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ABSTRACT

The objective of this thesis was to develop a new methodadilogthe improvement of the in-
terface properties of gold electrodes for neural implaftsee goal was to increase the surface
area without a change in geometrical footprint of the etatdrwith nanofabrication tools. A
process has been created that uses Nanosphere Lithogmaphasgking layer deposition and
anisotropic etching to fabricate nanostructures on thiaserrof the electrodes. Optimisation
of the process parameters led to a control of structure nodogly, which allowed the produc-
tion of a variety of shapes. The effect of the nanostructorethe interface was investigated
by impedance spectroscopy and additional electrochemieaurements. It showed that the
interface impedance could be decreased significantly by wprhagnitude of scale with the
surface modifications. In addition a porous columnar fornsmittered gold was found that
also showed decreased interface impedance compared tasdagold films. A set of neural
implants was designed and fabricated to test the effectrds modification in-vitro in neu-
rological tissue. The surface modification process wasessfally implemented in the device
fabrication. The in-vitro assessment showed signs of ingutanterface performance compared

to unmodified devices.
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1. INTRODUCTION

Neural implants in general are briefly discussed as an intthoh to the topic. Some examples
are given and major types described. The requirements toahiaterfaces are then elaborated
in detail and the aim of this thesis is presented. At the eedutther content of the individual

chapters is outlined.

1.1 Motivation

In simplest terms a neural interface is a device that alloevsection to and communication
with the nervous system using electronics so that the @atiignals in the brain or nerves
coordinating all actions in living beings can be extractad analysed. Also the opposite is
possible, where an external signal is applied through tlheahénterface to elicit a biological
reaction. A pacemaker for example would not be possibleauitisuch an interface that mon-
itors the electrical activity in the heart's muscle cells éoregular beat to decide and provide
the electrical shocks when necessary. The aim of most a@piolics is to help people with se-
vere impediments to reach a better quality of life. One expent demonstrated the ability
to control an artificial limb with thoughts alone [1]. The paipant was completely paralysed
from the neck downwards because of a spinal cord injury sbhitbeénad no control over his
body. Through a neural interface in the form of a silicon amjplanted into the surface of his
brain he could open and close an artificial hand hooked upeantiplant just by thinking of
the corresponding action. Recently researchers presezgatis that went even further with a
test person connected to a robotic hand for a whole montif#.subject lost his forearm dur-
ing an accident. The neural interface was formed by eleegaghplanted in the nerves of the

remains of the arm. It allowed the patient to perform comphevements like moving fingers
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(@) (b)

Fig. 1.1: SEM images of (a) Utah array [4] and (b) Michigan probe [5]

independently or grabbing objects. Through sensors bnitilthe prosthesis he also received
tactile feedback from the hand giving him even a sense offtoleural interfaces can also
help people with visual impairment. A microchip with 1,5000t0 detectors has been success-
fully connected to the optic nerve to give test subjects wiftes from retinitis pigmentosa a
rudimentary vision that lets them distinguish basic shameknavigate in a room [3]. Auditory
implants can also be included into the group of neural inter$ when directly connected to the
nerve to restore impaired hearing function. Another apilon is deep brain stimulation where
electrodes are implanted into the brain to stimulate pdiseobrain in order to treat the effects
of Parkinson disease or prevent epileptic seizures. Aflélexamples illustrate the significance
of the field of neural interfaces and the impact it can havenerguality of daily live.

The two most established neural interfaces in the field ar&Jtah array [6] and the Michi-
gan probe [7]. Both are designed for direct implantatioa the brain. The Utah device consists
of an array of spikes that have been machined from silicopschvletal electrodes are created

by coating the spikes and insulating them except for theespgs. It is a three-dimensional
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device, which is pressed on to the surface of the brain fotantption. The depth of implan-
tation is controlled by the height of the spikes. Differeatdghts have been implemented in the
same device to map different layers of the brain simultaslo’he Utah array was used for
example in the experiment with the paralysed person desstehrlier. The Michigan Probe on
the other hand is a planar device fabricated on the surfaséiain wafers. The electrode sites
are distributed along a shaft so that there are multiplereldes on a single shaft. The shaft
possesses a sharp tip so that it can be inserted with theastisfperpendicular to the tissue
surface. By combining many shafts it is possible to form A4 8 multi-arrays to achieve
geometries similar to the Utah array. The advantages ofafaibricated electrodes are the ex-
cellent control over device shape and size, which allows@te positioning of the electrodes
with minimal damage to the tissue. For this reason they aenaised in electrophysiology
research to study the function of the brain. For periphegatal interfaces there is no common
widely used device. Instead a variety of designs exist basecuffs [8] that wrap a flexible
sheet containing planar electrodes around a nerve fibrewe-$ype devices [9], which are thin
sheets of materials with holes machined into it. The eleesare metal rings deposited around
each hole. The injured nerves then grow through the holesngaontact with the electrodes
in the process.

In an collaborative effort, to which the work in this thesatributed, between the group at
the Electrical Engineering Department of the UniversityBaimingham, Kings College Lon-
don, Nanoscience, Material Science and the Brain Repaitr€ah of the University of Cam-
bridge a novel peripheral neural interface, the polyimideracthannel device, was developed
[10]. Its aim was to realise the project’s concept of axomaphfiers [11] to boost recording
signal quality of peripheral neural implants. The devicenede from polyimide making it flex-
ible but rigid enough without the need for further mechalnscgport. The structure consists of
a thin polymer sheet with long channels on top. At the bottdrthe channels are electrodes
for recording and stimulation. The channels are necessagyitle the axons and ensure in-
timate contact to the electrodes. The device’s most impofeature is the creation of a real

three-dimensional device by a two-dimensional fabricapoocess and subsequent rolling of
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Zakll

Fig. 1.2:Cross section of the rolled up polyimide device

the polyimide sheet (figure 1.2). The fabrication process$issussed in more detail in chap-
ter 7. The task of the research documented in this thesisavaspiore ways to improve the

performance of the channel electrodes of this device.

