a high throughput DNA sequencing

method which can detect unlabelled molecules or which is capable of detecting trace

quantities with increased specificity is highly compelling, |Collind (2003).

The availability of such an analysis tool will not only increase the scope of genetic

surveillance for infectious diseases but would also bring a dramatic improvement on evo-

lutionary and ecological genomics, |Guttmacher and Colling (2002); Metzker (2010). Thus

making it feasible for routine healthcare practice and the vision of personalised medicine.
At the fundamental level, the ability to manipulate and detect short-lived changes in spe-
cific biomolecule concentrations without the use of fluorescent labelling or genetic modifi-
cation would also be of great utility to researchers probing the dynamics of single living

cells, IMarziali and Akeson (2001).

1.2 Single molecule detection

In recent years, technological advances have opened the door to a fundamentally different
way of studying biology: one molecule at a time. The emerging field of single-molecule
detection has utilised nanoscale fabrication and manipulation techniques such as electron

beam lithography, optical microscopy and scanning tunnelling microscopy (STM) to di-

rectly study and probe individual molecules, Deniz et al! (2008); Rigler and Vogel (2008).

The ability to monitor biological processes at this fundamental level of sensitivity has given

rise to an improved understanding of the underlying molecular mechanisms, [Walter et al

2008).

In a typical single-molecule experiment, the molecule being examined is localised to a

discrete volume so that its properties can be distinguished from all the other molecules in

the sample, [Efcavitch and Thompson (2010); [Cornish and Ha (2007). Localisation is gen-

erally performed via attachment of the molecule to a fixed surface (eg., glass; bead) or via

confinement to a droplet or channel, with passage through the channel controlled by elec-

trochemical gradients, pressure flow, lasers etc, [Kapanidis and Strick (2009); [Walter et al

2008).

These approaches provides an insight to the functional and structural interactions
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Chapter 1 Introduction

that occur in vivo, thus leading to improved instrumentation in genomics and clinical

applications which exploit these interactions, [Lavery (2002).

Several single-molecule analysis techniques are currently under investigation, (Moernerl,

2007; [Rigler and Vogel, 2008; [Selvin_and Ha, 12008; [Cornish and Hal, 2007 and lJoo et all,

2008) including: AFM, STM, optical tweezers and traps, magnetic tweezers, capillary
electrophoresis separation, bio-membrane force probes, steady shear flow, single-molecule
fluorescence detection, Forster resonance energy transfer (FRET) probes and combination
of optical trapping and mechanical actuators. These techniques have all been used to
detect and manipulate individual molecules to elucidate interactions involving DNA, RNA,
and proteins.

One of the most promising methods towards producing a cheap and rapid sequencing
tool is through the use of nanopores. This involves threading DNA through tiny holes,
such that an ionic current signal flowing through the pore becomes blocked when the pore
is occupied by the DNA. The concept is that individual bases of the DNA can then be read
off one at a time as they pass through the nanopore, making nanopores excellent candidates
for instrumentation in high-throughput genomics. The techniques used in this thesis are
based on nanopore detection, focusing mainly on the development and characterisation of

individual pore systems.

1.3 Coulter counter

The idea of maneuvering individual strands of DNA through holes just a couple of nanome-
tres wide can be seen as a difficult task. However this form of biopolymer transport is
a common process in biology. Many biological processes rely on the ability of pores

and channels to regulate the transport of ions and biopolymers through cellular mem-

branes (Schatz and Dobberstein, [1996). Examples include gene transfer by transduction

Driselkelmant, 11994), RNA and transcription factor transport through nuclear pore com-

plexes (Bustamante et all, [1995)(Salman et all, 2001), and the uptake of oligonucleotides

by membrane proteins, [Hanss et all (1998); [Meller (2003). These biological processes

have inspired various in wvitro nanopore experiments using voltage-driven transport of

biomolecules, [Sakmann and Neher (1995); Hille (2001).

However the concept of detecting molecules passing through a pore outside of a cell was

first introduced in the 1950s by Wallace Coulter, (Coulter, [1953). In a Coulter counter,

microscale molecules or particles are passed through an aperture under pressure driven
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Chapter 1 Introduction

flow. As the molecules pass through the aperture they temporarily displace the volume
in the aperture which results in transient current blockades. Since the magnitude of these
blockades is approximately proportional to the volume of each molecule, coulter detectors
are used for the counting and sizing of various particles.

This technique was first applied on the nanoscale (~100 nm) by using nuclear-track

etched nanopores, developed in the early 1970s, [DeBlois and Bean (1970). These pores

were produced by using an irradiation source, which formed tracks along a thin foil. Subse-
quently, the tracks were chemically etched and resulted in the formation of sub-micrometer
cone-like openings. Use of these pores resulted in the detection of ~60 nm particles which
were driven under an electric field. It was then envisaged that the use of even smaller pores,
would extend the coulter counter concept further. By moving towards nanoscale dimen-

sions, surface effects are predominant and diffusion becomes an efficient mass transport

mechanism, [Eijkel and van den Berg (2010); [Craighead (2006); Tegenfeldt et all (2004).

The main advantage of decreasing the pore diameter is the ability to probe and manipulate

single molecules in confined geometries, providing a better understanding of the funda-

mental processes that are occuring, [Sparreboom and Eijkel (2009); [Piruska. et all (2010).

1.4 Nanopores

Nanopores use the same sensing principle as a coulter counter and are based on detecting
transient interruptions in the ion-current of an electrolyte, induced by the entry, transport
and exit of a particular analyte from the pore. Nanopores feature a much smaller inner
diameter, between 1 and ~100 nm. When the nanopore diameter is similar to the cross
section of the analyte, this results in the analyte blocking the nanopore to a much larger

extent than a microscale aperture.

1.4.1 Concept

The nanopore experimental set-up for detecting individual molecules is simple. The ap-
proach consists of a biological, inorganic, or polymer membrane with a single nanopore, as
shown in Figure[[LJl The nanopore connects two reservoirs of salt solution on both sides of
a membrane, often denoted as cis and trans. In this experimental geometry the only path
between the ionic reservoirs is through the nanopore. When an electrochemical potential
is applied between the reservoirs, a measurable ionic current is made to flow through the

nanopore. As the analyte molecules are added to the cis side of the nanopore, due to
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Chapter 1 Introduction

the presence of charge on the molecules, they are driven towards the opposite electrode,
present in the trans chamber. Their entry into the nanopore results in blockades in the
ionic current, which correlates to their molecular properties (e.g., size and charge). Be-
cause of its extremely small size, the nanopore completely dominates the resistance of the

electrochemical cell.

Ag/AgCl
electrodes

+ve Cl- I IIF Il I' .I ' ' ’l l

no analyte present

B |1 S constant current
Amplifier membrane =
Kt t(s)
ve o
with analyte present
—@

+ve {' DNA”

K 3

1 (nA)

LV o ts)  current blockades

Figure 1.1: Schematic illustrating the detection principle of nanopore experiments. Top:
a transmembrane potential causes a constant flow of ions through a single pore. Bottom:
analytes that pass the pore cause temporary current blockades which are further

detected and characterised.

The ionic current detection in nanopores uses salt concentrations between 500 mM to 1
M which are much higher than physiological ionic strengths. The measurable conductance
is unitary as indicated by a constant-current trace (Figure [[I)) which allows for easier
detection of molecule-induced blockades. Under these conditions, different molecules ex-
hibit different levels of blockade. For example, a strongly interacting molecule may block
the pore current permanently, whereas rapidly passing molecules may be too fast to be
resolved, thereby giving rise to an increase in the current noise.

A distinguishing feature of nanopores is that they can be used to analyse not only

small molecules but also long biopolymers, such as DNA and RNA, Healy (2007). The

most important advantage of the nanopore technique over other single molecule methods is
that molecules can be detected without labelling or surface immobilisation. In most single
molecule experiments, labelling with probes such as fluorophores, quantum dots, nanopar-

ticles or with surface anchoring groups (e.g., biotin, His-tag, amines) is commonly used
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Chapter 1 Introduction

to detect and localise single biomolecules, [Selvin and Ha (2008); [Efcavitch and Thompso

2010). Whereas in nanpore experiments unlabelled water soluble molecules are able to

give rise to detectable current blockades. Due to their simple electrical sensing princi-
ple, nanopores offer one of the least complex and cheapest methods for detecting single

molecules.

1.4.2 DNA analysis

The concept of analysing nucleic acids such as DNA and RNA using nanopores was first
proposed in the the 1990s, where the realisation of using artificial nanopores to translocate

DNA biopolymers had prospects for the detection and discrimination of individual bases,

Kasianowicz et all (1996). The sequential reading of a DNA biopolymer as it translocates

through nanopores was also an attractive and novel concept as it allowed researchers to

mimic natural biological machinery.

Physical characteristics of DNA

The structure of DNA can be simplified to a linear polymer with repeating sugar-phosphate

backbones, [Watson and Crick (1953). Under physiological pH conditions (~7.4) each
phosphate group carries a single negative electric charge; making DNA a highly charged
polymer. There are four nitrogen containing ring compounds called bases attached to each
sugar. The DNA sequence refers to the order in which the four possible bases, Thymine
(T), Guanine (G), Adenine (A) and Cytosine (C) are arranged along the molecule. The se-
quence in which these bases are linked constitutes a form of biological information that can

be efficiently decoded and copied to direct the assembly of amino acids into the proteins

Watson and Cric

and to carry out specific biological tasks in the cell, |Alberts (1994);

1953). DNA normally exists in its double stranded form, denoted dsDNA. The chem-

istry that joins the two DNA strands is what provides the DNA molecule with the ability
to manage biological information: hydrogen bonds between opposing bases link the two
strands in the double helix, but only in the combinations T with A and G with C. The
specificity of base pairing enables the storage and replication of genetic information. Hence

the process of sequencing DNA can be simplified to detecting the order in which these

bases occur within a strand of DNA, [Watson and Crick (1953), Figure 77.
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Sugar-phosphate 'backbone'
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Figure 1.2: The double helix and primary structure of DNA.

DNA translocation dynamics

The dynamics of a DNA strand translocating through a nanopore depend on the following
key parameters: (i) the force applied on the DNA molecule; (ii) DNA molecule properties
(e.g, cross section, conformation and persistence length); (iii) solution conditions (e.g.,

ionic strength, viscosity, temperature); and (iv) the interactions between the DNA and

nanopore, [Healy (2007); Wanunu et al. (2008).

The DNA biopolymer molecules act as flexible long chains in solution that can adopt a

large number of conformations, N. Therefore they can be modelled using polymer physics,

Flory, 1953 and Muthukumau, 2007) where the size of the molecule in solution can be

represented by the radius of gyration Rg. In the ideal polymer chain, the approximation
R; is defined by:

N

2 1 2
Ry™ = N;(V% ); (1.4.1)

where N is the total number of monomers (in the case of DNA, the number of bases)
and 7y, is the distance of monomer k from the centre of mass co-ordinate.
When the internal diameter of the nanopore is only slightly larger than the biopolymer

cross-section, the molecules unfold in order to enter the pore. This unfolding concept sub-

jects the biopolymer molecules to an entropic barrier (Muthukumar, [2007); (Wanunu et all,

2008). As a result, the chain entropy: S= kplnN, where kp is the Boltzmann constant
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Entropic
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Figure 1.3: Schematic of the general mechanism for DNA translocation through confined

channels. The DNA polymer unfolds in order to enter the pore. This unfolding subjects

the polymer to an entropic barrier. Adapted from IMuthukumar (2007).

can be high, and its free energy F' is given by:
F=FE-TS=F—-kgTInN, (1.4.2)

where F is the energy of interaction between monomers and the surrounding solvent
molecules and T is the absolute temperature. There can be additional entropic contribu-
tions to F' due to a reorganisation of solvent molecules accompanying the conformational
changes of the chain. When the polymer chain is confined to an environment such as a
pore, the number of conformations that can otherwise be assumed by the polymer chain

is reduced and as a result the chain entropy decreases and the chain free energy increases,

Muthukumar (2007). This effect is depicted in Figure [[3]

1.4.3 Biological nanopores

The use of biological nanopores for the detection of DNA has evolved from studies aimed at

understanding the mechanism of ion channels, [Hillé (2001); [Sakmann and Neher (1995).

Biological nanopores are constructed using specific proteins which self-assemble into a

lipid bilayer. These proteins are generally referred to as pore-forming and can be ap-

plied with excellent reproducibility, [Howorka and Siwy (2009h). There are a range of
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different pore proteins which can be employed in this way such as Bacillus subtilis (used

to detect dsDNA, [Szabo et all, [1997) and OmpG (porin from the bacterial outer mem-

brane), (Conlan et all (2000). Another recently studied protein is the MspA pore from

Mycobacterium smegmatis. 1t has a single, short and narrow channel constriction which

has been employed for the sensing of DNA, [Butler et all (2008).

However, efforts in nanopore biosensing have been implemented primarily with the

a-hemolysin (a-HL) channel, first demonstrated in [Bayley and Cremer (2001). Found

in the bacterium Staphylococcus aureus, the a-hemolysin pore features a transmem-
brane channel with a width of 1.4 nm at its narrowest point and allow ions to pass at a

high ionic conductance. Its asymmetric structure characterised by X-ray crystallography

Song et all, [1996) is represented in Figure 4l Due to its channel width, a-hemolysin is
ideal for the detection of ssDNA (diameter of 1.2 nm) translocation. The a-HL nanopore

has also been studied extensively as a stochastic sensor for studies into the kinetics of

chemical reactions, Bayley and Cremer (2001); Howorka and Siwy (2009D).

ssDNA
Ag/AgCl "

electrodes

Trans

$ K
+100mV o

(a) Front and top view (b) Experimental set-up

Figure 1.4: (a) The heptameric a-hemolysin (a-HL) pore, PBID structure reference:

7AHL, determined by crystallography (Song et al!,[1996) and (b) experimental set-up for

ionic current and DNA detection measurements.

In 1996, Kasianowicz et al. were the first to demonstrate the passage of charged DNA

molecules through an a-HL nanopore, which resulted in clear temporal current blockades,

Kasianowicz et all (1996). The pore was inserted in an artificially formed lipid bilayer,

where DNA molecules in free solution on either the cis or trans-sides of the pore were
translocated across the channel under a constant applied transmembrane electric potential.

During translocation, individual ssDNA fragments blocked the passage of electrolyte ions,
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which resulted in a ~80% reduction in the pore current.

In further experiments, discrimination between single-stranded and double-stranded
nucleic acids was also shown to be possible as the barrel and limiting aperture of the
a-HL pore sterically prevented double-stranded nucleic acids (2.4 nm in diameter) from
passing through. Whereas single-stranded nucleic acids with a diameter ~1.2 nm were
small enough to translocate through the pore in a linear fashion. This sub-nanometer
difference in size between the single and double-stranded diameters of the nucleic acids

was used to selectively filter single-stranded nucleic acids from a mix of single and double-

stranded fragments in solution, [Kasianowicz et all (1996); Meller et al. (2000).

The research then advanced to determine characteristic details of the passing molecules.

Different RNA molecules (a nucleic acid closely related to DNA) of 100 identical bases

were found to cause different current blockade signals, [Akeson et all (1999). Where two

populations of long (~50 bases) homopolymer strands composed of different nucleotides
could be distinguished from one another (e.g. single-stranded RNA fragments poly(A)so

versus poly(C)sp). «-HL has since been used extensively to discriminate between DNA

and RNA sequences, (Meller et all,[2000), to study DNA unzipping kinetics, orientation of

entry, DNA-protein interactions, and peptide transport,Mathe et all (2004); Nakane et al

2004); [Sauer-Budge et all (2003).

An important outcome of these studies has been the realisation that the dynamics of

biopolymer translocation is governed by its interactions with the nanopore walls, [Mellex

2003), resulting in small changes in the ionic current, as the biopolymer passes through

the pore. This concept was utilised for the detection of small molecules, metal ions, and

the discrimination of enantiomer drugs, by employing molecular engineering methods to

modify the a-HL nanopore, (Howorka and Siwyl, 2009h); (Wanunu et all,[2009). However,

the range of sensing applications using a-HL is limited by its fixed dimensions and the

delicate lipid membrane.

1.4.4 Solid-state nanopores

Protein pores are particularly attractive for nanopore sequencing as X-ray crystallogra-
phy can reveal their structure with angstrom resolution, self-assembly facilitates atomic
reproducibility from one pore to the next and protein engineering offers an effective tool
to tailor their analytical capabilities. However due to the inherent fragility of the lipid

bilayer membrane in which these nanopores are suspended, the integration of these pores
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into devices and arrays presents major challenges.
Due to these limitations, experiments with biological pores have stimulated the sci-

entific community to develop nanopores in solid-state support, which are made in robust

silicon materials or organic polymers, [Dekker (2007). Solid-state nanopores have potential

advantages because they are mechanically and chemically more stable, as well as easier
to handle. They allow for long recordings over a wide range of external parameters such

as temperature, pH and ionic strength. In addition, solid-state nanopores can be more

easily integrated into sensing devices, [Howorka and Siwy (2009a). Techniques that are
currently used for nanopore preparation can be divided into two major categories, Figures

and [L6l (1) the drilling and shaping of pores in silicon nitride and silicon oxide materi-

als, [Storm et all (2003) and (ii) the ion-track etching method, [DeBlois and Bean (1970).

There has also been research on preparing glass pipettes with nanometer openings for use

in translocation experiments, [Karhanek et all (2005).

1.4.5 Fabrication of solid-state nanopores

Aiming to address the limitations of biological pores, the first synthetic pore success-

fully used for DNA analysis was developed by |Li et all (2001). The group produced the

nanopore in a thin silicon nitride (Si3sN4) membrane using an ion beam sculpting technique.
In this approach, an energetic beam of Ar™ ions is used to sputter a SizN4 membrane that
contains a bowl-shaped cavity. The sputtering causes thinning of the film, eventually re-
sulting in the formation of a nanopore as detected by leakage of Ar™ ions. Nanopore sizes
down to 1.5 nm have been fabricated using this method, as determined by transmission
electron microscopy (TEM).

A similar method for producing silicon dioxide (SiO2) pores was later developed by

Storm and co-workers, [Storm et all (2003). The group substituted the ion beam method

with a simpler procedure, in which a focused electron beam (e-beam) of a commercial TEM
was used to attain the desired dimensions. A large (~100 nm) SiO9 pore was irradiated
with an intense beam of 300 keV, which caused the pore to shrink by fluidisation of the
SiOy layer. The shrinking was reported to be an effect of mass flow at the nanoscale
driven by surface tension. Direct visualisation of the process allowed both the controlled
fabrication and analysis of the nanopore shape in real-time.

Another approach with a high degree of pore size control is based on polymer films

such as poly(ethylene-terephthalate) (PET), [Siwy et all (20034), polycarbonate (PC) and
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(a) The electron beam technique, schematic of a solid state nanopore and an SEM image of the
area where the milling takes place. Below: a sequence of TEM images (Left to Right) showing
the reduction of a silicon oxide nanopore diameter under continuous exposure to a highly

focused electron beam, ).
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Figure 1.5: Solid-state nanopores prepared in silicon-based materials.
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polyimide (PI), as well as mica, [Howorka and Siwy (2009b). The technique, known as
track-etching begins with the irradiation of the film (usually 1-10 gm in thickness) with

energetic heavy ions. These form latent tracks, that are chemically etched to obtain coni-

cal shaped pores with the desired nanoscale or microscale dimensions, [DeBlois and Bea

1970); Howorka and Siwy (20094).

Membrane l Membrane I
im o IH "
| e Stopping
Eelain Stopping Etching
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Single-lon Conical

(a)

Figure 1.6: Synthetic nanopores with a high aspect ratio. (a) conical nanopores prepared

in 12 mm thick foils of poly(ethylene terephthalate) and (b) polyimide using the

track-etching technique, [Siwy et all (20034). (c) a glass nanopipette fabricated with a

commercially available pipette puller, [Karhanek et all (2005).

Nanopores incorporated in thin insulating membranes are highly promising materials,
since the nanopore volume can be reduced to a few nanometers in all dimensions, similar to
biological membrane channels. In addition, the planar geometry permits high-resolution

fabrication and characterisation as exemplified by subnanometer size control for nanopores

down to 1-2 nm diameters, [Kim et all (2006).

Structural characteristics

Translocation dynamics of biomoelcules through solid state nanopores are strongly depen-
dent on interactions between biomolecules and the nanopore surfaces. Therefore precise

characteristics of the nanopore structure as well as its surface properties is essential. In
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2006, Kim and co-workers performed three-dimensional tomographic imaging of solid-state

nanopores fabricated using an electron-beam (Kim et all, [2006). The imaging revealed a

truncated double-cone pore structure, as illustrated in Figure[[.7l Following this, a series of
nanopores in the range 3-15 nm were fabricated and assembled into two-chamber devices
to investigate the ion transport properties. These pores typically yield ohmic current-
voltage (I-V) curves, the slopes of which were used to define the pore conductance, G, as

shown in Figure [[.7] (right panel).

Figure 1.7: (a) 3-D cross-sectional image of a solid-state nanopore fabricated in Si3Ny as

determined by TEM tomography with an 8 nm diameter (inset) (b) tilted view. (c) ionic

conductance (G) of solid-state nanopores as a function of their diameter measured in 1.0
M (circles) and 200 mM (squares) KCI solution. The solid lines represent fits to a

geometrical model which assumes a truncated double-cone structure, as shown in the

inset. Scale bar= 5 nm. Adapted from [Kim et all (2006).

1.4.6 DNA translocation through solid-state nanopores

In recent years, solid-state nanopores have demonstrated utility for sensing single-stranded,

Fologea. et_all,[2005a) and double-stranded DNA, (Storm et al.,2005); (Heng et all,12004);

Ayub et all,2010); (Smeets et all,[2008); (Healy,2007), ions, (Siwy et all, 2003b) macro-

molecules, (Heins et all, [2005) and proteins, (Han et all, 2008). In particular, the focus

has been on understanding the dynamics of both ssDNA and dsDNA translocations, an
example of the typical current-versus-time trace for the detection of dsDNA is shown

in Figure Quantitative polymerase chain reaction (PCR) has been used to confirm
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translocation, demonstrating that the number of current blockade signatures correlates

with the amount of DNA in the trans chamber, Heng et all (2004).
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Figure 1.8: Left panel: Measured ionic current versus time trace for the translocation of
11.5 kb dsDNA. After addition of DNA to the cis side of the pore, typical spikes in the
current are observed corresponding to the interaction of the DNA with the nanopore,
(below) two individual events are shown at an increased time resolution. Right panel: (a)

Event scatter plot of events recorded at 120 mV with DNA molecules along with

histograms of observed (b) dwell times and (c) amplitudes. [Storm et al! (2005).

More focus is now being put towards characterising these solid-state nanopores. Studies
concerning DNA folding mechanisms during translocations have shown different event

depths (or varying blockade levels in one event) corresponding to molecules translocating

individually, unfolded or folded (Li et all, 2003 and [Storm et all,2003), as shown in Figure

.91

The effect of DNA conformation on the translocation signal has also been investigated

by [Fologea. et all (2007). In this study, they showed that linear, circular relaxed, and coiled

circular DNA could also be distinguished by the current blockade and translocation time.
Using an 18 nm pore, the circular DNA form (5.4 kbp in length) exhibited current blocking
that was double the magnitude of that for the linear DNA. The length dependence was
also determined from the dwell time and the current amplitude of each event.

Another interesting observation made with solid-state nanopores is the reduction in

current during the translocation of a DNA molecule which strongly depends on the elec-

trolyte concentration, [Smeets et all (2006); |(Chang et all (2004). Smeets and coworkers

found that the surface charge of 10 nm diameter pores fabricated in SiOs dominated the

pore conductivity at low electrolyte concentration (<100 mM), leading to a nonlinear
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Figure 1.9: Detection of the folding state of single dSDNA molecules with a silicon oxide

nanopore. Various types of ion current events (a) are attributed to different folding

states of DNA in a nanopore (b, ¢, d), Storm et al! (2005); [Fologea. et _all (2005a).

dependence of G on salt concentration. At low salt concentrations, an increase in ionic
current was observed rather than a drop as the DNA passed through the pore. As the
counter ions shielding the charge of the DNA backbone added a positive contribution to
the ionic current. Due to this the DNA molecule introduced a cloud of mobile counter
ions into the pore, thereby increasing the number of charge carriers available for ionic

transport.

1.5 Metallic nanopores

The successful use of solid-state nanopores in single-molecule translocation studies has
resulted in a new and active area of research. The adjustable dimensions and surface char-
acteristics of solid-state nanopores make them a versatile single molecule tool in biology.
In addition to this, the physics behind the translocation process in naturally occurring
biological pores, and the effects of nanometer-scale confinement can be experimentally
addressed.

The results obtained from using nanopores for studies of nucleic acid analysis have

also raised prospects for DNA sequencing directly from the ion current blockage signa-
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tures (Deamer and Branton, 2002 and [Dekker, 2007) however accurate determination of

individual bases based on ion current measurements alone either with a biological or

solid-state nanopore is unlikely to be feasible. Although the transitions between differ-

ent homopolymer regions have been detected (Akeson et all, [1999) the detection for the

change of a single base within a sequence is overwhelmed by the known noise levels us-

ing contemporary ion current measuring techniques, |[Smeets et all (2008). Though the

direct sequence measurement or base counting using solid-state nanopores may one day
be possible, it must occur either optically or by introducing a mechanism for controllably

decreasing the translocation rate by several orders of magnitude under high electric field,

Branton (2008).

The thesis focuses on the development of metallic nanopores in insulating membranes
and their application to single molecule biosensing. Metallic nanopores extend the use of
current solid-state nanopore platforms and can potentially be used to overcome the current
challenges faced with controlling the translocation process. By coating the solid-state
nanopore with a thin metallic layer, an additional localised control at the nanopore can be

established, where controlling the electrostatic environment (gating) of the pore becomes

feasible through the application of external potentials to the metal film, [Taniguchi et al

2009); Nam et all (2009); [Kalman et all (2009). Further to this, modifying the chemical

properties and shape of the metal pore interior is particularly appealing because it allows
the pore to be equipped with desired functionalities, for example the well established and
versatile thiol chemistry can be used to functionalise metal surfaces, thus providing better

sensitivity.

Au-
--SiN--

Figure 1.10: Hlustration of (Left) the conventional solid-state nanopore produced in

silicon nitride membrane and (Right) the metallic nanopore device developed in this

thesis.

In addition, changing the nanopore chemical characteristics can affect the nanopore
selectivity to analytes and prevent unwanted irreversible adhesion to the nanopore sur-
face. Chen and coworkers have shown that nanopores modified with thin alumina coatings

exhibit enhanced DNA capture rate and lower noise compared with uncoated silicon ni-

29 of 2200



Chapter 1 Introduction

tride pores, attributed to increased positive surface charge, (Chen et all (2004b). Igbal

and coworkers showed that ssDNA transport through hairpin-functionalised nanopores is

sequence dependent, suggesting that surface interactions can be tailored for selectivity,

Igbal et al. (2007). (Wanunu and Mellexr (2007) developed a general method for controlling

the pH response of the nanopore device by using self-assembled organo-silane molecule
coating. Chemical coating can open up various options, from tailoring the coating to
specifically slowing down nucleic acids transport, to nanopore functionalisation with en-
zymes, antibodies etc. If needed, the organic coating can be stripped off and the nanopore
can be recycled many times, with little effect on the substrate.

Slowing down the voltage-driven DNA dynamics in solid-state pores is another impor-

tant challenge, Branton (2008). It is expected that rates on the order of 1-10 us/base

pair or slower are needed for a electronic implementation of the DNA sequence, [Dekker

2007); [Fologea et all (2005h). Environmental factors such as increased solution viscosity

or reduced voltage have been reported to increase the average translocation time by a

factor by increasing the viscosity increase or reducing the voltage, [Fologea et all (2005h).

However, these parameters have negative effects on the capture rate of DNA to the pore:
DNA collision with the pore is strongly depends on the voltage gradient in the pore vicin-
ity and the solution viscosity. Therefore, the use of viscosity and voltage to slow down
DNA translocation results in reduced capture rate and can limit the practicality of the
nanopore technique. This can be overcome by the presence of a metallic probe at the
nanopore, the DNA can potentially be pulled towards the pore and subsequently slowed
down by switching the charge on the nanopore surface. This application can also help
increase the nanopore-DNA interactions to better regulate the DNA moving process with
little or no negative effects on the rate of DNA capture into the pore.

Studies on employing metal films in nanopore devices have recently emerged which

focus on using metal coated nanopores prepared by electroless plating (Martin et _all, 200

and [Lokuge et all, 12007) or thermal evaporation (Kalman et all, 2009; [Taniguchi et all,

2009; [Nam et _all, 2009 and IChansin et all, 2007). The metallic nanopores have been used
to study the ion transport properties and selectivity of protein transport by modulating
the charge at the metallic membrane surface, examples of these are presented in Figure

[LITl Physical studies of metallic layers is at the forefront of material sciences, this com-

bined with the capability of chemically modifying (Shufang et al), 2003) and functionalis-

ing (Siwy et all, 2005 and [Talisman et all, [2009) the surfaces allow the metallic nanopore
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Figure 1.11: Examples of recent work using metallised nanopores.
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platform to be optimised for both selectivity and specificity, thus providing overall a more

sensitive nanopore sensing device.

1.6 Outline of thesis

This thesis reports on the fabrication and characterisation of metallic nanopores in insu-
lating membranes, and their application in single-molecule biosensing. These topics are
covered in several relatively self-contained sections. In the first part of this thesis a new
process is described which is developed for controlling nanometer-sized metallic pore fab-
rication. Investigations are carried out to control the thickness and size of the pore, and
explore the possibilities to influence its surface composition.

The second part of this thesis discusses the ionic transport properties of the fabricated
metallic nanopores. The dependence of salt concentration and electrochemical potential
using both ionic current measurements and impedance spectroscopy. In addition to this,
a comparative study between metallic nanopores and conventional silicon nitride pores is
presented. This is followed by studies of chemically modifying the metallic nanopores using
thiol chemistry. The third and final part of this thesis shows DNA translocation through
metallic nanopores. We use different electrochemical potentials to study the translocation
dynamics and compare these to silicon nitride pores. The outline of this thesis is as follows:

Chapter 2 provides a detailed description of the fabrication method for preparing metal-
lic nanopores and the reagents used along with the design and operation of the microfluidic
devices used throughout the thesis. Details of experimental problems encountered and the
techniques used to characterise the nanopore surfaces is also presented.

Chapter 3 begins with an introduction of electrochemical deposition, used in the fab-
rication of our metallic nanopores. A platinum deposition solution is developed and char-
acterised on flat metallic electrodes for optimisation of our fabrication technique.

Chapter 4 reports on a novel fabrication process of metallic solid-state nanopores in
which a feedback mechanism is employed to assess its size during the fabrication process.
The method uses electrochemical deposition to shrink the size of metallic nanopores by
monitoring the ionic current as a feedback mechanism and uses the observed pore conduc-
tance to calculate the nanopore diameter in real-time.

Chapter 5 is devoted to studies of the ionic transport characteristics of metallic nanopores
under varying electrolyte conditions. Here, a comparison is made with a theoretical model

and the system is further characterised using impedance spectroscopy. The results ob-
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tained are then compared to bare silicon nitride pores of same dimensions. The use of
metallic nanopores is further extended by chemical modification of the metal film using
thiols. The method of engineering the metallic nanopores using self-assembled monolayers
is presented followed by ionic current measurements which indicate a reduction in noise
for modified nanopores.

In Chapter 6 the applicability of the metallised nanopores for stochastic sensing is
demonstrated in real-time translocation experiments of single A-DNA molecules. The pores
feature comparable noise to silicon nitride pores and we observe longer DNA residence
time of current blockades suggesting an attractive interaction between the DNA and the
metallic pore walls.

Finally, the thesis concludes with a discussion of the results achieved, and an outlook

on the work planned for the future.
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Materials and Methods

This chapter presents the experimental procedures for fabricating metallic solid-state
nanopores in free-standing silicon nitride membranes. These structures are used through-
out the thesis for the development of a novel fabrication technique and the characterisation
and analysis of both the ion transport and translocation of A-DNA molecules.

In Section 2. Jlthe fabrication of solid-state membranes is presented, providing technical
specification of pattern designs for photolithography, etching conditions and electron-beam
evaporation. These processes are carried out on whole wafer substrates therefore allowing
the fabrication of multiple samples simultaneously. Section then discusses the set-ups
and parameters used for milling and characterising the nanopores. This is followed by an
overview of the storage and cleaning procedures employed to thoroughly clean the devices.
Subsequently, Section 2.5 provides descriptions of the microfluidic cell design and electrode

preparations. A list of all chemicals used in this thesis are then provided in Section 2711

2.1 Fabrication of free-standing silicon nitride membrane

The initial steps for preparing the free-standing membrane were carried out at the Cornell
Nanoscale Science and Technology Facility and the National Nano Fabrication Centre
(NNFC) by Dr. Jongin Hong, Dr. ChiWon Ahn and Mr. Kyungmin Kim. Standard
four-inch double side polished Si <100> wafers with thickness of 350 £10 pum were used
as the starting substrate. The whole fabrication process for producing the nanoporous

membranes is illustrated in Figure 211
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1. Silicon <100> wafer 5. Top side lithography; KOH wet
etching of silicon from backside

I e

2. LPCVD silicon nitride on both sides 6. Formation of the free-standing silicon
nitride membrane

I | —
3. Back-side photolithography & optical 7. E-beam evaporati_on of Ti and Au
uv metal on top-side only
I |
4. RIE of silicon nitride; removal of 8. Nanopore milling using a focused ion
photoresist & oxygen plasma beam (FIB)

— ] e —

Figure 2.1: Main steps of metallic nanopore fabrication process, steps (1-8) are carried
out on whole wafer substrates, the chips are then cleaved and nanopore milling is done
on individual samples. (1) Starting with a double polished Si wafer, (2) SigNy is
deposited on both sides of the Si wafer using LPCVD. (3) backside lithography is then
carried out by exposure to UV for defining areas for SigNy etch. (4) Subsequently,
reactive ion etching of SisN4 and removal of photoresist is performed. (5-6) Following
this, the front side lithography and KOH etching of Si is carried out for the release of the
free-standing membrane. (7) Finally, Au/Ti films are thermally evaporated on the
front-side of the wafer and then (8) circular shaped nanopores are milled from backside

through the membrane with a focused ion beam.
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2.1.1 Depositing silicon nitride films

A pre-requisite to making nanopores is the fabrication of solid-state free-standing mem-
branes. The mechanical and electrical properties of the free-standing film directly affect
the efficiency and quality of the fabrication of the nanopores, as well as the performance of
the nanopores in studying biomolecule translocation. Silicon nitride (Si3Ny) was chosen as

the membrane material as its an excellent insulator with high resistivity (10'® Q-cm) and

dielectric strength (10 MV /cm), |Gad-el Hak (2006). When sealed properly, SigNy pro-

vides gigaohm-range seal levels comparable to the traditional lipid bilayer used in patch
clamping. This allows the detection of very low currents combined with the advantage of
high mechanical stability of the membrane.

SigNy film is deposited on both sides of the silicon wafer using low-pressure chemi-
cal vapour deposition (LPCVD) at a temperature of 825 °C, using ammonia (NHs) and
dichlorosilane (SiClyHg) gases (MRL Industries Furnace).

35iCloyHoy +4NHs — SigNy + 6Hy + 6HCI (2.1.1)

The deposited film is a product of a chemical reaction between the source gases sup-
plied to the reactor (Equation 2.1.1) which results in a silicon-rich nitride layer, with
a tensile stress of 150 MPa. This is characterised using ellipsometry and FleXus stress
measurements at 670 nm (scan wavelength). The stress is low enough to allow the for-
mation of free-standing membranes. The thickness of the deposited nitride film can also
be controlled with sub-nanometer resolution in the LPCVD process. Wafers with SigNy
thicknesses between 50 nm upto 240 nm were produced as a starting substrate for all
experiments conducted within this thesis.

Subsequently, multiple membrane templates (50 pm x 50 pum) are then fabricated on

the silicon substrate wafer using standard photolithography techniques.

2.1.2 Device microfabrication

Device microfabrication combines photolithography, etching and electron-beam evapora-
tion techniques. Photolithography is one of the most fundamental processes in semiconduc-
tor and MEMS manufacturing, combining high precision patterning with batch fabrication
capabilities. Shadow masks protecting specific areas on the sample and exposing other

areas allow precise control over microfabrication by selective photoresist removal and cre-
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ating patterns of interest. Ultra-violet (UV) light passes through a mask onto a substrate,
which is coated with a UV-sensitive photoresist. The light exposes the photoresist, which
transfers the pattern from the mask to the substrate. The photoresist is developed in a
chemical etchant, resulting in a polymer structure. This structure was used as a mask for
subsequent processing steps including metal deposition and etching. Conventional pho-
tolithography is capable of producing features down to several hundred of nanometers,
which is primarily dictated by the resolution of the mask and the wavelength of the UV
light. Photolithography was used to define the areas for: (i) reactive ion etching of silicon
nitride and (ii) wet etching of exposed silicon leading to the release of free-standing silicon
nitride membranes. Electron beam evaporation was used to deposit nanometer thin layers

of metal films. Further details of the techniques used are outlined below.

Patterns for photolithography

Photolithographical patterns were designed using the AutoCAD 2007 software (Autodesk,
UK) and printed as a transparency shadow mask on polyester film. The pattern used for
preparing free-standing silicon nitride membranes is shown in Figure 22l It consists of
240 chips with dimensions of 5 mm x 5 mm, this size was selected for ease of handling
and to maximise the number of devices that could be prepared on a single wafer. These
contain a smaller window size of 600 um x 600 pm in the centre for defining the membrane
template (used in the process for releasing the free-standing silicon nitride films). Two of
the chips with their dimensions are exemplified in Figure (inset) with a separation of

360 um between each chip.

2.1.3 Photolithography

Photolithography was used to define square window patterns on the backside of the wafer
for the fabrication of free-standing membrane. This was accomplished by coating a layer
of photoresist, which was selectively exposed to UV light through an optical mask.
Megaposit SPR220-7 (Rohm & Hass, Germany) was exposed and developed for the
patterning of membrane templates (windows 600 pym x 600 pm), which were etched by
reactive ion etching in the next fabrication step. The wafers were spin coated with a
primer of hexamethyl- disiloxane (HMDS, 30 s, 3000 rpm) promoted improved adhesion.
This was followed by spin coating a layer of SPR220-7 photoresist, which was deposited
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Figure 2.2: Photo-lithographic pattern for fabricating free-standing silicon nitride
membranes. Whole 4 inch wafer pattern incorporating 240 functional chips. inset:
example of 2 chips (enlarged) with dimensions of chip design with the outer square size
of 5 x 5 mm and inner square size (membrane template from backside) of 600 pm x 600

pm. Initial CAD design by Dr. M. Kim, Drexel University, USA.

at a rate of 1.7 krpm. Samples coated with SPR220-7 were soft baked for 100 seconds at
90 °C and then additionally baked for 100 seconds at 115 °C, to ensure good adhesion of
the layers to the substrate. This produced a resistive layer thickness of 10 pm.

The shadow mask with the desired pattern (Figure [2.2]) was then aligned to the sub-
strate, following the guidelines of the mask aligner used. The wafer was then exposed to
the UV radiation for periods of 20 seconds. The pattern was developed by soaking the
substrate in Microposit developer (LDD26W, Rohm & Haas, Germany) for 30 seconds,

followed by rinsing with ultra pure water and blowing dry under a stream of nitrogen.

2.1.4 Etching

Once the membrane templates had been patterned on the wafer, two different etching
methods were used to remove material to form the free-standing membranes: (i) dry
etching, where ions bombarded the substrate and etched away the material in a vertical
direction and (ii) wet etching, where the material dissolved when it was immersed in a

chemical solution.
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Reactive ion etching

The SizN4 was removed from the patterned wafers using a technique known as reactive ion
etching (RIE). In RIE, the wafer substrate was placed inside a reactor and the etching gas
was introduced. A plasma was then created in the gas mixture using an RF power source,
breaking gas molecules into ions. By applying a bias voltage, the ions were accelerated
towards, and reacted at, the surface of the substrate etching away the material in a vertical
direction. The etching was carried out using the RIE 10NR (Samco) at 8 mbar (CHF3 50,

O2 2.5 scem, 50 W) with an etching time of approximately 60 minutes.

Wet etching

Following this, the front-side of the wafer was coated with a thick layer of photoresist.
Then using the SigNy4 as a mask, the exposed Si substrate was anistropically etched in
potassium hydroxide (KOH, Sigma) solution (30 wt., 80 °C, etching time, ~ 8 h), yielding

free-standing 50 x 50 xm? membranes.

2.1.5 Electron-beam evaporation

With the aim of preparing metallic nanopore structures, metal films were deposited on
pre-fabricated SigN4 membranes. The metal evaporation was performed in high vacuum
(< 2 x 107% Torr) using an electron beam evaporator (KVE T-C500200, Korea Vacuum).
Electron-beam evaporation is a form of physical vapour deposition in which a target surface
is bombarded with an electron beam, given off by a charged tungsten filament under high
vacuum. The electrons in the beam carry high kinetic energy, which at collisions with
atoms in the solid target surface transform their kinetic energy into heat. As a result,
this process can in very short time melt and transform the target atoms into the gaseous

phase. These atoms then precipitate into solid form, coating everything in the vacuum

chamber (within line of sight) with a thin layer of the anode material, Movchan (2006).

Metal evaporation was carried out on the front-side of the pre-fabricated wafers. First,
a 10 nm titanium (Ti, 99.99%, Testbourne Ltd) film was deposited onto the wafer. This
was followed by the deposition of either 50 nm or 100 nm thick gold layer (Au, 99.999%,
Good Fellow) on top. Ti was used as the adhesive layer as it readily formed nitrides

and oxides with adjacent layers, thereby improving the adhesion between the gold and

silicon nitride layers, |Gad-el Hak (2006). Au metal was employed because of its high

electrical conductivity, which enabled for enhanced sensitivity. Additionally, Au is ex-
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Figure 2.3: Geometry of the shadow mask used for the selective deposition of Ti/Au
layers. In the centre of each 5 mm chip, 3 mm holes are milled into the metal plate
shadow mask as shown and the structure is aligned to the 4 inch fabricated wafer. The

final construct is sealed from the edges using screws to secure the wafer inside.

tremely biocompatible and its surfaces can be easily modied using SAMs, allowing for the
direct immobilisation of thiolated probes (as discussed further in Chapter Bl). The film
thicknesses and evaporation rates were monitored by a quartz crystal microbalance. Two
different chip structure were created following e-beam evaporation: (i) Au/Ti deposited as
3 mm circular shape at the centre of each 5 mm chip with the use of a shadow mask, Figure
2.3 (ii) whole wafer deposition, where the entire 5 mm area of each chip was covered with
the Ti and Au layers from the front-side.

5 mm x 5 mm sample chips were then prepared by cleaving the final fabricated wafer.
The cleaving was carried out using a diamond tip scribe at the flat edge of the wafer in
one chosen direction. This involved holding the wafer in place by placing a ruler (or a
microscope slide) on top of the polish side and making a scratch across the wafer in a
chosen direction along the edge of the ruler (or microscope slide). The wafer was then
cleaved by gently rolling the diamond tip scribe over the scratch but on the opposite side
of the wafer. The sequence was repeated for all the remaining chips on the wafer. Due
to the intrinsic brittleness of the silicon wafer, special care had to be taken to prepare
samples of a uniform shape. The substrates were subjected to solvent cleaning to remove
dust and organic impurities. Figure2.4lshows a schematic of the individual chip structures

produced and an image of the different chips designs used throughout this thesis.
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Front view:

Au
SiN

(a) Geometry of the 2 different chip structures

produced after e-beam evaporation.

Front

Back

(b) Image of various chip designs used throughout
this thesis. The different colours correspond to the

thickness of LPCVD grown SizNy.

Figure 2.4: (a) Schematic diagram and (b) image of nanopore chip structures used

throughout this thesis.

2.2 Fabrication of nanopores

Various techniques have been employed to create solid-state nanopores with the most
popular being the use of a focused ion or electron beam for fabricating pore diameters below
50 nm. In this thesis, nanopores were fabricated using the focused ion beam technique for:
(i) pore shrinking experiments using Pt deposition (ii) comparative ion transport studies
of bare silicon nitride and gold coated nanopores and (iii) DNA translocation experiments.
Nanopores with diameters between 20-150 nm were fabricated in pre-patterned bare SigNy
and Au coated SisN4 membranes. The following section outlines the technique and the

parameters used for milling.

2.2.1 Focused ion beam technique

The focused ion beam is a tool commonly used for the imaging and dissection of semicon-
ductor devices. Its operation is based upon a focused beam, which is is rastered across the

material surface, emitting secondary electrons that are detected and synchronised with a
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TV signal to form an image. During this research a Carl Zeiss 1540 Crossbeam system,
as shown in Figure was used. The system comprises of a Gemini SEM column with
an add-on Orsay Physics Canion 31 FIB column. Both beams share the same vacuum
space and hence all the fabrication and visual characterisation can be done in a single run

without breaking the vacuum and without exposing the sample to air during the process.

Figure 2.5: Cross-beam Leo 1540 at the London Centre of Technology, UCL. The SEM
column is vertical, labelled Gemini. The FIB column is mounted 54° from the vertical
axis on the left. The system also has an energy dispersive X-ray spectroscopy system;

the coolant storage tank is shown in the picture labelled EDAX.

The FIB produces and directs a stream of high-energy ionised gallium atoms (Ga™),
focuses them using electric fields and directs them onto the sample for both milling and
imaging. These Ga™ ions are large and energetic enough to allow the sputtering/etching
of material from the incident surface. The membranes were initially exposed to an oxygen
plasma (SPI Plasma-Prep II) and directly mounted onto the FIB stage, using carbon tape
(G3939, Agar Scientific) with the backside of the membranes facing up. Each membrane
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Figure 2.6: Top left, TV image of the FIB chamber showing the SEM and FIB columns
aligned to the sample stage at 54°, with a working distance of 5 mm; Top right: SEM
image of the whole 5 mm chip from backside (140 x magnification) and Bottom: SEM

and FIB image of free-standing membrane from backside once the beams are aligned (at

2 Kx and 10 Kx, respectively).

was then grounded using thin carbon tape leading from the edge of the membrane onto
the stage. Following this, the FIB and SEM beams were aligned by adjusting the stage
at an angle of 54°, with a working distance (WD) of 5 mm. This allowed for the milling
and imaging to be recorded simultaneously. A TV image of the configuration inside the

chamber is shown in Figure 2.6l

2.2.2 Milling parameters

Feature-mill software, incorporated in the milling operation, allowed the creation of com-
plex designs by milling of geometry such as circular/polygon shapes and text. Circular
holes with defined dimensions were created using this software. The parameters for milling
these included magnification, dwell time (milling time per pixel) and beam current. In
this mode the ion beam could scan in a line from one side to the other in the user defined
object displayed on the computer screen. The dwell time of the beam exposure was cal-
culated by using the milling time, the size of the milling object, the increment style and
the number of layers. The beam movement was controlled by two scanning frequencies,

(i) X scan, for control in horizontal direction and (ii) Y scan, for vertical control. To
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achieve a sufficient small beam diameter, the ion acceleration voltage was set to 30 keV
and the milling current to 1 pA. This resulted in a probe size of 8 nm and provided better
resolution than higher currents.

The magnification was another parameter which affected the resolution of the pattern-
ing as it defined the field area within a 1024 x 1024 pixel array. For obtaining nanopores
with diameters of less than 50 nm, a magnification of over 100 Kx was used. Further-
more, the focus and stigmatism of the ion beam were carefully adjusted, and the quality
of the beam was checked by drilling holes in a sample membrane. Figure 2.7 shows typical
nanopores milled using the FIB with diameters of 25; 45; 70; and 100 nm £5 nm, measured
using the scale feature in the FIB software. As various thicknesses of SizN, and Au/SigNy
were used, the parameters were adjusted accordingly to ensure the beam was able to mill

all the way through the membrane to create the nanopores.

Figure 2.7: SEM images of nanopores milled using the focused ion beam technique. The
image is of 4 different pores milled through a Au/SizN4 membrane. The parameters used
for milling were adjusted according to the final pore size required. Magnification of

image set to 30 Kx.
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2.2.3 Problems encountered during nanopore fabrication

The ion beam milling procedure discussed above although straightforward, had three spe-

cific problems which occurred repeatedly:

Residual layers due to un-etched SigN4 and cracks in the membrane

The whole procedure of photolithography and reactive ion etching would ideally result in
a sample with a free-standing membrane having clean pyramidal walls ready for FIB pro-
cessing as shown in Figure 2.6l However, at times the resulting devices had residual layers
of un-etched SizNy or cracked edges which had been damaged during the microfabrication
process and therefore it was not possible to mill nanopores in these devices. Two such
sample are shown in Figure 2.8 If we compare this sample with the one shown in Figure
2.6l we see that the width of the membrane and the sidewalls are rough and uneven and

the free standing membrane show cracks which made the membranes non-functional.

Figure 2.8: SEM images of membrane. Left: from backside, showing residual layers
covering the membrane and cracks on the edges, scale bar 20 pm. Right: incomplete

etching of Si results in uneven edges, scale bar 100 pm.

Sample charging in FIB

The FIB uses ionised gallium for imaging and milling. So when these charged ions strike an

insulating surface or a conductor which is not properly grounded, a charge starts to build

up, [Shaffner and Veld (1971); [Zeiss (2007). One immediate effect is instability in the FIB

imaging and milling. The FIB image starts to move depending on the severity of the charge
build up. To avoid sample charging, the sample needs to be properly grounded. Initially,
silver paint (G3648, Agar Scientific) was used to ground the chips to the SEM stub. This

provided a very good and quick grounding mechanism. One problem realised on repeated
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application and removal of silver paint was the presence of stray particles of silver paint
on the thin films. These stray particles caused severe charging and depending on their
location, it was not possible for the nanopores to be milled in the membrane. To avoid
this problem, silver paint was replaced by conducting carbon tape (G3939, Agar Scientific)

which could be easily applied and removed and the charging reduced significantly.

Thinning of material

During the milling process, it was realised that if a certain area was scanned above 50 Kx
magnification for more than 10-15 seconds, the beam started to erode away the material
from that location, due to the high beam intensity. Another phenomena was detected after
the milling step, where close inspection of the nanopore FIB and SEM images revealed
that the nanopore orifice was surrounded by a ‘halo-like’ ring (Figure 2.9]). Across this
ring region, the contrast gradually darkened until it reached the grey value of the SigNy

membrane.

Figure 2.9: Thinning of material around the periphery of the nanopore. Left: SEM
image from the Au (front-side) of a 60 nm pore. Right: FIB image of the same pore
(SigNy, back-side) with a white halo ring around the edges exhibiting the contrast

variation observed after milling.

Due to the amorphous nature of SisNy, the observed contrast could be dominated
by the variation in mass-thickness. Mass-thickness contrast arises from incoherent elas-

tic scattering of electrons. So during imaging as the electrons go through the specimen

they are scattered off axis by elastic nuclear interactions (Rutherford scattering), Reime

1998). So it is expected that high-mass regions of a specimen would scatter more elec-

trons than low-mass regions of the same thickness. Similarly, thicker regions will scatter

more electrons than thinner regions of the same average mass, (Goodhew and Humphreys,

2001). Therefore thicker and/or higher mass areas will appear darker than thinner and/or
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lower-mass areas. The specimen thickness can also be related to the attenuation of the

transmitted intensity by-

AlJlp = 1—e 94 (2.2.1)

where, @ is the total elastic scattering cross-section depending on the atomic number
Z, and At is the thickness change. Therefore, the bright halo-like ring indicated that the

periphery of the nanopore was surrounded by a membrane region of decreased thickness.

Spatial resolution of FIB

The ability of FIB to mill quickly through an arbitrary material was derived from the

sputtering mechanism by which atoms are ejected from the surface and the near surface of

the target, Orloff et al. (2005). The sputter yield, defined as the number of atoms ejected

per incident ion, is high (typically >2) for 30 keV Gat impinging on most materials. This
is because the incident ion can transfer much of its kinetic energy to a target atom, and
thereby overcome the surface binding energy, E , or the bulk displacement energy, .

Modelling the interaction between an incident ion and a target atom as an elastic two-

body collision, the maximum transferrable energy, E, 4., is found to be (Landau and Lifshit

1976):

AM; Mo

E - - =

Ey (2.2.2)

where Eg is the kinetic energy of the incident particle, and M; and My are the masses
of the incident ion and the target atom, respectively. Equation indicates that the
incident kinetic energy can be most efficiently transferred to the target when the masses of
the incident and target atoms are closely matched. Nevertheless, hundreds to thousands
of electronvolt are transferred in typical collisions with 30 keV Ga™ ions, even for targets
with dissimilar masses.

Although the sputtering process makes FIB milling effective, it also limits the spatial
resolution that can be achieved. The 30 keV energy of incident Ga™ ions from an FIB
greatly exceeded E4 and F;, which are typically several electronvolt. A single incident ion
therefore generates a cascade of collisions within the target, in which many atoms became

displaced or sputtered. The lateral extent of the collision cascade is typically about 10

47 of P20



Chapter 2 Materials and Methods

nm. Hence milling structures with critical dimensions in the single nanometer range can

become extremely difficult.

2.3 Sample characterisation

Microscopic and spectroscopic techniques were used to characterise membranes and nanopores
both at the micro- and nanometer scale. The use of all the techniques presented below

were essential in controlling the device fabrication reproducibility.

2.3.1 Optical microscopy

Optical microscopy was used for initial sample characterisation (e.g., general cleanliness,
uniformity of Au/Ti layers and calculation of dimensions) and for membrane visualisation
using DIC mode. Optical microscopy was conducted using an Olympus DP71 light mi-
croscope, with magnifications in the range from 5 x to 100 x, connected to a computer

provided with digital image capture software.

2.3.2 Field Emission Scanning Electron Microscopy (FE-SEM)

A high resolution FE-SEM (Leo Gemini 1525) was used routinely for 2D imaging of
nanopore and membrane surfaces. It allowed characterisation of film uniformity and quan-
titative calculations of large areas with a resolution down to a few nanometers. Image

contrasts observed in SEM were formed by local potential difference between different ma-

terial surfaces, which was caused by differential charging, [Wells (1974). Substrates were

fixed to a SEM stub using carbon adhesive pads (G3347N, Agar Scientific). The optimal
conditions for imaging were low beam current, low magnification, low accelerating voltage
and relatively high scan speeds.

Au/SizNy films and Pt depositions were visualised with the FE-SEM at 5 keV or 10
keV, with a working distance (WD) of 5 mm. High magnification images (above 100 Kx)
were used for characterising individual nanopore dimensions using the scale bar feature
provided on the software.

In comparison to the amorphous SigN,4 surface, when scanning from the front-side of
gold coated membranes, the polycrystalline gold films exhibited strong contrast variations

in SEM images, resulting from Bragg reflections of randomly orientated crystalline grains

within the Au film, |Goodhew and Humphreys (2001). Nanopores were located under the
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SEM by increasing the EHT voltage to 20 keV at low magnification, which accelerated the
electrons through the column and resulted in a higher contrast with the SigN4 membrane

showing up as a faint square outline, Figure 2.10]

Figure 2.10: SEM image of a Au/SizNs membrane (front-side). A faint square outline of
the SigN4 membrane is seen at 120 x magnification as the EHT value is increased upto 20

keV, resulting in the membrane becoming more visible for tracking. Scale bar= 50 um.

Elemental analysis using the FE-SEM

The SEM was also fitted with the Oxford Instruments INCA energy dispersive x-ray spec-
trometer (EDXS), which allowed for the chemical composition studies of the membrane
films. EDXS analysis was carried out for comparative studies in Au coated and Pt de-

posited nanopores.

2.3.3 Scanning Tunnelling Microscopy (STM)

STM was used as a non-invasive technique to study the surface topography and roughness,
and to estimate grain size of metal deposits. It also allowed for a general assessment of
the deposit growth quality and reproducibility. STM measurements were carried out using
Agilent 5500 STM (Agilent Technologies), equipped with a 1 gm x 1 pgm x 0.7 gm scanner
and an electronics module. The STM was positioned inside a Faraday cage and placed on
a vibration isolation table. A hermetically sealed, top-down configuration was used which
provided complete isolation of the electronics and scanning elements from the imaging
environment.

The nanopore chip was mounted onto a stand-alone sample plate and connected to

the module. Manual mirrors were used to allow lateral positioning of the tip relative to
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the substrate. Tungsten (W) STM tips were employed in these measurements, prepared
in-house electrochemically using KOH etching. Areas ranging between 50 nm?-1 pm?
were analysed with a current setting of 1 nA and scan rates between 0.6-0.8 nm? s7!. All
measurements were taken using the Picolmage™ software, provided with the instrument.

The principle of operation was based on a feedback loop. An extremely sharp W tip
was brought in close proximity of the membrane surface. Electrons tunnelling between the
surface and the tip, produced an electrical signal. The tip slowly scans across the surface
at a distance of only an atom’s diameter. It is raised and lowered in order to keep the
signal constant and maintain the distance. Recording the vertical movement of the tip
made it possible to study the structure of the surface. A profile of the surface was then
created and from that a computer-generated contour map of the surface was produced.

Processing of all STM images was carried out using WSxM 5.0, Nanotec software.

2.4 Electrochemical characterisation

Electrochemical measurements were carried out throughout the thesis for various charac-
terisation purposes including: (i) Pt electrodeposition studies of film uniformity (ii) ion
transport properties across SigNy and Au coated nanopores and (iii) initial control exper-
iments for DNA translocations. In all measurements the reference electrode (RE) was a
silver wire with a silver chloride coating, Ag/AgCl (detail for the preparation of these elec-
trodes is provided in Section 2.4.2]) and platinum wire was used as the counter electrode
(CE) for the characterisation studies on platinum electrodeposition. Cyclic voltammetry
(CV) and chronoamperometry (CA) were conducted using commercially available poten-
tiostats; 760C bipotentiostat from CH Instruments, (Texas, USA) and Reference 600 from
Gamry (PA, USA) with the relevant software provided. CVs were recorded by applying
a voltage to the RE electrode and measuring the current flowing through the working
electrode (WE). CA in bipotentiostatic mode was utilised in Pt electrodeposition studies.

DNA translocation experiments required sensitive electrical equipment to measure the
small currents passed by individual pores. For this an Axopatch 200B patch-clamp ampli-
fier (Molecular Devices) with a 16-bit digitiser (1440A, Molecular Devices) was employed.

Detailed descriptions of all set-ups adopted in this thesis are given in the relevant chapters.
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2.4.1 Faraday enclosure

All electrical recording experiments were carried out in a conducting enclosure (Faraday
cage) to shield the sensitive acquisition electronics from external electrical noise. Steel
or aluminum boxes, ~80 x 60 x 60 cm in dimensions with rigid side-walls >1 mm thick
were used throughout the thesis. For low ionic current measurements, the faraday cage
was grounded via the common ground in the patch-clamp amplifier. Vibration isolation
was an important consideration in these measurements as external noise (e.g., from other
laboratory equipment) could be transmitted through a laboratory bench into the box and
resulted in substantial noise in the signal.

Therefore the Faraday cages were mounted onto anti-vibration tables. Finally, it was
essential that the electrodes within the box were: (i) as short as possible (to reduce access
resistance) and (ii) firmly secured, to prevent their vibration. While a single Faraday cage
was effective at isolating the system from external noise, a secondary Faraday cage was

used to shield the experimental set-up inside and to minimise any internal sources of noise.

2.4.2 Preparation of electrodes

In most nanopore studies, silver/silver-chloride (Ag/AgCl) electrodes have been used in
conjunction with KCl-rich solutions for the transport of ions across the nanopore. The
electrodes are reversible as they allow current to flow in both directions. However, under
a constant applied potential, there is one dominant reaction for each of the Ag/AgCl

electrodes:
e At the anode: Ag(s) + Cl™ — AgCl(s) + e~
e At the cathode: AgCli(s) +e~ — Ag(s) + Cl™

Ag/AgCl electrodes were employed in all ionic current recordings (Chapter Bl) and elec-

trodeposition experiments (Chapter [4]) due to their long-term chemical stability, pre-

dictable junction potentials, and superior low-noise electrical performance (Ives and Janz,

1961 and |Axon-Guidd).

Ag/AgCl electrodes were prepared from Ag wire by either: (i) chlorodisation in 500

mM HCI solution using Pt wire as the counter/reference electrode or (ii) treatment with

a weak hypochlorite solution (Axon-Guide and [Purves, [1981). The preferred approach
was chlorodisation, as the thickness of the AgCl coating could be controlled easily, result-

ing in high reproducibility. Electrodes were produced from 250 pm diameter silver wire

51 of 2200



Chapter 2 Materials and Methods

(<99.99%, Sigma-Aldrich), using lengths of 30 mm. These electrodes had a large reactive
surface area, which prolonged their working life and minimised the access resistance.

Before treatment, the electrodes were thoroughly cleaned and roughened by abrasion
using emery paper, and then immersed in 1% (w/v) NaClO (Fisher Scientific) in water.
After treatment, the electrodes were rinsed with distilled water. The electrodes were then
stored in the dark to prevent UV conversion of AgCl back to Ag. It was observed that
good electrodes had a rough texture and a dull grey colour.

Immediately before use, the electrodes were electrically balanced in solutions of the
experimental buffer by either: (i) using the open circuit potential (OCP) technique of
the potentiostats, or (ii) using the pipet offset function on the patch-clamp amplifier,
before carrying out DNA translocation experiments. Little to no potential adjustment was
required for good electrodes. A sign of poor or degraded electrodes was the development
of white patches and a requirement to rebalance the potential offset.

Pt wire (2 mm in diameter, 99.99% Sigma Aldrich) was used as the counter electrode
in electrodeposition characterisation experiments in a standard three electrode cell and as

the anode in the chlorodisation of Ag/AgCl electrodes.

2.5 Microfluidic flow cell

A microfluidic flow chamber was required for successful and reliable single channel record-
ings. Furthermore, a flow cell simplified the fast exchange of solution buffers during
the experiment. Several considerations were taken into account when designing the cell.
Firstly, the chip must function as a membrane barrier between two solutions such that the
nanopore would be the only junction between the two solution compartments. Secondly,
each compartment should be able to accommodate an electrode so that an electrophoretic
force can be applied on the molecules. Finally, measurements involving the potentials
applied at the nanopore, required an electrical connection to the membrane surface for
which specific, easily accessible inlets were crucial.

In our experiments, PTFE (Teflon®) was used as the material for a vertical cell design.

This was made up of two part; top (cis) and bottom (trans) chambers. A dielectric

constant of approximately 2.1 (Dupont, [2005) made Teflon an excellent material to prevent

charge transfer between the two chambers. The nanopore chip was mounted at the bottom
of the cis chamber and a circular glass coverslip was affixed at the bottom of the trans

chamber, which allowed for visual inspection. A 1 mm hole drilled into the side of the
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Figure 2.11: Microfluidic flow cell. Top: a schematic illustration of the generic flow cell

used throughout the thesis. Cell chambers are made from PTFE. Thin layers of kwik
cast epoxy are used to mount the nanopore chip and the circular glass coverslip to the
chambers. The nanopore acts as the only junction between the cis and trans chamber
solutions. Ionic current through the nanopore is measured using two Ag/AgCl electrodes
immersed in the two chambers as shown. 0.5 mm grooves are milled into the sides of the
cis chamber to allow for electrical contact to the Au coated membrane. The electrodes
inlets are sealed with the epoxy and the platform is tested for leaks before
measurements. Bottom: image of the two chambers components that make up the

microfluidic cell, the nanopore chip is mounted on the cis chamber as shown.
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trans chamber allowed for an electrode to be placed in the bottom solution. Another hole
was drilled into the side of the cis chamber to insert the top electrode into.

A schematic of the generic cell assembly used throughout this thesis is shown in Figure
21T along with an image of the PTFE microfluidic cell. If changes have been made, these

will be described in the relevant chapters.

2.5.1 Assembly

As the solid-state nanopores were fabricated in a vacuum, subsequent wetting was prob-

lematic. Generally, LPCVD deposited silicon nitride surfaces are hydrophobic to prevent

adsorption of organic and other non-polar species from the air, |Gad-el Hak (2006). Due

to this reason the nanopore surfaces are difficult to wet. Bubbles and other sources of
contamination also introduce fluctuations and therefore need to be avoided. To introduce
an aqueous environment to the pore, a clean, hydrophilic surface is required. This was
accomplished in a reproducible way by appropriate cleaning and assembly techniques as
outlined below, Figures and 213l The protocol used for pore wetting was adopted
from [Selvin and Ha (2008).

The nanopore chip was exposed to an oxygen plasma for ~4 mins, from each side (SPI
Plasma-Prep II) and then mounted at the bottom of the cis chamber using a silicone
epoxy (Kwik-Cast, World Precision Instruments). This was applied using tweezer tips
and the epoxy cured in less than 10 minutes, making it very easy and quick to work with.
Immediately following curing, the chip was wetted to avoid any accumulation of dust. This
was done by applying ~5 ul of propan-2-ol to the cis side of the chip and then by turning
the chip, the trans side was also treated with propan-2-ol. The pore wetting process is

illustrated in Figure 2.13]

nanopore Kwik

chip cast
epoxy Mount
o

== [\ /

PTFE
microfluidic cell

Figure 2.12: Scheme for sealing the nanopore chip onto the microfluidic cell.
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For Au coated nanopores where an electrical contact was required at the membrane
surface, thin gold-plated adhesive film (250 pm thick, 3M Farnell) was used. The adhesive
film was affixed at the edge of the membrane leading out from the side of the chamber
where specific grooves were machined onto the Teflon to guide the connection towards the
outlet.

Ag/AgCl electrodes were then inserted from the inlets and sealed with the kwik-cast
epoxy. KCI buffer solution was then added to both sides and the nanopore chip was flushed
several times to ensure removal of the methanol and to obtain fluidic combinations that
were miscible. Finally the cell was filled with the KCI buffer solution (~2 ml volume on
each side) and the cis chamber containing the nanopore was fitted into the trans chamber.

To disassemble the cell, small tweezers were used to carefully pull out the Ag/AgCl
electrodes from the inlets. The cis chamber containing the nanopore chip was removed
and rinsed thoroughly with distilled water. The chamber was then immersed in hexane
for the kwik-cast epoxy resin to swell, after which the chip was released and cleaned for
storage. Same method was used for the trans chamber, which was directly immersed in

hexane to remove the glass coverslip and any remaining residues of the epoxy resin.

IPA i. IPA
1\ /](5p|) 1\ /] ii. Buffer |\ /] BufferS\ /]
cis snde trans 5|de cis S|de
Figure 2.13: Steps for wetting the nanopore. Propan-2-ol (IPA) was used as the wetting

agent, following this, the chambers were flushed with KCI buffer from both sides.

2.5.2 Cleaning of microfluidic cell

A 3:1 mixture of concentrated sulphuric acid (H2SOy4, Sigma) to 30% hydrogen perox-
ide (H202, Sigma) (known as ‘piranha solution’) was used to clean the microfluidic cell
components (teflon compartments; circular glass coverslips) and the process was carried
out in a fumehood. Once the mixture was stabilised, it was further heated to 65 °C to
sustain its reactivity. The hot solution was used to remove any organic contaminants on
the microfluidic cell surfaces from previous experiments. The process usually required

20-30 minutes, after which time the parts were removed from the solution and washed
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thoroughly in distilled water, followed by ethanol rinses. Due to the self-decomposition of
hydrogen peroxide, the piranha solution was freshly-prepared for each use and the waste
solution was then neutralised and disposed in situ.

The components were then dried thoroughly under a stream of nitrogen. When re-
quired, detergent washing steps, NaOH (1 M) or HCI (1 M) washes, or rinsing with an

EDTA solution (e.g., 10 mM) to remove traces of divalent metal ions were also employed.

2.6 Testing nanopores

The current-voltage (I-V) characteristics of each nanopore were checked prior to any ex-
periments. Nanopores typically exhibit ohmic I-V curves in the range of 500 mV. Cyclic
voltammetry was carried out to check if the resistance R of the nanopore was more than
a factor of two from the expected resistance calculated using the following equation for

cylindrical nanopores:

h 1
= —_—+ — 2.6.1
R=p <m°2 + 27“) (2.6.1)

Where, p was the resistivity of the salt solution (depending on the concentration used),
r the radius of the nanopore inferred from the SEM measurements, and h, the nominal
thickness of the membrane (in our case, 50-350 nm depending on the membrane, i.e.,
bare SigNy or coated with Au/Ti). If the resistance observed was higher than the ex-
pected value, the nanopore was replaced. Detailed ion transport characterisation studies

of nanopores used in this thesis are presented in Chapter [

2.6.1 Handling and storage of nanopores

Due to the robust materials used to construct these structures, the nanopores used in this
thesis were highly stable. Pores fabricated using FIB could be used repeatedly and upto
several weeks whilst withstanding extreme conditions such as high salt concentrations, pH
and temperatures. Nanopores were handled with small Delrin tweezers (TedPella, Inc)
to prevent scratches to the surface. However at times working with thin membranes (<
200 nm thickness; SigNy; Au films) resulted in cracks being observed. Furthermore the
nanopores became blocked during measurements. Some of the most common problems
encountered during measurements included: (i) no ionic current through the nanopore or

very high currents, (ii) air bubble formation at the surface or (iii) presence of KCI crystals
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which at times blocked the area where the nanopore was located. The following section
describe the respective diagnoses and solutions that were implemented.

(i) No ionic current through nanopore: If there were problems with the electrical sig-
nal, first the electrodes were tested to make sure they were balanced and not degraded,
next the soldering connection of these to standard electric wire was tested using a stan-
dard multimeter (IsoTech). If a nanopore showed high noise features or large capacitive
behaviour, randomly changing conductance levels or total blockades of ionic current, the
device was replaced and the experiment was restarted.

(ii) Small air bubble formation at the nanopore surface: This could normally be seen
by eye and was either flushed away or exposed to an oxygen plasma. This had to be done
carefully to avoid breaking the membrane containing the nanopore. Initial care was taken
by degassing the buffer solution before the experiments; this was done by placing the
solution into a vacuum flask and removing the gas with a vacuum pump. An ultrasound
bath (at low setting) was also used to help remove dissolved gases.

(iii) Presence of KCI crystals blocking nanopores: It was important to make sure all
buffer solutions were filtered using 0.02 pm filter to prevent crystallisation. However if
crystals were observed at the nanopore or in the set-up, the nanopores were flushed with
KCl1 several times and the chambers were refreshed with a new batch of buffer.

Nanopores were stored in small plastic boxes containing thin polyurethane membranes
(Agar Scientific) and were ideal for the safe transit of these devices. The membrane films
were highly elastic and chemically inert and were able to deform around the individual
5 mm devices and hold them firmly in place. Between experiments, the nanopores were
rinsed with ethanol solution and dried in nitrogen air. Following this they were cleaned

in an oxygen plasma and were stored in ethanol solution in individual vials for next use.

2.7 Chemicals and Solutions

All gases, solvents and chemicals used throughout the thesis are listed in Tables 2.1] -
23 All solutions were prepared using high impedance deionised Milli-Q) water (resistivity
18.5 MQ cm at 22°C £2°C) and filtered through 0.02 pum filters (Anotop, Whatman,
Maidstone, UK) prior to use. The compounds were weighed on a four figure analytical
balance (ABS265-s Mettler-Toledo). All pH measurements were taken using a standard
S20 pH meter from Mettler Toledo, calibrated using buffer solutions of pH 4, 7 and 9
(Sigma Aldrich).
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Chemical Supplier Grade

Acetone Sigma ACS reagent >99.5%
Propan-2-ol  Sigma ACS reagent, >99.5%
Ethanol Sigma ACS reagent, >99.5% absolute
Hexane Sigma ACS reagent >99.5%

Table 2.1: List of solvents used in this thesis.

Chemical Supplier Grade

Oxygen  BOC gases 99.95%
Argon BOC gases 99.999%, high purity
Nitrogen BOC gases 99.999%, high purity

Table 2.2: List of gases used in this thesis for (i) electrochemical characterisation studies

and (ii) general fabrication and cleaning purposes.

2.7.1 Potassium Chloride (KCI) solution

All experiments throughout this thesis were carried out in KCI salt solution. Because
of possible contaminants, the KCl and other buffer components were of highest possible
purity. KCI from Fluka (>99.99%) was used which contained less than 0.0005% of trace
metals. An aqueous 3 M stock solution of KCl was prepared in water. This was left for
1 hour on a magnetic stirring plate to fully dissolve the KCI. Solutions were refreshed
every few days due to the formation of crystals that would be transferred into the device.
Various concentrations of KCl were employed in this thesis to act as a buffer component
as well as for general use in dilution and storage. All buffer solutions were stored at 4°C

+2°C.

2.7.2 Potassium tetrachloroplatinate II (K.PtCl,)

Potassium tetra-chloroplatinate (KoPtCly, 99.99% Sigma Aldrich) was employed in plat-
inum electrochemical deposition experiments on Au coated nanopores (Chapter ). Where
PtCly* ions were reduced to form Pt metal at the Au nanopore surface (Equation 2.7.1)

under an applied potential to the WE.
PtCly*™ +2¢~ — Pt +4C1~ (2.7.1)
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Low concentrations (between 1 mM-200 mM) of the Pt complex were prepared in
buffer solution and fresh aliquots were used in each experiment. The chemical solution

was stored at 4°C +2°C.

2.7.3 Tris-HCI EDTA (TE) buffer solution

DNA translocation experiments were carried out in 1 M KCI salt solution containing 10
mM Tris-HCI and 1 mM EDTA. The purpose of the TE buffer was to protect the DNA
from degradation. Tris was used as a buffering agent to keep the solution at a defined pH.

Trizma base (Tris-base, Sigma), Ethylene diamine tetra-acetic acid (EDTA, Sigma)
and KCl amounts were combined and made upto 1 litre in volume with water. The pH
of the solution was then checked and adjusted to pH 8.0 using Hydrochloric acid (HCI,
Sigma ACS reagent, 37%). The solutions were filtered through a filter of 0.02 pum and

aliquots of these (20 ml each) were stored at 4°C £2°C in sterilised vials.
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Chemical Supplier Grade

Potassium tetra-chloroplatinate (II) Sigma 99.99%, trace metals basis
Potassium chloride Fluka >99.99%, trace metal basis
Perchloric acid Sigma 99.999%, trace metals basis
6-Mercapto-1-hexanol (MCH) Sigma purum, >97.0% (GC)
Sulphuric acid Sigma ACS reagent, 95.0-98.0%
Hydrogen peroxide Sigma ACS reagent, >30%

Nitric acid Sigma, ACS reagent, >90.0%

Sodium hypochlorite
Ammonia
Potassium hydroxide

Sodium hydroxide

Hydrochloric acid
Trizma Base (Tris-Base)
Ethylene diamine-tetraacetic acid

(EDTA)

Fisher Scientific
VWR BDH
Sigma

Sigma

Sigma
Sigma

Sigma

General purpose grade, 8% Cl
Analytical reagent, 28%

ACS reagent, >85%, pellets
ACS reagent, >97%, pellets

ACS reagent, 37%
99.9%
99.995%

Table 2.3: List of main chemicals used in this thesis for (i) preparation of nanopores (ii)

electrochemical studies and (iii) translocation experiments.
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Chapter 3

Characterisation studies of

platinum electrodeposition

In this chapter, electrochemical deposition of platinum is investigated and characterised
as a fabrication tool for constricting large (100-150 nm £ 10 nm) nanopores in Au/SizNy
membranes. Platinum reduction using a solution of potassium tetra-chloroplatinate and
potassium chloride is developed and studied at thin film Au electrodes, fabricated on
glass substrates i.e. with respect to reduction potential, electrolyte concentration, and
deposition duration. A variety of growth patterns are observed and characterised by
chronoamperometry (CA), cyclic voltammetry (CV), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDXS) and scanning tunnelling microscopy (STM).

The first section of this chapter gives a brief overview of the theoretical aspects of
electrochemical deposition and the techniques used to gain information on the reaction
taking place. The second section then provides details of the experimental work conducted

to characterise the deposited platinum films and discusses the results obtained.

3.1 Electrochemical deposition

Electrochemical deposition is a versatile technique by which a thin metallic coating can

be obtained on to the surface of another metal, [Schlesinger and Paunovid (2000). This is

achieved by simple electrolysis of an aqueous solution containing the desired metal ion or

its complex. The metal ions in the aqueous solution are reduced to form a solid metal by

the passage of an electric current (Figure [3]), [Scholz (2002). The rate of electrodeposit

production can be controlled by the current and the resulting fine grained structures can
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allow for an accurate control (0.1 nm) of layer thickness, (Bard and Faulkner, [2000;Scholz,

2002).

Electrochemical deposition is typically used in industry for the plating of metals,

Paunovic and Schlesinger (2006). However in this work, its application to the synthesis of

nanostructured materials is of particular interest. Although there are various other tech-

niques which can be employed for thin film coating (Kanani, 2004) such as thermal spray-

ing, sputter deposition and vapour deposition; electrodeposition is particularly attractive

due to its relatively low cost, simple set-up and because it can be performed at room tem-

perature, Riley et all (1981). Its versatility is also a key advantage, as a broad range of

materials may be deposited on various substrates, [Kissinger and Heineman (1996); [Ross

1994). Precise control is achievable on the composition of the deposited material, its

crystallographic structure, texture and grain size, [Schlesinger and Paunovid (2000). Arti-

ficial material structures such as multi-layers, i.e. a sandwich of thin layers with different

compositions can also be obtained with relative ease, [Ross (1994).

—
1
~

(+) Overall reaction: Mt + ne'—> M

OH, H,0
H,0 o
OHzll,,' y “\\\Hzo OH, \\ 2 . . " %
»,
= "~ o=t — oM ———g
OH, H,0 OH, H0 @
Bulk electrolyte Diffusion layer Helmholtz layer Deposited

Figure 3.1: Diagram showing the general process of electrochemical deposition in

solution. Adapted from [Rao and Trivedi (2005).

Figure[BJl shows the reduction mechanism for an electrochemical deposition of a simple
solvated metal salt [M""+ ne- — M|, where M"" is the metal ion, ne™ is the number of
electrons and M is the deposited metal. The metal salt dissociates in water to positively
charged metal cations M"T. The sample, the solution and the anode electrode form
together the electrical circuit over which a potential difference can be applied. The cathode

electrode, which is to be plated, is negatively charged, and it attracts the positively charged

M™ cations, [Kissinger and Heineman (1996). Meanwhile the negatively charged anions
are attracted to the positively charged anode electrode. The electron current (ne’) in the
external circuit completes the loop and reduces the M™" cations to the metallic form,

M. At the anode, electrons are removed from the metal M, oxidising it to M"™" cations
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and hence replenishing the supply. Thus, the anode dissolves as ions into the solution,

enabling the concentration of the metal salt to remain constant, [Rao and Trivedi (2005).

In electrodeposition baths, a supporting electrolyte is added to increase the conduc-

tivity of the solution (Paunovic and Schlesinger, 2006; [Rao and Trivedi, 2005). When a

ligand is used as a complexing agent, it is always added many folds in excess (relative to

the stoichiometric reaction), [Rubinstein (1995). This is primarily because, after formation

of the required electro-active complex species, it should be available continuously through-
out the deposition process. The presence of excess of ligand enables the continuous supply
of the electro-active species and also ensures the rapid formation of the electro-active com-
plex from the M™" ions that are brought into the solution by the anodic reaction [M —

M"™*], (Raub_and Muller, 1967; [Schlesinger and Paunovid, 2000).

3.1.1 Redox reactions

The electrodeposition process typically proceeds by oxidation or reduction of species in a

solution, [Bard and Faulkner (2000). The standard electrode potential for an electrochem-

ical reaction is the potential where the rate of the reduction and oxidation reactions are
equal at standard conditions of concentrations, pressure and temperature. The Nernst
equation relates the standard electrode potential, Eg, to the electrode potential F with

concentrations of the reactant and product {ox} and {red}, it is written as:

(3.1.1)

where R denotes the standard gas constant (8.314510 J K™* mol!), T is the absolute
temperature in Kelvin, n is the number of electrons transferred and F' is the Faraday’s
constant. Eg is the potential when {0z} or {red} are at equal concentration. The Nernst
equation describes the behaviour of a redox reaction at equilibrium. By equilibrium it
is implied that no net change in concentration of either {ox} and {red} is occurring.

However if the equilibrium is shifted, the Nernst equation can tell us the final state to

expect, [Bard and Faulkney (2000); [Shriver and Atkins (1990).

3.1.2 Kinetic and Mass Transport

Two factors can affect the rate of the redox reaction, the first is the speed at which electrons

are transferred between reactants in the vicinity of the electrode, and the second is how
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quickly reactants can reach the electrode from the bulk solution. These cases are referred

to as kinetic and mass transport limited reactions (Albery, 1981; Bard and Faulknex, 2000;

Schlesinger and Paunovid, 2000), which are defined below.

(i) Kinetic transfer- for an electron to be transferred between an electrode and ions in
solution, the ions must approach the electrode whilst displacing the solvent and absorbed
molecules in the process.

(ii) Mass transport- ions and molecules can travel from the electrolyte to the electrode

as a result of random motion (diffusion), electrolyte flow (convection) or electrophoretic

forces (migration), [Newman and Thomas-Ayea (2004). If the kinetics are similar in rate

or faster than mass transport, then the concentration of the reacting ions is depleted at
the electrode/electrolyte interface, producing a concentration gradient. The concentra-
tion gradient leads to diffusion which contributes to the mass transport. Migration of
electroactive species is usually diminished by the addition of inert ions that carry the
current but do not participate in the electrode reactions. Hence the rate of the electrode

reactions depends on electron transfer kinetics and surface reactions such as adsorption

and crystallisation (Albery, [1981; [Paunovic and Schlesinger, 2006).

The electrolysis of species is commonly performed using a constant current forced
through the electrochemical cell, while the electric potential is monitored. Under condi-
tions of mass transfer control (i.e. when the kinetics of the electrode reaction does not

limit the current), the potential shifts when the concentration of electroactive species at

the electrode surface is reduced to zero (Albery, [1981; Riley et all,[1987). The time needed

for this depletion of the species, the transition time 7, is given by the Sand equation:

1/2
A2 = % (3.1.2)

where I is the current (in mA), C is the bulk concentration (in mol cm™), and D is

the diffusion coefficient expressed in cm? s7!, (Bard and Faulkner, 2000; [Scholz, 2002).

Alternatively, a desired potential can be chosen, which is then maintained by the

instrument while the necessary current used to maintain that potential is monitored,

Schlesinger and Paunovid (2000). The electrode potential is directly associated to the

energy change of the electrode process through the relationship: AGo=—nFFy, [Wan

1994). When the electrode potential is made more negative relative to the standard
reduction potential for an electrochemical reaction, the reduction current increases because

the rate of electron transfer of the reduction increases. In the electron transfer controlled
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potential region, there is a linear relationship between the potential and the logarithm

of the deposition current known as the Tafel linearity, which can be calculated using the

Butler Volmer equation, [Scholz (2002). However, the current can also be limited by other

factors such as mass transfer and preceding chemical steps (Paunovic and Schlesinger,

2006; (Walsh, [1991).

3.2 Basic concepts of the experimental techniques

At an electrode surface, two fundamental electrochemical processes can be distinguished,

faradaic and non-faradaic, Bard and Faulkner (2000). Faradaic currents result from the

electrochemical reactions occurring at the electrode surface and are governed by Faraday’s

law, [Bard and Faulkner (2000).

Under certain conditions, a given electrode-solution interface shows a range of po-

tentials where no charge-transfer reactions occur, this is because the reaction is either

thermodynamically or kinetically unfavourable, Bard and Faulknex (2000); [Scholz (2002).

However, non-faradaic processes such as adsorption and desorption can occur. These pro-
cesses can change the structure of the electrode-solution interface with potential variation
and solution composition. They do not involve any electrochemical reactions (charge trans-

fer) and only cause accumulation or removal of electrical charges on the electrode and in the

electrolyte solution near the electrode (Bard and Faulkner, [2000; Kissinger and Heineman,

1996).

3.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is the most widely used technique for acquiring quantitative

information for electrochemical reactions and the thermodynamics of redox processes

Bard and Faulkner, 2000; Monk, 2001). It is sensitive to the mechanism of deposition
and therefore provides information on structural transitions such as nucleation and growth
steps of electrodeposition, as well as interactions at the surface. CV makes available in-

formation about the type of reactions observed in the system and the potentials at which

they occur, Bard and Faulkner (2000).

Prior to an electrochemical deposition study, CV is used to determine the range of
potential to be applied for deposition. This study uses a three electrode arrangement. The
general view of a cyclic voltammetric experiment is given in Figure[3:2l A linear potential

waveform is applied as a function of time, whereby the electrode potential is swept between
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the cathodic, E., and anodic, E,, limits at a constant rate. The corresponding current is
recorded as a function of the varying potential. For the cathodic scan, the current has a

negative sign as the applied potential decreases, whilst for the anodic scan the current has

a positive sign as the applied potential increases, [Bard and Faulkner (2000).

The resultant current of the system involves the Faradaic current due to the various
electrochemical phenomena occurring on the electrode surface such as electron transfer

redox reactions and adsorption processes in addition to the capacitive current due to the

double layer charging at these potentials, Hamann et all (2007); Rubinstein (1995). Apart
from this, the kinetic parameters and the mechanism of different heterogeneous reactions

occurring on the electrode surface can also be determined.

Potential (V)
Current (A)

Time (s) Ec Potential (V) E,

Figure 3.2: Schematic diagram of the cyclic voltammetry technique Left: illustration of
the potential waveform applied to the system as the function of time and Right: the

response recorded as a current vs. potential profile.

For a typical single electron reversible redox reaction of the type, O + ne”™— R, the
rate of charge transfer is always greater than the rate of mass transfer at all potentials
and the redox reaction is under diffusion control. The ratio of concentrations of oxidant
and reductant species of a reversible reaction is given by the Nernst equation (.11l and
a concentration gradient exists within the region near the electrode surface known as a
Nernst diffusion layer. Here the concentration gradient of the electroactive species is linear.

Also the Nernstian equilibrium is always maintained at the electrode surface and at all

the potentials, [Hamann et all (2007).