1.2 Objectives and goals

When designing such a long term implant one often encoutiterdilemma of selectivity ver-
sus sensitivity. The aim is to decrease the interface impasglan order to improve signal-to-
noise ratio associated with thermal noise (eq. (1.1)). Betettrodes are desired to address
as few neurones as possible per electrode site in order tevachigh selectivity in conjunc-
tion with high density integration of as many electrodes a@ssfpble. Smaller electrode areas
result in larger electrochemical interface impedance bsedhe two quantities are inversely
proportional. But higher impedance is associated withdiatermal noise leading to a loss in
sensitivity. The amplitude of the extracellular signalsraérest are of small values in the mi-
crovolt range and can be interfered by the noise. As a nualerxample, for a typical electrode

impedance of 2 ¥ the thermal noise amplitude would be 3.8 for a 100 kHz bandwidth of
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interest for neurological signals and increases steadily shrinking electrode sizes to 10.51
wnV for 20 MQ2. Typical neurological signal amplitudes can be below.0so that the thermal
noise becomes as serious problem for signal detection Wwigeimipedance increases until they
fail to record any viable signals. In this way selectivitydesensitivity are competing agendas.
When increasing the sensitivity of any given device, at e time the geometric footprint
of the electrode has to be maintained in order to preserveelectivity to ensure that each
electrode is connected to a limited neurone populationdeioto distinguish between different
neurones. One solution is to increase the surface aredyldwadugh nanostructures to create a

three-dimensional surface while the actual electrodeisimet changed.

Vioise = V4 kT Z Af (1.1)

Since the device should remain in the body for a long periotinoé, only biocompatible
materials that do not corrode or release toxic substanse®eaised for the implant. There
are two possible routes for improving the interface chamstics. Either the application of a
coating with an intrinsic highly porous structure or the imeaical structuring of the electrode
material can be used to enhance the surface area withougiegldhe actual electrode size.
Both have their advantages and disadvantages, which aesvex¥in more detail in chapter 4.
A suitable method needs to be mechanically stable in ordesttstand wear through natural
microscopic movements that are experienced by the devizesytheir life-cycle upon implan-
tation into the neural tissue. It should not degrade ovee tionpreserve device characteristics
during use so that function is maintained. The electroder@ifor the neural implants in this
work was gold. It is a biocompatible material with excellehemical stability. The decision
was made to directly shape the surface rather then applygsatince the target device is rolled
for assembly. This exerts additional mechanical stresséiseodevice, which increases the risk
of delamination of coatings. A new process was developeatiem the surface of gold elec-
trodes with various kinds of nanostructures. The abilituse these structures to engineer the

interface impedance was successfully demonstrated.
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1.3 Overview of thesis

After the introduction, chapter 2 gives a brief overview lbé thiological aspects involved in
neurological signal formation and conduction to estaldislunderstanding of the requirements
for the design of neural implants. The electrochemical etspaf interface formation in neural
implants are summarised in chapter 3 to illustrate its ingrae for device operation. A lit-
erature survey of the different methods that have been deedlup to date to improve neural
electrode performance is presented in chapter 4. In chéptiee approach used to improve
the interface impedance by increasing the surface area an@metre scale is described. The
characterisation of the modified surfaces by electroch&mmepedance spectroscopy to deter-
mine the influence of the surface structure on the interfaspesties is the subject of chapter 6.
The details of the design and fabrication of neural implémténcorporation of nanotexture are
given in chapter 7. The implants were used to record neuicdbgignals from slice cultures
of rat brains and their performance is analysed in chaptef@&é the final chapter summarises

the main results and presents the conclusions.



2. THE ANATOMY OF A NERVE FIBRE

This chapter introduces the underlying biology of the nas/gystem needed to develop an
understanding of the fundamental requirements for thegdesdi neural recording devices and
a perception for the environment in which they are to oper&mce all neural devices are
made to record from and stimulate populations of neuroresstructure and components of
neurones are discussed first, followed by a simple modehi®ptopagation of the electrical

signals between cells. In the last section the structuffdrdnces between brain and peripheral
nerves are detailed. All the information presented her@mspiled from [12] and [13] unless

referenced otherwise.

2.1 The neurone

In the nervous system there are only two types of cells, gliis and nerve cells. Glia cells are
non-conductive and provide support to the nerve cells. Tdreya special kind of connective
tissue that nourishes and protects the nerve cells. TheoNeWoctrine [14] states that neu-
rones, which is another name for nerve cells, are the bagi@king units in neural tissue. It is
estimated that there are about 100 billion'}®eurones in the human brain. Their task is to
transmit and process information within the body by gemegeand processing electrochemical
pulses. There are three different kinds of neurones: sgnmsator and inter-neurones. Sensory
neurones are responsible for carrying information fronepears into the nervous system while
motor neurones are responsible for controlling musclegydarttls. Inter-neurones act as relays
and provide pathways for signal distribution either logalt to distant parts of the body.