When the potential of the electrode is made more negative, the surface concentration of
the reactant O decreases progressively. Thereby the concentration gradient is increased,
which results in an increase in the current. On reaching the electrode potential where

O is reduced, the surface concentration of O decreases from its bulk value in order to
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satisfy the Nernst equation and the concentration gradient is set up. As a result a current

proportional to the concentration gradient at the electrode surface flow, |Albery (1981);

Wang (1994). Due to the diffusion of ions, the concentration gradient does not remain

constant and it starts to decrease. At the same time, the electrode potential is also

continuously changing, leading to a further decrease of surface concentration of O until it

effectively reaches zero concentration (Alberyl, [1981;Bard and Faulkner, 2000). Once the

concentration of O reaches zero, the gradient decreases due to the accumulation of reduced
species R, in the vicinity of the electrode surface, hence the current flow also decreases.
Overall, this behaviour gives rise to the peak shaped current-potential profile as shown
in Figure (right panel). Using similar arguments as for the forward sweep, it can be
seen that the current change on reverse sweep also exhibits a peak shaped response of the

opposite sign.

3.2.2 Chronoamperometry

Chronoamperometry (CA) is an electrochemical method in which a step potential is ap-
plied and the current response, i, is measured as a function of time, ¢. This is a useful
method for the quantitative analysis of a deposition process, where the working potential

is fixed during the experiment. Additionally, it can also be used to determine the amount

of charge for deposition (Kissinger and Heinemanl, [1996; [Paunovic and Schlesinger, 2006).

At the beginning of the transient experiment the potential of the working electrode
is held at F;. At t = 0 the potential is instantaneously changed to a new value Ej,
and corresponding current time response is recorded as shown in Figure B3l This i — ¢
response is comprised of two components: the current due to charging the double-layer
and the other due to the electron transfer reaction with the electroactive species. The
extent to which both occur simultaneously depends on the initial, £;, and the final value,
FEy,, of the potential.

In order to determine the exact form of current-time dependence for a planar electrode,

the Cottrell equation, Hamann et all (2007) is used:

I = nFACDY?p=1/271/2 (3.2.1)

It may be observed from Figure that the current falls as ¢'1/2. There is also a
capacitive component of the current which decays exponentially in time according to the

following equation:
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i = Eoyre,

S

(3.2.2)

Here R= resistance (ohms), C' = capacitance (F).

This capacitive current decays rapidly and therefore is only significant when looking
at short times. The result of this potential step is similar to an electrical circuit, with
a resistor, Rg, representing the solution resistance and a capacitor, Cy, representing the
double layer at the electrode/solution interface. Hence for a potential step, there is an

exponentially decaying current with a time constant, 7 = RsCy.
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Figure 3.3: Schematic diagram of the chronoamperometry technique. Left: illustration of
the potential-time profile applied during experiment, E; is the initial value and Ey, is the

potential where no reduction of oxygen occurs and Right: the corresponding response of

the current due to changes of the potential. Adapted from [Hamann et all (2007).

At the beginning of the transient experiment the potential of the working electrode
is held at F;. At t = 0 the potential is instantaneously changed to a new value Fjy,
and corresponding current time response is recorded as shown in Figure 33l In order to

determine the exact form of current-time dependence for a planar electrode, the Cottrell

equation, [Hamann et al! (2007) is used:

I = nFACD?p=1/24=1/2 (3.2.3)

It may be observed from Figure that the current falls as ¢%/2. This feature is

frequently used as a test for this type of process and its gradient can be used to calculate

the diffusion coefficient Dy (Bard and Faulkner, 2000; [Hamann et all, 2007). The result

of a potential step is similar to a simple electrical circuit, with a resistor, Rg, representing
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the solution resistance and a capacitor, Cq, representing the double layer at the elec-
trode/solution interface. Therefore the behaviour of the current, i, with time, ¢, when

applying a potential step of magnitude, F is given by:

E
i = R—Se—t/Rst (3.2.4)

Hence for a potential step, there is an exponentially decaying current with a time

constant, 7 = R Cy.

3.3 Experimental

3.3.1 Platinum deposition

The electrodeposition of platinum metal onto gold surfaces is developed and characterised
in this section. Pt metal was chosen as a proof-of-concept for electrodeposition experiments

and the method can be extended to other metals also. The Pt metal is noble in its character

and has a low emf (electromotive force) value (+1.188 M/M?*), |Rao and Trivedi (2005).

Therefore it is extremely easy to reduce its ions and as a consequence it tries to remain

in its metallic state (Baumgartner, [1988 and [Rao and Trivedi, 2005). For these studies, a

plating bath of potassium tetra-chloroplatinate (KoPtCly, 99.99% Sigma Aldrich) complex
was developed with potassium chloride (KCl; Fluka, >99.99%) acting as a supporting
electrolyte. The PtCly? ions were reduced at the Au surface to form Pt using the following

reduction reaction:
PtCly?™ 4 2¢~ — Pt +4C1~ (3.3.1)

It was possible to calculate the mass of platinum deposited on the working electrode

as this was proportional to the number of moles of electrons transferred (Equation [3.3.2]).

m = Qﬁw (3.3.2)

where m is the mass of the deposit produced at the electrode (in grams), @ is the
total electric charge (in Coulombs) required for the process, Mw is the molecular weight
(gram/mol), n is the number of electrons transferred and F' is Faraday’s constant (96485

C mol™?).
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3.3.2 Electrode fabrication

In order to deposit and characterise the platinum metal layer electrochemically, glass sub-
strates (65 mm x 25 mm) were patterned with metallised gold electrodes. A photomask for
this was designed using Clewin 4.0 (WEI software), Figure B4l Each substrate contained
eight electrodes to allow for a range of parameters and conditions to be varied at different
electrodes easily. An optical image of the enlarged electrode from the photomask is also

shown in the figure.

]
15

Enlarged view of photomask

1

0000

M. yean

Figure 3.4: Photomask for the design of Au electrodes on a glass substrate. Left: Single
substrate enlarged showing 8 electrodes per substrate. Single electrode length 3000 pm;
width 500 pm. Top right: enlarged optical image of the photomask showing two
electrode structures printed onto Photoplot film. Bottom right: CAD design of
photomask which allowed fabrication of 8 individual substrates simutaneously. Each
glass slide had the dimensions 65 mm x 25 mm. Dots and dash lines in the CAD file act

as guidelines for drawings and were not printed onto the final photomask.

The image from the Clewin design was converted using GebRef software with a final
resolution of 2032 x 8000 dpi. The electrodes were patterned using a FP-8000 Raster
Photo-plotter (Mega Electronics Ltd, UK) an instrument which drew the image on a piece
of light sensitive film (Photoplot film 457 x 305 mm) with a laser diode light source. The
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printing process was performed in a darkroom to load and process the film using only
a fluorescent green light (900 mm, 30 W). This was followed by a wet chemical process,
where the film was developed and fixed at 30 °C (K Series Photoplot developer and fixer,

5L). Finally the photomask was rinsed with DI water and air dried.

| | NN NIER | EEE —

1. Glass substrate cleaned in piranha 4. Thermal evaporation of Ti (adhesion
solution. prior to fabrication layer)

L

2. Spin coating of Photo resist 5. Thermal evaporation of Au layer

I I |

3. Exposure and development 6. Lift-off process: immerse in acetone
(overnight)

Figure 3.5: Schematic illustration of lift-off process to produce the Au/glass electrodes.

The glass substrates were cleaned using piranha solution (H2SO4:HyO9= 3:1) for 10
minutes, as described in Section and a photoresist with 400 nm thickness was spin-
coated on top. Using the photomask, the glass substrate was exposed to UV light which
allowed the structures from the photomask to be transferred to the substrate. A schematic
of this process is shown in Figure3.5l A set of 8 thin-film gold electrodes were fabricated by
depositing the metals through the patterned resist mask using thermal evaporation (Auto
500 coating system, BOC Edwards). Due to the weak bond strength between Au and glass,
which can cause Au film to peel-off after it is deposited, a thin titanium adhesive layer
(10 nm) was first deposited. Following this, the 100 nm thick gold films were deposited.
Metal on top of the mask was removed by selectively etching the underlying resist so that
the metal which was deposited directly onto the substrate remained intact. The thickness

of the metal films were determined using the Dektak Profiler 8.0.

3.3.3 Experimental set-up

A three electrode system was employed in these studies and the set-up for this is illus-

trated in Figure All measurements were performed using a commercial potentiostat,
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(CH760c, Electrochemical Workstation, CH Instruments). The instrument was controlled
via a personal computer (PC) using the CHI 7.20 software. All electrochemical potentials
were measured with respect to a Ag/AgCl reference electrode (model CHI-111). A large
area platinum gauze was employed as the anode and connected to the positive pole of the
potentiostat, which functioned as a counter electrode, and the Au patterned glass substrate
as the cathode was connected to the negative pole of the potentiostat, which functioned
as the working electrode. The electrochemical cell was designed with a luggin capillary
(as shown in Figure B.6) which was used to bring the potential measuring point in close
proximity to the working electrode under investigation. The capillary was also filled with
the depositing solution and had a large enough opening to accommodate the reference
electrode and a smaller opening to insure diffusional movement of the electrolyte solution.
Hence the design minimised any iR drop (potential drop due to solution resistance) within
the electrochemical cell.

The electrochemical cell was placed in an in-house Faraday cage to reduce current
noise and voltage noise (by the reference and working electrode). The Faraday cage was
electrically connected to the ground. Depositions were carried out on each electrode at
room temperature. The electrolyte solution was degassed by bubbling high purity Argon
(Ar) gas for 15 minutes prior to every measurement. The cell was then blanketed with Ar

flow during the measurements.

Potentiostat

electrode

Counter \ ’ <'>

we CE

RE

Figure 3.6: Left: Optical image and Right: schematic of the three electrode
electrochemical cell configuration used for Pt deposition characterisation studies;
notations: WE (working electrode), CE (counter electrode), and RE (reference

electrode).

72 of 2201



Chapter 3 Characterisation studies of platinum electrodeposition

Pretreatment of the working electrode (Au patterned glass substrate) was carried out
to improve the quality of electrodeposition. Surface cleaning was designed to remove
contaminants from the substrate, as the presence of contaminants caused poor adhesion
and prevented deposition. For this purpose, the Au/glass substrate (WE) were pre-cleaned
sequentially in acetone; isopropanol and HsO prior to their use. This process was followed
by exposing the substrate to an oxygen plasma (SPI Plasma Prep-1I) which resulted in
the surfaces becoming hydrophillic.

The Au patterned glass substrate was then aligned and connected to an in-house pre-
pared 8 set WE connector (part; 3M Gold-8 0.3, RS Components) as shown in Figure 3.7
The substrate was then tested using a multimeter to ensure that each electrode was com-
pletely closed without any breaks/ scratches due to the lift-off step and for mechanical
stabilisation of the chip. Chronoamperometry (CA) studies of platinum electrodeposi-
tion were performed using an aqueous solution of 10 mM KsPtCly /100 mM KCI, as the
supporting electrolyte. The glass substrate containing the Au fabricated electrodes was
immersed into the aqueous solution and connected to the 8-set WE, which was externally
connected with a crocodile clip, serving as the WE. Ag/AgCl and Pt wire were connected
to the terminal crocodile clips as the reference electrode (RE) and counter electrode (CE)
respectively. Following this an electrochemical cleaning of the electrode surface was car-
ried out by connecting the Au/glass electrodes to the WE and applying potential sweeps
between +500 mV in 50 mM HsSOy4 using cyclic voltammetry.

Chronoamperometry was then used to deposit the platinum on the surfaces of Au/glass
electrodes at a constant potential for a fixed duration. The CA response was measured
for 5 seconds after a potential step from 0 mV, where no redox electrolysis occurred, to
the defined deposition potential vs. Ag/AgCl. Different parameters were varied including
concentration of plating solution; deposition potential and time to analyse and characterise
the deposition rate, grain size and surface roughness of the films.

After electrodeposition the sample was rinsed with water and dried under a stream of
nitrogen. The resulting electrodeposition morphologies were assessed using CV, FE-SEM
and STM, to study the Pt and Au surfaces. FE-SEM images were recorded at 5 keV or 10

keV to enable clear visualisation of Pt grains. At these operating voltages surface charging

was observed occasionally, [Shaffner and Veld (1971). Quantitative analysis of Pt particle

size was performed using the STM (Agilent 5500) and measurements were carried out

on the deposited areas ranging between 50 nm?-1 pm? and analysed with a bias current
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I

Figure 3.7: Optical images of the 8-set working electrode (WE). Left: Au/ glass

substrate, Right: the substrate attached to an 8 set WE connector; allowing 8
independent experiments to be carried out in the electrochemical cell by exchanging the

terminal wire each time.

setting of 1 nA and scan rates between 0.6-0.8 nm? s'.

3.4 Results and Discussion

3.4.1 Chronoamperometric measurements

Platinum was electrochemically deposited onto thin film Au electrodes (each of size 500
pm x 3000 pum) by applying a constant DC potential. The patterned glass substrate
containing the fabricated 8 electrodes were immersed into a deposition solution of 10 mM
K5PtCly with a supporting electrolyte of 100 mM KCI. The terminal wire of each electrode
was exchanged between new measurements with the 8-set WE crocodile clip externally (as
described in the experimental section).

The typical recorded deposition current vs. time scan at an individual Au/glass sub-
strate electrode is plotted in Figure B.8 A deposition potential (Vgep) of -200 mV is
applied to the WE and monitored over a course of 200 s. The current-time (i-¢) curve can
be divided into three sections: (i) at the very beginning of the deposition, a current peak
of a few seconds is observed, going from a negative value of -89.4 pA towards 0. This is due
to the exchange of metal ions at the metal-solution interface as the electrode is introduced

into the aqueous solution. The simplest model of the metal-ion interface is the Helmholtz

double layer (Bard and Faulkner, [2000) which consists of two equal and opposite layers of
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Figure 3.8: Typical deposition current versus time scan observed during the deposition
of Pt on a single Au electrode from a solution of 10 mM KyPtCly and 100 mM KCI

(inset: the applied potential Vgep=-200 mV as a function of time, ¢).

charges; one on the metal and the other in the solution. This double layer is equivalent to

a parallel plate capacitor (Bard and Faulkner, [2000; [Shriver and Atkins, [1990). The layer

in the solution is lined up at a fixed distance which is determined by the hydration sphere

of hydrated ions, |[Bard and Faulkner (2000); [Scholz (2002).

The current peak in the first section originates from this electrical double layer at the
metal-electrolyte interface which is charged during the initial few seconds of the deposition.
Subsequently, the deposition current remains constant for a longer period of time, indicated
by section (ii). However with increasing electrode surface area due to the deposition, there
is a gradual increase in current over time, where the overlap of Pt growth centres are
followed by outward growth into the solution. This is seen in section (iii). The deposition
current for an individual Au electrode amounts to less than 38.2 pA. The start of the
film growth becomes apparent by a significant increase of the current due to the larger
deposition area during the film formation. Since the current is a function of the deposition

area, the current gain indicates the increase in film size.

Varying deposition potential

The effect of varying potential on the deposition rate was studied using the chronoam-

perometry technique. Figure presents plots of current versus deposition time at four
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different potentials. The depositions were performed on the set of 8 electrodes. In the
case of the highest potential (Vgep= -100 mV), only a faint current increase was observed
starting after a 2-3 seconds of deposition, whilst in the case of the lowest potential (Vgep=

-400 mV) the current rose immediately.
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Figure 3.9: Left: Current-time transients resulting from various potential experiments at
individual Au electrodes. Right: Charge-time plot for the different potentials applied at

Au electrodes. The applied potentials are indicated in the relevant plots.

It should also be noted that the deposition current increases from -0.11 pA to a less
negative value of -0.052 pA, with decreasing potential. Thereby inducing a higher charge
deposition rate. This is explained by Faraday’s law (using Equation B.3.2]) where mass is
proportional to the charge (Q). Which meant more mass was deposited at higher currents
in the same time leading to a faster growth of the films. Therefore, the time needed for
growing a film of certain thickness reduced with increasing potential. By integrating the
deposition current-time curve, the total amount of deposited charge (Q= [I z dt) was also
calculated.

The plot of charge-time for these experiments is plotted in Figure B9l A delay of 1.5
seconds was used for these calculations to avoid the non-faradaic components i.e. currents
for double layer charging. Table[3.4] shows the calculated charge for the different potentials
applied. For the lowest potential (Vgep= -400 mV) a charge of -0.0017 C was determined.

By using the charge (Q) derived from the i-t curves, the amount of Pt deposited and its
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Viep/ mV | Charge/ C | Calculated film thickness/ nm | Deposition rate/ nm s
-100 | -2.76 x10°7 0.32 0.02
-200 -1.92 x10% 2.26 0.15
-300 -9.92 x10™ 11.66 0.78
-400 -0.0017 19.54 1.30

Table 3.1: Table showing the calculated charge and thickness values for the various

deposition potentials applied (Vgep) at the Au/glass working electrode.

thickness could also be estimated. For Vgep= -200 mV, the amount of Pt deposited was

0.194 pg. The thickness was calculated using Equation [B.41] below:

Mw
T = W (3.4.1)

Where T is the thickness (nm); Mw is the molecular weight (195.08 g/mol); n is the
number of electrons transferred; F is Faraday’s constant (96485.309 C mol!); A is the
surface area of the electrode (m?); D is the density of Pt= 21.45 g/cm?; and Q is the
charge (C).

So for a Vgep= -200 mV, a 2.26 nm Pt film thickness was calculated. By decreasing
the potential down to -400 mV, it was found that initial reduction between -280-400
mV were crucial in producing adherent Pt films. It was likely that the evolution of Hs
bubbles occurred during the electrodeposition of platinum, as once Pt is deposited, it is

a highly efficient surface for the electrocatalytic reduction of protons to hydrogen gas,

Rao and Trivedi (2005). Furthermore, the presence of adsorbed hydrogen gas bubbles

could locally prevent electrolyte contact to the surface, thereby hindering electrochemical

reduction and metal deposition (Pennei, 2001; [Rao and Trivedi, 2005). As a result, this

dynamic formation and loss of hydrogen gas from the surface during electrodeposition can
cause inhomogeneous electrodeposition rates and an increase in surface roughness of the
platinum deposit.

Varying deposition duration

The effect of varying deposition duration on the deposited Pt layer is investigated in this

section. The time duration of Pt deposition () was varied between 60-200 seconds. Each
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run was carried out on a new Au/glass electrode with all other parameters kept constant

during the investigation; Vgep= -300 mV; using a 10 mM KyPtCly/100 mM KCI system.
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Figure 3.10: Left: Current-time transients resulting from deposition duration

experiments (t= 60 s; 130 s and 200 s) at individual Au electrodes. Right:

Corresponding charge-time plot for the different potentials applied at Au electrodes.

Figure B10 shows the results for three different times used, t= 60 s, 130 s and 200 s. It

can be seen that at lower times (t= 60 s) the deposition current at the end of the run was

approximately I=- 28.7 uA. As the duration of deposition was increased to 130 s (I=-26.6

pA) and then upto 200 s (I= -23.1 pA), a general trend was observed where the current

increased over time, due to the increase in surface area of Pt deposits. The charge and

thickness values for each run were calculated and are tabulated in Table These show

the overall increase in Pt film thickness as the duration was increased. The deposition

rate were comparable as expected as no other changes were made to the system.
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Vdep duration/ | Charge/ | Calculated film thickness/ | Deposition rate/
s C nm nm st
60 -0.0023 17.60 0.29
130 -0.0043 32.62 0.25
200 -0.0061 46.02 0.23

Table 3.2: Table showing the calculated charge and thickness values for the various

depostion durations (t= 60 s, 130 s and 200 s) applied at the Au/glass working electrode.

Figure B.IT] presents the SEM images obtained for these measurements which allowed
us to understand the effect of varying the time for deposition in more detail. Overall the

SEM image of the deposits exhibited brighter contrast corresponding to the Pt grains and

the darker grey regions due to the Au film, |Goldstein (2003). For the shorter deposition

time (t= 60 s), the Pt deposits were sparse, with the Pt grain nuclei spread across the
surface resulting in poor coverage. However as the time duration was increased, the SEM
exhibited nuclei overlap and formation of compact grains. At a time duration of 200 s, a
dense and compact coverage by Pt electrodeposit was observed indicating that a longer

time duration was a crucial parameter in film growth, under the conditions investigated.

Figure 3.11: Scanning electron micrographs for the different deposition durations
investigated. (Left) t= 60 s (Middle) t= 130 s (Right) t= 200 s. Vgep in all cases set to
-300 mV. Scale bar= 50 nm.

79 of 2201



Chapter 3 Characterisation studies of platinum electrodeposition

Varying concentration of the metal complex

This section discusses the effect of varying the KoPtCly concentration over the range
2.5 mM-10 mM in order to investigate its effect on the deposition rate of Pt films. All
experiments were carried out with a set duration of 300 s and a deposition potential Ve,
of -280 mV. Figure shows the i-t curves and charge-time plots for the three different

concentrations studied.
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Figure 3.12: Left: Current-time transients resulting from various KoPtCly concentration
experiments at individual Au electrodes. Right: Charge-time plot for the different
concentrations used at Au electrodes. The Vg, in all three measurements was set to

-280 mV.

The calculated total number of Pt molecules used up during deposition (based upon
the amount of current passed through the system) is tabulated in Table using the
formula: number of electrons transferred (noe)= @Q/e, where @ is the charge (C) and
e is the electron charge (1.602 x107'? C). Since PtCl4? reduction reaction involves two
electrons (PtCly% + 2 ¢ — Pt? + 4 CI'), noe was divided by 2. For the 2.5 mM KyPtCly
concentration, approximately 1.074 x10'” molecules were used up. This value was similar
to what was observed for 5 mM and 10 mM runs with a consistent deposition rate between
0.22-0.24 nm s for all measurements.

However, when the samples were observed under the optical microscope, the deposited

structures were irregular and highly porous at the lower concentration (2.5 mM) compared

80 of 2200



Chapter 3 Characterisation studies of platinum electrodeposition

Figure 3.13: Optical images taken with Nikon L150 Eclipse optical microscope at 100 x
showing the different quality of Pt depositions when the plating solution KoPtCly
concentration was varied. (Left) 2.5 mM (Middle) 5 mM and (Right) 10 mM. Scale bar=

20 pm.
[KoPtCly]/ | Charge/ | No. of Pty | Deposited thickness/ | Deposition rate/
mM C nm nm s
2.5 -0.0344 | 1.074 x10'7 66 0.22
5.0 -0.0381 | 1.189 x10'7 71 0.24
10 -0.0384 | 1.119 x10'7 73 0.24

Table 3.3: Table showing the deposition thicknesses and rates calculated when
concentration of KoPtCly was varied. The number of Pt molecules consumed during

deposition, Ptyo= noe/2, noe (number of electrons transferred)= Q/e.

to a uniform film exhibited for the higher concentration (10 mM). The SEM images for
these are provided in Figure BI3l The difference in the deposits can be explained by
the number of ions that were available for discharging. As the concentration was lowered
during deposition, it created a depletion layer near the working electrode resulting in
poor deposits. Whereas at high concentration, many ions were available in solution for

deposition resulting in a uniform film and consistent deposits.

3.4.2 Cyeclic voltammetry analysis

Cyclic voltammetry was used to study the reactions taking place at the electrode surfaces
and to confirm the structure of the Pt deposits. Figure B.I4] depicts voltammograms of
Au/glass substrate electrode performed in the presence and absence of PtCl;% ion solution.

The CV curve in Figure B4l (top panel) shows the Au coated glass substrate working

81 of 22001



Chapter 3 Characterisation studies of platinum electrodeposition

electrode cycled in 50 mM HsSO4 exhibiting the typical characteristics of an Au electrode

surface, Ross (1994). Figure 314 (middle panel) corresponds to a cyclic voltammogram

of the Au surface in the supporting electrolyte (100 mM KCl) in the absence of KoPtCly
solution showing the corresponding hydrogen and oxygen evolution of Au surface. The
CV curve in Figure B.I4] (bottom panel) shows the behaviour of the PtCl;% ion solution
supported by 100 mM KCl, where platinum reduction; re-oxidation to platinum ion and
the oxide reduction peaks are presented at potentials of -300 mV; 4900 mV; and 450 mV,

respectively. These correspond well to typical potential ranges observed in literature for

platinum, |Jerkiewicz et all (2004). All scans were taken at room temperature under inert

conditions at a scan rate of 50 mV s,
Following deposition, the electrode is cycled in 50 mM HySOy4 to study the electrode-

posited Pt surface structure. The CV curve for this is shown in Figure B.I5l The curve is

typical of that observed for the polycrystalline platinum in an acidic media, Baumgartner

1988). On the anodic sweep starting from +1000 mV, the formation of surface oxide is

observed. On the reverse scan at +400 mV the surface oxide is subsequently removed,
giving rise to a well defined stripping peak. In the centre of the voltammetric curve (be-
tween 0 mV and +250 mV) is the double layer region where the capacitive processes takes
place. At more negative potentials, the typical hydrogen evolution and adsorption peaks
are observed. Reproducible CVs were obtained by recording ten continuous scans in the
direction from +1000 mV to -500 mV. In total more than 50 experiments were performed

which all showed similar behaviour to the cases illustrated herein.

3.4.3 Multi-step deposition

The multi-step deposition technique was used to get a better understanding of the Pt de-
position mechanism for the plating bath developed. The general mechanism of nucleation

and growth can be described by five individual steps, these are illustrated in Figure 3.16],

Venables et all (1984). Firstly the metal ion complex arrives at the electrode surface either

by convection or diffusion. Electrons are then transferred to the ion from the cathode as
shown in step (ii). In step (iii) the metal ion is either partially or completely desolvated
before further metal ions diffuse to the surface (iv) and coalesce (v) to form a nucleation
site.

These steps play a crucial role in determining grain sizes. In order to achieve fine-

grained thin film deposits, the generation of these nucleation sites needs to be interrupted
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Figure 3.14: Cyclic voltammograms. Top: Au/ glass substrate electrode in 50 mM
HSOy solution. Middle: Au/glass substrate in 100 mM KCI and Bottom: Au/glass
substrate in 100 mM KCI in the presence of 10 mM KyPtCly, reproducible scans were

obtained after five cycles. The scan rate for all measurements was set to 50 mV s°!.
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Figure 3.15: Cyclic voltammogram of Pt deposited layer on the Au/ glass substrate

electrode in 50 mM HySOy4 solution. The scan rate was set to 50 mV st
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Figure 3.16: Schematic illustrating the general mechanism of nucleation and growth.
Growth of a large scale deposit proceeds in a number of stages: (i) transport of the
metal ion complex to the electrode surface (ii) electron transfer (iii) partial/complete

desolvation (iv) surface diffusion (v) formation of stable nuclei and finally growth of

nucleus and overlapping towards film formation. Adapted from [Venables et all (1984).
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Scharifker and Hilld, [1983; [Scheludko and Todorova, 11952). This can be achieved with

the multi-step technique in which a reduction potential, followed by a relaxation potential
is applied repeatedly. This oscillation of potential disrupts the flow of electrons which
facilitates coalescence of ions that form a nucleation site. If the application of the relaxed

and reduction potentials is timed correctly and implemented for a significantly long period,

a thin film of metal will eventually form (Sprague and Gilmore, 11994; [Venables et all,

1984).
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Figure 3.17: Schematic representation of the nucleation potential technique. Potential E;
allows nuclei formation on the substrate and potential E, is a less negative potential

suitable for controlled nuclei growth.

Typically two types of growth mechanisms can be observed for the growth of electrode-

posited thin films; instantaneous and progressive nucleations, [Scharifker and Hilld (1983).

The presence of either depends upon the rate of nucleation. In the case of instantaneous

nucleation, the growth rate of a new phase is high but the number of formed active nucle-

ation sites is low, [Venables et all (1984). In comparison, whilst progressive nucleation is

slow, it occurs on a large number of active sites, resulting in the growth of compact grains.
The latter is achieved through strategically interrupting the nuclei formation process us-

ing the multi-step technique. Interruptions are short and spaced enough to allow, in a

following step, controlled growth of the nuclei (Ueda et all, 2002; [Venables et all, [1984).

The multi-step technique requires critical information of important parameters as il-
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lustrated in Figure BI7 The technique (Scharifker and Hills, [1983) is characterised by
the pulses E; and Eo and their corresponding pulse durations t; and to. This allows for
an efficient way to control the particle size distributions of electrodeposits. The method is
based on the knowledge of the critical potential for the system, E.it, which is the minimal
potential that has to be applied in order to allow the formation of nuclei.

The first step that was applied, E{, had to be more negative than E; to ensure re-
duction of PtCl;% to Pt. The second step, E; needed to be more negative than the open
circuit potential (OCP) to avoid redissolution but more anodic to prevent new nuclei for-
mation. Duration of the steps was also important, t; had to be of the order of milliseconds

to avoid the formation of a great number of nuclei, and to had to have values ranging from

40 to 300 s to allow a controlled growth (Penner, 2001; Venables et all, [1984).

In order to determine E,j; and E; parameters, a cyclic voltammetry was performed
on a 10 mM KyPtCly /100 mM KCl system, as shown in Figure B.14] (bottom panel). This
shows a CV starting on open circuit potential (Vo) conditions (0 mV) and going on
cathodic direction up to a potential of -500 mV to avoid secondary cathodic process. The
potential sweep is then reversed towards the anodic direction at +500 mV to avoid oxygen
evolution. Under these conditions the platinum reduction peak at -300 mV is observed
and re-oxidation at +50 mV. We observe the beginning of the platinum reduction at the
critical potential (E¢rt = -180 mV). Thus, nucleation potential E; was set between -200
mV and -500 mV to avoid hydrogen evolution and secondary cathodic processes. This
potential is applied over a nucleation period t; which is in the order of milliseconds to
enhance nuclei formation only. The growing potential (Eg) was set to to a more negative
value than the V¢, and so it was important it did not exceed E;¢ in such a way that
nuclei formation was inhibited, as well as redissolution of platinum deposit. This growing
step potentially enhanced the controlled growth of existing nuclei. Therefore the growing
conditions were chosen as; Eo= -300 mV and to= 300 s.

Four different types of experiments were carried out with varying Eo and ty and t;
parameters, these are illustrated in Figure B8 Sample 1 (S1) was used as the control
where a constant deposition potential Vgep= -300 mV was applied for a duration of t=
300 s. Further to this, a single nucleation step (sample 2, S2) was tested and the protocol
for this is illustrated in Figure (middle panel). Here the parameters were set as
follows; E1=-500 mV ; Eo=-300 mV ; t;= 0.1 ms; to= 300 s. For sample 3 (S3) a double

nucleation step technique was used, where the nucleation step of E; and t; was repeated.
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Figure 3.18: Schematic representations of the different nucleation and growth
experiments carried out on individual Au/glass electrodes. Top: S1, control experiment,
Vgep= -300 mV; t= 300 s. Middle: S2, using a single nucleation step, E;= -500 mV;
Eo= -300 mV ; t;= 0.1 ms; to= 300 s. Bottom: S3, using a double nucleation step, E1=
-500 mV ; t1= 0.1 ms; E1,= -500 mV; t1,= 0.1 ms; Eo= -300 mV ; to= 300 s. Potential
E; and Eq, allows nuclei formation on the substrate and potential Es is a less negative

potential suitable for controlled nuclei growth.
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Figure 3.19: Current-time transients resulting from the different nucleation and growth
steps applied at individual Au electrodes. From top to bottom: S1, S2, S3 and S4 with

corresponding charge-time plot for the different samples.
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Sample Charge/ C Calculated film thickness (nm)
S1 -0.0082 56.50
S2 -0.0052 39.43
S3 -0.0007 5.65
S4 -0.0127 95.80

Table 3.4: Table of calculated charge and thickness values for S1, S2, S3 and S4

experiments at the Au glass electrode substrate.

The additional step, assigned as Ei,= -500 mV was set with a time duration of t1,= 0.1
ms. Finally a further control was used where the deposition potential was kept constant
as described for S1 (Vgep= -300 mV) but with a longer duration of 500 s.

The results obtained for the control depositions experiments (S1 and S4) are presented
in Figure (top and bottom panel), respectively. Here the behaviour of the current
is shown when a -300 mV potential is applied to the system. The results are similar to
what we observe for the typical chronoamperometry measurements as discussed in Section
B41 For the case of S1, the current initially rises within the first few seconds due to
discharging effects and then remains constant until there is an increase in surface area of
Pt deposits, which corresponds to a progressive increase in current over the 300 s run.
For S4 (Figure B19), the same behaviour is observed, however after ~320 s, the current
stabilises and remains constant for the remaining time. The change in the current induced
by the potential also indicates that at short times (<300 s ) a progressive deposit of
particles is achieved. However at longer times (S4, t= 500 s) the growth of the larger

grains becomes limited by diffusion due to a depletion layer established around the grains,

Venables et al) (1984).

For the multi-step depositions, the behaviour of the current indicates two steps; a
‘nucleation process’ at the start and a ‘growth process’ when it stabilises. For S2, the

results for which are plotted in Figure [3.19], it can be observed that during the first

step (E1) a typical nucleation curve for electrodeposition is observed, [Scharifker and Hills

1983). This is followed by an increase of the current, indicating a possible growth of the

Pt grains. For S3, the same trend is seen with the exception of an additional nucleation
step.

Optical images of Pt deposition at each individual electrode following the multi-step
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Figure 3.20: Optical images of Pt surfaces (samples S1, S2, S3 and S4) at 100 x after

depositions including individual images of the electrodes at 20 x magnification.
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procedure were also investigated and are shown in Figure For nucleation step ex-
periments (samples S2 and S3) the images showed uneven films and sparse deposition.
Whereas for samples S1 and S4 (where no nucleation step was applied) uniform Pt layers
with consistent deposits were achieved. The corresponding charge-time plots for all four
measurements are provided in Figure B.I91 For samples S1 and S4, a much higher de-
posited charge is obtained, whereas for S2 and S3, the resulting charge is between -0.0007
to 0.00127 C, respectively. By calculating the thickness values from these plots (provided
in Table B4]), it was observed that the constant deposition experiments S1 and S4 also
gave the greatest thickness values compared to the S2 and S3 under the same conditions.
From this it was concluded that with the constant deposition method, the growth of Pt

film were achieved more efficiently than that obtained with the multi-step method.

3.4.4 Scanning Electron Microscopy (SEM) Characterisation

The Scanning Electron Microscope (SEM) was used to characterise the surfaces of the Au
and Pt deposits for all deposition experiments carried out. SEM imaging was performed on
a LEO Gemini 1525 SEM. The substrates were affixed to conductive carbon tape (G3939,
Agar Scientific) and loaded on specimen mounts for SEM imaging. The WD was set to
5 mm and all measurements were conducted at either 5 kV or 10 kV for high resolution

imaging.

Figure 3.21: Scanning electron micrographs for (Left) Au layer on glass substrate and

(Right) Pt electrodeposited layer. Scale bar= 200 nm.

Figure[3:2T] (left panel) shows a typical SEM image of a gold (Au, 100 nm film thickness)

electrode prepared for electrodeposition. A smooth Au surface is observed, with no observ-
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able cracks or pores with grain size less than 20 nm £5 nm. In contrast (Figure B21] right

panel) the SEM of the electrode following electrodeposition of Pt reveals structures simi-

lar to bulk Pt films (Baumgartner, [1988; [Rosd, 11994). Both the polycrystalline gold and

platinum films exhibited strong contrast variations in SEM images, resulting from Bragg

reflections of randomly orientated crystalline grains, |Goodhew and Humphreys (2001).

Overall the SEM images showed a uniform layer and relatively flat topography.

3.4.5 Elemental Analysis

Energy dispersive X-ray spectroscopy (EDXS) was used for chemical characterisation of
the Au and Pt electrode surfaces and to confirm the composition of both metal layers.
In SEM, the sample was exposed to an extremely narrow beam of high energy electrons.

Some of these electrons reflected from the surface of the sample, allowing this to be viewed

on a monitor screen in the form of a ‘back-scattered’ electron image, Wells (1974). Other

electrons were able to lose energy by interacting with the atoms present in the sample,

prompting the emission of X-rays; every chemical element reacted differently in terms of

the quantity of X-rays produced, |Goldstein (2003).

This function was built in the SEM instrument (LEO Gemini 1525 SEM) where the
working distance (WD) was set to 15 mm with an aperture size of 60 pm. Figure B.22
shows the scans obtained using the INCA Energy software (Oxford Instruments). In-
dividual areas of 500 nm x 500 nm were scanned for the Au electrode surface and the
electrochemically deposited Pt surface. The information was plotted as a spectrum of
energy versus relative counts of the detected X-rays.

The spectrum obtained for the Au/glass electrode showed a clean Au crystalline sur-
face, indicating a clean surface for deposition. The peaks observed for the Au surface were
observed at 2.409; 2.204; 2.117; 2.123 keV corresponding to emissions of X-rays specific for
an Au element and were validated using the INCA Element feature, within the software.
For the Pt deposited films on the Au surface, again the peaks corresponded to the pres-
ence of Pt at 9.973; 8.267; 2.331; 2.050; 2.046; 2.127 keV. A small amount of oxygen and
a negligible quantity of carbon was also detected for both analyses. The carbon contami-
nation was common in these measurements and was due to prior cleaning of samples with
acetone and from the carbon conductive tape (G3939, Agar Scientific) which was used to
affix the samples to the stage. The results obtained from these measurements validated

the presence of Pt metal on the surface, which was electrochemically deposited onto the
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Sum Spectrum

Spectrum 3

Figure 3.22: EDXS spectras showing the elements present for (Top) Au and (Bottom) Pt
samples scanned. With relevant counts of Au (2.409; 2.204; 2.117; 2.123 keV) and Pt
(9.973; 8.267; 2.331; 2.050; 2.046; 2.127 keV) detected corresponding to typical peaks

200

observed for these metal, |Goldstei
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Au from the aqueous plating bath.

3.4.6 Scanning Tunnelling Microscopy (STM) topographic analysis

Scanning Tunnelling Microscopy (STM) allowed for a general assessment of the deposit
growth quality and reproducibility. STM measurements were carried out using Agilent
5500 STM (Agilent Technologies). A hermetically sealed, top-down configuration provided
complete isolation of the electronics and scanning elements from the imaging environment.
The STM was housed in a Faraday cage and placed on a vibration isoltation table.

Areas ranging between 50 nm?-1 ym? were analysed with a current setting of 1 nA and
scan rates between 0.6-0.8 nm? s™'. All measurements were taken using the Picolmage™
software, provided with the instrument. The variations in tip height were recorded as
a Tungsten (W) tip was scanned repeatedly across the sample, producing a topographic
image of the surface. Using this, a computer-generated contour map of the surface was
produced. Processing of all STM images was carried out using WSxM 5.0, Nanotec soft-
ware.

The typical STM images recorded for the Au and Pt deposited films from the aqueous
solution are shown in Figure B23l These images confirmed the spherical form of Au and
Pt grains already observed by SEM. For an Au sample, a fairly flat surface was observed
with grain sizes <20 nm. Following Pt deposition, (Vgep of -300 mV; t= 120 s) the
resulting surface showed larger grain sizes due to Pt deposits and a rough texture. A
longer deposition time duration of 400 s was also used (with all other parameters kept
constant) to study the difference in film quality over time. The STM scan for this is
provided in Figure (top panel). This image shows a less rough surface as the Pt film
grows during electrodeposition becoming more compact, at this point fewer individual Pt
grains were detected due to the formation of overlapping growth centres. A histogram
of grain distribution was also constructed by scanning large-scale areas of three samples
(Figure B.23] bottom panel). This showed the number of grains detected with a specific
height. Using a Gaussian fit, the average height for each sample was calculated and is
provided in Table[35l After acquiring the STM images it was possible to measure the 1-D
surface roughness on a line in the horizontal direction, this was carried out over a 400 nm?
profile. The root mean square (RMS) roughness was determined (Equation B.4.2) with

the software from 342 pixels.
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Figure 3.23: STM image and roughness measurements for the gold and platinum
deposited surfaces. Top: (i) 2-D image of the Au surface prior to deposition, prepared by
thermal evaporation. (ii) 2-D image of Pt surface prepared by the application of a
constant potential in 10 mM KyPtCly/100 mM KCl, Vgep= -300 mV for t= 120 s. (iii)
2-D image prepared by the application of a constant potential in 10 mM KyPtCly/100
mM KCl1 Vgep= -300 mV for t= 400 s. Middle and Bottom: The profiles along the
dotted line are associated with the image and show the overall roughness. The histogram
of grain distribution carried out for both Au and Pt samples show the numbers of grains
with specific heights. All topographic scan dimensions were set to X= 100 nm, Y= 100
nm, Z= 100 nm.; histogram and line measurements were carried out on large scale areas

of 400 nm?.
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Sample RMS roughness/ nm | Average height/ nm
Au surface pre deposition 1.51 5.42
Pt surface, t= 120 s 11.07 15.14
Pt surface, t= 400 s 3.54 77.92

Table 3.5: Table of calculated RMS roughness using Equation and the average

height of Pt film derived for each sample.

(3.4.2)

where r; is the profile in nanometers. The results obtained for the 1-D surface rough-
ness of Au and Pt deposited films are shown in Figures (middle panel). The image
displays the magnitude of variation in shape fluctuation along the line direction, further
demonstrated in the plot of height as a function of distance along a single line. The average
height and the root means square (RMS) roughness of the Au surface were determined
as 5.42 nm, and 1.51 nm respectively. Similarly post-deposition (t=120 s), the Pt film
produced grain sizes between 30-40 nm with an average height of 15.17 nm and RMS=
11.07 nm. For t= 400 s, an average height of 77.92 nm was calculated with an RMS=
3.54 nm. Indicating the surfaces obtained post-deposition had a low surface roughness

and were suitable for the application of thin film growth, as discussed in Chapter [l

3.5 Summary

In summary, a method to deposit platinum has been developed and characterised with a
view on controlling the size of our metallic nanopores. Platinum was deposited on fab-
ricated gold electrodes from a solution of 10 mM KyPtCly and 100 mM KCI at room
temperature. The growth conditions were tuned to obtain uniform layers of the Pt film
with a metallic conductance. Parameters including PtCl;* complex concentration; reduc-
tion potential and time duration were examined. Along with multi-step experiments which
utilised the separation of nucleation and growth towards forming smaller grain sizes. The
Pt deposited surfaces obtained were smooth and homogenous without cracks or pores.

STM measurements gave an average RMS value of 3.54 nm for a deposition duration of
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400 s, indicating a low surface roughness. The grain sizes observed with SEM and STM
were between 30-40 nm showing the control over deposits in the conditions investigated.

The characterisation studies carried out provide us with important information on
the distinct system parameters that are required for the optimisation of Pt deposition
using the developed plating bath. Further work looks at the integration of electrochemical

deposition with a feedback mechanism to control the dimensions of metallic nanopores.
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Chapter 4

Precise electrochemical fabrication

of sub-20 nm metallic nanopores

Declaration: The work presented in Section [4.5.5] is also published in M. Ayub et al,
‘Precise electrochemical fabrication of sub-20 nm solid-state nanopores for single-molecule

biosensing’. Journal of Physics: Condensed Matter, 2010, Volume 22, 454128.

This chapter presents the work conducted on developing a novel and simple fabrication
technique to produce metallic nanopores with apparent diameters below 20 nm. Section
A1l presents an overview of the current solid-state nanopore fabrication methods and
hence serves as a precursor to the techniques developed and presented in this chapter. In
particular, it outlines the limitations of current methods and emphasises the need for better
control of pore dimensions during the fabrication process. Section then discusses the
general experimental set-up of the fabrication studies, a brief overview of the chemicals and
material employed is provided, as well as a description of the equipment used to conduct
this investigation. Subsequently Section discusses the preliminary experiments carried
out for fabricating nanopores using electrochemical deposition in the absence of a feedback
mechanism.

The remainder of this chapter presents two different techniques that have been pro-
posed and tested to provide greater control of pore dimensions during the fabrication
process. Firstly, the use of a visual feedback method is considered in Section [£4] followed
by an ionic current feedback (ICF) method in Section L5l For each method, details of
the set-up, the necessary steps required for sample preparation and the studies conducted

for characterising the proposed methods are presented. These sections then present the
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results of the studies carried out and a discussion on the findings. A summary of the

conclusions drawn from the work presented in this chapter are presented in Section [4.6l

4.1 Background

As discussed previously in Chapter [, metal nanopores may provide improved sensitiv-
ity and control of the physical characteristics of a nanopore surface and its interaction
with molecules under investigation (which can allow for various applications eg. sur-
face modification, etc.). Whilst electrophoretic translocation of DNA, RNA and proteins

through nanopores has enabled both detection and structural analysis of these complex

biomolecules, (Dekker, 2007; [Fologea. et all, [2005a; [Han et all, 2008) in the measurements

considered in this work, the pore must be comparable to the size of the analyte molecule
in question. Hence control over the nanopore size is critical.
Currently, the most widely used fabrication methods are based on focused electron

or ion beams and thus require (scanning) transmission electron microscopy (STEM) and

focused ion beam (FIB) instrumentation (Storm et all, [2003; [Li et all, 2001). However,
although very small pores are achievable using these approaches, several issues remain.
These include the requirement of using very thin, mechanically less stable membranes,
particularly for pore diameters in the single digit nanometer range; device-to-device re-
producibility; control of the surface properties at and inside the nanopore and finally, the
fabrication cost. Therefore, there is an increasing interest in controlling nanopore sizes for
both bare insulating membranes and metallic nanopores with more effective techniques.
Since commencing work in this field the research conducted in this group has primarily
focused upon developing novel architectures for control and selectivity of bio-molecules.

Developments within this project were based on work done by C. Martin et. al towards

fabricating gold nanotube membranes (Wang et all, [2006; [Yu et al., [2003) and the fabri-

cation of the Pt glass electrode (Zhang et all, 2006) which presented the possibilities of

controlling the properties at the nanopore interface through external, electrostatic gat-

ing and chemical functionalisation, INishizawa et all (1995). Subsequently, the fabrication

method discussed here is based on the use of electrochemically depositing Pt metal to con-
sistently shrink the size of metallic nanopores. The objective of the work presented here
is to develop a method which permits the control of nanopore sizes during the fabrication
process whilst avoiding the need for overly complex or expensive methods. Furthermore, if

sufficiently versatile, such a method could be scaled up to fabricate larger nanopore arrays
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and can applied to the fabrication steps of other instruments which require a control of
metal fabrication down to a few nanometers. However, in this chapter the focus remains
upon the development of such an approach to fabricate highly sensitive single molecule
sensors. In order to satisfy the given criteria a feedback mechanism is necessary such that
the deposition process (and hence the pore size) may be observed and so controlled in
real-time. As mentioned above, two such feedback approaches are considered here; the
first is based upon a visual observation of the deposition process and the latter is based
upon the ion conductance through the nanopore. Both feedback methods are tested to

evaluate their performance in controlling pore sizes to the required tolerance.

4.2 Experimental

4.2.1 Pt deposition

The electrodeposition of platinum metal onto gold coated nanopore surfaces is presented
in this chapter. For these studies, a plating bath of potassium tetra-chloroplatinate II
(KoPtCly, 99.99% Sigma Aldrich) complex is used with potassium chloride (KCl; Fluka,
>99.99%) acting as a supporting electrolyte. The PtCl4% ions are reduced at the Au

nanopore surface to form Pt using the following reduction reaction:
PtCly* +2¢~ — Pt +4CI1~ (4.2.1)

The development and full characterisation of the plating bath employed in this study

is discussed in Chapter 3.

4.2.2 Fabrication of initial nanopores

The initial large size nanopores used throughout this chapter were prepared as described
in Section Briefly SisN4 membrane of thicknesses between 50-240 nm were metallised
from one side with 10 nm Ti and 100 nm Au layers. Both individual pores and arrays
of 100 nm diameter were then milled into the membrane using a focused ion beam. The
exact dimensions and properties of these pores are described in the relative sections.
Prior to measurements, the nanopore chips were exposed to an oxygen plasma to
remove any organic contaminants. Subsequently, the chips were wetted to avoid any
accumulation of dust. This was done by applying ~5 ul of propan-2-ol to the cis side of

the chip and then by turning the chip, the trans side was also treated with propan-2-ol.
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4.2.3 Data acquisition and analysis

All deposition measurements were performed using a commercial potentiostat, (CH760c,
Electrochemical Workstation, CH Instruments). The instrument was controlled via a per-
sonal computer (PC) using the CHI 7.20 software. All electrochemical potentials were
measured with respect to a Ag/AgCl reference electrode. The flow cell was in which the
experiments were conducted was placed in an in-house Faraday cage and electrically con-
nected to the ground. Depositions were carried out at room temperature. The electrolyte
solution was degassed by bubbling high purity argon (Ar) gas for 15 minutes prior to every

measurement.

4.3 Preliminary experiments

Subsequent to the studies conducted in Chapter [3] on the electrodeposition of Pt on flat
surface, this section looks to apply the findings to a nanopore and verify that the observed

deposition characteristics are reproducible for a nanopore containing membrane.

4.3.1 Methodology

A three electrode configuration was employed for the studies in this section, whereby
deposition took place on the entire surface of the nanopore membrane. A schematic of the
experimental set-up is presented in Figure @Il Nanopores used for these measurements
consisted of a 16 nanopore array with dimensions of 100 nm with a distance of 5 pum
between each pore. The pores were milled into a 100 nm Au; 10 nm Ti and 200 nm SigNy4
thick membrane using the FIB technique.

The electrodeposition process requires that the chip be held in place in a stable manner
within the solution; hence the chip was adhered to a glass slide using KwikCast epoxy.
In order to achieve an electrical connection to the chip for the deposition process, contact
pads were patterned and fabricated onto the slide prior to adhering the chip. An electrical
connection between the contact pad and the chip was then achieved using a wire bond,
Figure .2l Discussions of the protocol used for the wirebonding and patterning of the
contact pads are provided in Appendix [4.7.2] and [£.7.3], respectively.

The three electrode configuration used was connected to the potentiostat. Here, a Pt
wire (250 pm thickness; 5 cm length) was used as the counter electrode (CE) and Ag/AgCl

as the reference electrode (RE). The Au coated membrane was connected to the working
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Potentiostat
RE Ag/AgClI CE Pt wire
WE1 connected
to Au membrane
nanopore CD
chip

Figure 4.1: Schematic of the experiment. Left: A 3 electrode configuration is used and
the nanopore containing the 16 nanopores is immersed in the deposition solution
completely. Right: Circuit for the connections to a potentiostat. notations: WE

(working electrode), CE (counter electrode), and RE (reference electrode).

Figure 4.2: Left: Photomask for the design of Au contact pads on a glass substrate. Each
glass slide had the dimensions 65 mm x 25 mm. Dots and dash lines in the CAD file act
as guidelines for drawings and were not printed onto the final photomask. Right: Optical
image of Au wedge bonding at the edge of a nanopore chip (front view, yellow- gold
layer; green- silicon nitride layer). The three bonds shown lead towards the contact pad

patterned on the glass substrate, which is externally connected to the WE1 terminal.
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electrode (WE1) terminal by wire bonding onto the Au contact pad. The crocodile clip
for WE1 was then attached to the contact pad outside of the solution to allow for external

control of the potentials that were applied.

4.3.2 Results and Discussion
Pt deposition at nanopore arrays

Platinum was electrochemically deposited onto the Au metal coated nanopore array con-
taining 16 nanopores of 100 nm +5 nm dimensions, from a solution of 10 mM KyPtCly and
100 mM KCl. The chronoamperometric measurements were carried out by immersing the
Au membrane into a electrochemical cell as illustrated in Figure @Il The typical recorded
deposition current vs. time trace obtained at an individual nanopore membrane is plotted
in Figure 4.3l The deposition parameters were set to a time duration ¢t= 140 s and Vgep=

-300 mV.
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Figure 4.3: Current-time transients resulting from the deposition of Pt on an array of 16
nanopores with intial pore diameter of 100 nm +5 nm each. The deposition is carried out

from a solution of 10 mM KyPtCly and 100 mM KCl, at a Vg, of -300 mV, t= 140 s.

By integrating the deposition current-time curve, the total amount of deposited charge
(Q= [T x dt) was also calculated. The plot of charge-time for this experiment is provided
in Figure A delay of 1.5 seconds was used for determining the charge, in this case a
total of -0.0104 C was transferred during the deposition with a final Pt film thickness of
49.2 nm, calculated using Equation B.4.1]
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Figure 4.4: Scanning electron micrographs (Top) before and (Middle) after the
deposition of Pt at the 16 nanopore array. Each pore is numbered corresponding to the
initial and final dimensions tabulated in Table [Z]]. Scale bar= 4 pm. An average
diameter value of 66 nm is obtained across all nanopores fabricated using the
electrochemical deposition technique. Bottom: close up of a single pore (centre) from the

array showing deposition around the periphery of the pore. Scale bar= 200 nm.
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SEM imaging

SEM imaging of the pores before and after deposition revealed a reduction in pore size.
Figure [4.4] shows the nanopore array with initial pore diameters of 100 nm and the subse-
quent post deposition pore diameters. From the figure, the growth of Pt deposits is evident
and by using the scale bar feature provided in the SEM software, the pore dimensions were
determined and are plotted in Table[4l The experiment was successful in demonstrating
the use of electrochemical deposition for controlling the size of the metallic nanopores.
Uniform nanopore arrays were observed post deposition. In addition to this, the thickness
and granularity of the deposit were observed to be consistent with the results of Chapter

However in order to achieve a particular pore size accurately and consistently the
temporal variation in pore size must be observed during deposition, such that the process
may be stopped when the desired pore size is reached. Therefore a monitoring form
or a feedback mechanism is necessary to control the deposition process; the subsequent
sections of this chapter discuss the use of a visual feedback method (Section 4] and an

ionic current feedback method (Section [4.5]).

4.4 Visual feedback method

The first generation of nanopore shrinking techniques considered here use an optical imag-
ing method which allows for real time in situ studies of the electrochemical deposition
process. The visual was achieved using an inverted optical microscope composed of a light
source and condenser above the stage pointing down, whilst the objective and turret were
positioned below the stage pointing up. Hence by performing the deposition process with

this set-up, the pore shrinking could be observed.

4.4.1 Requirements for optical measurements

In order to initiate and observe the depositions using this optical technique, the nanopore
chip needed to fulfil several requirements.

Firstly, the chip had to be affixed to a robust platform so that it could be mounted
onto the stage of the microscope. The same Au patterned glass substrate design discussed
in Section was used in this case. However the platform had to incorporate a sealed

compartment to allow for a small volume of deposition solution to be filled. The dimensions
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Pre deposition Post deposition

# . . .
width/ nm | height/ nm | width/ nm | height/ nm

1 105.8 104.5 69.4 67.5
2 101.8 102.6 69.6 68.4
3 101.5 102.6 63.4 68.5
4 103.3 102.6 66.8 69.3
5 100.8 101.8 46.5 50.3
6 100.8 101.8 62.5 65.5
7 101.0 102.8 71.1 68.9
8 101.5 101.8 69.6 69.5
9 100.8 101.8 71.0 69.2
10 100.8 101.8 63.5 68.5
11 101.5 101.5 48.2 49.5
12 100.8 101.8 64.5 69.9
13 101.0 101.5 69.4 72.1
14 100.8 101.8 66.8 69.3
15 101.0 101.5 68.6 68.3
16 100.8 101.8 63.5 66.5

Table 4.1: Summary of results for the deposition of Pt onto a 16 nanopore array. The
pore dimensions of individual pores have been inferred from SEM measurements using a
scale ruler provided in the interface software. #: labelled nanopore (from 1-16) from the

SEM image in Figure 441
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of this also had to accommodate the RE and CE electrodes. Furthermore, it was important
that the platform also facilitated the easy exchange of solution and handling of the flow
cell.

Secondly, the metal coated side of the membrane had to be oriented to permit its
visualisation during deposition. Therefore the nanopore metallic layer side of the chip
was placed facing down, in view of the microscope objective. In order to achieve an even
deposition distribution both at the entrance to the nanopore and inside, it was necessary
that the nanopore was fully submerged within the deposition solution; hence forming
two reservoirs (top and bottom). The geometry of the bottom reservoir also had to be
controlled so that the distance between the membrane and the microscope objective was
within focusing range. Figure shows a schematic of the microfluidic flow cell that was
assembled for the optical imaging experiments, and its photograph is provided in Figure

4.0l

4.4.2 Assembly of the PDMS/glass flow cell

The assembly of the flow cell commenced by drilling access holes (1.6 mm in diameter)
into the patterned glass substrate. Prior to this, the nanopore membrane was wire bonded
to the contact pads on the glass substrate, as discussed in Section [£3l The glass substrate
was then plasma-bonded to a pre-shaped poly(dimethylsiloxane) (PDMS) to increase the
thickness of the top reservoir, shown in Figure 5. A sufficiently thick PDMS layer was
necessary to avoid resistive losses in the electrodes, whilst the diameter of the holes were
sufficiently large so that the reservoirs could be filled easily. The procedure for fabricating
the PDMS moulds is provided in Appendix .71

The bottom reservoir was then constructed by adhering spacers (SecureSealTM, Grace
Biolabs) of known thicknesses (120; 240; 360 pum) in layers and sealed using a glass cov-
erslip. This coverslip had a thickness of less than 200 ym and was at a distance of 30 um
from the membrane; such that the membrane was in the focal plane of the microscope.
The volume of the cell was <1 ml and was filled with the deposition solution; 10 mM
KsPtCly and 100 mM KCI. The flow cell was filled by injecting the deposition solution
into the fluidic channels and then relying upon capillary action to fill the reservoirs.

In a typical experiment, the glass slide, coverslip and PDMS were cleaned by piranha
solution and sonication in a solution of deionised water and ethanol prior to use. After son-

ication, both surfaces were hydrophobic. The coverslip and glass was rendered hydrophilic
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Figure 4.5: Device for real time optical feedback of electrochemical deposition.

Schematic of device (not to scale). In this configuration, the CE and RE are positioned
into the device using clamp holders. WE is connected via an external contact pad
leading to the Au coated nanopore membrane. Spacers cut into frames are used to build
the bottom reservoir, which is at a distance of 80 pm from the glass coverslip. The

microscope objective is represented for reference.

by exposure to an oxygen plasma for 2 minutes and were then irreversibly bonded to
each other. The plasma treatment made the surfaces hydrophilic and negatively charged,
which led to strong electro-osmotic flow. A major challenge was to eliminate pressure-
driven flows in the cell, which was achieved by ensuring that all channels and reservoirs
were at the same pressure. For this, the entrances of each channel were connected to
the bottom reservoir. The microfluidic flow cell was then mounted onto the stage of the
inverted optical microscope.

The crocodile clip terminal for WE was attached to the contact pad outside of the
solution to allow for external control of the potentials that were applied. The RE and CE

electrodes were inserted in the distal end of the bottom reservoir using 30 cm tall clamp
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holders which were placed on the side of the microscope set-up. These clamps extended
above the microscope objective with the aid of a light sturdy aluminum block.

In between experiments, the cell could be dis-assembled and both pieces of glass thor-
oughly cleaned. The patterned glass substrate that formed the top of the cell was used

for numerous experiments with no detectable change in its performance.

4.4.3 Optical set-up

The optical setup consisted of a custom-built confocal microscope with imaging capabil-
ities. In this configuration, the light source was a bright field mercury lamp (Olympus).
The selected light entered the body of the microscope (Olympus IX71) and was directed
to the nanopore chip through a Olympus 20 x objective. The image was collected by the
same objective and was then directed to an electron-multiplying CCD (emCCD) camera
(Cascade II, Photometrics). This camera had a pixel size of 16 pm.

An additional 1.6 x post-objective magnification was used to observe the nanopore
array. The imaging array was set to 512 x 512 pixels and the data was collected using
the RSImage software provided with the camera. A frame rate of 34.3 ms was used for
all recordings. Figure shows an image of the entire optical set-up integrated with the
potentiostat measurements for deposition. The potentiostat, optical microscope and the
position of the PDMS /glass flow cell on the microscope stage are annotated as 1, 2 and 3
respectively. A close up of the stage is also shown in the figure, here the RE (white), CE
(red) and WE (green) terminals are held in place using clamp holders. A close up of the

PDMS/glass flow cell from the view of the optical microscope (bottom) is also provided.

4.4.4 Results and Discussion
Chronoamperometric measurements

Platinum was electrochemically deposited onto the Au metal coated nanopore array, con-
taining 16 nanopores of 100 nm +5 nm dimensions, from a solution of 10 mM KsPtCly
and 100 mM KCIL.

The chronoamperometric measurements were carried out simultaneously whilst ob-
serving the deposition process visually under an optical microscope. The typical recorded
deposition current vs. time scan at an individual nanopore membrane is plotted in Figure
B The deposition parameters were set to a time duration, ¢, of 160 s and Vgep= -300

mV. The typical features are observed during deposition where we observe a sharp peak at
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Figure 4.6: Left: Image of the optical set-up for the visual feedback of electrochemical

deposition at a nanopore array. The potentiostat, optical microscope and the position of
the PDMS /glass device on the microscope stage is annotated as 1; 2; 3 respectively. Top
right: a close up of the stage shows the flow cell and the electrical connections of RE
(white), CE (red) and WE (green) terminals held in place using clamp holders. Bottom
right: Image of the 65 mm x 25 mm PDMS /glass flow cell.

110 of 2200



Chapter 4 Precise electrochemical fabrication of sub-20 nm metallic nanopores
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Figure 4.7: Current-time transient traces corresponding to the direct visualisation
feedback experiment conducted on an array of 16 nanopores (each with an initial pore

diameter of 100 nm) for a time duration ¢ of 160 s and Vge,= -300 mV.

the beginning of deposition due to discharging effects at the Au metal surface, the current
value remains constant up until ~30 seconds, from there onwards, a gradual increase in
the current value is observed corresponding to an increase in the area of deposited surface
on the initial Au surface. The plot of charge-time for this experiment is also provided in
Figure [£7l A delay of 1.5 seconds was used for determining the charge to eliminate any
current arising from the initial capacitive discharging of the metal, in this case a total of

-0.0139 C was transferred during the deposition with a final Pt film thickness of 93.5 nm.

Direct visual feedback

The deposition process on the Au coated nanopore array was recorded using an emCCD
camera. The parameters for the visual feedback were set using the RSImage software
where the area investigated was cropped and post processed with an additional 1.6 x
magnification. Figure shows a sequence of screen shots from the video recording
corresponding to the electrochemical deposition experiment results presented in Section
h44

The bright circular areas here are the nanopores, in this case the array consists of 16
nanopores each with a 100 nm diameter and a spacing of 5 um. The video shows the Au
metal nanopore surface over the deposition duration of 160 s as Pt is deposited. Here

the entire image becomes darker over time corresponding to the general nucleation and
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Figure 4.8: Bright field images showing a sequence of four screen shots from the visual

feedback recording, corresponding to the electrochemical deposition experiment results
presented in Section [1.44l Left to right: 0 s, 55 s, 130 s and 160 s. The experiment was

carried out for a total time duration of t= 160 s.

growth steps of the Pt layer deposits. A marked reduction in light intensity and visibly
smaller nanopores had been anticipated for this visual feedback method. However there
is no clear observation of pore size shrinkage or reduction in light intensity through the
pores over time. The deposition was extended for another 30 s, however this again did
not have any effect on the light intensity or pore size.

In order to determine whether the pores shrank post deposition, SEM imaging was
carried out on the membrane surface. The chip was dis-assembled from the glass/PDMS
cell and cleaned in ethanol and deionised water. Prior to any imaging, the membranes
were exposed to an oxygen plasma for two minutes to remove any contaminants. Figure
shows SEMs of the nanopore array post-deposition. The light grey areas correspond
to Pt deposits and the small dark circles are the nanopores. Two of these nanopores have
been enlarged for clarity and are shown in Figure (bottom panel). It was observed
that areas surrounding the pores infact showed little or no deposition.

This could be caused by the restricted depth of the bottom reservoir for focusing,
which limited the volume of solution and produced undesirable deposits. To overcome
this, the area in the bottom reservoir was increased by incorporating thicker adhesive
spacers, however this resulted in low resolution of imaging. The SEM image of this test is
presented in Figure and clearly shows an even distribution of deposit and a shrunk
nanopore, similar to the results obtained in the preliminary experiments.

Furthermore, the visual feedback method for nanopore fabrication had several other
drawbacks. The gold contact electrodes were subject to corrosion, so they could only

be used for a small number of experiments. Also, electrochemistry on the contact pad
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Figure 4.9: Top: SEM images of an array containing 16 nanopores post electrodeposition
using the visual feedback method. It was evident from the array image that no
deposition occurred around the edges of the nanopore. Bottom: Two nanopores have

been enlarged for clarity showing little or no deposition at the periphery of the pores.

electrodes changed the chemical composition of the solution, leading to a gradual fouling
of the solution. The 34.3 ms frame-rate of the video monitor was too slow to visualise the
crucial steps of the deposition process. Also, the feedback parameters were ill-controlled,
depending on the contrast in the monitor and the ambient light intensity. Subsequently,
it was difficult to obtain any systematic real time information from the recording data.
Therefore the second generation of the feedback method was pursued and resolved

many of these difficulties.
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Figure 4.10: Left: SEM images of a single nanopore from an array of 16 pores. Initial
pore size was 100 nm. Right: post deposition this reduced to ~44 nm. Vg,= -300 mV,
t= 120 s. Scale bar= 200 nm.

4.5 Ionic current feedback (ICF) method

Subsequent to the trial of the visual feedback method in Section 4.4l a second generation
of feedback control is proposed in this chapter, which is based upon the ionic current
through the nanopore and is termed the Ionic Current Feedback (ICF) method.

Following ion transport studies across nanopores (which will be presented in Chapter
[Bl), it was envisaged that one could use the ionic conductance through the pore to monitor
the shrinking process in aqueous conditions. As shown in Figure [L11] the Au coated
nanopore membrane is between two separate chambers which are filled with deposition
solution (10 mM KyPtCly and 100 mM KCI). With a fixed bias voltage applied across
the membrane and the pore being the only conducting channel, the shrinking of the pore
radius would result in a decrease in the ionic current through the pore, which could be
monitored with pico-ampere-precision.

For this a bipotentiostatic configuration was implemented which allowed for two work-
ing electrodes to function independently. Here a reducing potential was applied at the
Au nanopore membrane to deposit the Pt from solution and simultaneously a constant
potential was applied between two Ag/AgCl electrodes to form a steady state current
through the pore. As the pore conductance was derived from the geometry and diameter
of the pore, it was possible to calculate the pore size as the nanopore shrank due to the

deposition.
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Figure 4.11: Concept of the Ionic Current Feedback (ICF) technique. (i) Starting with
initial pores milled in the Au/SizN4 membrane using FIB, (ii) the pore is further shrunk
using electrochemical deposition of Pt on the Au surface. The pore shrinking process can
be observed in real time by measuring the ionic current through the pore simultaneously

in a bipotentiostatic configuration.

4.5.1 Requirements for monitoring the ionic current in real-time

In order to be able to initiate depositions and monitor the ionic current across the nanopore
simultaneously, the nanopore chip needed to full several requirements:

Firstly, the chip had to function as a membrane barrier between two solutions such
that the nanopore would be the only junction between the two solution compartments;
hence the ionic current through the pore could be monitored independently. Secondly,
each compartment had to accommodate an electrode so that a bias potential could be
applied to drive the ions across the pore. Finally, measurements involving the potentials
applied at the nanopore, required an electrical connection to the membrane surface for

which specific, easily accessible inlets were crucial.

4.5.2 Assembly of the PTFE flow cell

The sample cell formed from a PDMS mould and a glass slide for the visual feedback
measurements (Section [£4]) had the advantage that the PDMS moulds were easy to make

in large numbers and could be disposed after use. For certain applications a PDMS /glass-
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based flow cell can be sufficient. However, for the tests conducted in this study, an all-
PTFE platform was employed. This allowed for all experiments to be done on the same
platform reducing the systematic errors in the measurements. The device could be easily

assembled /dis-assembled therefore speeding up the process for running experiments.
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Figure 4.12: Simplified schematic of the PTFE flow cell constructed for the ionic current
feedback (ICF) measurements. Thin layers of kwik cast epoxy are used to mount the
nanopore chip and the circular glass coverslip to the chambers. The nanopore acts as the
only junction between the top and bottom reservoirs. Ionic current through the
nanopore is measured using two Ag/AgCl electrodes acting as WE2 and a combined
CE/RE, immersed in the two reservoirs as shown. 0.5 mm grooves are milled into the
sides of the cis chamber to allow for electrical contact to the Au coated membrane using
gold plated adhesive film. The electrodes inlets are sealed with the epoxy and the

platform is tested for leaks before measurements.

The design for the PTFE cell was similar to that of the PDMS cell, with minor mod-
ications to facilitate the ionic feedback measurements. A schematic of the final flow cell
design is presented in Figure 12 As with the visual feedback set-up, the PTFE flow
cell consisted of two reservoirs (top and bottom). As mentioned in Section [4.4], the gold
layer of the patterned contact electrodes employed previously, corroded and hence limited
the reproducibility of results. To avoid this issue and so completely bypass the need to
pattern and wire-bond contact pads to the glass substrate, gold-plated adhesive film (250

pm thickness, 3M Farnell) was used to form the electrical contact to the membrane elec-
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trode; this was connected to the edge of each membrane and was directed through the
outlet hole milled in the bottom reservoir.

Prior to measurements, the membrane was subjected to an oxygen plasma for 2 minutes
and then flushed with ethanol in order to remove any organic contaminants and to enhance
the hydrophilicity of the nanopore surface. The nanopore membrane was affixed between

tT™ epoxy resin (World Precision Instruments) ren-

the two compartments with Kwik-Cas
dering the nanopore the only electric connection between the top and bottom reservoirs.
The epoxy resin was also used to cover and electrically isolate the sides of the silicon chip.
The Ag/AgCl electrodes used in this study were prepared as described in Section [Z4.2 and
were located 5-10 mm away from the membrane. Under these conditions, the measured
ion currents were found to be independent of the relative electrode-membrane distance,
confirming that the majority of the potential drop across the flow cell indeed occurred

at the nanopore. Finally a grounded Faraday cage was used to shield the flow cell from

electrical interference.

4.5.3 Bipotentiostatic set-up

A bi-potentiostatic configuration of two working electrodes was used with independent
potentials applied for both the ionic current feedback (ICF) and deposition of metal.
Figure[I3]shows images of the 4-electrode configuration used for the ICF experiments and
consists of; a Ag/AgCl electrode that is a combined counter /reference electrode (CE/RE);
the Au film on the membrane which is connected as working electrode 1 (WE1) and an
additional Ag/AgCl electrode acting as working electrode 2 (WE2) that drives the ionic
current through the nanopore. The potential of WE1 is set independently to control the
electrodeposition process on the membrane.

The bipotentiostatic electrodeposition experiments were performed using a CH Instru-
ments 760c bipotentiostat (CH Instruments, USA). Here, a constant deposition potential
Viep is applied to the Au coated membrane and simultanecously a bias potential Vpqs
across the nanopore using the Ag/AgCl electrodes. Hence, the electrodeposition process
on the membrane surface could be initiated (or stopped), while maintaining a constant
bias potential between WE1 and CE/RE to monitor the ion current.

As a result of the electrodeposition process, the diameter of the nanopore decreases

and its length increases. This leads to a decrease in the pore conductance (Equation [Z.5.1])

and thus a decrease in the ionic current, [Smeets et all (2006). Once the desired value of

117 of P20



Chapter 4 Precise electrochemical fabrication of sub-20 nm metallic nanopores

Figure 4.13: Images of the experimental set-up used for the ICF experiments conducted.
The WE1, WE2, CE, RE cables leading from the bipotentiostat are fed through the back
of the Farady cage and connected to the relevant terminals/electrodes inside. The PTFE

flow cell is secured in place using a mastic adhesive on the stage shown.

the ionic current has been reached, the potential of WE1 can be either switched off or
increased to a higher potential, where the electrodeposition process no longer takes place,
completing the fabrication process. The pore conductance G during the measurement can

be calculated from a simple geometrical model:

¢ = % e+ per) +rd (4.5.1)

d is the pore diameter, K and Cl~ are the electrophoretic mobilities of K™ and C1™,
nic is the number density of K™ or Cl~ ions, o is the surface charge density and e,

the elementary charge. The pore length L corresponds to the membrane thickness. Note
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Figure 4.14: Top: Schematic diagram of the computer-controlled electrochemical
instrument (CH Instruments 760c). Here a waveform synthesiser produces the desired
scan signal (e.g., a triangular wave), and the D/A converter generates a dc bias signal.

These two signals are then fed to the bipotentiostat. Bottom: Bipotentiostat circuit. On
the left is the standard potentiostat system, which is devoted to working electrode 1

(WE1). On the right is a network for controlling working electrode 2 (WE2). Adapted

from [Bard and Faulknern (2000).
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that equation @51 only provides an estimate for the pore conductance and applies to

cylindrical nanopores with a net negative surface charge density, high aspect ratios L/d

and diameters larger than the Debye screening length, [Siwy and Fulinski (2004a).

As mentioned, the experiments required simultaneous control of two working elec-

trode interfaces. The block diagram of the set-up is shown in Figure [L14] (top panel),

Bard and Faulkner (2000). Here a waveform synthesiser produces the desired scan sig-

nal (e.g., a triangular wave), and the D/A converter generates a dc bias signal. These
two signals are then fed to the bipotentiostat. The overall circuit for the bipotentiostat
is shown in Figure LI4] (bottom panel). The circuitry for a three electrode (WE1; RE;
CE) potentiostat is shown in the left part of Figure [£14l The second electrode (WE2) is
controlled by the elements in the right half of the figure.

This circuit employed the first working electrode (WE1) as a reference point for the
second working electrode (WE2). Therefore it was possible to set WE1 at any desired
potential, e, with respect to the reference, then WE2 was offset with respect to the first
by Ae = ey - ey, where e was the potential of WE2 with respect to the reference.

The amplifiers (12 and Z2) served as inverting and zero-shifting stages. They allowed
the desired potential e at the input to be set without concern for the value of e;. This

was of particular importance when e; and ey were varied independently in time.

4.5.4 Results and Discussion: Nanopore array

In this section, the performance of the ICF method is assessed for a range of conditions;
initially the method is applied to nanopore arrays (Section [£.5.4]) so that its performance
can be evaluated across multiple samples in one test. However as nanopore arrays consist
of a larger effective ion conductance area, they are not able to assess the sensitivity of the
ICF method. Hence, Section repeats the range of tests conducted for the arrays on
single pore membranes.

In order to test the ICF method, the ionic current measured during deposition was
compared to that measured using cyclic voltammetry (Section 6] both prior and subse-
quent to deposition. In this case sweeps of 500 mV were applied across the nanopore
and the resulting current-voltage (I-V) characteristics were measured.

However the Pt deposition need not be completed in a single step starting from the
initial Au nanopore and ending with the target pore diameter. Instead the deposition

process may be stopped and started several times in between, hence achieving a multi-step
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deposition. So between each step, I-V measurements were made and compared to those of
the ICF. Hence the ICF method was analysed over a wide range of deposition times, using
different initial pore sizes. The nanopore arrays were subjected to the ICF deposition
approach using the electrode arrangement discussed in Section 5.3l The deposition was
then performed using both a single-step and a uniform multi-step sequence.

For the single-step deposition sequence, a constant deposition potential of -300 mV
was applied to WE1 for 200 s whilst a bias potential of 4200 mV was applied between
WE2 and CE/RE. I-V measurements were carried out before and after the deposition in
100 mM KCI. A schematic of this approach is illustrated in Figure (top panel).

For the uniform multi-step approach, a potential of -300 mV was applied to WE1 for
steps of 100 s each. A schematic of this approach is illustrated in Figure (bottom
panel). During each deposition step a bias potential of +200 mV was applied between WE2
and CRE and the ionic current was monitored through the pores. The I-V measurements
were carried out at each deposition interval in 100 mM KCI by sweeping the potential

between -500 mV and +500 mV.

Single step deposition

Chronoamperometric measurements
The chronoamperometry technique facilitates the monitoring of the ionic current through

the nanopore whilst simultaneously monitoring the resulting current from the applied po-
tential for Pt deposition. Figure [ dI6lshows current-time transient scans for the deposition
current (blue curve) and ionic current feedback (green curve) observed when Pt was de-
posited over 200 s using the four electrode configuration. The ionic feedback current show
an initial sharp increase which is produced by capacitive charging effects at the electrodes,
the current then gradually decreases over the duration of the deposition as a result of the
pore shrinking. The ionic feedback current decreases as the Pt deposition current begins
to increase (at approximately 80 s) and continues to do so over the deposition duration,
this corresponds to the Pt deposition as discussed in Section B.4.1] for a flat gold surface.
A total of -0.0437 C was transferred over the course of the deposition process with a final

Pt film thickness of 112.5 nm.

I-V measurements

I-V measurements of the nanopore were conducted before and after the deposition
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Figure 4.15: Schematic representation of potentials applied to the ICF system using a
bipotentiostat. Top: 1% approach- for depositing Pt and measuring the ionic current
feedback, where a constant potential Vg, was applied to WEL for 200 s at -300 mV
(including 2 s at a lower negative potential where no faradaic processes occur).
Simultaneously a bias potential Vy;,s was applied between WE2 and CRE (Ag/AgCl
electrodes), respectively. Bottom: 2"¢ approach- showing the multi-step depositions,
each lasting for 100 s, between which I-V measurements were carried out (represented by
red dotted line) in 100 mM KCI to derive the pore conductances, notations: WE1
(nanoporous membrane); WE2 (Ag/AgCl electrode); CE/RE (Ag/AgCl electrode).
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Figure 4.16: Left: Current-time transient curves measured for the deposition of Pt at
Viep of -300 mV; t= 200 s current response for the deposition (blue curve) and ionic
current feedback (green curve). As the Pt is deposited, the ionic current gradually
decreased over time until reaching a lower limit of ~6.32 pA. Right: I-V traces for an
array of 16 nanopores, acquired via cyclic voltammetry in 100 mM KCI; before (black

curve) and after (red curve) Pt deposition.

process by applying sweep potentials between +500 mV across the nanopore array in 100
mM KCI. The I-V measurements for this are shown in Figure [£16 the gradients of which
are the pore conductance, G.

Before the start of the experiment, the conductance per pore gave a value of ~2.81 uS,
where the average initial pore diameter was 150 nm. After depositing the Pt on the Au
nanoporous membrane, we observed that the current passing through the pore dropped
and a final pore conductance of ~2.13 uS was obtained. These values were compared to
the conductance calculated from the chronoamperometry measurements in Section [L.5.4}
by using the applied bias potential of +200 mV and its resulting current (green curve),
the conductance (G=I/V) was found to be ~1.97 S at 200 s.

The pores were characterised using SEM. Figure 417 shows a typical SEM image of a
nanopore milled in the thin Au/SisN, membrane (Au/Ti 100 nm; SizN4 240 nm), with a
diameter of 150 nm + 5 nm. The SEM image of the nanopore following electrochemical
deposition of Pt (200 s). Figure[XIT (right panel) reveals a highly symmetrical final pore,
with a diameter of 93 nm 4+10 nm; the Pt deposits around the pore in a circular manner

without distorting the shape of the pore. The electrodeposited Pt was comparable to
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results achieved in the characterisation of Pt films in Chapter 3 and exhibited similar

structures with spherical formed particles of platinum between 30-40 nm in size.

Figure 4.17: Scanning electron micrographs of a single nanopore from an array of 16
pores. Left: before and Right: after Pt deposition. Vg, = -300 mV, t= 200 s. Final

pore diameter was 93 nm. Scale bar= 200 nm.

Multiple step depositions

Chronoamperometric measurements

As mentioned previously, the multi-step deposition process consisted of four deposition
steps each lasting for 100 s. Figure shows the deposition current obtained over the
course of 400 s. The main characteristics observed for each step of the multi-step deposition
procedure correspond to those of the single-step results. Hence, Figure (left panel),
which presents the deposition current for each step shows a gradual increase in the current
as the Pt layer grows on the surface of the membrane. The deposited charge and thickness
values calculated for each step using Equation [B.4.]] are provided in Table

Correspondingly, the ionic current plotted in Figure [LI8] (right panel) is seen to grad-
ually decrease over the duration of each deposition step. Starting from an ionic current
value of ~22.45 pA for the first step (green curve) as the deposition steps are performed,
a gradual decrease in ionic current is observed, reaching a lower limit of 2.76 pA (blue

curve- fourth step).

1I-V measurements
I-V measurements for the multi-step approach were taken between each deposition
step by sweeping the nanoporous membrane between 500 mV in 100 mM KCI. The con-

ductance calculated from these sweeps were compared to the conductance values obtained
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Step | Conductance/ | Deposited charge/ | Pt thickness/
wS C nm
1 112.25 6.131 x107° 28 nm
2 93.11 5.720 x107° 27 nm
3 39.45 3.834 x107° 18 nm
4 13.80 2.901 x10~° 13 nm

Table 4.2: Summary of results obtained for the multi-step deposition studies (Section

[L5.4]) carried out at an array of 16 nanopores with initial diameters of 100 nm.

from current-time transient curves during measurements — as done for the single-step case
in Section .54 A typical I-V measurement for all four steps in this experiment is shown
in Figure and the conductance values of each step calculated from the ICF and I-V
measurements are plotted in Figure (right panel).

It can be seen from comparisons of the I-V and ICF measurements, that there is a
variance in pore conductances obtained during measurements. Although the ICF curves
are quantitatively larger, qualitatively the results of both measurements show a decrease
in pore conductance with each subsequent deposition step. The quantitative discrepancy
between the two series’ may be a result of the different solutions used during the measure-

ments, however further work is necessary to verify this.

4.5.5 Results and Discussion: Individual nanopore

Having conducted a study on the performance of the ICF method on nanopore arrays, in
this section its performance is assessed with single nanopore membranes. As the effective
conductance area for an individual nanopore is much smaller than that of an array, this
section presents studies that examine the sensitivity of the ICF method. Furthermore, as
only one nanopore is tested at a time, the initial size of the nanopore (determined during
the milling process discussed in Chapter [2]) can be varied. Hence the sensitivity of the ICF
method can be studied for a range of initial nanopore sizes. As with the tests conducted
for nanopore arrays, here, two main categories of experiments were performed; single step

and multiple-step.

125 of 220



Chapter 4 Precise electrochemical fabrication of sub-20 nm metallic nanopores

0 T T T T 30
-5
~10 25
Step 1
_15} Step 4
201 Step 2
<1 —20 /-f Step 3 <1
= =
c
-25 S 15
2
L =1
o -30 Step 2 O
10
=351 Step 1 A Step 3
-40
5l
Step 4
—45 Me—
_50 . . . . 0 . ,
20 40 60 80 100 0 20 40 __. 60 80 100
Time/ s Time/'s

Figure 4.18: Left: Current-time transient curves measured for the deposition of Pt at
Viep of -300 mV. The multi-step approach consisted of 4 steps, each lasting for = 100 s
(total= 400 s). Right: Corresponding ionic current feedback curves measured
simultaneously as the Pt deposition took place across the Au/ SisNy membrane. Vy;,s=

+200 mV.

Single step deposition

The tests conducted for a single-step deposition process on individual nanopores largely
followed the study conducted for nanopore arrays in Section .54l However, here a wide
range of parameters were varied in order to conduct a thorough characterisation of the
ICF method on single-step deposition processes. Hence, tests were performed for a varying
deposition duration; 40 s, 80 s, 120 s and 160 s. The deposition potential was also varied
between -250 mV to -400 mV.

The results of a typical single step deposition experiment are presented in Figure 420,
where the ionic current is plotted in blue and the deposition potential in black. The Vg,
applied in this case was -300 mV and a Vs of +200 mV. The plot shows the typical
features discussed previously; the ionic current presents an initial peak due to capacitive
effects which then decreases as the pore shrinks. The deposition current exhibits a gradual
increase as a result of the increase in conductive surface area. SEM images of the nanopore
were taken before and after the deposition process and are presented in Figure .27 inset.
The figure shows the pore to have shrunk from ~100 nm to ~16 nm. I-V tests were

conducted before and after the deposition process also, these are plotted in the figure in
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Figure 4.19: Left: 1-V traces for an array of 16 nanopores with an intial average d= 150
nm acquired via cyclic voltammetry in 100 mM between each deposition step. Right:
Plot of pore conductance versus the deposition step. Conductance values obtained from
the slope of I-V measurements (red circles) and ICF curves (blue circles) at t=100 s,

respectively.

black and red, respectively. As is evident from the figure, the gradients of the curves
(and hence pore conductance) decreases after deposition, indicating a reduction in pore
size. I-V tests and SEM before and after deposition have been performed for all the tests
discussed in this section.

The second series of tests presented here consist of four individual nanopore membranes
with an initial pore diameter of 100 nm +5 nm. All four membranes were subjected to the
ICF approach with a constant deposition potential of -300 mV in a deposition solution of
10 mM KsPtCly and 100 mM KCI1. However the duration of the deposition process applied
to each pore was varied. Figure present the SEM images of the four membranes for
deposition times of 40 s, 80 s, 120 s and 160 s, respectively. The final pore size achieved in
these experiments range from ~ 95 nm for 40 s to 27 nm for 160 s. As is evident from the
40 s SEM image, the deposited Pt is sparse and progressivley increases in density with the
longer duration tests. As a result it is clear that by controlling the deposition duration, a
given pore size can be achieved.

In correspondence to the SEM images for each run, the normalised ionic current time
graphs for samples 40 s to 160 s are plotted in Figures 22l Due to discrepencies in the

initial pore diameter, the starting ionic current varied for each membrane and hence the
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Figure 4.20: Top: Current-time transient curves measured for the deposition of Pt at
Viep of -300 mV; t= 200 s current response for the deposition (black curve) and ionic
current feedback (blue curve). As the Pt is deposited, the ionic current gradually
decreased over time until reaching a lower limit of ~15.64 nA. Bottom: enlarged view of
the ionic current during measurement to clearly see the drop in current as the pore

shrinks.

plots have been normalised to cancel this effect. As is evident in all of these figures the
ionic current decreases with time, this has been explained in the previous section to be
a result of pore shrinkage, which reduces the ionic current. Also evident is that the final
normalised current value decreases with increasing deposition durations. Hence at 40 s the
final normalised current is 0.74 +0.14, 0.73 +0.10 for 80 s, 0.48 +0.06 for 120 s and 0.33
+0.12 for 160 s. Correspondingly for 40, 80, 120 and 160 s the conductance was found to
be 3.95, 3.51, 3.06 and 2.53x1077S, respectively, Table &3l As expected, with increasing
deposition duration the conductance decreases. Therefore, by observing the conductance

of the nanopore during the deposition process, the pore size can be approximated in real-
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Figure 4.21: Typical I-V traces obtained corresponding to the single step measurements
carried out at an individual nanopore. Acquired via cyclic voltammetry in 100 mM KCI,;
before (black curve) and after (red curve) Pt deposition. inset: Corresponding SEM
images for the initial Au/SigNy4 pore (d=100 nm) and post-deposition Pt nanopore, d=

~16 nm, determined by SEM scale feature. Scale bar= 200 nm.

time.