All of them share common structural features which can bieldtvinto three parts: the soma

(cell body), the dendrites and the axon (figure 2.1). The swon#ains the nucleus with the DNA
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and the cell metabolism needed to maintain their life cyitdediameter varies roughly between
10 to 100um. The dendrites are short processes emerging from theal &nd developing
into a network of fine branches. They are responsible forecotig the signals from other
neurones and transferring them to the soma. The axon is ke $omg fibre also growing out of
the cell body. It transmits signals away from the cell bodgtiwer neurones or muscles. Many
axons possess a Myelin sheath which is formed by Schwans icethe peripheral nervous
system or oligodendrocytes in the central nervous systdmghmvrap themselves around the
axon. This sheath is regularly interrupted by gaps calledesmf Ranvier. This influences
the conduction properties since the Myelin has insulatimgracter so that electrical signals
jump from gap to gap rather than being conducted continy@pseding up signal conduction.
Axons have a diameter between 0.2 and.20and can be up to 2 metres long in human beings.
Near their ends axons can branch out to form connectionsriougatargets. In the tips they
have pre-synaptic terminals. A nerve pulse reaching thimitel will trigger the release of
a chemical transmitter that crosses the synaptic cleft aochreeceptors in the post synaptic
terminal of the neighbouring cell causing a new nerve pufséhat cell. All neurones are
connected this way through what is called a synapse. Thesgosiptic terminal can be in a
muscle fibre causing a muscle to contract or in the dendrigesmitting the signal from one
cell to the next.

What allows a neurone to transmit electrical signals is #ut that their cell membrane is
excitable. It is made of phospholipid molecules. They psssephosphoric head that is hy-
drophilic and a glyceride tail, a fatty acid that is hydroplw These polarising properties cause
it to assemble in a bilayer configuration. Furthermore ioargtels in the form of macro-pores
allow the flow of ions like sodium, potassium, chloride anttican through the membrane,
which are dissolved in the liquid inside and outside the. Cellese macro-pores are formed by
special ion-selective proteins who have variable perntigabdepending on the voltage across
them. The voltage is called the transmembrane voltage afitedeas the potential on the in-
ner surface @;) relative to the potential on the outside membrane surfégkif the form of

V., = ®; — ®,. Under resting conditions (no nerve signals) a specialgetkin serves as a
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Afferent nerve fibers

Synaptic knobs

Fig. 2.1: The components of a nerve cell schematic [12]

Sodium (Na) - Potassium (K) pump maintaining a high conegiatn of sodium outside the cell
and a high concentration of potassium inside the cell. Bszatf the resulting concentration
gradients and the selective permeabilities for each ionispéhere is a voltage of usually about
-65 mV across the membrane, which is called the membranegegsttential. The membrane
can be stimulated to form a nerve pulse if the transmembraltiage rises above a certain
threshold. This causes the sodium permeability to increaskthe sodium to flow into the
cell making the inside of the cell more positive. In respotiseK-ion channels open up and
K-ions flow out of the cell membrane returning the potentialioe inside to its resting value.
The rising and falling potential as a consequence of thefloms constitutes the nerve pulse.
Subsequently the Na-K pump finally restores the initial @miation gradients. During this
refractory period the membrane is not able to fire again andrbes insensitive to new stimuli.
The signal is conducted along the membrane because thenlersa pulse also perturbs its
nearest neighbourhood causing the same process to be#dghere. So the signal propagation
is not a real conduction but the recreation of the pulse avéoaer again along the membrane.
There is no distortion in the signal and all the pulses aretidal. Therefore in neural networks
information is not encoded in the signal shape but in theukeagy of their appearance and the

time period between signals. A strong sensational stimuilisause a greater number of action
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potentials with smaller time delay between the pulses thmmar stimulus. There are a couple
of important features in this mechanisms. Stimulation carither excitatory by making the
inside of the cell more positive than the outside (depddiag). It is then easier for the cell
to exceed the threshold and hence increases the probalbifiting. Or it can be inhibitory by
making the inside more negative (hyperpolarisation), Wheduces the probability for firing.
In this way a nerve cell can be either silenced or activatethtBer property of nerve excitation
is that it is a so-called all-or-none process. The stimudusither strong enough to depolarise
the cell over the threshold to cause the release of an actimal with a shape independent
of how far it crossed the threshold. Or it will be too weak te@ad the limit value and the
signal will be non-propagating with the stimulus simply adgag.

The basic chain of events for the cell to release an actioanpial then summarises as
follows. First the dendrites pick up incoming signal puls#s chemical signalling in their
synapses. This triggers local signals (1-10 mV) in the déeglrwhich then travel to the soma.
All incoming signals are integrated there and once a cettashold is reached, an action
potential (~100 mV) is released at the axon hillock to pr@teglong the axon to the next
synapse. There the incoming action potential causes teaselof a transmitter to transfer
the signal on to the next cell. The action potentials are @r¢ @f the signal pathways that
neural devices aim to record as they have the biggest ardesitpresent, which makes them
easier to detect and they are an important part of the sigmati;hation in nerve cell networks.
Additionally axons can regenerate after injury while a dgathcell body will cause cell death.
Regenerative devices like the Cambridge implant make usleeofxon’s ability to regrow in

the device design.

2.2 The Hodgkin Huxley membrane model

In the previous section the biological mechanisms for tleaton and propagation of nerve
signals were introduced. This section will describe a mdigiet incorporates all these mecha-
nisms and can be interpreted as an electrical equivalentitiit is an empirical model that was

developed by Hodgkin and Huxley [15] out of their experinseon Giant Squid axons. They



2. The anatomy of a nerve fibre 11

chose this particular species because the relatively Ergeof their axons with a diameter of
a few millimetres and centimetre-sized length made it edsiperform the necessary experi-
ments. While the numerical values are determined for th@t@gquid the basic mechanism is
present in all neurones, so it can be readily adapted to humearones. First the conditions
for membrane equilibrium have to be established, whichtbetsalue of resting potential, and
then the dynamics of the channel mechanism are added.