As an example, a series of conductance values have been plotted in Figure against
their corresponding pore diameters. The pore diameters were measured through SEM and
the conductance was obtained through I-V measurements after the deposition process.
The figure presented here represents a complete array of tests conducted for a Vg, of -300
mV and a Vs of +200 mV. Based upon the current-time readings during the deposition
process, the deposition can be terminated at the required ionic current value and hence
pore diameter (the relation between which can be approximated from the figure).

Tests were also conducted for three different deposition potentials; -250 mV, -300 mV
and -400 mV with a deposition duration 60 s each. The results of this series of tests are
tabulated in Table[44] where the pore diameter and conductance values are presented for
before and after the deposition process. The charge and film thickness of the deposited Pt
is also provided. The results show that as the deposition potential increases to a higher
negative value, the final pore diameter and hence the conductance decreases accordingly.
The thickness of the deposited Pt also increases with the increasing deposition overpoten-

tial.
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Time | Current/ | G/ | Final pore diameter/
S HA uS nm
40 0.74 £0.14 | 3.95 95 nm
80 0.73£0.10 | 3.51 82 nm
120 | 0.48 +£0.06 | 3.06 58 nm
160 | 0.33 £0.12 | 2.53 28 nm

Table 4.3: Summary of results obtained for the time variation studies carried out at an

array of 16 nanopores with initial diameters of 100 nm.

Pore diameter/ nm | Conductance/ nS Pt deposition
Vaep/ mV [~ o .
initial final initial final Charge/ C | Thickness/ nm
-250 100 74 2734 | 1855 | 1.002 x107° 67 nm
-300 102 67 291.2 162.2 1.211 x1076 81 nm
-400 100 61 267.2 | 1365 | 1.455 x107° 97 nm

Table 4.4: Summary of results obtained for varying Vg, at WE1 with a deposition

duration t= 60 s; Vp;as= +200 mV for all measurements.

Multiple step depositions

As with the experiments conducted for the nanopore arrays in Section 5.4l here multi-
ple step experiments have been conducted on single nanopore membranes. The studies
discussed here largely follow those of Section 5.4 in terms of deposition potentials, ICF
biased potentials and deposition solution concentration. Furthermore, as with the pre-
vious multi-step study, I-V measurements were conducted between each deposition step
in order to compare the conductance measured by the ICF approach to that of I-V mea-
surements. The multi-step deposition experiment presented here was carried out with a
deposition potential of -350 mV and with the same deposition solution described above
on a nanopore with an initial diameter of 100 nm.

The total deposition duration was of 240 s and has been divided into 12 uniform steps

of 20 s each; all of which were performed with the same Vg,. The current-time traces
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Figure 4.22: Scanning electron micrographs post-deposition for the different time
durations investigated at a single nanopore using the ICF technique. For t= 40 s, d= 95
nm; for t= 80 s, d= 82 nm; for t= 120 s, d= 58 nm; for 160 s, d= 28 nm. V4, in all
cases set to -300 mV; Vpies= +200 mV. Scale bar= 1 pum for top panel 200 nm for

bottom panel.

for each step are presented in Figure and show that the ion current decreases during
each deposition run (whilst electrodeposition is taking place). Importantly, the current of
each step begins at approximately the same final current level in the preceding step. This
confirms that the deposition process is stopped, when the potential at WE1 is switched
back to high potentials. The ion current-time plots of steps 1 and 12 are enlarged for clarity
and are presented in Figure Due to the larger pore size in the first step, the ionic
current through the pore dominates the overall current in the system and hence the current
is seen to decrease with the absence of any capacitive effects described previously. However
for the final step, the pore diameter is sufficiently small to permit the capacitive charging
effects to dominate the overall current response; hence the current initially increases in
the first two seconds prior to decreasing in the remainder of the deposition period.

The pore conductance of each step has been calculated using the corresponding final
current values and the applied voltage, these are plotted in Figure 27 against the amount
of Pt deposited. As is expected, the conductance decreases with increasing deposited mass.

More importantly, the decay agrees very well with the exponential line of best fit (dashed
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Figure 4.23: Top to bottom: Normalised current-time transients resulting from
deposition duration experiments (t= 40 s; 80 s; 120; and 160 s) at individual Au coated
nanopores using the ICF technique. Both the ionic currents (green curves) and the
deposition current (blue curves) show similar trend as discussed in previous sections.

Viep in all cases set to -300 mV; Vy;q= +200 mV.

132 of 220]



Chapter 4 Precise electrochemical fabrication of sub-20 nm metallic nanopores

110

100+ o 00O b
ad
90+ O O b
O
8ot 1
E ol o 1
—
S ol o ]
= 60
§
S 50f q
O
[0
S a0l § |
&
30 b
O
20 b
10t .
0 , , , , ,
0 40 80 120 160 200 240

Conductance/ nS

Figure 4.24: Conductance values of 23 individual Pt deposited nanopores as a function
of nanopore diameter. Data obtained through I-V measurements in 100 mM KCI, after
the deposition process. Vg, in all ICF-deposition measurements was set to -300 mV;

Viias= +200 mV.

red line) with an effective decay coefficient 1/¢; of 3.610° mol~! (y= A; exp(-z/t1) + Yo;
A1=2.53x107"S; o = 8.27x107? S; t1 = 2.74 x107 1% mol; R? = 0.992). However, this is
only a phenomenological approach and requires further studies to ascertain a more general
relation between pore conductance and the amount of platinum deposited. It should also
be noted that for each step, as the deposition potential and all other parameters were
kept constant, the amount of platinum deposited should be the same. Hence Figure
inset plots the deposited platinum for each deposition run and shows the amount of Pt to
increase linearly with every step; at a rate of approximately 100 pmol/step.

Figure presents the results of the cyclic voltammetry test performed on the
nanopore at the end of the final deposition step. SEM images of the nanopore before
and after the complete deposition process are also provided in the inset. The final pore
diameter was measured to be 18 +5 nm and the gradient of the I-V plot yields a pore
conductance of 27 nS. This compares very well to the 24 nS calculated from the ICF
measurements plotted in Figure [£.25l The response is close to ideal with almost no hys-
teresis and a rectification ratio close to 1. However, based upon the dimensions of the

pore observed using the SEM (with values L = 310 nm, d = 18 nm; pux= 7.61610~% m?
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Figure 4.25: Current-time transients of 12 subsequent electrodeposition steps of 20 s

duration each, from top to bottom. Vge,= -350 mV; Vp;o= +200 mV in 10 mM

KyPtCly) and 100 mM KCI, |Ayub et all (2010).

V=l s™h o= 7.9091078 m? V! s7! | |Smeets et all, 2006), whilst ignoring the surface
charge, Equation L5.7] gives a pore conductance of 1.3 nS. This differs greatly from that
observed with the ICF and I-V measurements. However certain reservations are appropri-
ate regarding this result; firstly Equation [£.5.1]is only valid for relatively large, cylindrical
pores of high aspect ratio L/d. Secondly tolerances in the manufacturing of the mem-
brane may have produced a smaller channel length than 310 nm, further contributing to
an under-prediction in conductance. Finally, as the surface charge of the post-deposition
membrane is not known, it was not possible at this stage, to calculate its effects using
the second term of Equation 5.1l Hence the absence of its influence on the modelled
conductance also presents a significant source of discrepancy. Also, the SEM imaging ex-
periments provide an estimate of the cross-sectional area of the pore; they do not reveal its
three-dimensional structure (including roughness inside the pore). This in turn may affect
its charge transport properties. Nevertheless, these findings do not affect the conceptual

value of the approach presented here.
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Figure 4.26: Enlarged plot of ICF current-time trace showing steps 1 and 12 from Figure
[1.25] respectively, |Ayub et all (2010).

4.5.6 Assessing the reproducibility of the ICF technique

Thus far a series of nanopore sizes and deposition processes were considered in order to
evaluate the performance of the ICF method. Here, in order to assess the consistency with
which such results can be achieved, all experiments have been repeated, two such sets of
repetitions are presented here; one single step and one multi-step.

For the single step experiments, three membranes were subjected to a 40 s deposition
period at a Vg, of -300 mV. The deposition solution used is as stated previously and the
initial pore size for all three membranes was measured at 100 nm using SEM imaging. The
Viias was set to 4200 mV. The corresponding current-time traces for both the deposition
and the ICF measurements are presented in Figure and show an identical current-
time trace for both measurements of each run. The corresponding conductance values for
these runs are presented in Table along with the final pore diameters, the relevant
charge and thickness values of the deposited Pt.

The SEM images subsequent to deposition are presented in Figure [£290] and corre-
spond to samples 1 to 3 of the tabulated values. The final pore diameters measured from

the SEM images give an average value of 89.3 nm with a maximum deviation of 1.3 nm.

135 of 220



Chapter 4 Precise electrochemical fabrication of sub-20 nm metallic nanopores

160

1.5

0
0123456789101112
Deposition step

140 S 1
£ Q
S o1
120 3 |
[0)
P 8
g 100 @ 0.5 1
C ©
g &
(8]
> 80 1
©
c
Q
o
[0}
S
[e]
o

20

O O

0 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4

Pt deposited/ nmol

Figure 4.27: Pore conductance G as determined from ICF at ¢t= 20 s versus the amount
of Pt deposited. G decreases exponentially with a characteristic decay coefficient of
2.7x1071% mol~! (red line). inset: total amount of Pt deposited in steps 1-12. On

average, 100 pmol of Pt were deposited during each step (linear fit, red line), slope: 9.95

x10~ mol, intercept: 1.27 x1071Y mol), [Ayub et al. (2010).

For the multi-step experiments, three different data sets were compared corresponding
to three different nanopore chip devices. These are presented in Figure 43Tl Devices Pt-1
and Pt-2 had an initial pore diameter of 100 nm (black and red circles), the former being
the device discussed in Section [£5.5] Device Pt-3 had an initial pore diameter of 45 nm
(blue circles); all initial diameters were determined by SEM imaging. Each data point in
the graph represents the conductance values of the corresponding membrane at an interval
between each deposition step; hence for Pt-1, 12 steps were performed, 8 steps for Pt-2
and 5 steps for Pt-3. For better comparison, the amount of Pt deposited was normalised
by the (geometric) membrane electrode area; 0.07 cm? for devices Pt-1 and Pt-2, and 0.65
cm? for device Pt-3).

In all cases, In(G) reduced with an increasing amount of Pt deposition, as shown by
fits in Figure @3Th. The gradients of devices Pt-1 and Pt-2 are very similarly (slope m=
-1.72 cm? nmol ! (R%= 0.99) and -1.79 cm? nmol~! (R? = 0.94), which was expected due

their comparable initial dimensions and deposition conditions (Vgep,= +350 mV). This
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Figure 4.28: I-V traces obtained corresponding to the multi-step measurements carried
out at an individual nanopore. Acquired via cyclic voltammetry in 100 mM KCI after Pt
deposition. The rectification ratio is close to 1 in the voltage range shown. inset:
Corresponding SEM images for the initial Au/SigN4 pore (d=100 nm) and

post-deposition Pt nanopore, d= ~18 nm, determined by SEM scale feature. Scale bar=

200 nm, [Ayub et al! (2010).

emphasises the good reproducibility of the presented technique. However, in the case of
Pt-3, the pore conductance decreased at a lower rate with each deposition step. This is
despite the lower deposition potential (note that the deposition potential is negative hence
this represents a higher driving force) in this experiment; Vg4e,= -250 mV.

This lower rate of reduction in conductance is confirmed by comparisons of the amount
of Pt deposited across the samples at each step; presented in Figure 13Tl Here, the
gradients of Pt-1 and Pt-2 also show a strong agreement with deposition rates of 0.071
and 0.053 nmol cm ™2 s~!, respectively. In comparison, the deposition rate of the Pt-3
sample is calculated to be 0.107 nmol cm™2 s~!. This suggests that although more Pt is
deposited over the whole membrane electrode for Pt-3, deposition around or inside the
pore is less prominent, compared to Pt-1 and Pt-2.

In order to verify the claim that the deposition of Pt is not evenly distributed across

the membrane, consider the deposition performed on Pt-1; roughly 100 45 pmol of Pt were

deposited during each deposition step. For a uniform distribution of deposit, the electrode
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Figure 4.29: Left: Current-time transients corresponding to the single-step approach
carried out across 3 individual membranes with initial pore diameter of 100 nm. Vge,=
-300 mV; Vpias= +200 mV; t= 40 s. Both the ionic currents (green curves) and the
deposition current (blue curves) show identical trends. Right: The respective SEM
images post-deposition for all 3 samples are displayed. These exhibit a smooth Pt
surface across the membrane with an average pore diameter of 89.3 nm (maximum

deviation= 1.3 nm).
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Sample | Conductance/ | Pore diameter/ | Deposited charge/ | Pt thickness/
uS nm C nm
1 1.19 88 1.039 x10~° 69 nm
2 1.49 90 1.302 x10~° 87 nm
3 1.50 90 1.286 x10~° 86 nm

Table 4.5: Summary of results obtained for assessing the reproducibility of the single
step approach across 3 individual membranes with initial pore diameter of 100 nm. All
physical parameters were kept the same including Vge,= -300 mV; Vis= +200 mV; t=

40 s.
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Figure 4.30: Semi-logarithmic plot of the pore conductance G vs. the amount of Pt
deposited onto the membrane electrode (in nmol/cm~?), including linear fits. Devices
Pt-1 (black circles) and Pt-2 (red circles): initial pore diameter= 100 nm; Vge,= 4350

mV. Pt-3 (blue circles): initial pore diameter= 45 nm; Vg, = -250 mV. Vs in all cases

was set to +200 mV.

area (0.07 cm?) would achieve an increase in its Pt layer thickness of 0.13 nm (Mw(Pt) =
195.08 g/mol; D(Pt) = 21.45 g/cm?). Such a change in the pore dimensions would not be
detected in the ion current measurement (dpore= 20-100 nm; Ad <1%). However, based

on the results presented in Figure [4.27], the change in pore diameter is much larger and
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Figure 4.31: Amount of Pt deposited/cm~2 as a function of deposition time. The
deposition rate for Pt-1 (black circles) and Pt-2 (red circles) is very similar (0.071 and

0.053 nmol cm~2 s71, respectively), which is expected due to the similar deposition

conditions. In the case of Pt-3, however, the deposition rate is higher (0.107 nmol cm~2

s71), in accordance with the lower deposition potential.

on the order of 10 nm.
The origin of this effect is most likely rooted in the transport of reactants to the pore,
but further studies are required to gain a full understanding of the complex interplay

between the kinetics of the surface reaction and local mass transport.

4.6 Summary

In conclusion a new approach using bi-potentiostatic ion current feedback (ICF) control
was developed to fabricate metallic solid-state nanopores with diameters below 20 nm.
Preliminary experiments showed that the electrodeposition method developed in Chapter
can be employed to shrink solid-state nanopores.

Tests were conducted in this chapter to control this deposition process such that the size
of the fabricated nanopores could be controlled in real time. Initial control experiments
employed a visual feedback method such that the pore sizes were observed during the

deposition process. However, due to constraints in the frame rate of the video monitor
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and conflicting requirements with the focusing of the microscope, this approach provided
a low level of accuracy in controlling the pore sizes.

In order to provide a more sensitive feedback method, the ionic current through the
nanopore was then monitored to assess pore shrinkage in real-time. Tests were conducted
on nanopore arrays and on single nanopore membranes. Several studies were performed
using both single-step and multi-step deposition approaches at the nanopore surface. It
was found that the ICF approach can be employed as a fairly accurate feedback mechanism

allowing satisfactory control of the final nanopore size.

4.7 Appendix

4.7.1 Fabrication of PDMS reservoirs

As mentioned in Section [1.4.2] the first generation of flow cells were fabricated with poly-
dimethylsiloxane (PDMS) reservoirs. To prepare a PDMS mould, two components, the
base (tetra(trimethylsiloxy)silane) and the curing agent (tetra-methyl-tetra-vinyl-cyclo-
tetra-siloxane), from a SYLGARD 184 Silicone Elastomer Kit (Dow Corning Limited,
UK), were thoroughly mixed using a weight ratio of 10:1. The mixture was then poured
into a 4 inch petri dish and cured at 65°C for 8 hours. The PDMS was then cut to the
dimensions required using a 20 mm scalpel and 0.8 mm fluid inlet and outlet holes were

then punched through the top of the PDMS mould for access to both reservoirs.

4.7.2 Fabrication of glass substrates

Holes were drilled onto individual glass substrates of 65 mm x 25 mm dimensions using
a 1.6 mm drill bit. Au contact pads were then fabricated onto the glass substrate using
standard photolithography techniques, process for which has been previously described for
the flat electrodes, used in Chapter 3. The relevant CAD design for patterning is shown
in Figure

Following this, both the glass substrate and PDMS components were sequentially
cleaned in a sonicator bath followed by acetone and isopropanol rinses. The components
were then dried under a stream of nitrogen and exposed to an oxygen plasma for two
minutes. Subsequently the glass substrate was plasma bonded to the PDMS mould by

aligning the two components together.
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4.7.3 Wire bonding onto gold contact pads

Wire bonding was used to form an electrical connection between the nanopore chip and
the external working electrode terminal. Figure shows a simplified schematic of the
the wedge bonding technique used for forming electrical connections between the 5 mm?
nanopore chip and the Au contact pad fabricated on the glass substrate, Section For
this a manual wire bonder (Kullicke and Soffa 4526 series) was used at the London Centre

of Nanotechnology (LCN) facilities, UCL.

chip

O >

(i) (ii) (iii)

wire
bonder

T OO ——

Figure 4.32: Wire bonding for the electrical connection between the Au membrane and
contact pad. Top left: Schematic of the glass substrate with nanopore affixed for wire
bonding. Top right: Optical image of Au wedge bonding at the edge of a nanopore chip
(front view, yellow- gold layer; green- silicon nitride layer). The three bonds shown lead
towards the contact pad patterned on the glass substrate. Which is externally connected
to the WE1 terminal. Bottom: Procedure used to form ultrasonic wire bonds between

the 5 mm? chip and contact pad.

A 25 pm Au wire (Sigma Aldrich) was used for all bonds. As illustrated in Figure
the Au wire was fed through the tool and manually aligned between the edge of the 5 mm?
nanopore chip and the work holder. The tool was then lowered to its first search position
(10 mm above the nanopore chip). (i) The wire was then pressed against the surface with
a pre-determined force of 1.5 pN. Ultrasonic energy was applied for a pre-set time of 3

seconds to make the first bond. (ii) The tool was then raised while the wire was released
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out from the spool of wire. Whilst bonded, the work holder was moved to the second
bonding site under the tool, by doing so a loop was formed and the tool was lowered to its
second search position (the Au contact pad). (iii) Here, the second connecting bond was
formed using a force of 1.25 pN. Finally a wire clamp (behind the tool) was used to close
and pull back on the wire to break it at the heel of the bond. The tool was then raised,

and the end of the wire was fed out underneath the tool for the repeat of cycle.
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Ion transport

Declaration: The work presented in Section [5.] has been published in M. Ayub et al,
‘Nanopore structures for single molecule biosensing’. International Society of Electro-

chemistry Proceedings, 2010.

The work presented in this thesis has thus far focused upon the fabrication of nanopores
for use in single-molecule detection. In this chapter, the ion transport across these pores
is evaluated for a wide range of conditions. The aim is to characterise the ionic current
for various pore sizes, bias potentials and a range of other factors; hence the sensitivity of
ionic current measurements achievable across Pt-deposited nanopores is assessed.

In Sections 5] and a brief account of the background theory, relevant to the tests
conducted in this chapter is presented. The typical experimental set-up and techniques
employed during these tests is provided in Section [5.3] This is succeeded by the studies
that were conducted as well as discussions on the results achieved. As mentioned above,
a wide range of factors were considered to complete a thorough characterisation of the
fabricated nanopores. Subsection considers how varying the salt (ion) concentration
affects the ionic current through the pore; this is followed by a study on the performance of
different pore sizes. These sections focus upon characterising the influence of the primary
factors that determine the ionic current through the pore; the remaining sections then
consider various methods of controlling this ionic current via surface modification of the
membrane near the pore. As the nanopore is fabricated using Pt, the effects of employing
the nanopore as an electrode is considered in sub-section [5.4.4] by a study on the effects
of altering surface properties using thiols. Finally the conclusions made through the

investigations considered in this chapter are summarised in Section
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5.1 Pore conductance theory

In order to validate the results of the various investigations conducted in this work, a model
is proposed such that the ion transport through the nanopore and associated set-up is ap-
proximated as a simplified electric circuit, shown in Figure 5.l Here the combined effects

of a resistor and capacitor; hence the energy-dissipating (resistor) effects are segregated

from the energy-storing (capacitor) effects, |Bard and Faulknern (2000).

The circuit representing this device consisted of ion solution resistances (Rs) in series
to represent the upper and lower chambers. In between which, a capacitance Chep, (as-
sociated with the membrane) is placed in parallel with a pore resistance R — this is of
much greater magnitude than Ry due to the constriction of rate of charge carrier (C17)
flow in the nanopore. However, various other factors may influence the total capacitance
exerted on the ionic current; such as stray capacitance from exposed electrode leads (and
other sources), membrane composition, membrane surface roughness and Faradaic reac-

tions on the surface. In this case, C,,e may be replaced by a non-ideal capacitance, the

constant-phase element (CPE) (Brug et all,[1984) which has two parameters, a magnitude

Yy and an exponent n. Therefore two models can be constructed, one with a capacitor

and another with a CPE.

Vbias

7 Cmem

RS,Z

Figure 5.1: Schematic of the electrochemical set-up used for ion transport experiments
and its corresponding equivalent circuit. The membrane capacitance Ciem here can be
replaced by a Constant Phase Element (CPE) to accommodate for non-ideal capacitive

behaviour.

In order to reduce the capacitive effects of the electrodes, the choice of ionic solution

and composition of the electrodes are chosen such that the electrodes are non-polarisible,
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for example Ag/AgCl electrodes in rapid equilibrium with Cl~ ions in solution. Therefore,
charge transfer at the electrodes is rapid and thus is not expected to be current-limiting.

For a constant bias voltage Vj;.s, the steady state current flowing through the resistive
branch of the circuit is governed by the Ry and Ry... Typically, as R,ore is much greater
than R, the resistive contribution of the solution can be neglected. Hence the primary
potential drop across the cell occurs at or in the nanopore (Vyigs = AUs 1+AUpore+AUs 2),

where AU represents the potential drop:

Viias = (Rs,l + Rpore + Rs72) x I =~ Rpore x I (5.1.1)

To a good approximation, Ry.r. and the pore conductance (Gpore = 1/Rpore) can be

calculated from a geometric model, which takes into account the cross-sectional area of the

pore d, its channel length L and the conductivity of the solution, p, [Smeets et all (2006).

wd? d
Gpore = E[)—FWEO'SIU,Z‘ (512)

0 is the charge density on the inner pore walls and p; is the electrophoretic mobility
of the counter ion(s), say KT in KCI electrolyte and o5 < 0. Note that Equation B.1.2 is
written in terms of the absolute value of o.

For the cases considered in this chapter where the nanopore surface can employed as
an electrode (WE2), the potential of WE2 can be controlled independently of the WE1
bias. This modulates the effective charge density on the nanopore surface (o), despite the
actual value of o4 being dependent only upon material and surface structure and hence the
potential of zero charge (E..). Furthermore, for charged pores, an electric double layer
forms to neutralise the charge on the inner pore walls. Under the influence of an electric
field, these excess ions also contribute to the overall current and must also be accounted
for in the model of G),; this is particularly important for small pores where this effect

is significant. The pore conductance for these cases is given by:

wd? d
GPOTG(E) = Tp + 7"'Z,U'ic’edl(Ej - Epzc) (513)

In the above E is the (membrane) electrode potential and Cy is the differential ca-

pacitance of the electric double layer. The latter takes into account the solvent dielectric

146 of 2201



Chapter 5 Ton transport

constant, electrolyte concentration and charge, as well as electronic effects at the elec-

trode/solution interface, [Schmickler (199€6). Indeed, the above equation if valid only if
the dependence of C.g on the WE2 potential is insignificant. The second term is strictly
valid for long cylindrical pores (i.e. diameter d << L), where the electric field lines can

be considered to be in parallel, however it often provides a reasonable estimate for other

geometries, Siwy and Fulinski (2004h). Equation .13 implies that Gpore has a minimum

at £ = E,,. and increases linearly (but not necessarily symmetrically) with E for both
positive and negative values of F)...

Depending on the charge of the pore, the relative contribution of the charged species
in solution to the total current will vary. For example, cations will experience a higher
activation barrier when entering a positively charged pore than anions, this implies that the

latter will carry a larger fraction of the current through the pore. This has been shown

experimentally for ions (Siwy and Howorka, 12010), as well as for proteins (Chun et all,

2006).

The resulting arrangement of these components is similar to the Randles circuit,

Randles (1947), which has one resistor in series rather than two. Henceforth, in the

discussions presented in this chapter, the model circuit proposed here which employs a
capacitor will be referred to as ‘Randles’, whereas the circuit which employs a constant

phase element (CPE) will be referred to as ‘Randles with CPE’.

5.2 Electrochemical Impedance Spectroscopy (EIS) theory

In previous chapters, tests were performed on the conductance of the fabricated nanopores
by applying a Direct Current (DC) potential across the nanopore. For the EIS studies
discussed in this chapter, an Alternating Current (AC) is applied. The motivation be-
hind doing so is that the application of an AC potential facilitates the ability to vary
its frequency, and so a more comprehensive understanding of the relationship between
the ionic current and bias potential can be formed. For example, the variation in po-
tential permits an alternative approach to calculating the conductance of the pores at
the potentials previously evaluated (and so serves to validate previous tests), but it can
also be employed to form a greater understanding of the resistive and capacitive effects
of the nanopore. Indeed, EIS theory is a branch of alternating current theory that il-
lustrates the response of a circuit to an alternating current or voltage as a function of

frequency. The technique permits the study of more complex behaviour than cyclic voltam-
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metry; for example, frequency-dependent resistance, or impedance, Z may be measured,

Barsoukov and Macdonald (2005). From this its possible to produce a modified form of

Ohms law, so that whilst for a DC potential the impedance is given by:

Z = E(t)/I(t) (5.2.1)

for an AC potential, equation [5.2.2] can be employed:

7 = (Eﬂwﬁ/<%éwhw) (5.2.2)

In the above, E(t) is the potential (of known frequency) applied to the electrochemical
cell whilst I(t) is the measured current response across the pore. Hence the lag in response
between the applied potential and measured current may be used to calculate the phase
lag 1, thus the magnitude of the impedance may be obtained from Equation Note
that 7 represents an imaginary number, ¢ is time and w is the frequency of the applied
potential. In order to investigate the frequency-dependance of the cell, an expression for
the total impedance of the model circuit is required. Hence some basic relations between

impedance and the various components employed in the model are presented:

Resistor: Zr =R (5.2.3)
Capacitor:  Z¢c =1/ (iwC) (5.2.4)
CPE: Zcpr =1/(Yo|iw]") (5.2.5)

It should be noted that the impedance of a resistor R is independent of frequencys;
therefore we would expect any frequency-dependent behaviour in the model to originate
from the capacitor or CPE element. Impedances and their inverse, admittances in a
circuit are added up in the same way as their DC counterparts: resistances in series and

conductances add in parallel. For example with the capacitor circuit:

Ziotal = Zs+ Zp (5.2.6)
Ziotal = 2Rs+1/(1/Ry +iwC) (5.2.7)
Ziotat = 2Rs+ R,/ (1+iwCRy) (5.2.8)
Ziotal = 2Rs+ Ry/ (1+w*C*RY)

+ (iwR>C) / (1 + w?C?RY) = Re{Z} + Im{Z} (5.2.9)
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The impedance data can be graphically represented in two ways using Nyquist and

Bode plots (Bard and Faulkner, 2000 and [Barsoukov and Macdonald (2005)). The most

widely used impedance data representation is the Nyquist plot, which plots the imaginary
impedance (Im(Z)) against their real counterparts (Re(Z)), a schematic of this is shown in
Figure[5.2l Hence the absolute value of the impedance can be calculated as the hypotenuse
of the triangle formed by Im(Z) and Re(Z).

-Im (Z)

0 Re(Z)

Figure 5.2: Nyquist plot where Re(Z) and I'm(Z) are the real and imaginary parts of the

impedance, respectively. The phase angle is represented by ¢.

Even though the Nyquist plot has been widely used for the graphic representation of
impedance measurements, it cannot be used to calculate the frequency of the measured
impedance. For this, a Bode plot is employed, which typically consists of two sub-plots;
the first plots the impedance magnitude as logyo | Z| against the frequency as logyo(f) whilst
the second plots phase difference ¢ vs. logio(f). An example of these plots is shown in
Figures Three distinctive frequency-based regimes can be seen here:

(i) At low frequencies, the behaviour is predominantly resistive. C offers high impedance
so the current goes mainly through the two resistive elements. On the logio |Z]| plot, the
system impedance tends to the sum of R, and R, which is a constant value and indepen-
dent of frequency. On the phase plot, phase lag tends to zero, which is again characteristic
of resistive behaviour.

(ii) At high frequencies the behaviour is again resistive. C provides little impedance,
acting as a short circuit, continually charging and recharging. The current tends to go
through C rather than R,..; however, in comparison to R the impedance of C' is negli-
gible. Therefore the total system impedance tends to Rs, which is also a constant value,
independent of frequency. Similarly there is zero phase lag on the phase plot.

(iii) At a characteristic frequency to the system, the behaviour becomes significantly
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capacitive. The magnitude of the impedance is dependent upon frequency and there is
a large phase lag between the voltage applied and the resultant current (although rarely
as much as 90 degrees, so not fully capacitive). This frequency may be described as

[ =127RporeC).

|Z|= Rpore+ RS asf>0 : 0 |- _
! m
1 | o
| | =
g | | g
N | | o
= | ¢
g | | g
| | o
I
! |Z|= Rs as f->»o0
I
log (f/Hz) log (f/Hz)

Figure 5.3: Left: Bode plot of logio|Z| vs. logio(f). Right: Bode plot of phase vs.
loglo(f).

5.3 Experimental

5.3.1 Buffer solution

KCI solutions of varying concentrations used throughout all measurements were prepared
by adding 18 MQ cm Milli-Q filtered water (Millipore) to an un-buffered (pH= 6.2 +
0.2) stock solution of 1.0 M potassium chloride (KCl, Fluka, > 99.99%). An un-buffered
solution was used to avoid the introduction of additional ionic species into the system. The
measurements were carried out starting with the lowest concentration, then increasing this
step-wise. This was done to ensure the nanopore device was at its minimum conduction
state at the start of each run. Therefore, KCI sweeps were always completed from the
lowest concentration to the highest. Before each concentration change, the cell was cleaned
as described in Section and then filled again with the next electrolyte concentration

to be used.

5.3.2 Data acquisition and analysis

All I-V and EIS measurements were performed using either a CHI 760c or a Gamry Refer-
ence 600 commercial potentiostat. The instrument were controlled via a personal computer

(PC) using the CHI 7.20/Echem Analyst softwares. All electrochemical potentials were
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measured with respect to a Ag/AgCl reference electrode. The PTFE flow cell was used in
all the measurements presented in this chapter. Further details of its design and assembly
is provided in Section The flow cell was placed in a Faraday cage (constructed in-
house) and electrically connected to the ground. The electrolyte solutions were degassed

by bubbling high purity argon (Ar) gas for 15 minutes prior to every measurement.

I-V measurements

I-V measurements were conducted using cyclic voltammetry where the data collected
consisted of 5 sweeps over a range of both a +200 mV and a 500 mV range with a scan rate
of either 5 or 50 mV s~!'. A three electrode configuration was employed using reversible
Ag/AgCl electrodes connected as WE1 and combined CE/RE that were immersed in
the buffer solution on either side of the fluid filled nanopore flow cell. A range of pore

dimensions were used and are described further in the relevant sections.

AC Impedance Spectroscopy

The electrical performance of metallic nanopores was characterised using AC impedance
spectroscopy as described in Section 1.2 For these studies, a 100 nm Au/SizsN4 nanopore
was fabricated and the KCI concentration was varied to study its effects on the impedance
of the nanopore system. Each EIS measurement consisted of a amplitude modulation of
5mV scan with 50 points per decade over 6 decades of frequencies, between 1 Hz to 1
MHz. A setting of 100 points per decade was used for higher concentrations between 500

mM and 1 M. These measurements were conducted with Jessica Clough (summer intern).

EIS modelling

In order to complete the model circuit proposed in Section [5.1], resistance and capacitance
values were necessary to represent the effects of the various electrochemical components.
These values were obtained by the Echem Analyst model-fitting editor whereby the pro-
posed model circuit was created within the editor and fitted to the I-V and EIS results.
Figure [54] shows a sequence of screenshots of the EIS model editor which was used to
construct the Randles circuit. In order to simplify the model, the solutions resistances
are summed and represented in the figure as Ry; as the electrochemical cell is symmetri-

cal Rs1 = Rs2 =Rpore. The fitting model employed the Levenberg-Marquardt algorithm
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Gamryl), the results of which could then be used to obtain theoretical plots of conduc-

tance.

5.3.3 Surface modification using thiols

As a precursor to employing the nanopore surface to influence the electrochemical circuit,
preliminary experiments were conducted whereby the Au nanopore surface was chemically
modified. Thiol self-assembled monolayers (SAMs) of 6-mercapto-hexan-ol were formed

by spontaneous adsorption of chemical molecules onto the Au nanopore surface forming a

monolayer (Love et all,[2005 and |Schwartz,2001). This was done to reduce the membranes

capacitive effects; Figure shows the steps employed for modifying the pores.

The Au coated nanopore membrane consisting of a 100 nm pore was pre-cleaned us-
ing ethanol, isopropanol and ultra-pure water followed by exposure to an oxygen plasma
for 2 minutes, as described in Section [Z51] Subsequently, the membrane was immersed
in a 1 mM sealed solution of 6-mercaptohexan-1-ol (> 97.0%, Sigma) in isopropanol at
room temperature, overnight to form the monolayer. Gentle agitation of the solution was
carried out via a rotating 5 mm magnetic stirrer bar. Before measurements, the modified
Au membrane was thoroughly rinsed several times with isopropanol and deionised wa-
ter. These measurements were conducted with Daniel Godfrey (final year undergraduate

student).

Characterisation of thiolated nanopores

Once treated, the surface was characterised via cyclic voltammetry. This was done by
affixing the modified nanopore membrane to the microfluidic flow cell and filling both
reservoirs with a buffer solution of 100 mM NaOH. A three electrode set-up was used
where Pt wire was connected as the CE, an Ag/AgCl electrode was used as RE, both
immersed into the same reservoir using the inlets of the flow cell. The membrane was
connected as WE1 using gold plated adhesive film and potential sweeps between the range
of + 500 mV were applied to the WE1 at a scan rate of 50 mV s~!.

This technique can also be used to estimate the surface coverage of the thiol monolayer

on the Au nanopore surface; Thiol SAMs are known to quantitatively desorb either ox-

idatively or reductively from Au surface in alkaline media (Sabatani and Rubinstein, [1987

and [Schwartz, 2001):
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Figure 5.4: Screenshots of model fitting software. (a) construction of the Randles cell
circuit. annotations: Cy, Faradaic capacitance in parallel with a polarisation resistance
Rpore- The solution resistance, displayed as R, is in series with the Ry, and Cy pair.

(b) EIS spectrum from measurements. (c) Best fit in accordance with Randle’s model.
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l treated with 6-MCH

Cr

at RT; overnight.

£

Figure 5.5: Left: illustration of process for forming self assembled monolayers of
6-mercaptohexanol onto Au nanopore surfaces. Right: enlarged view of 6-MCH

adsorption onto Au.

Au—SR+40H™ — Au+ RSO, + 2H,0 + 3¢~ (5.3.1)

Au—SR+e — Au+ RS (5.3.2)

The electrochemical desorption of thiol from gold results in either an oxidative or
reductive peak visible in a CV trace. The charge (@) under this desorption peak was used

to calculate the surface coverage (I'saps / mol.cm™?2) of the SAM using the theoretical

relationship in accordance to equation [5.3.3] (Schwart4, 2001):

Tsay = Q/nFA (5.3.3)

where n represents the number of electrons involved in the desorption of thiol, F' is

the Faraday constant and A is the geometric surface area of the Au nanopore electrode.

5.4 Results and discussion

In this section, the ionic current across Pt deposited pores is investigated for a range of
solution concentrations, bias potentials and pore sizes. The aim is to assess the sensitivity
of the pores as well as characterise their behaviour for a range of given variables. These
experiments are conducted whilst employing only a single working electrode (WE1); sub-

sequently, preliminary studies on employing the nanopore to influence the ion transport
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were conducted. This consisted of modifying the capacitive effects of the membrane by
chemically modifying its surface using thiols, which behaves as an insulating layer and

inhibits metal-ion interaction.

5.4.1 I-V characteristics

In this section, the current-voltage (I-V) characteristics of the nanopores are investigated.
Tests were conducted whereby potential sweeps between the range of +£200 mV were
applied across the nanopore using cyclic voltammetry and the ionic current was observed.
These have been performed on Pt-deposited pores as well as Au and bare SigNy in 1 M
KCl solution.

Figure 5.6 shows a sample of -V measurements at 1 M KCI of six individual nanopores
(2x SizNy; 2x Au and 2x Pt deposited) with different diameters. In all measurements, the
I-V curves display a linear relationship, exhibiting ohmic behaviour in the range of +500
mV. The gradient of linear fits to the data yield the value of nanopore conductance, Gpore-
It can be observed that these values correlate to the pore dimensions, where a smaller
size pore displays a lower conductance. Another noticeable feature is the comparison of
metallic nanopores with conventional SigNy4 pores; from the results obtained, it is evident
that both Au and Pt pores display similar characteristics to SigN4. This suggests that the
metallic nanopores tested here do not exhibit excess rectifying behaviour whereby positive
and negative potentials of a set value would induce differing current magnitudes. This
effect is produced by a conical shaped nanopore, which in this case would be due to an
uneven distribution of deposit within the pore. The conical shape of the pore has the
effect of selectively restricting the entrance area to the pore on one side in comparison to

the other, hence lower ionic current is induced for a negative potential than for a positive

one, [Siwy and Fulinski (2004h). However as such behaviour is minimal in Figure 5.6 it

may be stated that the pore is not conically shaped and hence the metallic surfaces have

been evenly distributed through out the pore.

5.4.2 Salt dependence

The ionic current across the nanopore is inherently dependent upon the concentration of
ions within the electrolytic solution, hence altering its solution will increase or decrease
the observed ionic current. In this section, the KCI concentration is varied from 1 mM to

1 M in order to investigate its effects. These experiments have been conducted not only
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Figure 5.6: General nanopore characteristics. I-V measurements for (a) SizN4 pores; 24

nm; 105 nm (b) Au pores; 25 nm; 100 nm and (c¢) Pt deposited pores; 22 nm; 93 nm at 1

M KCI concentration.
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for the Pt-deposited nanopores but also on their SigN4 and Au coated counterparts as well
as for two different pore diameters of each nanopore.

A summary of the tests conducted and their corresponding results is provided in Table
These have been plotted in Figures [(B.7al and for the smaller and larger pore
diameters of each pore type respectively. Equation has been employed to calculate
theoretical values of the pore conductance based upon the equivalent circuit model of
Figure 5] and is also plotted with the experimental results. The plots show the general
result that (as expected) increasing the ion concentration results in an increase in charge
within the solution, hence pore conductance is seen to increase. It should be noted that
despite the diameters of the Pt, Au and Si3gN, nanopores being similar, for both the smaller
and larger variants; the Pt pores show a significantly higher conductance for all the tested
ion concentrations.

Theoretical values of pore conductance were also calculated from Equation and
are provided in Table 0.3 Clearly, from comparison of the equation conductance values
to the experimental data, they do not fit well. This may be due to a number of issues
but most notably because of the neglect of the surface charge density term. As it is not
currently possible to accurately calculate or estimate its value the term was neglected in
Equation 5.1.21 However, it should be noted that other factors may also have contributed

to this discrepancy, such as those discussed in Chapter [4.

5.4.3 EIS studies
Impedance measurements

As discussed in the theory of EIS studies (Section [5.2]), an AC potential was applied to
the electrochemical cell in order to characterise its behaviour. In this study, a 100 nm
Au/SizN, nanopore was fabricated and the KCI concentration was varied to study its
effects on the impedance of the nanopore system. Each EIS measurement consisted of a
scan with 50 points per decade over 6 decades of frequencies, between 1 Hz to 1 MHz. A
setting of 100 points per decade was used for concentrations between 500 mM-1 M. The
results of the study are provided in Figures [(.8al and for the impedance and phase
lag, respectively.

The impedance measurements plotted in Figure [5.8a] show a decreasing impedance as
the ionic concentration in increased. This is due to an increase in charge carriers at higher

concentrations, as a result, resistance is lower at all the tested frequencies.
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Figure 5.7: Salt concentration dependence of nanopore conductance. (a) small pores and
(b) large pores. Individual pore diameters for the different membranes are tabulated in

Table B3l
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KCl1/ mol dm—3 SigNy
24 nm 105 nm
G/ nS | I/ nA | Model/ nS | G/ nS | I/ nA | Model/ nS
0.001 0.16 0.03 0.80 4.58 0.92 4.37
0.010 2.87 0.57 2.90 13.27 2.65 15.41
0.100 6.21 1.24 15.41 58.12 | 11.62 82.78
0.250 30.44 | 6.09 40.80 128.33 | 25.67 218.93
0.500 64.11 | 12.82 72.70 187.98 | 37.60 389.72
0.750 100.80 | 20.16 103.42 250.66 | 50.13 554.29
1.000 145.21 | 29.04 121.24 365.80 | 73.16 649.56

Table 5.1: Summary of results obtained via CV measurements for varying KCI

concentrations (1 mM; 10 mM; 100 mM; 250 mM; 500 mM; 750 mM; 1M) in SigNy

nanopores. Vpies between WE1 and CE/RE in all measurements was set to +200 mV.

Model/ nS= modelled values according to Equation B.1.2]

KC1/ mol dm™—3 Au coated
25 nm 100 nm
G/ nS | I/ nA | Model/ nS | G/ nS | I/ nA | Model/ nS
0.001 0.11 0.02 0.60 5.09 1.02 6.43
0.010 0.79 0.16 2.11 15.12 3.02 22.54
0.100 8.46 1.69 11.23 61.24 | 12.25 121.36
0.250 78.44 | 15.69 29.61 149.76 | 29.95 320.24
0.500 110.32 | 22.06 52.66 296.20 | 59.24 570.12
0.750 164.45 | 32.89 74.82 318.14 | 63.63 810.19
1.000 268.88 | H3.78 87.61 631.05 | 126.21 950.63

Table 5.2: Summary of results obtained via CV measurements for varying KCI

concentrations (1 mM; 10 mM; 100 mM; 250 mM; 500 mM; 750 mM; 1M) in Au coated

nanopores. Vpies between WE1 and CE/RE in all measurements was set to +200 mV.

Model/ nS= modelled values according to Equation B.1.2]
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Figure 5.8: Impedance measurements for a 100 nm Au/SizN4 nanopore at 7 different
concentrations between 1 mM to 1 M. (a) logio|Z]| vs. logio(f) Bode plot. Resistive
behaviour is observed across all concentrations. (b) Correponding phase difference vs.
log10(f) Bode plot. As KCI concentration is increased, the frequency at which the

maximum phase lag occurs also increases.
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concentrations between 1 mM to 250 mM. Experimental data (blue solid line); Randles
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KC1/ mol dm~3 Pt-deposited
22 nm 93 nm
G/ nS | I/ nA | Model/ nS | G/ nS | I/ nA | Model/ nS
0.001 25.14 5.03 30.25 95.23 11.05 55.91
0.010 37.12 7.42 42.11 98.55 19.71 195.14
0.100 49.90 9.98 57.53 178.67 | 35.73 104.71
0.250 101.55 | 20.31 150.11 269.45 | 53.89 277.16
0.500 251.32 | 50.26 267.18 450.77 | 90.15 493.18
0.750 280.12 | 56.02 380.47 684.21 | 136.84 701.32
1.000 530.55 | 106.11 446.20 1000.50 | 200.10 821.96

Table 5.3: Summary of results obtained via CV measurements for varying KCl
concentrations (1 mM; 10 mM; 100 mM; 250 mM; 500 mM; 750 mM; 1M) in Pt
deposited nanopores. Vs between WE1 and CE/RE in all measurements was set to

+200 mV. Model/ nS= modelled values according to Equation [.1.2]

The phase vs. logio(f/Hz) plot for the above measurements are presented in Figure
[E8Bl The results show that as KCI concentration is increased, the frequency at which
the maximum phase lag occurs also increases. However there are two unexpected features
observed in the measurements; firstly, some of the concentrations exhibit an oscillatory
behaviour and secondly the phase lag values of some concentrations do not return to
0 degrees. The first issue may be a result of noise affecting the EIS readings, however
this could not be verified. The source of the latter issue is currently unclear and further
investigations are necessary to evaluate its source.

The data collected at each concentration was then compared to the values acquired
from the two models (Randles and Randles with CPE). Plots comparing all three results
are presented in Figures and for impedance and phase lag, respectively. For all
the plots, it may be observed that the model profiles fit very well to the experimental
results, which suggests that the equivalent circuit constructed in Section (1] is a good
representation of the electrochemical cell. Furthermore, the agreement in profiles also
serves to validate the hypothesised behaviour of the electrochemical cell and confirm that

there are no spurious current leakages etc.
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Pore conductance

In this section the EIS model-fitting method described in section is studied for a 100
nm pore. The aim is to employ both DC and AC results to the EIS fitting model in order
to obtain the values of the various components within the proposed circuit model (Section
B.1). Therefore, DC cyclic voltammetry tests were conducted where bias potentials were
applied between WE1 and CE/RE Ag/AgCl electrodes to obtain I-V plots for seven differ-
ent ion concentrations between 1mM to 1M. The slopes of the I-V plots were then used to
calculate the pore conductance of the nanopore system (using equation [5.1.2]) for both the
capacitor and CPE versions. The Ry and Ry, values from the model were substituted
into the equation for conductance (Equation (.1.2)). As a result, a series of conductance
values were obtained for each concentration and a set for each model.

The three sets of conductances (experimental and two models) are plotted as a func-
tion of KCI concentration in Figure[5.I1l The raw data values of the experimental results
are provided in Table[(.4], whilst the calculated values of the components and conductance
based upon the capacitor and CPE model are presented in Tables and respec-
tively. In order to estimate the error in the model conductances, a simple linear regression
analysis was also carried out on the experimental data. The slopes of the system conduc-
tance vs. electrolyte concentration obtained by CV and EIS appear to agree within their
respective errors. This also suggests that the model circuit satisfactorily represents the

electrochemical cell and further validates both its layout and the experimental results.

164 of 2201



Chapter 5 Ton transport

500 ‘ ; ; ‘ ~
~/‘//
450+ N R
X
400+ o ? R
N ‘/
0 350 g
G 300 J

N

a

o
T

Conductance,
N
o
o

O c¢cv
+ Randles

X Randles with CPE
—Fit: CV

== Fit: Randles

- — - Fit: Randles with CPE

e

a

o
T

e

o

(=]
T

(o))
o
T

(@ L L I I

0 0.2 0.4 0i6 0.8 1
[KCI] / mol dm™

Figure 5.11: Pore conductance, G for a Au/SisN4 nanopore, diameter ~100 nm vs.
varying KCI concentration. Three sets of data are plotted, in which conductances have
been obtained by: (i) Cyclic voltammetry, slope 410 4 40 nS mol~! dm? (black circles)
(ii) Model-fitting to Randles circuit (blue t — cross), slope 460 4 60 nS mol~! dm3 and
(iii) Model-fitting to Randles circuit with CPE (red — cross), 440 + 60 nS mol~! dm?.

KC1/ mol dm~—3 G/ n8 Mean | Error in mean
1 2 3 4 5
0.001 4.96 4.97 5.24 5.15 5.13 5.09 0.05
0.010 15.00 | 15.19 | 15.12 | 15.19 | 15.12 | 15.12 0.04
0.100 59.62 | 59.65 | 60.95 | 64.50 | 61.46 | 61.24 0.89
0.250 150.60 | 148.20 | 148.60 | 150.70 | 150.70 | 149.76 0.56
0.500 296.00 | 296.90 | 294.20 | 295.50 | 298.40 | 296.20 0.70
0.750 317.80 | 322.60 | 317.20 | 317.80 | 315.30 | 318.14 1.21
1.000 406.50 | 412.50 | 408.20 | 416.10 | 418.20 | 412.30 2.23

Table 5.4: Pore conductance measurements for a 100 nm Au/SisNy pore at
concentrations: 1 mM; 10 mM; 100 mM; 250 mM; 500 mM; 750 mM; 1 M, using the CV

technique.
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KCl Rpore = error | 2Rg & error | C £ error R, Rpore + 2Rs | G = 1/(Rpore + 2R5)
/mol dm~3 /GQ /MQ /nF /MQ /GQ /nS

0.001 508.30 £2.55 | 100.50 £0.23 | 5.87 £0.01 | 50.25 508.40 1.97

0.010 68.25 £0.21 14.56 £0.04 | 3.52 £0.01 | 7.28 68.26 14.65

0.100 14.52 £0.03 1.84 +0.01 2.35 £0.01 | 0.92 14.52 68.86

0.250 5.36 £0.01 1.58 £0.01 | 1.77 £0.01 | 0.79 5.36 186.65

0.500 3.04 £0.01 1.12 £0.01 | 1.63 £0.01 | 0.56 3.04 328.50

0.750 2.28 +£0.01 1.01 £0.01 1.68 £0.01 | 0.51 2.28 438.98

1.000 2.40 £0.01 0.87 £0.01 | 1.68 +£0.01 | 0.44 2.40 415.99

Table 5.5: Summary of results obtained from the Randles model.
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KCl Rpore & error | 2Rg + error | Yo + error (x1073) | n £ error | True C | Rs | Rpore + 2Rs | G = 1/(Rpore + 2Rs)
/mol dm~3 /G /MQ /nS.S™ /uF | /MQ /GQ /nS

0.001 708.40 £7.00 | 95.41 +0.26 7.49 £0.02 0.89 £64.64 8.63 4.77 708.49 1.41

0.010 85.52 £0.35 | 13.38 £0.05 5.69 £0.02 0.91 +£60.92 5.27 6.69 85.53 11.69

0.100 15.84 £0.04 1.74 +0.01 3.89 +£0.02 0.93 +£59.02 3.19 0.87 15.84 63.12

0.250 5.80 +£0.02 1.44 +0.01 3.93 £0.03 0.90 £68.95 2.60 0.72 5.79 172.52

0.500 3.26 +£0.01 0.99 +0.01 4.00 £0.02 0.89 +£50.69 2.42 0.49 3.26 306.94

0.750 2.42 +0.01 0.88 +0.01 4.18 £0.02 0.89 £52.24 2.46 0.44 2.42 412.39

1.000 2.56 +0.01 0.75 £0.01 4.09 £0.03 0.89 £0.01 2.46 0.38 2.56 391.12

Table 5.6: Summary of results obtained from the Randles with CPE model.
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Solution resistivity

The solution resistivity Rg values were also calculated from the two Randles models and
have been plotted as their reciprocal (or conductance, G) versus the KCI concentration
in Figure 5.12 The model values derived for these components are provided in Table (.7,

it should be noted that the gradients of the linear fits agreed to within one o.
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Figure 5.12: KCI solution conductance vs. KCI concentration for the nanopore system of
pore diameter ~100 nm, with conductance values calculated from EIS parameters of two
models. Randles (black t — cross); slope= 2601 4 327 uS mol ! dm? and Randles with
CPE (red circle); slope= 2256 4 302 uS mol~! dm?. black solid line corresponds to
trend fitted to Randles model data and the red dotted line to Randles with CPE model

data.

Membrane capacitance

The membrane capacitance at each concentration of KCI was also calculated from the two
models and is plotted in Figure[5. 14l Here it can be seen that the relationship between the
capacitance and the salt concentration is more complex than the simple linear dependence
displayed by the resistances (Rs and Rpore) in the circuit.

For example, the double layer part of the capacitance (Cg) associated with the mem-

brane may be divided into two capacitances in series, corresponding to the Helmholtz
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[KCl] Randles Randles CPE
/mol dm=3 | Ry/ MQ | Gg/ uS | Rs / MQ | G/ uS
0.001 50.250 19.90 47.705 20.96
0.010 7.280 137.36 6.690 149.48
0.100 0.920 1087.55 0.870 1149.43
0.250 0.792 1262.63 0.718 1393.73
0.500 0.561 1784.12 0.492 2031.28
0.750 0.506 1976.28 0.442 2264.24
1.000 0.435 2297.27 0.379 2635.39

Table 5.7: Solution resistivity values derived from the Randles and Randles with CPE

models.

layers Cp and the diffuse layer Cp, [Bard and Faulkner (2000).

1/Cdl:1/CH+1/CD (5.4.1)

This corresponds to a tiered physical structure in the electrolyte, moving outwards
from the surface of the Au membrane: ions absorbed on the surface of the Au in the inner

Helmholtz layer; solvated ions in the outer Helmholtz layer and then a diffuse layer of

ions. as illustrated in Figure [B.13] [Bard and Faulkner (2000). Each of these has a dif-

fering dependency on the ion concentration. Simple models describe the diffuse layer as
being proportional to ¢'\? and the Helmholtz layer is independent of ¢. As concentration
increases, the diffuse layer thickness decreases and so its capacitance increases. The recip-
rocal 1/Cp will become smaller such that Cy will tend to Cg at higher concentrations.
The resultant plot may therefore be composed of two separate regimes with different con-

1/2 gection at low concentrations and at high concentrations a

centration dependencies; a c
section which is independent of concentration, representing the Helmholtz layer. However
with only three data points in the low concentration range (defined here arbitrarily as
100 mM or less), we cannot accurately describe that relationship. For the four highest
concentrations, the mean capacitance was 1.7 nF for the Randles model and 2.5 nF for
the Randles CPE model.

In addition to this, the conversion of a CPE magnitude to an experimentally equivalent

capacitance is not trivial; its errors have not been accounted for. We must view the system
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Figure 5.13: Schematic of the electrical double layer (EDL) representing the charge

layers that accumulate at a net charged polarisable surface. Adapted from

Bard and Faulkner

as having a distribution of time constants

2000).

Barsoukov and Macdonal

2005

) such that:

Z = Ryore/1 + (iwT)"

I’

(5.4.2)

Where n, the exponent of the CPE, is an expression of the deviation from the ideal

capacitance and 7' is an average time constant. Provided that Rp,..Yp = T is true,

the equation for Z may be used to describe this system. To find the experimentally

equivalent capacitance we recognise that the time constant may be written as R,..C =T

Substituting for 7', we find the equation used to convert the CPE magnitude to be:

C= (Rporec)l/anore

(5.4.3)

This may be evaluated against experimental results, however this is beyond the scope

of this project and so is recommended for future work.
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Figure 5.14: Membrane capacitance vs. varying KCI concentration for a 100 nm
Au/SizNy nanopore. Two regimes of concentration dependency may be observed as

represented by the dotted line.

5.4.4 Surface modification using thiol chemistry

The study presented in this section looked to modify the chemical properties of the metallic
nanopore layer. The objective was to observe the effects of modifying the layers influence
on the cell. Here, interest was placed primarily upon reducing the nanopore membranes
capacitive effects. For this, thiol self-assembled monolayers (SAMs) of 6-mercapto-hexan-

1-ol were formed across the surface by spontaneous adsorption of chemical molecules onto

the Au nanopore; hence an ultra thin film was produced, as in |[Schwartz (2001). Thiols
were used due to their strong gold-sulphur (Au-S) covalent bond formation. The method
used to prepare these modified nanopores is described in Section (3.3l

Figure shows the cyclic voltammograms of the 30 nm Au/SigN4 nanopore mod-
ified with a SAM of 6-mercapto-hexan-1-ol (MCH) thin layer in 100 mM NaOH. Cyclic
voltammograms were typically recorded by sweeping the potential between -500 mV to
+500 mV at a scan rate of 50 mV s~! at the Au nanopore surface before treatment and
after chemical modification with thiol. The results demonstrate that the electrochemically
active Au nanopore surface was fully passivated by the thiol layer which was covalently

attached to it — their reductive desorption (release of thiolate is induced by the reduction
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of surface Au(1l) to Au(0) atoms) gives rise to distinctive peaks. A reductive desorption
peak of Au-MCH SAMs is observed at -160 mV, while the bare Au electrode shows the
typical features of reduction/oxidation of Au surface at peaks -200 mV; -440 mV and
+220 mV, respectively. Once coated on the Au membrane, thiols are known to exhibit a
blocking behaviour towards Faradaic processes at the electrode and this phenomenon can
be observed in the case shown in Figure [5.15. Here, the CV trace for the thiolated mem-
brane shows the suppression and disappearance of Au Faradaic reactions. Using the thiol
modified CV trace, a charge of 3.78 x107° C is derived by integrating the area under the

2

desorption peak. From this a surface coverage of I'= 0.56 x107!° mol cm~2 is calculated

using Equation 3.3 with a geometric area, A= 0.07 cm?.

bare Au/ Si3N4 membrane

s p— 6-MCH thiolated membrane |

0.5F 4

Current/ uA
)
&

_3 1 1 1 1 1 1 1 1 1 1 1
-500 -400 -300 -200 -100 -0 100 200 300 400 500
Potential/ mV

Figure 5.15: Cyclic voltammetry measurements of the Au nanopore surface and the
modified thiolated nanopore carried out before (blue curve, bare Au membrane) and
after modification (green curve, Au-MCH modified surface) relative to Ag/AgCl in 100
mM NaOH. Scan rate= 50 mV s~ L.

Once the modified Au membrane had been prepared it was assembled into the microflu-
idic flow cell and filled with 1 M KCI salt solution. Two Ag/AgCl electrodes immersed in
the top and bottom reservoir were used to apply a steady state current across the pore.

I-V measurements were conducted as described before (by sweeping the potential between
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4500 mV). The results of these measurements are plotted in Figure BI6l In this case, the

Au membrane was left floating.

60

Before
After

Current/ nA

-60 L L L L L L L L
-500 -400 -300 —200 —-100 0 100 200 300 400 500
Potential/ mV

Figure 5.16: Figure: Typical I-V traces obtained through a 30 nm MCH-modified Au
nanopore. Acquired via cyclic voltammetry in 1 M KCl; before (blue curve) and after

(green curve) chemical modification.

From these experiments, it is evident that the presence of the thiol layer gives a dis-
tinctive curve with a rectification ratio of 1.10. In comparison to the bare Au trace (green
curve), a 34% reduction in conductance is observed once the Au is coated with thiol. This
decrease in conductance can be explained as a result of the charge transfer inhibition at the
Au membrane-electrolyte interface, which occurs through a reduction in intimate contact

with the charged surface. As mentioned, this inhibiting behaviour observed in the CV

scans is characteristic of thiols, [Love et all (2005). Secondly, the chemically modified Au

surface is expected to lead to weaker long range electrostatic interactions between elec-

trolyte and charged surface (Barsoukov and Macdonald, 2005; [Schwart, 2001), thereby
mobilising charges in the pore vicinity and potentially exercising a gating effect.

The effects of using a thiol layer at the Au nanopore surface presented in this section
can potentially help contribute towards an ohmic, symmetric and controlled potential

drop across the membranes cylindrical aperture, where the overall reduction in surface

capacitance can be modelled by a classical two plate capacitor, Bard and Faulknex (2000).
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5.5 Summary

In this chapter, the metallic nanopores fabricated and discussed previously were charac-
terised for their behaviour under various conditions. Tests were conducted for modifica-
tions of four main variables; ionic solution concentration, bias potential, nanopore size and
nanopore membrane properties. For the latter, the membrane properties were modified
by applying thiols to the surface such that its capacitive effects were inhibited.

The first series of tests considered the effects of varying the ionic concentration for both
metallic and SizN4 nanopores. It was observed that an increase in ionic concentration lead
to an increase in pore conductance, as expected. Moreover, it was observed that the CV
plots of both the metallic and non-metallic nanopores exhibited a linear profile. This
suggested that the lack of any rectifying effects, further validating the observations that
the applied metal surfaces were evenly distributed within the pore.

The next section considered the effects of varying salt concentration. It was expected
that a higher salt concentration would increase the ionic current due to the increase in
charge carriers present in the solution. Indeed such a result was observed. Theoretical
values of the pore conductance were also calculated from Equation (.12t however due
to the neglect of the surface charge density, a large discrepancy between the model and
experimental values was observed. Future work should look to consider methods of calcu-
lating or estimating the surface charge density so that this term may also be included in
future comparisons.

In parallel to these investigations, a model circuit was proposed so that the electro-
chemical cells behaviour may be modelled by a theoretical circuit. The circuit consisted of
two resistors in series (which represented the impedance effects of the ionic solution) and a
resistor and capacitor in parallel between them (which represented the energy dissipating
and storing effects of the nanopore). In order to calculate the resistive and capacitive
values for these theoretical components, electrochemical impedance spectroscopy studies
(EIS) were also applied to the cell. These studies consisted of applying an alternating
current potential at various frequencies to gauge the cells response. It was found that the
results of the model circuit, using the EIS-calculated component values, compared well
with the experimental results of the cell.

In the final set of experiments, the surface properties of the nanopore membrane was
modified by the addition of thiols. These served to produce an insulating layer on the

surface of the membrane and so inhibit its capacitive effects. The results of this section
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showed a clear influence of the thiols on the I-V trace suggesting and followed the expected
behaviour. This test provided a preliminary investigation into the effects of surface mod-
ification for metallic nanopores. Indeed future work should look to applying a potential
to the nanopore membrane so that the ionic current can be controlled locally around the

pore.
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nanopores

This chapter investigates the translocation and detection of A-DNA molecules through Pt
deposited and SizN4 nanopores. In Section an overview is presented of the underlying
theory of DNA translocation through metallic nanopores. The primary focus of this section
is to provide a brief outline of the fundamental theory associated with the drop in ionic
current across nanopores that is induced by the translocation of DNA.

Section then discusses the experimental set-up of the study presented in this chap-
ter, a brief review of the various chemicals and DNA material employed has been provided
as well as a description on the set-up of equipment used to conduct this study. Section [6.3]
provides information regarding the data acquisition equipment employed and its set-up as
well as the post-processing of the signal recorded during the experiments. Subsequently,
Section presents a discussion on the results achieved from the experiments. The find-

ings of this study are then summarised in Section [G.5]

6.1 Background theory

Changes in the ionic current

As explained previously in Chapter [ detection of DNA using a nanopore consists of
an experimental set-up whereby a single nanopore provides the only passage between
two compartments containing an aqueous electrolyte. By inducing a current across the
nanopore, ions are transferred from one compartment to the other. Hence, observations

of the current across the nanopore provide the ionic current from one compartment to the
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other, as shown in Figure [6.Jl By introducing DNA the ionic current passing through the
nanopore will decrease as the molecule translocates through the pore. The translocation
of each single molecule is observed as a single translocation ‘event’.

Ag/AgCl
electrodes

+ve cr \ “" - | .
’..—’7 1|1 constant current

Amplifier membrane
K* t(s)

no analyte present

| (nA)

-ve ®

with analyte present
o yte p

+ve { DNA

1 (nA)

Ve o t(s)  current blockades

Figure 6.1: General set-up for translocation experiment. A charged polymer is
electrophoretically driven through a nanometer-sized aperture, located between two
reservoirs kept at a potential difference. Top: transmembrane potential causes a constant
flow of ions through a single pore. Bottom: analytes that pass the pore cause temporary

current blockades which are further detected and characterised.

Translocation of a charged molecule such as A-DNA through a pore can affect the ionic
current by (i) changing the effective ionic concentration in the nanopore due to charges

carried by the molecule, and by (ii) physically restricting the nanopore cross sectional area

Chang et all, 12004, and [Smeets et all,[2006). Since DNA is negatively charged, additional

conducting counterions are introduced into the pore when the molecule enters a nanopore,

this results in an increase in the ionic current I, (Smeets et all, 2006) given by:

I = pbAneV/L? (6.1.1)

pore»

where An is the number of charges introduced uniformly into a nanopore of length
Lyore with a voltage bias V' applied across it, e is the charge of an electron, y is the ionic
mobility, and b is the fraction of counterions that are mobile. This mechanism dominates
at low ionic concentrations where the total number of ions in the bulk solution is small.
At higher salt concentrations, physical blockage of the nanopore by the DNA molecule

dominates, resulting in a current decrease during translocation, Figure
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To a first order approximation, the reduction in current induced by the physical block-
age of the nanopore by the molecule is equivalent to the total ionic current that can be

carried by the displaced electrolyte:

ek = KA V;)ias/Lpore (612)

where K is the solution conductivity, Vi, the applied voltage, Lyore the effective pore
length, and A the hydrodynamic cross section of the translocating molecule.

Since it is assumed that the reduction in current is linearly proportional to the hy-

drodynamic cross section of the translocating material, (Liet all, 2003; IMuthukuman,

2007) the translocation events exhibiting only one blockade level can be interpreted as

the translocation of a A-DNA molecule through the pore in a linear, single-file manner.
Events exhibiting two or more quantised blockade levels can be interpreted as A-DNA that
translocate through the pore with portions of the molecule folded in on itself, or where two
or even three parallel lengths of the A-DNA translocate through the pore simultaneously,
Li et all (2003).

Frequency of DNA translocations

Each translocation event whereby DNA molecules are transported from a solution on one
side of the nanopore to the other side can be divided into three steps: (i) transport of
DNA molecules from the solution to the opening of the nanopore, (ii) entrance of the
molecule into the nanopore, and (iii) translocation of the molecule across the nanopore
to the solution on the other side. The transport of DNA molecules to the nanopore can
occur by diffusion, electrokinetic transport, or by convection. Therefore the frequency of

arrival of the molecules at the entrance of the nanopore is linearly proportional to the

DNA concentration and the electric field at the entrance, (Chen et all,2004h) and can be

given by:

farrival X c /timesV (613)

where furrivar 18 the frequency of DNA arrival at the pore entrance, ¢ is the DNA
concentration, and V is the applied voltage bias. Entrance of the DNA molecule into the
nanopore requires crossing an entropic free energy barrier since the DNA conformation is

constrained inside the nanopore when the pore size is smaller than the DNA. Thus the
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timescale for translocation depends exponentially on the voltage bias and the free energy

barrier, (Henrickson et all, [2000):

1/7 x exp(zeV — AG*/kT) (6.1.4)

where z is the number of charges that interact with the electric field, V' is the potential
difference in the entrance region of the pore, and AG* is the free energy barrier. Thus,

the frequency of DNA translocating across the nanopore depends on the applied voltage

bias and the mobility of DNA molecules through the nanopore,|(Chen et _all (20044), given

by 1/Tirans < V.

6.2 Experimental

6.2.1 DNA material

A-DNA isolated from bacteriophage lambda (cI857ind 1 Sam 7) was obtained from New

England BioLabs. This duplex has a sequence of 48502 base pairs (bp), (Daniels, [1983).

For translocation experiments, the DNA samples were dissolved in the buffer solution
before use. The samples were manipulated under nuclease-free conditions and materials
including water, tips, and tubes were autoclaved prior to use. In a typical experiment,
DNA concentrations between 10 to 50 pg/ml were used and added to the cis chamber of
the setup, which contained 2 ml of the buffer solution. The buffer solution was made up

of 1 M KCI salt solution containing 10 mM Tris-HC] and 1 mM EDTA.

6.2.2 Fabrication of nanopores

A SigNy membrane was metallised with 10-nm Ti and 100-nm Au. A single pore of
50 nm diameter was then milled using a focused ion beam and further shrunk using
the Pt electrodeposition-ICF technique described in Chapter 4. The technique combined
electrodeposition with ionic current measurements through the pore to observe the pore
shrinking in real time by monitoring the pore conductance simultaenously. This allowed
the process to be stopped when the desired dimensions of the pore had been obtained. Pt
deposited pores with diameters between 18 nm-22 nm were employed for the experiments
involving A-DNA. Following this a comparative study was carried out with bare SigNy

pores with similar dimensions.
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6.2.3 Experimental set-up

The apparatus used for the experiments described here is shown in Figure Prior to
DNA analysis measurements, the Pt deposited nanopore chips were solvent cleaned with
acetone/isopropanol /deionised water (Millipore 18.5 MQ cm), further details are provided
in Section 2511

The treated pores were aligned and bonded between two chambers of a PTFE mi-
crofluidic cell using kwik cast epoxy. This formed a gigaohm seal, thereby reducing fluidic
leakage and improving electrical isolation between the reservoirs. The buffer solution of 1
M KCl1 with 10 mM Tris-HCIL, 1 mM EDTA at pH 8.0 was introduced into both reservoirs,
where immediate wetting and ionic conduction through the pore was observed. This pro-
cedure typically lead to a stable low noise current signal, but additional oxygen plasma

cleaning was occasionally necessary to achieve this.

secondary shield A-DNA added to cis chamber
(aluminium)

Ag/AgCI to amplifier

head stage

Ag/AgCI

Figure 6.2: Experimental set up for DNA analysis. (a) image and (b) schematic of
design. The microfluidic cell containing the nanopore is mounted into a Faraday cage. A
patch-clamp current amplier is used for the ionic-current measurements at high
bandwidth. The design employs two layers of electromagnetic (EM) shielding with a use
of a double Faraday cage. The headstage from the patch clamp amplifier is mounted

onto a custom made aluminium block and connected to the microfluidic cell.

Current was measured by placing newly chloridised Ag/AgCl electrodes in each reser-
voir with the nanopore forming the only electrical/fluidic connection between the two
compartments of the microfluidic flow cell.

The entire setup was housed in a double Faraday cage on a vibration isolation table to
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screen external acoustic and electric noise sources. In electrical recordings, sign conven-
tions were used to distinguish between the top and bottom chamber of the microfluidic
cell. The chambers were labelled as ‘cis’, to which the DNA sample was added; and the
SisN4 window was exposed to the cis electrolyte. The cis chamber was at ground and the
transmembrane potential was given as the potential on the ‘trans’ side (i.e., the trans
potential minus the cis potential; the latter was zero in the present case). A positive cur-
rent was one in which positive charge (e.g. K™) moved through the pore from the trans
to the cis side, or negative charge (e.g. Cl7) from the cis to the trans side. The open

pore current (I,) was recorded prior to the addition of A-DNA for all measurements.

6.3 Data Acquisition and Analysis

6.3.1 Data Digitisation

The ionic current flowing through single solid state nanopores was measured using the
commercial Axopatch 200B patch-clamp amplifier (Molecular Devices) and recorded to
the hard disk of the computer, Figure 6.3 This instrument transformed the continuous
analog current signal that arose into an analog voltage signal, which was fed to the 1440A
16-bit digitiser (Molecular Devices) that converted it into binary numbers with finite
resolution (digitisation).

The current signal was measured using the Axopatch 200B low-noise current amplifier
(Axon Instruments, USA) operated in resistive feedback mode with the feedback resistor
set to f= 1, which provided both low noise and a large current passing ability of £20 nA.

The digitiser was connected to a computer that converted and displayed the digitised
current information. The dynamic input range of the digitizer is +10 V, which divides the
signal into 2'6 (65536) values (bins), providing a resolution of 0.305 mV per bin (20 V/216).
If no output gain is applied by the amplifier, this corresponds to a dynamic range of +10
nA and a resolution of 0.305 pA per bin. However, the output gain can be changed (by
up to 500 x) to increase the resolution (decreased bin-width), at the expense of dynamic
range. Typically, the output gain was set to 1 x. This corresponds to a dynamic range of

+1 nA and a resolution of 0.0305 pA per bin.
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Digitiser

Axopatch
patch-clamp
amplifier

adstage

Figure 6.3: Image of the acquisition set-up: the ionic current is measured using the

Axopatch 200B patch-clamp amplifier (Molecular Devices) and recorded to the hard disk

of the computer. This instrument transforms the continuous analog current signal that

arise into an analog voltage signal, which is fed to the 1440A 16-bit digitiser (Molecular

Devices) that converts the data. The digitiser is connected to a computer which then

converts and displays the digitised current information using Clampex software.

6.3.2 Filtering and sampling

High frequency electrical noise was removed from the signal collected by the amplifier,

using an in-built low-pass, 8-pole Bessel filter which limited the bandwidth of the data by

eliminating signals above the corner frequency (or cut-off frequency) of the filter. In order

to keep errors of current levels to <3%, the applied filter cut-off was set so that it was five

times the inverse of the mean event time,

Silberberg and Magleby, 11993).

The Nyquist Sampling Theorem states that the rate at which the filtered signal is

sampled (in this case by a 1440A 16-bit digitiser from Molecular Devices) should be

twice the cut-off frequency of the applied filter,

Axon-Guide). In practice however, it
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was useful to oversample (i.e. sample at a rate that exceeded the Nyquist minimum)

Sakmann and Neher, [1995). Hence, a sampling rate of five times that of the cut-off

frequency was used.

6.3.3 Acquisition protocols

The software used to collect and display the current signals was Clampex (version 10.1,
Molecular Devices). Clampex was also used to control the 1440A digitiser to apply a
potential through the amplifier. Although Clampex has five data acquisition modes, only
the ’Gap Free’ and ’Episodic Stimulation” modes were used.

In the Gap Free protocol, data were passively and continuously digitised, displayed and
saved. This mode was used for all translocation experiments. The Episodic Stimulation
protocol was used to output a voltage signal from the digitiser and applied to the nanopore

system, while simultaneously acquiring the resulting current signal. This mode was used

to apply voltage steps (e.g. when producing I-V curves) and voltage ramps (Dudko et al.,
2007).

The DNA sample was added to the cis (top) compartment to a final concentration of
typically 400-500 nM. In a typical experiment, initially, +100 mV was applied to the trans
side for 20 s to drive the negatively charged, DNA molecules through into the pore. The
capture of A-DNA molecules by the nanopore was observed as a stepwise decrease in the
open pore current level (I,) to a lower, current level (I), Figure[64l The amplified signal
(arising from the ionic current passing through the pore) was low-pass filtered at 20 kHz
and sampled at 100 kHz (50us).

Data were analysed and prepared for presentation with pClamp software (version 10.2,
Molecular Devices). Single-channel searches were performed to obtain the current level for
each individual DNA blockade event (Ip); firstly, pre-defined threshold levels were set for
the open pore and blocked pore states, e.g. Level 1 was set to an estimation of the open
pore current value and Level 2 was set to an estimation of the blocked pore current level,
as shown in Figure [6.4] The event search software detected as the current changed from
a Level 1 event (open pore event) to a Level 2 event (blocked pore event) and determined
the arithmetic mean of each event from all of the current samples acquired, belonging to
a given event.

The open channel current was termed I, once the negatively charged DNA was intro-

duced into the cis chamber and began to translocate through the pore, sharp decreases
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in the blockade current I, were observed. The duration and amplitude of these I, events

were then used to characterise the translocation of A-DNA.

40 150
120
30
S 5 E a0
8 S
10 40
4] o
—160 —-140 —120 -100 -80 4] 4 8 12 16 20
Amplitude/ pA Dwell time/ ms

Figure 6.4: Top: Typical DNA blockade event analysed by Clampfit software. The
current level changes from an open pore event, to a blocked pore event. The software
assigns the events and determines the arithmetic mean for both the I, (green line) and
the Iy, (red line) events. Bottom left: Histogram displaying amplitude currents I, for
A-DNA in a typical experiment, the average blockade for the DNA molecule, for this
experiment, is taken from the centre of the peak of the fitted Gaussian. Bottom right:
Histogram of dwell time 74, the average dwell time is taken from the mean of the

exponential fit from the plot. Events detected= 238.

The I, values from repeated blockades, for a given DNA sequence had approximately
a Gaussian distribution, as the majority of events were of a similar current. The mean I
value for each DNA event was determined by performing a Gaussian fit to a histogram of
all the I, values from the repeated blockades. The current blockade for each DNA molecule
was also described as the residual current (I,.s), which was expressed as a fraction of the
open pore current (I,): Ies = (Ip/1,), see Figure [6.4]

The dwell time (74) was plotted against the number of events, which gave an exponen-
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tial decay. The mean 74 value was taken from an exponential fit of the plot as shown in
Figure (Bottom right panel). Errors were calculated through the standard deviation
(SD) of the analysed data. The data for each experiment under investigation comprised of
at least two separate recordings to ensure its validity. Finally the 7, data, i.e. the dura-
tion between events, was used to calculate the frequency of occurrence. 7., was recorded

in seconds therefore the inverse of this value (1/7,,) gave the frequency of events.

6.3.4 Noise characterisation

Current-time traces of the Pt deposited and bare Si3sN4 pores were recorded at constant
voltages with the patch-clamp amplier at a sampling frequency of 100 kHz and a low-pass
8-pole Bessel filter with a cutoff frequency of 20 kHz. The power spectral density S%(f) of
10 seconds of the current noise was obtained by performing Fast Fourier transforms (FFT)
of the recorded current-time traces.

The magnitude of the spectral components, S;, derived by the FFT was given by the
sum of the squares of the real, a;(,¢q), and imaginary, a;(maginary) Parts of the coefficients,

where:

Si = Qi(real) ? + Qj(imaginary) 2 (631)

Since this is the power averaged over N samples, where N is the transform (window)
length and since only N/2 of the components are unique, the power at each sampling

point (P;) was scaled such that, for a given sampling frequency, f:
2N

P = SiT (6.3.2)

The power spectrum was further scaled by the window factor, w, where for a given

window function, f,,, the scale factor for a window of length N was calculated by:

N
(fw)?
= ) (6.3.3)
n=1 N
and the power was expressed in units’:
2N

Finally the total root mean square (RMS) value was calculated by taking the square

root of the integral of the power spectrum, such that:

(6.3.5)

where f/N was the value of the frequency bin width in Hz, (Axon-Guidd).
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6.4 Results and Discussion

6.4.1 DNA translocation through Pt deposited nanopores

To test whether the metallised nanopore structures can be used for the sensing of single
molecules, DNA translocation experiments were conducted in both Pt deposited and bare
SigN4 nanopores. Individual pores of 100 nm diameter were then milled using a focused
ion beam and further shrunk using the Pt electrodeposition-ICF technique described in
Chapter [

The fabricated nanopore was mounted in a microfluidic cell in which it separated two
chambers filled with a solution of 1 M KCI, 10 mM Tris-HCI, 1 mM EDTA, at pH 8.0.
Ag/AgCl electrodes were immersed in both chambers. The metal layer was left floating
during the measurements. A-DNA was added to the cis chamber facing the small-cone
opening and a voltage of +300 mV was applied to the trans side. This resulted in a
constant ionic current of 5.3 +0.1 nA through the Pt nanopore.

After adding the A-DNA to the negatively biased cis chamber and allowing time for
diffusion, intermittent current blockades were observed in the I,. Figure shows part
(4.5 s) of a current trace recorded for A-DNA though an 18 nm Pt pore. Each event is
the result of a single molecular interaction with the nanopore and is characterised by its
time duration 74 and its current blockage, I. Prior to the addition of DNA, no blockage
events were observed during a 10 minute period; one example of the current recorded is
plotted between 0-2 seconds in Figure [65 Subsequent to the addition of DNA, blockages
were observed of the type plotted from 3-7 seconds in the figure. Hence these blockages
are attributed to the interaction of individual DNA molecules with the nanopore. The
duration of these blockades was on the order of milliseconds which consistently exhibited
current reductions to ~10% of the open pore value.

DNA translocation experiments typically ended when the baseline current level suf-
fered an irreversible drop, likely corresponding to DNA sticking to the nanopore surface.
Subsequent SEM imaging inspection revealed the presence of additional non-crystalline
matter at the nanopore after drying.

Magnified views of the typical current blockades are illustrated in Figure 6.6l The
translocation events observed for the passage of A-DNA through Pt pores usually exhib-

ited a rectangular pulse, similar to what has been observed for SiOs, Si3sN4 and Al,O

nanopores in literature, (Storm et all, [2005), (Fologea et all, 12007), (Venkatesan et all,

186 of 2201



Chapter 6 Detection of DNA using metallic nanopores

6
58 50 pg/ml of A-DNA -
added to cis
chamber
5.6 -
<é 5.4 ‘ Il
2 ! ‘ il
£ 52
=]
(8]
5 L
4.8 R
4.6 -
0 1 2 3 4 5 6 7
Time/ s

Figure 6.5: Ionic current trace for A-DNA translocations through a 18 nm Pt deposited
nanopore. Typical ionic current signal recorded before (blue trace) and after (red trace)
the addition of A-DNA test solution to the negatively biased cis reservoir, showing

extensive current drop spikes.

2009). However ~30% of all observed events did differ in shape and duration exhibiting

a steep onset during which the current dropped within a few milliseconds followed by a

slow recovery back to the I,.

6.4.2 Mean dwell time and amplitude characteristics

A total of 454 events were analysed at a bias potential of 4300 mV over a course of 40
seconds and are plotted in Figure 677 Figure represents a scatter plot of the event
amplitude (I,) against the dwell time (74). The distribution of events are broad and
range from an I, of 0.36 to 0.62 nA 4+0.02 nA whilst 74 ranges from 50 us to 40 ms
+20uS. However the distribution is clearly not even across that range but instead shows
a correlation between I, and 74 where on average, shorter events block the pore less
than long events. These events have been represented as histogram plots of I, and 74,
which are provided in Figures The I, histogram of Figure (left panel) shows the
gaussian distribution of event amplitudes with a mean value of 0.47 nA. The histogram of

T4 provided in (middle panel) shows a broad exponential tail and has a mean 74 of 4.4
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Figure 6.6: Typical current blockades (>70%) characteristic of the A-DNA translocating
through an 18 nm Pt pore. All recordings were taken from a nanopore biased at +300

mV, trans side positive.

+0.2 ms. An exponential curve is fitted to the plot and describes the population lifetime
of translocation events. The timescale also exhibits strong voltage dependence, suggesting
that these events are indeed due to polymer transport through the pore as opposed to
rapid, diffusion-driven collisions without translocation.

By calculating the blockage ratio (Byatio= Ires/Io) it could be observed that on average
8% of the open pore current was blocked by the DNA (0.92 4+ 0.02) during translocation.
The blocked current fraction was ~5 times larger than expected based on the relative areas
of the DNA molecule (Apya) and the nanopore (Apore); Apna/Apore = (2.2 nm)?/(18
nm)?= 1.5%. The difference in the blocked current fraction could be explained by the
relatively large size of the pore, which exhibited a substantial fraction (~25%) of multiple
level events corresponding to partially folded DNA entering the pore or several DNA
molecules that traversed through the pore simultaneously.

Further to this, the values obtained from this analysis corresponded to a transloca-

1

tion velocity of 0.4 ¢cm s™'. In comparison to literature values reported by Branton et
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al. of 2 cm s~! for a SigsNy and Al,O3 pore under comparable translocation conditions

Chen et all, [2004b and [Venkatesan et all,[2010). The observed slower DNA translocation

rate in these Pt deposited pores were also a good indication of the attractive interac-
tions (ie. adsorption) between the translocating DNA strand and the nanopore surface,

which were known to be dependent on the potential of the metal surface, explained in

Deamer and Branton (2002), Wanunu et all (2008). In addition to this, the presence of

a larger effective membrane thickness was also reported in (Chen et all, 2004b) to reduce

the electric field in the pore region. Whilst the effective membrane thickness in the Pt

deposited nanopores is not known accurately, the results of |Chen et al! (2004h) and the

relative difference in translocation velocity observed in this work seem to suggest that the
observed differences could indeed be rationalised in terms of a reduced field strength at

the nanopore.
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Figure 6.7: Left: Amplitude (I;) and Middle: dwell time (74) histograms for an 18 nm Pt
deposited nanopore at the applied voltage of +300 mV. Right: Scatter plot of I, versus

Td-

Varying potential

DNA detection was characterised at varying bias potentials to study the frequency of
translocation events and their velocities. The electrophoretic transport of A-DNA through
an 18 nm diameter Pt deposited nanopore was investigated at bias voltages of +100
mV; 4200 mV; +300 mV and 4500 mV. Example recordings of the observed current are
presented in Figure [6.8.

The experimental results are summarised in Table and include the open pore cur-

rent, I,, mean dwell times, 74, the average blockade current, I, the total number of
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Figure 6.8: Current traces of A-DNA translocation at each voltage. From top to bottom
(i) 4100 mV, (ii) 4200 mV, (iii) +300 mV and (iv) +500 mV, including the blockade

free open pore current I, at each voltage prior to the introduction of A-DNA.
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Figure 6.9: Amplitude and dwell time histograms for an 18 nm Pt pore at the applied

voltages. From top to bottom (i) +100 mV,(ii) +200 mV, (iii) +300 mV and (iv) +500

mV. The scatter plots of I; versus 74 for each voltage are also displayed.
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Viias/ mV 100 200 300 500

I, (£0.1 nA) 2.6 3.4 5.3 8.3

I, (£0.1 nA) 0.41 0.34 0.48 0.42
74 (ms) 8.53 + 0.38 | 3.84 + 0.16 | 4.42 + 0.20 | 1.39 £ 0.16

n (events) 242 324 454 497

Fevents (571) 6.0 8.1 11.3 12.4

Table 6.1: Summary of results for the detection of A-DNA through an 18 nm nanopore
at voltages of +100 mV, +200 mV, +300 mV, and +500 mV. 74: is the time DNA
resides in the pore. n: total number of events from recording). Feyents: Frequency of

events (s~!) for a 40 s recording at each voltage.

15
14t :

13f 1
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0 100 200 300 400 500 600
Potential/ mV

Figure 6.10: Frequency of translocation events (s™!) at varying potentials through an 18
nm Pt pore, calculated using 1/7,,. A linear fit is applied which shows a voltage

dependence as the bias potential is increased.
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events, n and their frequency at each potential. The results indicate that the average
dwell time decreases with increasing voltage. As expected, an increase in the applied volt-
age resulted in an increase in the electrophoretic driving force experienced by the DNA
molecule during transit, resulting in higher translocation velocities and shorter dwell times.

This voltage-dependent behaviour has also been independently observed in biological «-

hemolysin nanopores by [Meller et al! (2001) and with SisN4 by (Chen et all, 2004d) and

can serve as a complementary method to gel electrophoresis to verify DNA transport
through nanometer-sized channels.