As a result of the different ion concentrations inside antiole the membrane in conjunc-
tion with the ion specific permeability diffusion occurs dwethe concentration gradients. As
a consequence ions accumulate on the inner and outer soridbe membrane setting up an
electric field. An equilibrium is reached when the eleciricaces are balanced by the diffu-
sional forces. For the sum of the two currents due to theratatfield described by Maxwell's
Law of Electrostatics and diffusion expressed as Fick’s lbasoming zero, one arrives at the
equation for the Nernst potential, which is the potentiat do an ion concentration gradient

separated by a semi-permeable membrane, for a specific éares@as

== In=t 2.1
v z F nco (21)

with R the gas constant, T the absolute temperature, z tlememlof the ion species, F the
Faraday constant, the concentration inside ang outside the membrane. Now the origin of
the resting membrane voltage becomes clear. If the ion ctraten inside and outside were
the same then the resting voltage would be zero. But bechas$¢a-K pump maintains a stable
ion concentration gradient, the voltage is different froemaz It should be denoted that the
pump consumes energy from the metabolism of the cell. Inapotb notice is that while the
total current is zero, it is actually a steady-state, thugibnal current in one direction being
counterbalanced by the electrical current in the opposiezton.

As explained in the previous section, more than one ion spdsi able to pass through
the membrane is found in the vicinity of the membrane. So ibture has to be expanded
to the case of multiple permeable ions. The independenceiple, formulated by Hodgkin
and Huxley in 1952, states that the flux of each ion speciasdispendent of the others since

each channel is ion specific. In this case there is an equilibpotentialV;, for each species
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INTRACELLULAR MEDIUM

EXTRACELLULAR MEDIUM

Fig. 2.2:1llustration of the membrane with ion channels. The sizehefsymbols corresponds to the ion
concentration. A symbolises large immobile and impermeable molecules teainaportant

for electroneutrality [12]

k as well as the overall membrane potentigl formed by the sum over all the different ion
channels. The driving force for each species is thign- V.. Assuming a constant field across
the membrane and maintaining that at resting potentialuhed the ion currents from all ion
species must be zero the equation for the membrane voltageies

RT | Pgcik + PnaCina + Pcicoci

Vin = — n
F Pk co i+ PngCona + Poicici

(2.2)

with P, the membrane permeability of the correspondiffyion species. This equation is

called the Goldman-Hodgkin-Katz equation. It shows thatfailtiple ion species present the

contribution of each species to the resting voltage is weiby its membrane permeability.
In the next step the dynamics of the ion channels are adddaténa model describing the

constitution of the nerve pulses. The first model to desdhbse dynamics was formulated by
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A.L. Hodgkin and A.F. Huxley in 1952 awarded with the NobeilzBrin 1963. For their exper-

iments they used a technique called voltage clamp that sltove to set any desired value for
the membrane voltage and measure the correspondent iondit@ac¢h constituent ion species
by chemically blocking the other channels allowing one twlgtthe response of the channels in
detail. It is a phenomenological model with a set of equatitvat allow for theoretical calcula-

tions of action potentials. It does not strive to be an adeupacture of the processes occurring
in the membrane. Their work is based on the assumption ofatgubion-conducting branches
called the parallel conductance model. Each of its four acomepts represents a specific ion
channel type for sodium, potassium and leakage current &thrar ion species as well as a
capacitive current for the charge separation by the menebr&ach branch is composed of
electric circuit components as shown in figure 2.3. The cotaihces represent the different ion

permeabilities of the membrane for each species as

INa
GNe = ————— 2.3
N Vm - VNQ ( )
Iy
Ggx = ——— 2.4
K= (2.4)
Iy
Gy = ——~ 2.5
L= (2.5)

and the voltage sources are the Nernst voltages as definbd bgiresponding Nernst equation
(2.2). Conductances and currents are defined per unit atba asdel represents a small patch
of the overall membrane. The sodium and potassium condeesaare dependent on time and
transmembrane voltage while the leakage conductance samin The total membrane current

is the sum of the branch currents

dV,
[m = me + (Vm - VNa)GNa + (Vm - VK)GK + (Vm - VL)GL (26)

An expression for the conductivities is needed in order taesthis expression. Hodgkin and
Huxley proposed a gating mechanism in the channels to thisEmey postulated the presence
of ion specific charged particles inside the membrane thabdact as carriers in the ion flow.
Instead they allow ion passage through the membrane demgeodithem occupying specific

sites in the membrane. The rate of movement of these pariidelld then determine the rate
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Fig. 2.3: The equivalent circuit of the Hodgkin-Huxley model for a ntaame patch [12]

at which the ion conductances approach their maximum valdesigkin and Huxley did not
explore the nature of these particles and only used themfittedbe fraction of open to closed
channels giving the probabilities to find a certain configjora

Starting with potassium, they found during their experitsghat the time variation of the
conductance can be fitted to a fourth-power variable thatgésaccording to first-order kinet-
ics. They then supposed an electrically charged n-pattigecontrols the potassium channels
by being either in open position or closed position and mgwetween these two states (figure
2.4). The probability to find the particle in the open statégBned as: and the probability for a
closed state isl —n) with 0 < n < 1. A change in membrane potential then results in a change
of the distribution of the charged particles. Voltage dejesm transfer rates,, for transition
from closed to open state an] for the reverse case are defined to describe this procesa. For

given initial n its time evolution is described by a differential equatisn a
— =au(l—n)—LF,n (2.7)