A threshold voltage of +80 mV was observed in translocation experiments below which
translocation current blockades were not observed, suggesting the presence of a signifi-
cant activation/entropic barrier associated with A-DNA transport through Pt deposited
nanopores. In addition, the number of events n and the average frequency of events per

second (Fepents) increased linearly with increasing voltage, shown in Tabe[6.1] and plotted

in [6.T0

6.4.3 DNA translocation through bare silicon nitride nanopores

The translocation of A-DNA was also investigated in bare silicon nitride (SizN4) nanopores
without the presence of the metal layer. The experimental conditions were kept the same,
including buffer, applied potential and DNA concentration. The recordings were acquired
at a sampling rate of 100 kHz and filtered at 20 kHz. The single channel recordings for
a 24 nm pore is shown in Figure [6.11], at a bias potential of 4300 mV. The current trace
displays the stable open pore current before the addition of DNA to the cis chamber and
following introduction of DNA, the pore exhibited similar spikes in current corresponding
to DNA translocation events.

A total of 234 events were analysed at a bias potential of +300 mV. Figure (right
panel) represents the scatter plot of I, against 74 for a 24 nm SizN4 nanopore. The events
detected using SizN,4 nanopores are overall shorter (with a maximum 7,4 value of 10 ms)
and blocked the pore in the pA range. The distribution of events are broad and range from
an I of 92 to 160 pA whilst 74 ranges from 50 ps to 10 ms. The dwell time histogram
is presented in Figure (middle planel) and shows a mono-exponential decay curve
with a mean dwell time of 1.66 £0.2 ms. The amplitude (I;) histogram shown in Figure
(left panel) gave a typical gaussian distribution with the mean value of 114 £20

pA. This value was comparable to typical experiments carried out with SisN4 nanopores
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Figure 6.11: Tonic current trace for A-DNA translocations through a 24 nm SigNy
nanopore. Typical ionic current signal recorded before (blue trace) and after (red trace)
the addition of A-DNA test solution to the negatively biased cis reservoir, showing

extensive current drop spikes.

of similar dimensions, [Wanunu and Meller (2007). The blocked current fraction here was
comparable to the expected value based on the relative areas of the DNA molecule (Apna)
and the nanopore (Apore). The expected value of Apna/Apore (2.2 nm)?/(24 nm)?=
0.84%, compared with a measured blocked current fraction of 1.1%.

The strong attractive interactions observed in the Pt deposited nanopore experiments
were not observed in SigNy. This is most likely because the SigN,4 exhibited a net negatively

charged surface at pH 7.5-8.0, resulting from the deprotonation of surface silanol groups,

as described in [Hoogerheide et all, 12009 and [Wanunu and Meller, [2007. Hydrophobic in-

teractions between DNA bases and the pore surface may also be prevalent in Pt deposited
nanopore systems. Such interactions may be enhanced in Pt deposited pore systems as
the material undergoes significant surface roughening during electrodeposition, this can
be seen as irregular thickness variations across the pore region through SEM imaging,

thereby increasing the surface area available for hydrophobic polymer-pore interactions.
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Figure 6.12: Left: Amplitude (I) and Middle: dwell time (74) histograms for a 24 nm

SisNy4 pore at the applied voltage of +300 mV. Right: scatter plots of I, versus 7.

6.4.4 Multiple levels

Quantised levels were observed in many of the blockade events for both SisNy and Pt
deposited nanopores. The multi-level events represented in Figure [6.13] are clearly distin-
guishable from that produced by A-DNA translocating through the pore in a single file
manner. These levels were attributed to either multiple DNA moving in a linear fashion
or as a partially folded molecule. Less than 8% of the translocations were ambiguous or
uninterpretable, and such events were excluded from the analysis.

The occurrence of multiple levels was further supported by the state of the DNA
molecule at thermal equilibrium. Here the 16.5 pm length of A-DNA is a flexible molecule
that contains 500 persistence lengths and therefore forms a random coil with a radius of

gyration of approximately 734 nm. The persistence length, which is a measure of the

‘stiffness’ of the worm-like coil, is around 33 nm in 1 M salt concentration, (Mannin

)

1981)). Hence, to translocate through a 18 nm pore, this coiled A-DNA must be at least

partially linearised. However the DNA near a voltage biased pore is not at equilibrium

and can experience an inhomogeneous electrical field (the closer to the pore, the stronger

the electrical driving force) [Chen et all (2004b). By postulating that this inhomogeneous

electrical field stretches the DNA towards the pore against the entropic forces that cause it

to be randomly coiled at equilibrium, the observation of multiple levels could be explained.
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Figure 6.13: Examples of multiple level blockade events produced by A-DNA molecules
translocating through a 18 nm Pt deposited nanopore. All recordings were taken from a

nanopore biased at +300 mV, trans side positive.
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6.4.5 Electrical noise

A pore was deemed inadequate for use as a DNA detector if its total peak-to-peak noise was
within approximately one half the expected blockade amplitude for a nanopore transloca-
tion. The number of successful DNA detection experiments were limited by the observed
excess noise. In most cases the peak-to-peak noise level would completely obscure any
DNA signals. Many samples, however, exhibited acceptable noise characteristics for A\-

DNA detection.
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Figure 6.14: The noise power spectral density plots for a 24 nm SizNy (green trace) and
a 22 nm Pt pore (blue trace) at V= +300 mV. Fourier decomposition of the signals
reveals one order of magnitude difference in noise amplitude, and a 1/f power spectrum

frequency dependence at low frequencies for both nanopores.

The noise power spectral density (PSD) S?(f) was calculated for each experiment using
a fast Fourier transform (FFT) algorithm from a 10 second current-time trace, recorded
with the patch-clamp amplifier at a sampling frequency of 100 kHz and 8-pole Bessel-
Itered at 20 kHz. Figure shows representative current traces of a SigNy pore (24 nm)
and a Pt deposited nanopore (22 nm), with a length (thickness) of 350 nm and 240 nm
for SigNy.

The overall noise level is typically higher for Pt deposited nanopores than for SigNy

nanopores tested in the same microfludic cell. The noise spectra mainly differed in the
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low frequency 1/f noise, where the Pt pore exhibited noise levels that were roughly one
order of magnitude higher than the noise of the SisN4 pore.

The two different nanopores featured root-mean-square current variations with RMS
values of 6.5 pA for SigN, and 15.2 pA for the Pt deposited nanopore at a bias voltage of
4300 mV. Another source of noise was due to the nanopore capacitance, which converted
the measurement amplifiers voltage noise into current noise, which typically dominated
at the higher frequencies. As expected, Pt deposited nanopores had a higher capacitance
than the SigN4 nanopore devices. The capacitance was higher as the conductive platinum
metal layer was capacitively coupled to the electrolyte solution. As a result, the 5 mm
x 5 mm nanopore chip with the Pt deposited area exposed to electrolyte could form a

capacitor across the SigNy layers to the underlying silicon and electrolyte.

6.5 Summary

In summary, A-DNA molecules in 1 M KCl salt concentration were successfully detected in
both SigNy and Pt deposited nanopores with diameters between 18-24 nm. The transloca-
tion durations and current amplitudes showed good agreement with simple electrokinetic
models and previous work on detection of A-DNA in nanopores with similar dimensions.

The effect of the applied voltage bias was investigated and found to influence the fre-
quency of translocation events. Here the frequency of events exhibited a linear relationship
as the voltage was increased, indicating that the DNA translocation depended strongly
on the applied voltage bias and the mobility of DNA molecules through the nanopore.
In addition to this it was observed that the existence of a critical driving voltage was
necessary to induce translocation of DNA molecules across the nanopore, suggesting the
presence of a significant activation/entropic barrier associated with A-DNA transport. A
correlation between I, and 7, was also observed for translocation events in both Pt and
SisN4 nanopores, where on average, shorter events blocked the pore less than long events.
Further to this, multiple level events were seen across all nanopores measured. Which were
attributed to multiple molecules passing through the pore and/or a range of conformations
the DNA was able to form as it translocated through the pores.

Metallic nanopores are a promising new tool for the study of single-molecule biophysics.
The results obtained from these initial experiments suggest that the pores can be employed
as robust detectors that are sensitive to individual DNA molecules in their native aqueous

environment. They are also versatile enough (through the adjustability of their pore

198 of 220



Chapter 6 Detection of DNA using metallic nanopores

diameters) to address other interesting biological molecules such as proteins. However in
order to understand the mechanism of the translocation process through these metallic
nanopores, further experiments with various types and lengths of DNA, RNA and proteins
are necessary to fully understand the effects that the metallic layer would contribute to

the translocation mechanism.
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Chapter 7

Conclusions and Future work

This chapter presents a summary of the work that has been discussed in this thesis. An
overview of the motivations is presented below, followed by individual synopses of the
contributions made by each chapter. Finally a short discussion is presented on recommen-

dations for future work in order to further develop the techniques introduced here.

7.1 Conclusions

In Chapter [ the motivation behind employing nanopores for single molecule detection
was presented. It was argued that they could potentially provide significant improvements
in time and cost over current methods for processes such as DNA sequencing. To illustrate
the concept of using nanopores in this fashion, the example of the Coulter counter was
provided, which was employed to detect microscale molecules. It was explained that a
similar set-up, in which a nanopore was used as the only channel between two electrodes
in solution, could be used to detect the translocation of single molecules through it. The
background theory was explained such that the passing of a molecule through the pore
would produce an appreciable blockage, thus reducing the ionic current between the elec-
trodes. The current state of the art in nanopore technology was then discussed; a review of
the strengths and weaknesses of biological nanopores revealed that although they provide
greater sensitivity in detecting blockages, they are inherently unstable and so currently
not employable within lab-on-a-chip based devices. A review of solid-state pores showed
a contradictory characteristic; although inherently stable, they are significantly less sensi-
tive. Examples were given of the use of SigN4 and SiOs pores for DNA sequencing before

considering the benefits of metallic nanopores. It was argued that a solid-state nanopore
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coated with a metal layer would not only provide greater control in the fabrication process
(thus achieving smaller nanopores), but that the metal layer could be employed as a third
electrode to control the translocation of charged molecules locally — at the pore. This was
succeeded by a presentation of the objectives of this work; a novel fabrication method has
been developed and characterised such that metallic nanopores can be produced using the
electrochemical deposition of Pt. The technique permitted monitoring of the ionic current
through the pore during the deposition process and so the pore size could be controlled
in real-time. An outline of the thesis was then presented.

Chapter [2 focused upon the presentation of general fabrication and examination tech-
niques that are employed through out the thesis. Particular attention was paid to the
creation of the nanopore membrane and the flow cell device, which accommodates the
membrane, electrodes and ionic solution during both the fabrication and validation ex-
periments. Sections 2] and focused upon the fabrication method of the nanopore
membrane, where 2] discussed the techniques employed for producing free-standing sil-
icon nitride membrane and the technique of applying gold evaporation; subsection
presented the focused ion beam (FIB) technique used to mill ~ 100 nm pores into the
membrane with well defined dimensions. This was followed by the presentation of the
main characterisation approaches employed throughout the work — scanning electron mi-
croscopy (SEM) and scanning tunnelling microscopy (STM) in Section and electro-
chemical characterisation in Section 24l Tt was explained during the latter section, that
such electrochemical studies required a flow cell device, the manufacture and assembly
of which was presented in Section 25 The device was constructed primarily of PTFE
(Teflon ®) and incorporated two chambers for the ionic solution (upper and lower) and a
glass cover-slip, which allowed for observation with a microscope. Holes were also drilled
into the PTFE to allow the insertion of electrodes during electrochemical studies and de-
position. The final Sections, and 27 discussed the tests and chemicals employed in
this work; Section elaborated upon the use of the microfluidic flow cell in the fabrica-
tion and characterisation studies performed, whilst 27 discussed the typical ionic solution
employed throughout both the deposition and characterisation studies in this work.

The proposed fabrication process of depositing Pt onto nanopore membrane (> 20
nm) was presented in Chapter [4 In order to characterise this deposition process, tests
were conducted on flat gold electrodes without nanopores. This was presented in Chapter

and served as a precursor to applying the deposition process to nanopore membranes.
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The main objectives of the characterisation investigations was to assess the necessary
deposition parameters that produced the desired granularity and distribution of Pt on the
Au/SizN, membrane. Platinum was deposited from a solution of 10 mM KyPtCly and 100
mM KCI at room temperature. The required growth conditions were such that uniform
layers of Pt film would form — so that when applied to a > 20 nm nanopore, the Pt would
uniformly and predictably reduce the pore diameter. The effects of parameters such as
PtCly % complex concentration; reduction potential and time duration were evaluated.
In addition to this, different deposition sequences were also investigated whereby the
deposition process would be divided into multiple steps, each of uniform duration. It
was found that not only could a uniform, small-grained Pt layer be deposited onto the
Au/SisNy membrane, but that a multi-step approach was most effective at producing such
results. This was considered as a multi-step method separated the nucleation and growth
stages of deposition, thus interrupting the formation of areas where large quantities of
Pt could accumulate and forming a uniform film throughout. The Pt deposited surfaces
obtained were smooth and homogenous without cracks or pores; STM measurements gave
an average RMS value of ~3.54 nm for a deposition duration of 400 s, indicating a low
surface roughness. The grain sizes observed with SEM and STM were between 30-40 nm
demonstrating the control achievable over deposits under the conditions investigated.

In Chapter El the deposition process discussed in Chapter Bl above was applied to
nanopore membranes. However, not only did the work discussed here seek to validate the
conclusions of the previous chapter, but it also presented the development of a novel feed-
back technique to control the pore size in real-time during the deposition process. It was
argued in the preamble of this chapter that a feedback mechanism which allowed the pore
size to be monitored during fabrication would be beneficial in guaranteeing consistency
during their manufacture. Therefore, two versions of feedback mechanisms were assessed;
optical and electrochemical. In the former, a microscope was used to observe the light
intensity through the pores as Pt was deposited. It was thought that by measuring this in-
tensity and apparent pore size, an accurate reading of the shrinkage could be taken during
the deposition process. However, tests revealed that in order to allow the microscope to
clearly focus on the membrane, a small lower chamber was necessary. Unfortunately the
corresponding reduction in the volume of KoPtCly interfered with the quality of deposit,
hence the pore sizes did not reduce. The latter method — ionic current feedback (ICF) —

was then considered; tests were first conducted on nanopore arrays within a single mem-
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brane to assess its consistency across multiple pores. It was found that by simultaneously
monitoring the ionic current through the pore whilst depositing (via a bi-potentiostatic
setup) a satisfactory assessment of the nanopore diameter could be achieved in real-time.
This was confirmed by studies conducted on single nanopore membranes, which, as a re-
sult of their smaller effective channel area, served as a test of the accuracy of the ICF
approach. It was found, based upon the ionic current measurements during deposition
and comparisons to SEM images after deposition that the ICF method was effective as
a tool to accurately monitor pore shrinkage. To further validate this result, experiments
were conducted not only with a single-step deposition process, but also with a multi-step
process.

In Chapter [l the silicon nitride and metallic nanopores fabricated and discussed pre-
viously were characterised for their behaviour under various conditions. Tests were con-
ducted for modifications of four main variables; ionic solution concentration, bias poten-
tial, nanopore size and nanopore membrane properties. For the latter, the membrane
properties were modified by applying thiols to the surface such that its capacitive effects
were inhibited. The first series of tests considered the effects of varying the ionic con-
centration for both metallic and SigN4 nanopores. It was observed that an increase in
ionic concentration lead to an increase in pore conductance with both the metallic and
non-metallic nanopores exhibiting a linear profile, corresponding to ohmic behaviour. The
lack of rectifying behaviour in the metallic pores suggested that metal surfaces were evenly
distributed within the pore and compared well with the conventional nanopore platforms.
Section of the chapter further investigated the salt dependence of these nanopores by
varying KCI concentration. The results obtained from these measurements showed that
high salt concentration gave higher pore conductance values, due to the increase in charge
carriers present in the solution. These results were then compared to theoretical values,
however due to the neglect of the surface charge density, a large discrepancy between the
model and experimental values was noted.

In parallel to these investigations, a model circuit was proposed so that the nanopore
electrochemical system behaviour may be modelled by a theoretical circuit. The circuit
consisted of two resistors in series (which represented the impedance effects of the ionic
solution) and a resistor and capacitor in parallel between them (which represented the
energy dissipating and storing effects of the nanopore). In order to calculate the resistive

and capacitive values for these theoretical components, electrochemical impedance spec-
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troscopy studies (EIS) were also applied to the system. These studies consisted of applying
an alternating current potential at various frequencies to monitor the cells response. It
was found that the results of the model circuit, using the EIS-calculated component val-
ues, compared well with the experimental results of the nanopore system. Following this,
Section (£.4.4] of the chapter investigated the surface properties of the metallic nanopores.
Preliminary experiments were performed whereby the nanopore surfaces were modified
using thiols. These served to produce a well ordered layer on the surface of the membrane
which inhibited the capacitive effects of Au. The results of this section showed a clear
influence of the thiols on the ion transport across the modified nanopore, which gave a
reduced conductance value at 1 M KCl. These test provided a preliminary investigation
into the effects of surface modification for metallic nanopores.

The final chapter (Chapter [B) discussed the application of the solid-state metallic
nanopores fabricated in the work presented thoughout the thesis to the detecting of DNA
translocation. Tests were conducted in which 48.5 kbp A-DNA molecules were inserted
to the 1 M KCI ionic solution and a bias potential was applied across the pore, the
resulting ionic current was then monitored. Comparisons of the studies conducted in this
chapter were made against simple electrokinetic models and the results of similar published
experiments. Primarily, tests were conducted on Pt-deposited pores 18-24 nm in diameter
and their equivalent SizNy versions. The translocation durations and current amplitudes
showed good agreement with simple electrokinetic models and previous work on detection
of A-DNA in nanopores with similar dimensions. Thus validating the performance of Pt-
deposited pores for known conditions. This was succeeded by an investigation on the
effects of varying the bias potential across the pore. It was found that in increase in
voltage resulted in an increase in the frequency of translocation events. Moreover, this
relationship was found to be linear, suggesting that the DNA translocation depended
strongly on the applied voltage bias and the mobility of DNA molecules through the
nanopore. It was also observed that the existence of a critical driving voltage was necessary
to induce translocation of DNA molecules across the nanopore, suggesting that a significant
activation/entropic barrier was present in regards to A-DNA transport, which needed to
be overcome. Assessment of the ionic current-time graph showed that a correlation also
existed between the depth of each translocation event (current blockade) and its breadth
(translocation duration) in both Pt and SigN4 nanopores. It was found that on average,

shorter events produced smaller blockades than long events. This was considered to be
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the result of DNA translocating in a single-file manner, whereas for longer durations the
DNA may have folded and blocked the pore entirely, thus slowing its translocation speed.
Folding of the DNA molecule was also indicated by the observation of multiple current
levels in events, which suggested that multiple molecules were passing through the pore
and/or the DNA was forming one of a range of conformations as it translocated. DNA
transport studies through Pt pores revealed reduction in translocation velocities of 0.4

cm s~ 1

in comparison to SigNy and SiO, architectures, accredited to strong electrostatic
binding and adsorption between anionic DNA and metallic nanopore surface. Further
to this, the electrical noise of metallic nanopores was found to be remarkably low. This
feature along with the favourable surface characteristics of Pt nanopore sensors suggested
that the platform may indeed prove to be a viable and functional system ideal for the
detection and analysis of ssDNA, dsDNA, RNA secondary structures, and small proteins.

In conclusion, the work presented in this thesis showed that metallic nanopores are a
promising new tool for the study of single-molecule biophysics. The results obtained from
these initial experiments suggest that the metallic pores can be employed as robust detec-
tors that are sensitive to individual DNA molecules in their native aqueous environment.
With an ability to control their pore diameters during fabrication, the metallic pores are
versatile enough to address other interesting biological molecules such as proteins. How-

ever in order to understand the mechanism of the translocation process through these

metallic nanopores further experiments are required, which are detailed below.

7.2 Future work

In order to exploit the full potential of solid-state nanopores for single-biomolecule sensing,
precise control of the pore size and geometry is required. Various strategies have therefore
been developed, for example based on electron beam-induced shrinking or expansion of
the pore or feedback-controlled FIB milling. The feedback mechanisms employed in those
studies do not probe the ionic conductance of the pore, which is of key importance in a
biosensing experiment in solution. This is a major strength of ICF-controlled electrode-
position, which rests on probing the ionic conductance of the pore directly. Moreover,
it operates in real-time and under “in situ” conditions, i.e. in electrolytes that are very
similar to those used in a biosensing experiment. Multiplexing the fabrication of many
electrode devices in parallel appears to be straightforward and potentially cheaper than

producing very small pores with FIB or electron beam drilling in a high-throughput fash-
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ion.

ICF-controlled electrodeposition has the potential to produce even single-digit nanome-
tre pores. In fact, the reproducible fabrication of pores with a given ionic conductance in
the relevant range (low nS) is relatively straightforward. However, in order to establish
a quantitative relation between the measured ion current/pore conductance and the true
physical dimension of the pore, a number of challenges remain. For example, since the
pore conductance depends on both pore diameter and length, the decrease in ion cur-
rent during the electrodeposition process cannot solely be related to a change in only one
of the two. In fact, two pores with the same ionic conductance may well have different
three-dimensional shape and controlling the pore geometry is thus crucial. In addition,
the roughness and/or crystallinity of the deposit is expected to affect the properties of the
pore, particularly at small pore dimensions and low ionic strength, as well as the device-
to-device reproducibility in single-molecule biosensing applications. Both factors depend
on the growth conditions during the electrodeposition process. Refinement strategies are
well-known for Pt and numerous other metals and can readily be implemented to produce
smoother deposits.

Interestingly, the optimisation of the electrodeposition protocol has prospects of fabri-
cating metal pores with varying aspect ratio Apope/Lpore by controlling the rates of lateral
and vertical growth during the deposition process. Devices with short effective channel
length may perform better in fragment sizing applications, where the resolution appears
to be limited by the membrane thickness.

For very small pores, it may become crucial to also consider the switching time of the
device, i.e. the time constant of the membrane electrode. Ideally, the electrodeposition
process is stopped instantaneously, when the ion current reaches the pre-defined value.
In an experiment, however, the switching time is given by the electrode capacitance C'
(including any stray capacitance) and uncompensated resistance R in the electrochemical
cell. Within this characteristic time RC, the deposition process continues and may well
close the nanopore completely. However, both R and C' can be minimised using well-known
strategies, for example by decreasing the electroactive area of the membrane electrode or
optimising the cell geometry.

Controlling the surface charge is another important parameter, the experiments car-
ried out on the surface modification using thiols provide metallic pores to be compatible

with various chemical-modification techniques to further enhance sensitivity and impart
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selectivity to the nanopore. Such technologies may find use in drug screening and medical
applications involving label-free, real-time kinetic analysis of biomolecular interactions at
the single-molecule level. This nanoscale sensor may also serve as a useful tool in study-
ing the mechanisms driving biological processes including DNA — protein interactions,
enzyme activity, cell signaling and regulation using gated, selective ion channels. Hence,

this technology can find broad application in bionanotechnology.
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Abstract

It has recently been shown that solid-state nanometer-scale pores (‘nanopores’) can be used as
highly sensitive single-molecule sensors. For example, electrophoretic translocation of DNA,
RNA and proteins through such nanopores has enabled both detection and structural analysis of
these complex biomolecules. Control over the nanopore size is critical as the pore must be
comparable in size to the analyte molecule in question. The most widely used fabrication
methods are based on focused electron or ion beams and thus require (scanning) transmission
electron microscopy and focused ion beam (FIB) instrumentation. Even though very small
pores have been made using these approaches, several issues remain. These include the
requirement of being restricted to rather thin, mechanically less stable membranes, particularly
for pore diameters in the single-digit nanometer range, lack of control of the surface properties
at and inside the nanopore, and finally, the fabrication cost. In the proof-of-concept study, we
report on a novel and simple route for fabricating metal nanopores with apparent diameters
below 20 nm using electrodeposition and real-time ionic current feedback in solution. This
fabrication approach inserts considerable flexibility into the kinds of platforms that can be used
and the nanopore membrane material. Starting from much larger pores, which are
straightforward to make using FIB or other semiconductor fabrication methods, we
electrodeposit Pt at the nanopore interface while monitoring its ionic conductance at the same
time in a bi-potentiostatic setup. Due to the deposition of Pt, the nanopore decreases in size,
resulting in a decrease of the pore conductance. Once a desired pore conductance has been
reached, the electrodeposition process is stopped by switching the potential of the membrane
electrode and the fabrication process is complete. Furthermore, we demonstrate that these pores
can be used for single-biomolecule analysis, such as that of A-DNA, which we use in a
proof-of-concept study. Importantly, our approach is applicable to single nanopores as well as
nanopore arrays, and can easily be extended to deposits of metal other than Pt.

Online supplementary data available from stacks.iop.org/JPhysCM/22/454128/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction
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and analysis of biopolymers such as DNA, RNA and
polypeptides (Dekker 2007, Wanunu and Meller 2007, Branton
et al 2008). In a pioneering experiment performed in 1996,
Kasianowicz et al used «-hemolysin, embedded in a lipid
bilayer membrane, as a biological pore to measure the length of
single-stranded DNA (ssDNA) molecules (Kasianowicz et al
1996). The authors could detect the ionic blockage current
during the translocation of ssDNA as it was electrokinetically
driven through the nanopore. This demonstration of
‘stochastic’ single-biomolecule sensing opened a new area of
research, suggesting that nanopores could be used to sense and
analyze nucleic acids with prospects for applications in ultra-
fast DNA sequencing (Deamer and Akeson 2000).

Since then, the «-hemolysin pore has proven to be
a powerful analysis tool. For example, a wealth of
information on the molecules’ properties, length, composition
and interactions with other biomolecules can be extracted
(Kasianowicz et al 1996, Deamer and Akeson 2000, Meller
et al 2000, Howorka et al 2001, Deamer and Branton 2002,
Meller and Branton 2002, Chen et al 2004a, Kim et al
2007b, Kasianowicz et al 2008). Being embedded in a
rather fragile lipid bilayer membrane biological pores are
perhaps less compatible with the requirements for a robust
total-analysis system, for example with a view on point-of-
care diagnostics outside the research laboratory. To overcome
these limitations, recent efforts have been directed towards
the development of solid-state nanopores using semiconductor
fabrication techniques to replace or complement the biological
pores (Li et al 2001, Storm et al 2003, Polk et al 2004, Wu
et al 2005, Chang et al 2006, Harrell et al 2006, Kim et al
2006, Lo et al 2006). Nanopores fabricated from solid-state
materials exhibit improved mechanical and chemical stability
(Li et al 2001, Storm et al 2003, Kim et al 2006, Lo et al
2006), are compatible with a large pH and temperature range,
and offer greater flexibility with regards to the pore dimensions
(Li et al 2001, Polk et al 2004, Kim et al 2006, Dekker 2007,
Wanunu and Meller 2007, Branton et al 2008). The latter
point is an important feature, since the pore size has to roughly
match or more precisely be somewhat larger than the size of
the analyte for optimal sensor performance (Kasianowicz et al
1996, Dekker 2007, Wanunu and Meller 2007, Branton et al
2008). With greater flexibility in the pore size, nanopore-based
sensing can thus be extended towards analyte molecules other
than DNA, such as protein/DNA complexes, large proteins or
nanoparticles.

Solid-state nanopores can further be functionalized by
fabricating electrode structures close to or inside the nanopore
using well established micro- and nanofabrication techniques
(Siwy and Howorka 2010). Such pore/electrode geometries
offers possibilities for external switching of the pore properties
(e.g. by modulating the potential) for improved sieving or
sensing performance (Nishizawa et al 1995, Ramirez et al
2003, Wang et al 2006, Gracheva er al 2007), controlling
the speed of analyte translocation, and/or determining the
composition of the translocating analyte (Gracheva et al 2006,
Sigalov et al 2008). The latter two points are in fact related as
high translocation speed and poor control of the translocation
process represent major challenges, negatively affecting the
performance of nanopore sensor devices (Wanunu et al 2008).

The most powerful techniques for fabricating solid-state
pores employ focused electron (TEM) and ion beams (FIB) to
drill holes with diameters as low as 1 nm in thin SiO,, SizNy4
or other membranes, see below (Mussi et al 2010, Li et al
2001, Storm et al 2003, 2005, Wu et al 2005, Kim et al 2006,
Lo et al 2006, Fischbein and Drndic 2007, Kim et al 2007a,
Patterson et al 2008, Nagoshi er al 2009, Venkatesan et al
2009, Vlassiouk et al 2009). Ion track etching can be used to
fabricate pores in polymeric films, even though achieved pore
diameters are typically not quite as small and it is much more
difficult to control the location of the pore on the membrane
surface (Ai et al 2010, Apel et al 2001, Harrell et al 2006,
Kovarik et al 2009). Furthermore, electron-beam lithography
in combination with reactive ion etching (Petrossian et al
2007), stimulated chemical vapor deposition (Schenkel er al
2003, Nilsson er al 2006), atomic layer deposition (Chen
et al 2004b), as well as electroless and electrodeposition from
solution (Nishizawa et al 1995, Chen et al 2004b, Polk et al
2004) have also been successfully used to fabricate small solid-
state pores.

The chemical etching of membranes directly in solution is
interesting in the present context, since the pore conductance
can be monitored during the fabrication process by measuring
the ion current between two reservoirs. As long as the
membrane is intact, the two reservoirs are separate and the
ion current is essentially zero. Once a pore has opened, the
ion current increases and is proportional to the geometry of
the pore, vide infra. The process is usually terminated by a
chemical etch stop and can either be promoted or suppressed
by the applied electric field, depending on its direction (Apel
et al 2001). However, polymer membranes tend to have
thicknesses on the order of micrometers and pore fabrication
typically requires a heavy-ion source to produce the initial ion
tracks in the polymer. Both factors may render this type of
nanopore device less suitable for high-resolution translocation
studies and mass production of devices. Park et al have
recently reported on the fabrication of very small nanopores
with different geometries in pre-etched silicon membranes,
which also makes use of a combination of chemical etching and
electric current feedback (Park ez al 2007). The reproducibility
of the final pore dimensions were shown to depend critically
on the pre-etching step, the local crystal structure, the local
concentration of the etchant, and may thus be difficult to
control to low-nanometer levels. Finally, various approaches
for fabricating ultra-small nanopores in glass with high
precision using ion current feedback have been developed
(‘nanopipettes’) (Shim et al 2007, White et al 2007, Zhang
et al 2007, Ervin et al 2008), even though these devices are
perhaps less suitable for mass production.

At present, TEM or FIB-based methods can be applied
to plain dielectric as well as composite membranes (including
metal layers) (Dimitrov et al 2010, Storm et al 2005, Wu et al
2005, Patterson et al 2008, Nagoshi et al 2009) for individual
nanopores and arrays (Schiedt et al 2010). Moreover,
depending on the beam parameters, the membrane material,
thickness, and pore size can be increased and decreased under
the influence of the beam (electron or ion beam sculpting)
(Li et al 2001, Storm et al 2003). The process is controlled
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either by visual feedback or, more elegantly, by detecting
the electron/ion current on the backside of the membrane in
real-time (Li ef al 2001, Patterson et al 2008, Nagoshi et al
2009). The latter in particular gives a high degree of control,
even though the feedback signal does not directly correspond
to the ionic conductance of the pore in solution. While
the precision of nanopores fabricated with TEM and FIB is
unmatched, the process does put constraints on the membrane
thickness (Storm et al 2003). Very small pores are usually only
achieved with thin membranes with thicknesses on the order of
50 nm, even though some efforts have been made to overcome
these constraints recently (Patterson et al 2007). Such thin
membranes ultimately affect the mechanical stability of the
device, reduce the flexibility of the design and ultimately limit
their use as biomedical sensors outside the research laboratory.
Finally, the drilling of nanopore directly into a metallic films
is problematic and has, to the best of our knowledge, only
been achieved with FIB (diameter 30 nm, film thickness 3 mm)
(Nagoshi et al 2009).

In this paper we present a new method for the facile,
inexpensive and reproducible fabrication of metallic solid-
state nanopores with diameters below 20 nm based on
electrodeposition in a bi-potentiostatic setup and with real-time
feedback control. As one of the key features of this approach,
the electrodeposition process can be controlled precisely by
modulating the potential applied to the membrane electrode,
which is being operated as a second independent working
electrode. The final diameter of the pore is largely independent
of constraints from the membrane thickness, and its geometry
mainly determined by the diffusion field in or close to the
pore. The approach can easily be extended to the deposition
of layered or composite materials.

The fabricated metal pores are suitable for single-molecule
biosensing applications, as we demonstrate by performing
proof-of-concept translocation experiments with A-DNA.
The metallic pores shown here offer interesting prospects
towards facile chemical modification of the nanopore surface,
e.g. employing thiol-based self-assembled monolayers, and
external (electric) switching of the nanopore properties to
modulate their translocation characteristics.  Finally, the
fabrication method can be easily scaled up to nanopore arrays,
which have recently been used for optical detection of DNA
translocations and plasmonic applications (Soni et al 2010,
Chansin et al 2007, Hong et al 2008).

2. Experimental methods

Free-standing (200 nm thick) SizN4 membranes are fabricated
using standard photolithography and KOH wet etching as
described elsewhere (Chansin et al 2007, Kim et al 2007b).
The membrane is then coated with a 10 nm thick titanium
adhesion layer, followed by 100 nm of gold by thermal
evaporation. The overall membrane thickness, including
adhesion layer, thus amounts to 310 nm.

Nanopores with a relatively large diameter of 100 nm or
more were milled through the Au/Si3N; membrane using a
focused ion beam (FIB, Carl Zeiss XB1540 Cross-Beam; ion
acceleration voltage = 30 kV; milling current = 1 pA). This
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Figure 1. Schematic diagram of the four-electrode cell used for the
ion current feedback (ICF) experiments: two Ag/AgCl electrodes
constitute working electrode two (WE2) and the combined
counter/reference electrode (RE/CE). The Au film on the membrane
is connected as working electrode one (WE1). A bias voltage is
applied between WE2 and CE/RE, driving an ion current through the
pore. The potential of WEI is set independently to control the
electrodeposition process on the membrane. Electrical contact is
made to membrane electrode using gold adhesive film. Note that the
Si surface is coated with Kwik-Cast™ epoxy resin for electrical
insulation (not shown).

part of the fabrication process is routine and can be performed
on membranes with a wide range of different thicknesses and
membrane materials.

Prior to mounting the nanopore device into a custom-
made PTFE flow cell, figure 1, the membrane is subjected
to oxygen plasma for 2 min and then flushed with ethanol in
order to remove any organic contaminants and to enhance the
hydrophilicity of the nanopore surface. Gold-plated adhesive
film (250 pm thick, 3 M Farnell) is used to form the electrical
contact to the membrane electrode. The PTFE flow cell
consists of two compartments (top and bottom reservoirs). The
nanopore membrane is affixed between the two compartments
with Kwik-Cast™ epoxy resin (World Precision Instruments)
rendering the nanopore the only electric connection between
the top and bottom reservoirs. The epoxy resin is also used
to cover and electrically isolate the sides of the silicon. The
Ag/AgCl electrodes were prepared according to published
procedures (Ives 1961) and were 400 pum thick, 30 mm long
and located 5-10 mm away from the membrane. Under
these conditions, the measured ion currents were found to
be independent of the relative electrode-membrane distance,
confirming that the majority of the potential drop across cell
indeed occurs at the nanopore. A grounded Faraday cage
was used to shield the cell from electrical interference. All
chemicals used in this work were purchased from Sigma-
Aldrich, unless noted otherwise.

Bi-potentiostatic electrodeposition experiments were per-
formed with a CH Instruments 760c bi-potentiostat (CH Instru-
ments, Austin/Texas, USA) under aerobic conditions. Employ-
ing a bi-potentiostat allows one to modulate the potential (or in
fact the potential drop across the electrode/solution interface)
of two working electrodes independently with respect to a
common reference electrode. The membrane electrode is
connected as working electrode one (WE1), the two Ag/AgCl
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electrodes as WE2 and combined counter/reference electrode
(CE/RE), respectively. Hence, the electrodeposition process
on the membrane surface can be initiated (or stopped), while
maintaining a constant bias voltage between WE1 and CE/RE
to monitor the ion current.

For the electrodeposition experiments, both reservoirs are
filled with a solution containing 10 mM K,PtCls and 100 mM
KCI. A constant potential of E(WEI1) = 0.35V versus CE/RE
is applied to WEI, driving the electrodeposition of Pt on
the gold surface according to the reaction; PtCI2~ 4 2¢~ —
Pt + 4Cl™. A bias voltage Vpiis = 0.2 V between WE2 and
CE/RE is applied to monitor the pore current at the same time.

As a result of the electrodeposition process, the diameter
of the nanopore decreases and its length increases (Ayub et al
2010). This leads to a decrease in the pore conductance,
cf equation (1), and thus a decrease in the pore current (Smeets
et al 2006). Once a desired value has been reached, the
potential of WE1 can be switched to a higher potential, where
the electrodeposition process no longer takes place, completing
the fabrication process.

G ad 2( + ) + d (1)
= —— T—0
4L MK T Mc1)iKc1e I MK

d is the pore diameter, ug and pucy are the electrophoretic
mobilities of K™ and CI~, ngcy is the number density of
K" or Cl™ ions, o is the surface charge density and e the
elementary charge. The pore length L corresponds to the
membrane thickness in our devices. Note that equation (1)
only provides an estimate for the pore conductance and applies
to cylindrical nanopores with a net negative surface charge
density, high aspect ratios (L /d), and diameters larger than the
Debye screening length (Siwy and Fulinski 2004).

DNA translocation experiments were performed at room
temperature in a buffer solution containing 1 M KCl, 10 mM
Tris-HCI and 1 mM EDTA at pH 8.0 in both the top and
bottom reservoirs (using the same setup as shown in figure 1).
Ag/AgCl electrodes are immersed on both sides of the pore to
measure changes in ionic current at a 100 us sampling rate and
low pass filtered at 2 kHz using an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale/CA, USA). The cell is placed
in a double Faraday cage enclosure to reduce electrical noise.

3. Results and discussion

Figure 2(A) illustrates the implementation of a typical
real-time ICF experiment. We performed 12 subsequent
deposition steps (20 s deposition time each), starting with a
100 nm nanopore drilled in an Au/Si3zN4 membrane (thickness
310 nm). As described above, a potential of E(WE1) = 0.35V
versus CE/RE is applied to the membrane electrode, in order
to drive the deposition of Pt on the electrode. At the same
time, a bias voltage of Vs = 0.2 V is applied between
WE2 and CE/RE to produce an ion current, the magnitude of
which depends on the pore conductance G. As expected, the
ion current decreases during each step (while electrodeposition
is taking place) and importantly begins roughly at the same
current level in the subsequent step (the initial phase of
increased currents is due to the formation of a diffusion layer).

This confirms that the deposition process is stopped, when
E(WELI) is switched back to high potentials.

The ion current/time traces for deposition steps 1 and 12
are shown in figure 2(B). For large pore sizes (step 1), the ion
current through the pore dominates the overall current in the
system, as a monotonous decay is observed over the duration
of the deposition step. On the other hand, in step 12 the pore
dimensions and the pore current are much smaller resulting
in capacitive charging dominating the overall current response
between O and 2 s. Only after this initial phase does the
current decrease in accordance with equation (1). We note
that the exact shape of the ion current/time trace depends on
details of the deposition process (mass transport versus kinetic
control) and the three-dimensional geometry of the pore during
the process. Modeling this process is outside the scope of the
present work and will be treated elsewhere.

The pore conductance was determined from the steady-
state ion current at the end of each run and plotted against
the amount of Pt deposited. The latter was determined from
integrating the deposition current / (WE1), taking into account
the stoichiometry of the deposition reaction. No corrections
were made for capacitive charging and Pt deposition is
assumed to be the only Faradaic process occurring. As shown
in figure 2(C), the pore conductance can be approximated
to follow an exponential decay (dashed red line) with an
effective decay coefficient 1/#; of 3.6 x 10° mol™! (y =
Arexp(—x/t) + yo; Ay = 253 x 1077 S; yp = 8.27 x
1072 S; 11 = 274 x 107'° mol; R* = 0.992). This
is only a phenomenological approach and more detailed
modeling studies are required to establish the exact functional
dependence, see above. The total amount of Pt deposited
increases approximately linearly with each step, as is shown
in figure 2(C) (inset). From the slope of the regression line, we
obtain an average of 100 &= 5 pmol of Pt deposited/step.

Figure 2(D) shows a typical ion current/bias curve for a
Pt metal pore in 0.1 M KCI solution (i.e. without Pt complex
in solution; two subsequent cycles), prepared using ICF-
controlled deposition. SEM imaging reveals an effective pore
diameter of 18 = 5 nm, cf inset in figure 2(D). The slope
of the ion current/bias trace yields a pore conductance of
27 nS, which compares well with the corresponding value of
24 nS obtained from the ion current/time trace at constant bias
(not shown). The response is close to ideal with almost no
hysteresis and a rectification ratio close to 1.

Using the nominal dimensions of the nanopore in
equation (1) (L = 310 nm, d = 18 nm; ux = 7.616 x
1078 m?2 Vsl wep = 7.909 x 1078 m?> V! s7! (Smeets
et al 2006); ignoring the surface charge contribution), we
obtain a pore conductance of 1.3 nS. This is in poor
agreement with experimental result, but some reservations are
appropriate. Firstly, equation (1) is only valid for relatively
large, cylindrical pores of high aspect ratio L/d. For the
metallic pores shown, these assumptions do not hold and
deviations from the theoretical value are expected. Secondly,
since Pt is deposited locally on the Au, rather than along the
whole pore channel, the effective pore length L is most likely
quite different from the initial value of 310 nm (cf below).
Depending on the deposition conditions (diffusion field during
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Figure 2. (A) Semi-logarithmic ion current/time /. (¢) transient for 12 subsequent electrodeposition steps of 20 s duration each, from top to
bottom (E(WE1) = +0.35 V versus CE/RE; Vi, = 0.2 V; 0.1 M KCI 4 0.01 M K,PtCly). (B) Enlarged plot of /.(¢) for steps 1 and 12,
respectively (linear scale). (C) Pore conductance G as determined from /. at # = 20 s versus the amount of Pt deposited. G decreases
exponentially with a characteristic decay coefficient of 2.7 x 107'° mol~! (dashed red line). Inset: total amount of Pt deposited in steps 1-12.
On average, 100 pmol of Pt were deposited during each step (linear fit (red dashed line), slope: 9.95 x 10~!! mol, intercept:

1.27 x 107'° mol). (D) Characteristic I./ Vs plot for a Pt nanopore of ~18 nm apparent diameter as determined from SEM imaging. The
rectification ratio is close to 1 in the voltage range shown above. Insets: SEM images before and after electrodeposition (scale bar: 200 nm).

the process, concentration of Pt complex, and deposition
overpotential), L could well be a factor of ten smaller if for
example mass transport to the pore entrance is much more
efficient than along the channel length or due to the local
potential distribution, cf below for further discussion. Finally,
our SEM imaging experiments so far only allow us to estimate
the cross-sectional area of the pore, but do not reveal its three-
dimensional structure (inc. roughness inside the pore), which
in turn affect its charge transport properties. In any case, this
finding does not affect the conceptual value of our approach.
On the contrary, it may suggest that pores with very small
effective channel length can be fabricated with this method.

In order to assess the device-to-device reproducibility; we
compare three different data sets in figure 3, corresponding to
three different nanopore chip devices. Devices 1 and 2 had an

initial pore diameter of 100 nm (black squares and red circles),
the former being the device discussed above and in figure 2.
Device 3 had an initial pore diameter of 45 nm (blue triangles);
all initial diameters were determined by SEM imaging. For
better comparison, the amount of Pt deposited was normalized
to the (geometric) electrode area (0.07 cm? for devices 1 and
2, 0.65 cm? for device 3).