The dependency of the conductivity on the fourth power ssggiat a channel is only open
when fourn-particles are in the open state. If the probability of anyhef particles to be open

is not dependent on the other ones then the probability ochannel to be open is'. The
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Tab. 2.1:Rate transfer coefficients of the Hodgkin Huxley model

~0.1-0.01(V,, = V}) 25 -01(Vin —V;) B 0.07
Qn = e1-01(Vin—V) _ Qm = €25-01(Vin—Vr) _ | Qh = £0.05(Vin—V;)
0.125 4 1
Bn = 20.0125(Vin,— V) O = (Ve —Vr)/18 Bn = 3—01(Vin—Vr) + 1

potassium conductance per unit area is then the maximunuctartte (when all channels were

open) multiplied by the number of open channels
GK = GK,maa: : 'fL4 (28)

For sodium the situation is more complex because the riseriductivity is not maintained
but falls off again after a certain time. Therefore in additto a sodium channel-activating
m-particle they also introduced an inactivatilrgarticle withh the probability that the particle
IS in @ non-inactivating state. Both particles follow ficster kinetics and their time evolution

can be described as

dm

- = am(l —m) — G,m (2.9)
dn-_ 1—h)—Grh (2.10)
i = == '

with « and 3 the corresponding voltage dependent transfer rate caefteci By fitting the
experimental data it was determined that a channel is opemn Witeen-particles occupy open
state sites and is not blocked by ohearticle in the inactivating state, so that the sodium
conductance then is

GNa = GNa,max : mgh (211)

The reason for the pulse-like behaviour is the differenagme constants of the parametens
andh. A short time constant ah: causes the channel to open quickly witilaas a longer time
constant, which results in a delay before the channel claga®. The rate transfer coefficients

themselves do not directly depend on time, only on the veltag
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Fig. 2.4:Gating mechanism for the potassium channels with correipgriransfer rate coefficients [12]
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Fig. 2.5:Circuit model for propagating action potential [12]

Hodgkin and Huxley also developed equations describingetieltage dependencies based
on their measurements. They are shown in table 2.1 and ayevalid for the Giant Squid
axon at a temperature of 6.8. By choosing values for the constant parametersV, — Vy,,

V. = Vi, Vi = Vi, GNamazr G kmae @NAG L, the model that describes the membrane dynamics,
which lead to action potential formation is complete.

However, it does not describe propagation yet since HodgiikehHuxley studied the mem-
brane under conditions of fixed voltage or stimulation as@sentire axon neglecting propaga-
tion. For propagation an axial component in the transmengcarrent needs to be considered
as well. Figure 2.5 shows an equivalent circuit for a unigk&nof axon. The resistance per
unit length on the inside and outside of the axon are repteddayr; andr, with the Hodgkin-
Huxley model connecting the inside with the outside. Thaltotembrane current obeys the
cable equation

1 6%V,

o, = 2.12
‘ i +r, 012 ( )

Substituting equation (2.12) into the left-hand side ofamn (2.6) gives a partial differential
equation that models propagation as well since it is depenule the x-coordinate along the
axon as well as on time. With a mathematical software packieg®ATLAB[16] the equations

can then be solved for the membrane voltage in the presenae ekcitation to plot action
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potentials and study the influence of the variables. An exanspshown in figure 2.6. The
source code for the computation was taken from [17].

For regenerative implants it is not possible to place ebelgds on the inside and outside
to directly measure the membrane voltage. Problems woulacbarate positioning as well
as puncturing of the axon leading to its inevitable deatlstdad a single electrode is brought
close to the axon to detect changes in potential differente negard to a reference like an
external ground or a position proximal along the axon, wilisden interpreted as the passing
of an action potential. This is called extracellular redogd A difficulty for the design of
neural implants is that in practice the value for the resistaof the external medium is much
smaller than the resistance of the internal medium. As thgdeiresistance is very small only
a minute potential develops, that quickly fades away as igtarnte to the axon increases. The
extracellular potential change is only in the microvoltgarompared to the millivolt amplitude
of the action potential. This requires very good amplifiersdliably detect action potentials
and it is furthermore necessary to avoid any loss in the coimupath, especially the interface.
One way of relaxing this limitation is to confine the extragklr space to a small region in order
to increase the extracellular resistamgand hence amplify the external potential value [11] as
is practised in the polyimide microchannel implant device.

A final comment on the nature of channel behaviour. While Hkadgnd Huxley modelled
the opening and closing of channels by a time-dependermrdiifial equation, later research
using patch clamp technique revealed that they are of aatliggtture. Patch clamping allows
one to look at a very small area of membrane isolating a fewen @ single channel at a time.
It was found that they can only be either in open state or dissate with no transitional states
in between. Hodgkin and Huxley’s presumption of conductaverying with time because of
channels slowly opening up or closing is actually the avedaaehaviour of a large amount of

individual channels opening or closing over a certain memeérarea.
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Fig. 2.6:Computation of an action potential using the Hodgkin-Hyxteodel. (a) Action potential at

the middle of a 5Q: long axon with the corresponding gating parameters, (bp&gation of

the action potential along the axon with the voltages pib#e0, 5, 10, 15, 20, 25, 30, 35, 40

and 45um. A clear time delay is visible as the nerve pulse travelsgline axon. The first

node shows an artefact from the stimulation pulse.
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Fig. 2.7: The anatomy of the brain [12]

2.3 Differences in brain and peripheral nerves

The brain is part of the central nervous system together thighspinal cord. It consists of
the cerebrum, the inter-brain, the mid brain, the pons Vatbke cerebellum and the medulla
oblongata (figure 2.7). It is protected by the skull bone amzheed in three layers of meninges
(skins), which are the dura mater, the arachnoid mater angithmater. As the name suggests
the dura is a very durable, tough and almost leather-likeentigsue protecting the underlying
layers. The arachnoid is a thin layer with a cobweb-like dtrte and fine strands that are
attached to the innermost layer. The space between theraidcAnd the pia is filled with
cerebrospinal fluid. This fluid acts as a cushion to protexbtiain from mechanical damage. It
also contains blood vessels to support the brain. The tldmdeahcate pia mater is the innermost
layer and runs closely over the entire surface of the bramndato the fissures. The cerebrum
is the largest part of the brain and is divided into two heimésps by a deep fissure in the
middle running from the front of the head to the back. Its acefis extremely rugged so that

the actual surface area is about 1600°crithe outermost layer of the cerebrum forms the
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cerebral cortex, a very important part responsible for maictine higher brain functions like
memory, consciousness, language and thought. The lefspéetie contains the sensory system
and the right hemisphere the motor cortex. Each specifidiiumeés mapped to a certain area
within the cortex (figure 2.8). The cortex is about 3 mm thiokl @onsists of six layers, each
with different types of neurones. It is composed of grey erativhich is formed of neurones
and unmyelinated fibres whereas the white matter below itatos mostly myelinated fibres
responsible for connecting the different regions of theramervous system. Inside the brain

are three ventricles that also contain cerebrospinal fluid.
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Fig. 2.8: The mapping of the brain functions to the cortex [18]

In contrast to the complex structure of the brain the perngheerves are mostly bundles
of axons that connect the neurones in the central nervousmsysith the sensory and motor
units in the human body for sensation and actuation. Unlikeotain it is not protected by bone
leaving it vulnerable to mechanical injury. One remarkébbgure is that while neurones can
not be regenerated because they do not undergo mitosidifgsibn) and die upon injury, axons
in the peripheral nervous system (unlike in the central oes\system) can actually regrow. If
a nerve is cut and the two ends are placed close to each othsidi still connected with the
nervous system grows back towards the severed stump antiofurcan be partially restored
over time. This is common surgical practice when dealindnwierve injuries and allows for

regenerative neural implants to interface with the nensystem and guide the regrowth of
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Fig. 2.9:lllustration of a peripheral nerve with supporting bloocgsel [19]

nervous fibres. As within the brain it needs to be in the vigiof blood vessels to be supported
with oxygen and nutrients (figure 2.9). The individual ax@me grouped together in fibre

bundles called fascicles. These are encapsulated by ahshieabnnective tissue called the
perineurium. The fasciles are formed on the basis of thestigition rather than their function.

They are bound together by a collagen matrix called epineuthat gives them mechanical
stability and protection. Within the fascicles each indual fibre is surrounded by connective
tissue called endoneurium. The fibres follow an undulatowgse allowing them to be stretched
within a certain limit without injury. Also Schwann cellseapresent in the bundles producing

the myelin sheath around the myelinated axons.



3. THE ELECTRODE-TISSUE INTERFACE

As discussed in the previous chapter, signal conductiomammkon is an ionic transport mecha-
nism. The axons in the tissue are surrounded by salt so|uhierelectrolyte, which allows the
ionic charge carriers to move through the membrane. Théretis on the other hand are made
from metals and based on electron conduction. As a conseg@enelectrochemical interface
is formed between the solution and the electrode. This ehagpitl describe the structure of
this interface and the its different components. The inftian presented in this chapter can be
found in standard text books on electrochemistry [20, 21 w2flle the style of presentation is
mainly borrowed from [23].

The task of the interface is the conversion of bioelectgmals from ionic charge carriers
to electronic signals carried by electrons or vice versais Tan happen either by capacitive
coupling or by charge transfer reactions of electrons os toffrom the solution. While elec-
tronic conduction is characterised by high carrier mab#itllowing for very high frequencies,
electrodes as transducers operate with frequencies upX0@RHz since biological signals are
mostly present in this range due to the low mobility of themic carriers. Typically there are
two different scenarios for electrode applications in dgptal tissue. They are either operating
in the small-signal regime where capacitive effects dotei@ad charge transfer is negligible
(neural signal recording). Or they work in large-signal maedth significant currents flowing
through carrier exchange at the interface (nerve stimarixtiWhile for small-signal operation
the interface can be represented by linear circuit eleméntiarge-signal operations additional

non-linear effects appear and have to be considered.
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3.1 The charge double layer