In all cases, In(G) decays linearly with the normalized
amount of Pt deposited, as shown by the fits in figure 3(A).
Devices 1 and 2 behave very similarly (slope m =
—1.72 cm? nmol~! (R?> = 0.99) and —1.79 cm? nmol~!
(R?> = 0.94), respectively), which is expected due their
comparable initial dimensions and deposition conditions
(deposition potential E(WE1) = 40.35 V versus CE/RE).
This testifies to the good reproducibility of the technique.
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Figure 3. (A) Semi-logarithmic plot of the pore conductance G
versus the amount of Pt deposited onto the membrane electrode (in
nmol cm~?), including linear fits. Devices 1 (black squares) and 2
(red circles): initial pore diameter = 100 nm; E(WE1) = 4+0.35V
versus CE/RE. Device 3 (blue triangles): initial pore

diameter = 45 nm; E(WEI1l) = —0.25 V versus CE/RE. (B) Amount
of Pt deposited cm™ as a function of deposition time. The deposition
rate for devices 1 (black squares) and 2 (red circles) are very similar
(0.071 and 0.053 nmol cm™2 s~!, respectively), which is expected
due to the similar deposition conditions. In the case of device 3,
however, the deposition rate is higher (0.107 nmol cm™2 s™'), in
accordance with the lower deposition potential.

However, in the case of device 3, the pore conductance
decreases more slowly, despite the lower deposition potential
(higher driving force) in this experiment (E(WEl) =
—0.25 V). This is surprising, since using a lower (more
negative) deposition potential, a faster deposition rate and pore
shrinking is expected. However, this turns out to be the case,
when comparing the amount of deposited Pt (over the whole
membrane) versus the deposition time, as in figure 3(B). Again,
devices 1 and 2 display similar behavior with deposition rates
of 0.071 and 0.053 nmol cm~2 s~! respectively, while the rate
is increased in the case of device 3 (0.107 nmol cm™2 s~ !).
Even though more Pt is deposited over the whole membrane
electrode for device 3, deposition around or inside the pore is
less prominent, compared to devices 1 and 2.

The following estimate confirms that the growth
conditions at the pore are significantly different compared to
the membrane surface. Taking device 1 as an example, roughly

100+ 5 pmol of Pt were deposited during each deposition step,
cf above. Provided that this amount were deposited uniformly
over the whole electrode area (0.07 cm?); the increase in the
Pt layer thickness would only amount to 0.13 nm (MW (Pt) =
195.084 g mol~!; p(Pt) = 21.45 gcm™3). Such a change in
the pore dimensions would not be detected in the ion current
measurement (dpoe = 20-100 nm; Ad < 1%). On the other
hand, based on equation (1) and the experimental decrease in
the pore conductance during one deposition step, figure 2(C),
the change in pore diameter is much larger and on the order of
10 nm.

The origin of this effect is most likely rooted in the
transport of reactants to the pore, but further studies are
required to gain a full understanding of the complex interplay
between the kinetics of the surface reaction and local mass
transport.  Importantly, the device fabrication strategy is
functional in all three devices.

The same approach can also be used to uniformly shrink
nanopores in an array format. The total pore conductance is
then just the sum of the conductances of the individual pores
and the feedback signal becomes insensitive to pore-to-pore
variation. However, as we show in the supporting information
(available at stacks.iop.org/JPhysCM/22/454128/mmedia), the
pore shrinking is still quite uniform for arrays of up to 16 pores
in total. We are confident that the array size can be scaled up
further, as long as the field distribution across the membrane is
homogeneous.

Finally, in order to evaluate the suitability of these Pt
nanopores for applications in single-molecule biosensing, we
performed translocation experiments using A-DNA as a test
system (48.5 kbp, ¢ = 50 pug ml~!; pore diameter: 18 nm;
Vihias = 0.3 V). Figure 4 shows the results including statistical
analysis based on 440 translocation events. This number is
relatively low compared to other studies focusing on DNA
analysis (Kasianowicz et al 2008), but deemed sufficient for
a feasibility study presented here. Panel A (top) compares the
ion current in the absence (black) and in the presence of A-
DNA (red). Upon introduction of the DNA, current blockade
events become apparent. Prior to statistical analysis using
a template search (cf inset, figure 4(B)), the current traces
were filtered (8-pole Bessel, 2 kHz low pass) and background
corrected manually.

The two-dimensional histogram, plotting the abundance of
given blockade time and current values and their respective
one-dimensional projections, is shown in figure 4(B). The
translocation histograms peak at a translocation time of ~4 ms
and a blockage current of 0.5 nA (~10% decrease). This
corresponds to a translocation speed of 0.4 cm s~!, which is
slightly lower than the value of 2 cm s~! reported by Branton
et al under comparable translocation conditions for an Al,O3-
modified Si3Ny nanopore (Chen et al 2004a, Venkatesan et al
2010). In the latter study, the Al O3 layer reduced the electrical
noise and improved the capture rate of DNA compared to
an unmodified SizN4 pore. Once again this highlights the
importance of the surface properties. The observed slower
DNA translocation rate in our device are attributed to the
following two reasons: one is a reduced electric field in the
pore region (due to a larger effective membrane thickness
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Figure 4. (A) Ion current/time trace before (black) and after
introduction of A-DNA, when blockage events start to occur. (B) 2D
histogram of the translocation data (440 events; linear color scheme:
one event (blue) to ten events (red) [grayscale: dark and light gray,
respectively]) after a template search (inset), including 1D
projections of blockage time and blockage current histograms,
respectively. See main text for further details.

at the same bias voltage); the other involves interactions
(i.e. adsorption) between the translocating DNA strand and
the nanopore surface, which is known to be dependent on the
potential of the metal surface (Demers et al 2002, Wanunu
et al 2008). While the effective membrane thickness in our
devices depends on the exact shape of the metal deposit and
is not known accurately, comparison with Chen et al (2004a)
seems to suggest that the observed difference could indeed
be rationalized in terms of a reduced field strength at the
nanopore. Branton et al specify the membrane thickness in
the pore region to be on the order of 10 nm, which by linear
extrapolation implies that the effective membrane thickness in
our devices is approximately 50 nm, roughly in line with the
characteristics of the deposition process. Future studies will
address this point in more detail, namely by characterizing the
three-dimensional geometry of the metallic pore and how far
the potential applied to the membrane electrode affects DNA
translocation (Demers et al 2002).

4. Conclusions

In conclusion, we show that bi-potentiostatic ion current
feedback (ICF) control represents a new approach to
fabricating metallic nanopores with diameters below 20 nm

without being constrained to using very thin, potentially less
stable membranes. Importantly, monitoring the nanopore
conductance in real-time during the fabrication process and
under ‘in situ’ conditions allows for precise control of the
final pore dimensions. The method applies to both individual
nanopores as well as arrays.

With A-DNA as a test system, we show that the metallic
nanopores fabricated with the ICF approach can be used for
single-biomolecule analysis and sensing. The results are in line
with previous work, in terms of the translocation characteristics
of the DNA, but also offer interesting prospects towards
controlling the speed of translocating analytes by the potential
applied to the metallic pore and surface modification.

Following on from the present proof-of-concept study,
further work will be directed towards optimizing the deposition
conditions to control the three-dimensional pore geometry
(e.g. by optimizing mass transport to the edges of the pore)
and the smoothness of the deposit; the deposition of materials
other than Pt and composite materials (Cole et al 2009); as well
as surface modification and functionalization.
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Biological and solid-state nanopores have recently attracted much interest as ultrafast DNA fragment
sizing and sequencing devices. Their potential however goes far beyond DNA sequencing. In particular,
nanopores offer perspectives of single-molecule (bio)sensing at physiologically relevant concentrations,
which is key for studying protein/protein or protein/DNA interactions. Integration of electrode structures
into solid-state nanopore devices moreover enables control and fast switching of the pore proper-
ties, e.g. for active control of biopolymer transport through the nanopore. We present some of recent

Keywords: . work in this area, namely the fabrication and characterization of nanopore/electrode architectures for
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Solid-state single-(bio)molecule sensing. Specifically, we introduce a new technique to fabricate ultra-small metal

nanopores with diameters smaller than 20 nm based on ion current feedback (ICF) controlled electrode-

DNA sequencing
position. It offers precise control of the pore conductance, is easily multiplexed, and can be extended to

Electrochemical nanoscience

lon transport

a wide range of different metals.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Biological and artificial ‘solid-state’ nanopores have attracted
enormous interest over the past 15 years due to the potential
to develop applications in ‘stochastic’ single-molecule biosensing
[2-4]. Original research in this area focused around the electric
recording of single ion channel activity embedded in biological
membranes or lipid bilayers [5,6]; however, experiments in the
mid 1990s indicated their potential for single-molecule biosensing
applications in general, and DNA fragment sizing and sequencing
in particular [7,8].

Biological nanopores comprise different classes of pore-forming
proteins and protein assemblies, including ion channels, porins,
and bacterial toxins. Alpha-hemolysin is a representative of the
latter class and perhaps the most widely used model system in
the area to date. The term ‘solid-state’ nanopore generally refers
to nanometre-scale openings in solid-state membranes, e.g. made
of glass, polymers or Si3N4 [2,3,9-26]. Depending on the mem-
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brane material, thickness and required pore size, different pore
fabrication techniques have been employed, including electron and
focused ion beams (FIB), and heavy ion bombardment/track etch-
ing.
For both biological and solid-state nanopores, the operating
principle of a translocation experiment is the same: the mem-
brane splits a fluidic system into two compartments, which only
communicate through the small nanometre-sized opening in the
membrane. These two compartments are filled with an elec-
trolyte solution and contain one non-polarisable electrode each
(e.g. Ag/AgCl electrodes for chloride containing electrolytes). By
applying a constant voltage between the two electrodes, an elec-
trochemical potential difference is established and a steady-state
ion current flows through the cell. The resistance of the nanopore
is usually large compared to the solution resistance; therefore,
most of the (Faradaic) potential drop occurs at or in the vicin-
ity of the pore. lons and any other charged species, such as DNA
or proteins, are transported according to this potential gradient.
Once a protein or DNA molecule enters the pore, the effective
pore conductance and thus the steady-state ion current changes
(drops in most cases; see however [1]). When the species exits
the pore again, the original ion current is re-established. The fre-
quency, duration, amplitude and in some cases even the shape
of the current/time trace of the blockage event can then be used
to derive information about the translocation process and the
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translocating species itself [2,7,27]. This is very similar in spirit
to the much older Coulter counter principle of voltage-driven
transport through pores [28,29], but there are subtle, yet impor-
tant differences for pore diameters in the low nanometre range.
These include surface conductance effects, in addition to the bulk
contribution, and explicit consideration of “chemical” interac-
tions during biopolymer translocation, e.g. binding equilibria in
the pore interior and chemical signatures in the current noise
[30-39].

The translocation process itself is generally rather compli-
cated and any comprehensive physical description has to take into
account details of the ion transport process in solution (e.g. diffu-
sion, electrokinetic and hydrodynamic effects), the pore geometry
as well as the properties of the translocating biopolymer (these
include but are not limited to, co- and counter ion effects; entropic
effects; and polymer dynamics) [40-46].

The respective advantages and disadvantages of biological and
solid-state nanopores will not be discussed in detail here. The
reader is referred to the recent review by Howorka and Siwy for
a deeper discussion and further references [3]. We will just briefly
mention some important points, as far as they are deemed impor-
tant in the present context.

Advantages of biological pores include the high reproducibil-
ity of the pore dimensions and geometry. This is essentially
dictated by the protein’s structure and self-assembly properties.
The protein pores can easily be mass-produced via biochemi-
cal routes, including altering their amino acid composition by
site-directed mutagenesis or chemical modification [27,47]. Due
to the low capacitance of the lipid bilayer membrane, biological
pores typically exhibit lower electrical noise, which is partic-
ularly important in detecting fast translocation events at low
currents. The difficulties in working with biological pores lie
in their controlled integration into the bilayer membrane, the
protein mobility within the membrane (i.e. two-dimensional lat-
eral diffusion), limited potential for multiplexing, the long-term
stability of the device (inc. membrane), their integration into
MEMS devices, e.g. with a view on applications in point-of-care
diagnostics.

The advantages of solid-state pores are somewhat com-
plementary and include increased device stability and better
portability; flexibility in terms of the pore diameter and length;
potential for multiplexing; and relatively straightforward routes
to mass production of nanopore membranes. Device-to-device
reproducibility is still not trivial for small solid-state nanopores
(diameters <5-10nm); however, it is these dimensions which
are most interesting for single-molecule biosensing applications.
As a unique feature of solid-state nanopore membranes, further
functionality can be added using micro- and nanofabrication tech-
niques. For example electrode structures can easily be integrated
to be localized at the pore interface. The surface properties of these
electrodes can be modified by molecular self-assembly or switched
externally. This can simply be done by modulating the pore charge
applying a time-dependent gated field, or by the local generation of
electroactive species. Such routes can be exploited for novel sensing
applications [22,48-55].

Somewhat surprisingly, electrochemical approaches to
nanopore fabrication and functionalisation have just begun to
emerge and their full potential still remains to be explored
[3,22,24,26,49,55]. In this paper, we give a brief overview of
some of our work in this area and introduce a new electrochem-
ical method for the fabrication of ultra-small metal nanopores,
namely ion current feedback (ICF) controlled electrodeposition.
ICF control allows for the preparation of metallic nanopores with
a precise and pre-defined pore conductance, offering interesting
perspectives towards the application of ultra-small metal pores in
single-molecule biosensing.

30
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Fig. 1. Conductance of a 5150 nm x 75nm x 250nm (w x h x L) slit in a Si3N4
membrane as a function of KCl concentration (circles), including a theoretical
estimate based on Eq. (1a) (n(KCl)=6.02 x 10 m~3; ux=7.616 x 10-8 m?/(Vs);
Kk =7.909 x 10-8 m?/(V's); [1] surface effects not included). The length and width
were taken from SEM image (inset); the membrane thickness was estimated from
the optical reflection of the SisN4 layer.

2. A brief review of nanopore conductance

The ionic conductance of a nanopore can be expressed as the
superposition of the bulk conductivity and the surface conductiv-
ity. The latter generally occurs for charged nanopores, where the
surface charge is compensated by an equivalent amount of coun-
terions in solution (excess charge). These counterions respond to
an external electric field (electrophoresis) and add to the total pore
conductance. Eq. (1) expresses the pore conductance G for a nega-
tively charged cylindrical pore of high aspect ratio with a length (L)
much greater than the diameter (d) immersed in a KCI containing
electrolyte solution [1,40,56]:

T d2

d d
G=Z‘T‘(/'Ll(+MCl)'nl(Cl'e+7T'z'G‘MI( (1)

where g and fiq are the electrophoretic mobilities of K* and Cl-,

Nk is the number density of K* or Cl~ ions, o is the surface charge

density and e the elementary charge. Note that the pore length

nominally corresponds to the membrane thickness in our devices.

A similar expression holds for slit geometries, where w and h are

the width and height of the slit (cross-sectional area =w - h) [40]:
w-h

w
G=T‘”1<c1'€'(M1<+Mc1)+2‘T'MK'G (1a)

The agreement between the theoretically predicted values
based on Egs. (1) and (1a) and experimental data is surprisingly
good [1].Thisisillustrated in Fig. 1, which compares the experimen-
tal and theoretically expected conductance of a micrometer-sized
rectangular opening as a function of KCl concentration, based on Eq.
(1a) and the nominal dimensions of the slit in the Si3zN4 membrane.
Surface charge effects have been neglected in the calculation, due
to the large size of the slit, cf. below for a more detailed discussion.

Note that Eq. (1) ignores any diffusive or convective contribu-
tions to the pore conductance, as well as ion/ion interactions. The
latter potentially complicate matters significantly as they affect
the effective concentration of the ions, their electrophoretic mobil-
ity (in both the bulk and surface contributions), and the surface
charge density o. Modifications to the theory are well established
in the electrochemical literature and could readily be incorporated
[40,57].

The contribution of surface effects to the total pore conduc-
tance depends on the pore dimension and the ionic strength of
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Fig. 2. Surface conductance relative to total pore conductance based on Eq. (1); (A) as a function of diameter for different surface charge o (c(KCl)=0.1 mol/L); (B) as a function
of KCI concentration for different pore diameters d (0 =0.1 C/m?). L=310 nm, g =7.616 x 1078 m?/Vs, pc =7.909 x 10-8 m?/Vs.

the electrolyte. This is illustrated in Fig. 2, which shows the rel-
ative contribution of the surface conductance as a function of pore
diameter (panel A, ¢(KCI)=0.1 mol/L) and KCI concentration (panel
B, o =0.1 C/m?2), respectively, according to Eq. (1). For a given elec-
trolyte concentration, the surface contribution decreases rapidly
with increasing pore diameter and decreasing surface charge. This
is expected from Eq. (1), where the bulk contribution scales with
d?, while the surface contribution scales only linearly with d. Even
for large o =0.1 C/m?2, the latter contribution is smaller than 20% for
pores on the order of 100 nm in diameter and the total conductance
is dominated by the bulk (panel A).

At given o, the surface contribution is large for small elec-
trolyte concentrations and small pore diameters (panel B). For
c(KCl)=0.1 mol/L and d~ 20 nm, which is the parameter range in

the experiments shown below, this fraction is still on the order of
50% and thus cannot be neglected. Note that the Debye screening
length is only about 1 nm under these conditions and thus signif-
icantly smaller than the pore diameter. Within this simple model,
the length of the pore L does not affect the ratio between bulk and
surface contribution (cf. Ref. [48] for a more elaborate treatment).
Moreover, the shape of the pore has an effect on the nanopore
conductance. For a pore with radial symmetry and ignoring surface
effects, the differential resistance can be expressed as
dR(z) = p _dz
T or(z)
p is the resistivity of the solution, r and z are the pore radius and
the axial coordinate relative to the pore entrance, as defined in

(2)

(A) 10° g (B)
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] § ——— Gpm (cylindrical, r = 50 nm)
1 2w — ! ! ~-eoo- G, (cylindrical, r=r_)
10* ] 2 / S 800
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5 ] é f—- =
1 © > r )
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Fig. 3. (A) Pore conductance G(«)=1/R(«), Eq. (3), as a function of opening angle « (left ordinate, solid (black) line); pore radius rj, =50 nm, L=310nm; c=0.1 M KCl. Dashed
and dotted (blue) lines: conductance of cylindrical pores with r=50nm and r=rq (), respectively. Right ordinate: pore radius at the “exit” side, depending on «. Inset:
G(@)/Gey (r=50nm) for different a. (B) Illustration of the parameters in Eqs. (2) and (3). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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Fig. 3B. Integrating over the length L of the pore and introducing
the opening angle «, the pore resistance R becomes [56]:

0 L o L
Rla) = = - = — .
(ct) 7 (rn+L-tan(a))-rin T Tout-Tin

(3)

Tin is the radius of the pore entrance and roy the pore radius at the
exit, rout =Tj, + L-tan(a).

With increasing opening angle « at constant “inner” pore radius
Tin, the effective pore size and conductance increase as shown in
Fig. 3A. For ri; =50 nm and a pore length of 310 nm, the pore con-
ductance approximately doubles for « = 10°; the “outer” pore radius
has increased to roy: = 105 nm. Fig. 3A (inset) compares the expected
conductance at given «, with the conductance of a perfectly cylin-
drical pore with r=rj, =rout.

Thus, for small to moderate opening angles, the effect on the
relative pore conductance is not large. Nevertheless, changes by a
factor of 2-5 are not uncommon and the exact geometry of the pore
needs to be taken into account when comparing experimental data
with theoretical estimates.

3. Experimental

All chemicals used in this work were purchased from
Sigma-Aldrich and of highest available purity grade, unless oth-
erwise noted. For our electrodeposition experiments, free standing
silicon nitride membranes (thickness: 250 nm) [58] were fabricated
using standard photolithography, metalized by e-beam evapora-
tion and etched by KOH wet etching as described elsewhere [59,60].
A 100 nm Au layer and 10 nm Ti or Cr adhesion layer was deposited
on top of the membrane making the total membrane thickness
360 nm.

Nanopores were drilled into the membrane by bombarding the
surface with Ga* ions using a focused ion beam (FIB, Carl Zeiss
XB1540 Cross-Beam) at an acceleration potential of 30kV and 1 pA
and exposure time of 20-40s. The beam diameter had a minimal
width of 8 nm. The actual pore dimensions obtained are deter-
mined by SEM imaging from the top side and from the backside
of the membrane. The membrane is then mounted into a flow
cell using a glass platform and affixed with Kwik-Cast epoxy resin
(World Precision Instruments). Electrodes are wire-bonded to an
Au contact pad. The membrane platform is then sealed between
two patterned PDMS chambers. Importantly, the pore is the only
connection between the top and bottom reservoir, Fig. 4.

Prior to sealing, the nanopore membranes are flushed with
ethanol and subjected to oxygen plasma for 2 min. This process
removes any organic contaminants and enhances the hydrophilic-

CE/RE
Ag/AgCl

WE?2

Ag/AgCl top reservoir

X

L]

|

contact

A)ad
|

WE1 (Au membrane)

bottom reservoir

Fig. 4. Nanopore membrane devices in a bipotentiostatic configuration, side view.
Epoxy resin around the Si layer was used for electrical insulation (not shown).

ity of the membrane surface. Alternatively, we have also used an
equivalent, custom-built setup based on PTFE cells (cf. Fig. 1, inset);
the results were the same within experimental error.

Electrochemical experiments, including pore conductance mea-
surements, were performed on a CHI 760c bipotentiostat (CH
Instruments, Austin, USA), Gamry Reference 600 potentiostats
(Gamry, Warminster, USA) or an Axopatch 200B patch clamp
instrument (Molecular Devices, Sunnyvale, USA). In the bipo-
tentiostatic experiments, the Au coated nanopore membrane
serves as working electrode 1 (WE1), while two newly prepared
Ag/AgCl pseudo-reference electrodes were connected as work-
ing electrode 2 (WE2) and combined counter/reference electrode
(CE/RE). A bias between WE2 and CE/RE establishes an ionic cur-
rent, while electrodeposition of Pt on the membrane electrode
is controlled separately by the potential of WE1. Platinum is
deposited from a solution containing 0.01 M K,PtCly and 0.1M
KCl (Sigma-Aldrich, ACS grade) at room temperature according to
[PtCl ]2~ +2e~ — PO +4Cl-.

In this proof-of-principle study, we chose platinum as the
depositing metal mainly because of its electrochemical inertness.
This is an important factor, since we have observed corrosion
effects for more reactive metals, such as Al, particularly close to
the nanopore and at high ionic currents, Fig. 5. The composition of
the plating bath was kept as simple as possible to avoid potential
complications in the pore conductance measurements. Protocols
providing smoother deposits are well known and could be imple-
mented, if necessary [61].

Fig. 5. SEM images showing corrosion effects. Si3sN4/Al membrane with 100 nm wide pores, before (left) and after (right) several experiments in 1 mM KCl using Ag/AgCl

electrodes at bias voltages up to 140 mV. The scale bar is 1 wm in both images.
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Fig. 6. Pore current and deposition current for a typical pore shrinking experiment
under ICF control (upper and lower panel, respectively). Electrolyte: 0.1 KCl+0.01 M
K, [PtCly]; bias voltage (WE2 vs. CE/RE)=0.2 V; deposition potential ECWE1)=0.35V
vs. CE/RE.

4. Results and discussion

The bipotentiostatic configuration shown in Fig. 4 comprises an
interesting feature that allows for feedback-controlled fabrication
of electrodeposited metal pores. Since the potentials of the two
working electrodes E(WE1) and E(WE2) are controlled indepen-
dently with respect to a common reference electrode (CE/RE), a
bias voltage between WE2 and CE/RE can be imposed to induce an
ionic current governed by the conductance of the nanopore, while
the potential of WE1 remains fixed. The potential gradient across
the cell is maintained by conversion of chloride and AgCl at the
Ag/AgCl electrodes, but all other ions in solution are transported
through the pore accordingly. If no chemical reaction occurs on the
membrane electrode WE1, its only contribution to the total current
is due to (transient) capacitive charging. With [PtCl4]?~ present in
solution, Pt deposition takes place, when E(WE1) is set to a suf-
ficiently low value. The deposition of material on the membrane
surface will decrease the pore diameter and alter the effective pore
length. In accordance with Eq. (1), the nanopore conductance and
the pore current decrease until the membrane is eventually cov-
ered with Pt and the pore fully blocked. Since the ionic current
between CE/RE and WE2 can be monitored in real-time during the
experiment, it can also be used as a feedback mechanism to stop
the deposition process. This constitutes the basis of ion current
feedback (ICF) controlled electrodeposition as a new and power-
ful tool to fabricate ultra-small (metallic) nanopores of pre-defined
conductance. The new approach allows for the precise control of
the fabrication process in real-time and has thus significant advan-
tages over previously employed techniques to use metal deposition
for this purpose [51,53,62]. The working principle is illustrated
in Fig. 6, which shows the ion current across the nanopore for
a typical deposition experiment (20s step; upper panel) and the
deposition current on the membrane electrode (WE1, deposition
potential: 0.35V vs. CE/RE; lower panel). The initial pore diame-
ter and the membrane thickness were 80 and 360 nm, respectively.
The ion current traces are composed of at least two phases: the
first includes transient capacitive charging and equilibration of the
deposition process (formation of a depletion layer), implying that
more material is being deposited on the membrane during the
first few seconds. The pore shrinking process subsequently enters
a steady-state regime, where the pore conductance decreases with
a constant rate (after ~5s in Fig. 6).

Fig. 7. SEM image of an electrodeposited Pt pore. Scale bar: 200 nm. Identification
of the pore based on larger scale reference points.

The amount of Pt deposited during the experiment shown in
Fig. 6 was determined by integrating the deposition current. No
corrections were made for capacitive charging and Pt deposition
was assumed to be the only Faradaic process occurring. On average,
14.3 £ 1.4 uC (10, on the basis of 8 deposition experiments) were
deposited during a 20's deposition step, corresponding to 74 pmol
of Pt on a geometric electrode area of 7 x 10~2 cm?. If metal depo-
sition occurred homogenously over the whole membrane area,
including the area around the pore, this would correspond to a
Pt layer of ~1nm in thickness. The current decrease shown in
Fig. 6, however, suggests that the pore diameter has changed by
approximately 20 nm (based on Eq. (1); L=const.), implying that
the deposition around the pore is more efficient and in fact not
homogeneous over the whole membrane area. SEM imaging data
of the electrodeposited nanopores seem to confirm this hypothesis,
also showing that the roughness of the deposit is on the same length
scale as the pore diameter, Fig. 7. Further studies are on the way to
elucidate the local potential distribution in or at the nanopore.

5. Conclusions

In order to exploit the full potential of solid-state nanopores
for single-biomolecule sensing, precise control of the pore size and
geometry is required. Various strategies have therefore been devel-
oped, for example based on electron beam-induced shrinking or
expansion of the pore or feedback-controlled FIB milling [63,64].
The feedback mechanisms employed in those studies do not probe
the ionic conductance of the pore, which is of key importance in
a biosensing experiment in solution. This is a major strength of
ICF-controlled electrodeposition, which rests on probing the ionic
conductance of the pore directly. Moreover, it operates in real-
time and under “in situ” conditions, i.e. in electrolytes that are
very similar to those used in a biosensing experiment. Multiplexing
the fabrication of many electrode devices in parallel appears to be
straightforward and potentially cheaper than producing very small
pores with FIB or electron beam drilling in a “high-throughput”
fashion.

ICF-controlled electrodeposition has the potential to produce
even single-digit nanometre pores. In fact, the reproducible fab-
rication of pores with a given ionic conductance in the relevant
range (low nS) is relatively straightforward. However, in order to
establish a quantitative relation between the measured ion cur-
rent/pore conductance and the true physical dimension of the pore,
a number of challenges remain. For example, since the pore con-
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ductance depends on both pore diameter and length, the decrease
inion current during the electrodeposition process cannot solely be
related to a change in only one of the two. In fact, two pores with the
same ionic conductance may well have different three-dimensional
shape and controlling the pore geometry is thus crucial. In addi-
tion, the roughness and/or crystallinity of the deposit is expected
to affect the properties of the pore, particularly at small pore
dimensions and low ionic strength, as well as the device-to-device
reproducibility in single-molecule biosensing applications. Both
factors depend on the growth conditions during the electrodepo-
sition process. Refinement strategies are well known for Pt and
numerous other metals and can readily be implemented to pro-
duce smoother deposits [61]. Interestingly, the optimization of the
electrodeposition protocol has prospects of fabricating metal pores
with varying aspect ratio Apore/Lpore by controlling the rates of lat-
eral and vertical growth during the deposition process. Devices
with short effective channel length may perform better in fragment
sizing applications, where the resolution appears to be limited by
the membrane thickness.

For very small pores, it may become crucial to also consider the
switching time of the device, i.e. the time constant of the membrane
electrode. Ideally, the electrodeposition process is stopped instan-
taneously, when the ion current reaches the pre-defined value.Inan
experiment, however, the switching time is given by the electrode
capacitance C (inc. any stray capacitance) and uncompensated
resistance R in the electrochemical cell. Within this characteris-
tic time R-C, the deposition process continues and may well close
the nanopore completely. However, both R and C can be minimized
using well-known strategies, for example by decreasing the elec-
troactive area of the membrane electrode or optimizing the cell
geometry.

Controlling the surface charge is another important parameter,
which can however be varied systematically in the bipotentiostatic
setup used in our experiments [22]. Future work will thus explore
the influence of the surface charge and surface modification on the
transport properties of the nanopore.

In summary, we have presented a brief overview of our recent
work on the fabrication of electrode/nanopore structures for
applications in single-molecule biosensing. Applying established
electrochemical approaches, such as electrodeposition or bipo-
tentiostatic control, in this new context offers a range of so far
largely unexplored opportunities in electrochemical nanoscience
and single-molecule sensing. We introduce ion current feedback
(ICF) controlled electrodeposition as a new tool to fabricate ultra-
small metal nanopores with interesting perspectives towards fast
switching of pore properties, deposition of a wide range of other
electroactive metals, and surface modification.
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ABSTRACT

In this contribution we present some of our recent work
on  solid-state  nanopores, the  fabrication of
nanopore/electrode structures and how these can be used
for single-molecule biosensing applications (DNA, proteins
etc.). Examples include bi-potentiostatic experiments with
Au/Si3Ngy nanopore membranes and a new way of
fabricating small metal nanopores with diameters below 20
nm and well-defined pore conductance, based on
electrodeposition and ion-current feedback control.

Keywords: solid-state nanopores, biosensing, single-
molecule, electrodes, electrochemistry

1 INTRODUCTION

Solid-state nanopores have attracted enormous attention
over the past 10-15 years with a view on single-molecule
biosensing in general and high-throughput DNA sequence
analysis in particular[1-3]. The idea is conceptually simple:
A highly-insulating SiO,, SizN4 or polymer membrane with
a nanometer-sized hole separates two compartments filled
with electrolyte solution and the analyte of interest (e.g.
DNA or proteins). The nanopore allows for ion transport
across the membrane and is thus the only electric
connection between the two reservoirs. One electrode is
placed in each compartment and, upon application of an
electric field, an ion current starts to flow. After some
initial equilibration phase, this results in a steady-state ion
current that is proportional to the conductivity of the
electrolyte, the dimensions of the pore (cross-sectional area,
channel length) and the magnitude of the electric field.
Once an analyte molecule enters the pore opening, the
conductance and thus the ion current is decreased. The ion
current returns to the initial value, when the analyte
molecule leaves the pore again - either into the opposite
compartment (“translocation”) or into the initial one. In the
simplest case, this results in a telegraphic noise pattern in
the current/time trace with distinct “on” and “off” states,
corresponding to the open and partly blocked pore. In
reality, however, the signal is often more complex and
comprises molecular detail of the translocation event[4-5].
Accordingly, the idea of using biological or solid-state
nanopores for DNA sequencing is based on resolving base-

specific current modulations in real-time as the DNA
translocates through the pore. With characteristic
translocation times per base on the order of 1 ys and below,
this opens up perspectives of a very simple and inexpensive
high-throughput sequencing device. Unfortunately, plain
nanopore devices have not been used successfully for DNA
sequencing, partly due to the speed of the translocation
process, the lack of specificity, and the low spatial
resolution of the device.

A: large electrode B: small electrode

Au
‘/ Y
o) Au | o) |
nano
ore
P Si.N,

D: sandwich structure
(cross sectional view)

. ol 5 B

nanopore

C: two-electrode

Figure 1: Electrode/nanopore architectures, schematic
not to scale, A-C (top view) and D (cross-sectional view).
In our devices, the nanopore diameter is 1-200 nm, the
membrane thickness between 30 and 400 nm.

These three main issues are currently being addressed in
different ways, for example by modifying the analyte or by
modulating the properties of the pore itself. In this context,
solid-state nanopores offer an advantage over biological
pores: Since these devices are typically fabricated using
semi-conductor  processing technology (lithography,
reactive ion etching etc.), semiconducting or metallic
layers/electrodes can easily be integrated with the nanopore.
Chemical modification using self-assembled monolayers or
external electric switching of the surface properties is then
straightforward, offering enhanced control of the
translocation process (gating) or potentially even the



specificity required for DNA sequencing applications
(aligned nanopore/tunneling junction devices)[6-15].

Depending on the application, however, the type of
nanopore/electrode architecture is different. Figure 1 gives
an overview of structures our research group has been
working with recently, including large- and small-area
single electrode devices, two-electrode junctions, and
embedded electrode structures. After a short section on the
physical basis of ion transport through nanopores, we will
give examples of some experimental work using these
devices.[16]

2 THEORETICAL BACKGROUND

In the simplest case, the current flow through the
electrochemical cell can be modeled by an equivalent
circuit composed of the solution resistance Rg, the pore
resistance Ry and the membrane capacitance Cem, figure
2. Cpem can be convoluted by stray capacitance from the
electrode leads and other sources; in principle, membrane
composition, surface roughness and Faradaic reactions on
the membrane surface can add further complications to the
interpretation of C .. In these cases, C ., may be replaced
by a non-ideal capacitance, the constant-phase element or
“CPE”[17].

Vbias
electrode Rs,
Au nanopore
\ -~
Si.N,
| electrolyte Rs.

Figure 2: Electrochemical setup including an equivalent
circuit. The membrane capacitance C,.,, may be replaced
by a CPE to accommodate for on-ideal capacitive behavior.

The electrodes are usually chosen to be non-polarizable,
for example Ag/AgCl electrodes in rapid equilibrium with
CI ions in solution. This implies that the potential drop
across the metal/solution interface is small and capacitive
charging negligible. Charge transfer at the electrodes is
rapid and thus not expected to be current-limiting (unless
perhaps the electrodes are very small).

At constant bias voltage Vi, the steady-state current
passes through the resistive branch of the circuit and is
governed by Ry and R.. Since usually Ry >> R;, the
solution contribution can normally be neglected; most of

the potential drop across the cell thus occurs at or in the
nanopore (Vyias = AU j+AU oAU )

Vbias = (Rs,l + Rpore + RS,Z)'I ~ Rpore 1 cq. (1)

To a good approximation, R, or its inverse, the pore
conductance G, can be calculated based on a geometric
model, taking into account the cross-sectional area of the
pore A, the channel length L and the conductivity of the
solution o. For charged pores, an electric double layer
forms to neutralize the charge on the inner pore walls.
Under the influence of an electric field, these excess ions
also contribute to the overall current, which is accounted for
by the second term on the right-hand side of equation 3
(important for small pores). The latter is strictly valid for
long cylindrical pores (i.e. diameter d << L), where the
electric field lines can be considered to be in parallel, but it
often provides a reasonable estimate for other
geometries[18].

d? d
Gporezg'T'o-'i'ﬂ'Z'o-S',ui eq. (2)

Os is the charge density on the inner pore walls and L; is
the electrophoretic mobility of the counter ion(s), say K" in
KCI electrolyte and o5 < 0. Note that eq. (2) is written in
terms of the absolute numerical value of og.

In cases where an additional electrode is integrated with
the nanopore, e.g. as the Au layer in figure 1, the potential
of this electrode can be controlled externally. This
modulates the surface charge density og, although the actual
value of og depends on the potential of zero charge E,,. and
is thus material- and surface structure-dependent. The
differential capacitance of the electric double C.y takes into
account the solvent dielectric constant, electrolyte
concentration and charge, as well as electronic effects at the
electrode/solution interface[19]. Provided the potential-
dependence of C.q is small, equation (2) can be re-written
in terms of the (membrane) electrode potential E:

d? d
Gpore(E) =%'T'0+T['Z'M1"Cedl '(E_Epzc) eq(3)

Thus, Gpere has @ minimum at E = E,,. and increases
linearly (but not necessarily symmetrically!) with E on both
sides of E.

Depending on the charge of the pore, the relative
contribution of the charged species in solution to the total
current will vary. For example, cations will experience a
higher activation barrier when entering a positively charged
pore than anions, implying the latter carry a larger fraction
of the current through the pore. This has been shown
experimentally for ions[6] as well as for proteins [20].

When operated in bi-potentiostatic mode, the potential
drop across the electrode/solution interface of two working
electrodes can be controlled precisely and largely
independently with respect to a common reference
electrode. As a consequence, a constant Vy;,s between the



two Ag/AgCl electrodes may be maintained, while at the
same time the membrane electrode is switched between
electrochemically ‘active’ (deposition) and ‘in-active’
potentials (no deposition), respectively. This feature can,
for example, be exploited to fabricate very small metallic
nanopores by electrodeposition with pore conductance
feedback, cf. below[16].

3 RESULTS

If the membrane electrode WE2 were an ideal
polarizable electrode, no Faradaic process should occur at
its interface and any change in applied potential results in
interfacial charging. The current between the two (ideal
non-polarizable) Ag/AgCl electrodes is then only affected
by the effective charge of the nanopore surface, according
to equation (3). In a real electrochemical system, however,
charge transfer does occur at the electrode interface,
depending on its potential, and may affect the current
distribution in the cell. In order to test this effect, we
performed a range of control experiments; some of which
are shown in figures 3 and 4.
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Fig. 3: Ton current between WE1 (Ag/AgCl) and CE/RE
with the Au membrane electrode disconnected (black) and
connected (red, no potential applied). Inset: The same data
in the low Vy;,s region, inc. linear fit (green).

Figure 3 compares the ion current through a nanopore
(diameter 110 nm) in a gold/Si;Ny membrane (thickness
310 nm), when the membrane electrode is disconnected
(black) and connected, but without applying a potential
(red). In the latter case, the potential drop between the
membrane electrode and the solution is essentially
determined by chemical equilibria, ion adsorption and so
forth (open circuit potential, ocp).

As expected, there is no difference between the two
curves within experimental error. The nanopore
conductance amounts to 88 nS, as determined from the
slope of the I/Vy;,s trace. This is somewhat higher than the
theoretical value of ~ 50 nS obtained from equation (3) and
may indicate that the (effective) channel length is smaller

than the nominal value given above. Since Au and Si;N, are
likely to respond differently to the Ga™ beam during the
fabrication process, the pore shape may be considerably
different from the cylindrical model geometry underlying
equations (2) and (3). Work is currently ongoing to
investigate this effect.

The same device was then investigated with the Au
membrane electrode connected as WE2. This implies that
the potentiostat will drive sufficient current through WE2 to
maintain a pre-defined potential difference with respect to
CE/RE.

Figure 4 displays the results for E(CWE2) = 0 V: Panel
A, current recorded at WE2 (Au membrane); panel B,
current at WE1 (Ag/AgCl). The first set of data (black) was
measured at the beginning of the experiment. The second
set (green) was recorded after excursions to higher and
lower E(WE2) and re-equilibration. The current through
WE2 (panel A) is much larger than current through WE1
(panel B), due to the large size of the membrane electrode
(and thus small resistance); it is however independent of the
potential applied to WEL.

The current at WEI is roughly linearly dependent on
Vyias- The pore conductance was determined from the slope
as before and amounts to 177 nS. This is approximately
twice as large as the value determined previously and may
be related to cross-talk between WE1 and WE2. The small,
but significant off-set of [WEL) at Vs =0 V of ~ -100 nA
supports this hypothesis. Note that, even if E(WE2) =0 V
vs. CE/RE, I(WE2) is not necessarily zero, but rather
depends on the presence of Faradaic processes at this
potential.
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Fig. 4: Bi-potentiostatic experiment with E(WE2) =0V
(1% dataset (black); 2™ data set (green)), Vi, is swept from
-0.5 to + 0.5 V. Panel A: I(WE2), panel B: [(WE1).

The same approach can be used to control an
electrochemical reaction on the surface. As an example,
figure 5 shows a gold/Si;N4 nanopore membrane before and
after electrodeposition of Pt from 10 mM K,[PtC1;]/0.1 M
KCI solution. As long as E(WE2) is kept sufficiently high,
no deposition takes place. When E(WE2) is lowered to
below the reduction potential of [PtCly]*, however, the Pt



complex is reduced according to [PtCl,]* +2¢ — Pt’ + 4CI
and Pt deposited onto the membrane. Interestingly, this also
reduces the diameter of the pore allowing one to adjust the
pore dimensions to a defined pore conductance in situ, i.e.
by measuring the ion current through WE1[16].

Figure 5: SEM images before (left, backside;
magnification 100KX) and after Pt deposition (right, front
side; magnification: 150KX). Scale bar: 200 nm

In the case shown above, the effective pore diameter
was reduced from 95 nm to ~22 nm. The pore conductance
of the Pt nanopore was determined to be 12 + 3 nS (0.1 M
KCI), which is in reasonable agreement with the expected
value. In principle, the pore diameter could be reduced even
further, offering a simple mechanism to fabricate (metallic)
nanopores for single-molecule biosensing.

4 EXPERIMENTAL PROCEDURES

All chemicals used in this work were purchased from
Sigma—Aldrich and of highest available purity grade, unless
otherwise noted. For our electrodeposition experiments,
free standing silicon nitride membranes (thickness: 250 nm)
were fabricated using standard photolithography, metalized
by e-beam evaporation and etched by KOH wet etching as
described elsewhere[21-23]. A 100nm Au layer and 10nm
Ti or Cr adhesion layer was deposited on top of the
membrane resulting in a total membrane thickness of 360
nm. Nanopores were drilled into the membrane by exposing
the surface to Ga™ ions in a focused ion beam (FIB, Carl
Zeiss XB1540 Cross-Beam; acceleration potential 30 kV,
beam current 1 pA, exposure time of 20—40 s). The beam
diameter had a minimal width of 8 nm. The actual pore
dimensions obtained are determined by SEM imaging from
the top side and from the backside of the membrane. The
membrane is then mounted into a flow cell using a glass
platform and affixed with Kwik-Cast™ epoxy resin (World
Precision Instruments). Electrodes are wire-bonded to an
Au contact pad. The membrane platform is then sealed
between two patterned PDMS chambers. Prior to sealing,
the nanopore membranes are flushed with ethanol and
subjected to oxygen plasma for 2 minutes. This process
removes any organic contaminants and enhances the
hydrophilicity of the membrane surface. Alternatively, we
have also used custom-built setup based on PTFE cells (not

shown); the results were the same within experimental
error. Electrochemical experiments were performed on a
CHI 760c bipotentiostat (CH Instruments, Austin, USA) or
on Gamry Reference 600 potentiostats (Gamry,
Warminster, USA). In the bipotentiostatic experiments, the
Au coated nanopore membrane serves as working electrode
2 (WE2), while two newly prepared Ag/AgCl pseudo-
reference electrodes were connected as working electrode 1
(WE1) and combined counter/reference electrode (CE/RE).
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