When a metal electrode is put into solution without a voltagelied, a chemical reaction
can spontaneously occur where metal ions go into solutiavirig behind electron charges
spread out across the surface due to repellent forces. ©htsaoes until enough potential
has accumulated for the reverse reaction to happen wherdad ime recombines with a free
electron to form a neutral atom on the surface. The reveesgion is of electrochemical nature
because it is driven by the potential difference betweemibtal and the charge layer in the
solution. After a while an equilibrium is reached when theeseaof the forward and reverse
reactions balance each other out so that there is no neintdioes across the interface. The
surface charges of the metal then attract dissociated rotisei electrolyte, which varies the
ion concentration from a maximum value near the electroddedoulk concentration in the
solution. The closest approach of ions to the metal is deteanby the hydration sheath. Itis
formed because of polar water molecules that collect artlumtbns and the metal surface with
the poles oriented correspondingly to the charges of treeaod electrons. This is often referred
to as the double layer with the hydration sheath termed therlrlelmholtz Plane (IHP) and
the first layer of ions called the Outer Helmholtz Plane (OH8Mce the hydration sheath has a
very small thickness of a few angstroms the potential diffiee between ions and metal surface
drops over a very small distance causing a high electriclal §gength. For this reason the
electrochemical reactions usually take place in that regWith the ions being kept separated
from the metal by a thin layer of water molecules in effect pacator arrangement forms with
negative electron surface charges on the metal and positiveharges in the solution separated
by a dielectric layer of water molecules.
The simplest way to model this capacitance is by assumingalimensional configuration

with the charge concentrated on the Outer Helmholtz Pladelza metal surface of the elec-
trode was proposed by Helmholtz and Perrin. It uses the kmellwn capacitance formula of a

parallel-plate capacitor:
g0 A
d

with ¢, the relative dielectric permittivity of water (~80 at2Q), ¢, the dielectric permittivity

O:

(3.1)
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Fig. 3.1: Structure of the electrochemical interface

of vacuum, A the surface area of the electrode ahthe spacing between electrode and OHP.

Normalised to the electrode area the Helmholtz capacitesnce

Er&o
d

Cy = (3.2)

The normalisation is useful to compare different matenafgrdless of the particular area of
the electrode since researchers use various electrode $Meile being a good first approxi-
mation, the parallel-plate configuration is not a valid asgtion. The value of the Helmholtz
capacitance with a double layer thickness in the typicabaongs range is too high compared
to real electrodes. For example bright platinum electredasnely used in neurophysiological
measurements because of their good recording capabiiiy W& pF/im? [24] compared to a
theoretical value of 1.39 pEfm? for 5 A. As illustrated in figure 3.1 the charge is actually not
solely concentrated on the Outer Helmholtz plane but sgre#d the solution thus lowering
the capacitance. Furthermore it does not take into accbentdltage dependence that arises
from charges packing closer to the electrode surface fdrenigoltages and therefore reducing

the thickness of the double layer.



3. The electrode-tissue interface 26

Gouy and Chapman proposed a different approach by modellthffusive space charge

layer rather then having the ions stuck on a rigid plane. Téasls to a potential distribution

canh 72V (@)
4 kT K

described by

tanh Vo o &
4 k5T
with
2n022¢2
K= ——— 3.4
80€rkBT ( )

wherel} is the potential at the electrod®z) the potential at distance, k5 the Boltzmann
constant, T the temperaturethe electron charge,’ the bulk number concentration of the ion

species and the ion charge. Fore V (z)/4kgT < 0.5 it becomes
V(z)=Vye (3.5)

so that the potential drop is exponential and not linear dserparallel plate model. The drop
occurs in close vicinity to the electrode surface and is oaafieven more for increasing applied
voltage. Using Gauss’s law on the region near the electratie te exponential potential

distribution a formula for the space charge capacitancébeaterived as

2n022e%ee, zeVp
Cp =4/——————cosh 3.6
PENT ke <2 k:BT) (3:6)

In contradiction to experimental measurements this foanhowever also overestimates capac-

itance values as it does not show a finite plateau with inorgasltage as observed in real
systems thus indicating a flaw in the model.

The Stern model combines the rigid ion plane of the HelmkB&min model with the dif-
fusive space charge layer of the Gouy-Chapman model ases sEnmbination of the two ca-
pacitances to result in an interfacial capacitance of thmafo

1 1 I doup 1

Cr Cu Cp  eo&r 2n02%e%ee, h zeVoup
" "cos
kT 2kgT

(3.7)

with do gy p the position of the OHP where the transition fr@iy to C', takes place antlp p

the potential at this position. In figure 3.2 the total inder&l capacitance is plotted against the
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Fig. 3.2:Plot of the interfacial capacitance according to the Stepdeh

Outer Helmholtz potential witly;p= 5 A for physiological saline (bulk concentration 0.154
mol/L, z = 1). It starts from a minimum value at zero applied potenighg with increasing

voltage to pass over into a plateau setdy. The model is still an approximation but helps
to understand and illustrate the processes involved. liffcgent to describe neural electrode

behaviour.

3.2 The charge transfer resistance

The charge transfer resistance, in simple terms, gives auneaf the difficulty to place or
remove a charge from the electrode. It provides a highlyineal DC current path. In the
process of moving the charge to or from the electrode, thetrelde potential is altered and
moved away from its equilibrium valué/,. The resulting potential difference is called the
overpotential and is defined as

n=V-V, (3.8)

It can be split into four terms each accounting for a difféqgmocess that can alter the overpo-

tential. These arg; due to charge transfer across the electrode double layéue to diffusion
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of reactants to or from the electrode surfagedue to chemical reactions at the electrode and
due to crystallisation or exchange of metal atoms with tms.id'he sum of these components
forms the total overpotential. The most important component for the use of electrodes as
biological transducers ig;, which describes the charge transfer resistance, whigadr,. are
negligible in this case.

Under equilibrium conditions the current of oxidation iddvaced by the reduction current.
The current density with regards to the surface area in #ss ¢s called the exchange current
density,Jy. Its value depends on the electrode material and the readtisolved. The effect of
an externally applied current on the overpotential is eat&d by its magnitude in comparison
to the exchange current density. If the current is small vatiards to/, then the electrode will
not shift significantly from equilibrium and behave linsarlf, on the other hand, the current
is of similar magnitude or above the value .ff nonlinearities are introduced and the charge
transfer resistance falls off exponentially with appliedgntial.

The relationship between the current density and the otengial is given by the Butler-

Volmer equation
(1 —B)znF —Bzn
J=Jy|e RT —e RT (3.9)

in A/cm? with .J, the exchange current densitythe ion charge/’ the Faraday constang
the molar gas constarit, the temperature and the symmetry factor. One exponential term
symbolizes the current of oxidation while the other repnéséhe current of the reduction re-
action. It is similar to the formula for the current of two ds in an anti-parallel set-up with
each diode only allowing one current direction to pass thhourhe symmetry factor accounts
for differences in the energy barriers for oxidation anduetthn. Therefore it determines the
symmetry in the |-V characteristics. When both reactiorecped at the same raté,is 0.5.

A plot illustrating the influence of the parametefsand 3 on the Butler-Volmer equation is
shown in figure 3.3. It is noteworthy that for noble metalstsas gold the charge exchange
reactions occur through the presence of impurities ratrar by the metal itself [25].

For the case of a symmetry factor equal to 0.5 where the ogidatatches the reduction
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Fig. 3.3:Plots of the Butler-Volmer equation for (a) different exnba current densities and (b) various

symmetry factors

reactions, equation (3.9) can be expressed using the rolpesine function to give

. zF'ny
=2 A
J Josinh (QRT) (3.10)

The charge transfer resistance is than defined as the difi@re

ony  JozF zFn; !
— - h 3.11
fe =57 = Rr |“*"\ 3rT (3.11)

in 2 - cm?. For the case of a small overpotential a low-field approxiomatan be made where

) 2Fn, z2Fn, zFn,
h ~ for 1
s ( 2RT> RT rrT S

so that the expression forin relation torn; simplifies to

zEmn
= A2
J = b (3.12)
and the charge transfer resistance becomes a linear tetma farin
RT
R, (3.13)

B JozF
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The limit for this approximation is assumed in [20] as

zFn, 1
1 3.14
SRT =5 (3.14)

for an error due to the approximation to be less than 1%. hteyesting to note that the linearity
limit is only determined by the overpotential and complgieldependent of/,. By inserting

the values for the constants and rearranging for the ovengiat, this leads to

0.0103

as the limiting condition. For a one-electron-transfectie the maximum value for the over-
potential in order to assume linearity is then roughly 10 Ryt reactions involving higher
electron transfers this value is diminished further. The field approximation thus holds for
the case of extracellular neural recording since spike éngas normally are below this thresh-
old so that the linearised charge transfer resistance casdie

The high-field approximation assumes that for large valdieg m either direction the op-
posite polarity contribution is negligible small so thaegsentially behaves exponentially. As

shown for the positive part the expression join relation torn, becomes

(1 = B)zFn,
J=Jye RT (3.16)

and is valid to describe the electrode in neurological statnan applications.

The system’s response to a sinusoidal signal with incrgasgnal amplitudes is shown in
figure 3.4 by substituting;, = ksin(t) into equation (3.10) witlk the voltage amplitude. As
can be seen, above a certain voltage limit the current regpsignal does not follow a pure

sinus curve and harmonic distortion is evident.

3.3 Chemical processes at the electrode

For high current densities a saturation in the current dgesan occur because of the increase
in chemical reaction rate, which can locally deplete thectaa@s and cause a concentration

gradient from the electrode to the bulk solution. In consege the reaction rate and hence
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Normalised current response

Fig. 3.4:Current response to sinusoidal signal for different vatagplitudes. The current responses

have been normalised by their maximum amplitudes to showfteet of nonlinearities

the current density is limited by the diffusion rate in ordersupply new reactants. This is
expressed by the overpotentigldue to diffusion.

In the case of very low frequencies near DC it is a steady stdtusion and the relation
between the overpotential and the current density is giyen b

Nz F
J=J,|1—e RT (3.17)

whereJ; is the saturation current density leading to a diffusiomstasce of

rr (M2

z

For the case of time-varying signals with higher frequen@edifferent approach is nec-
essary. In 1899 Warburg proposed that the diffusion impegléor a sinusoidal signal varies
with frequency. The model assumes a sinusoidally varyirgiaiconcentration in response to

a sinusoidal potential applied to the electrode. This viamais largest near the electrode and
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falls off with distance away from the interface. For incriegsfrequency it is damped so that
it reaches less far into the solution and hence increasesotieentration gradient. He solved
the diffusion equation under these assumptions to arrieefle@quency dependent impedance,

which he modelled as a R-C-series circuit. The impedancéeaxpressed in the form

A A
Ty = —=— 72 A
=5 TG (3.19)
while
RT
Ay=—""-—"+— 3.20
n?F20Cv2D ( )

with R the ideal gas constant, the temperature}’ the Faraday constant, the valency,©
the fraction of ion species present,the concentration of the electrolyte andthe diffusion
coefficient. The Warburg impedance is often representedoasadlel R-C circuit combination
with equal frequency-dependent magnitude to show thasiaheonstant phase angle-ed5°.
One shortcoming of the Warburg model is that for the limitcage off — 0 it does not give
the DC diffusion resistance as shown above.

One more point to consider about the chemical reactionsgagiace at the interface is
the distinction between reversible and irreversible ieast While for neural recording ap-
plications the reactions at the interface are negligitde neural stimulation they need to be
considered for safety reasons. In reversible reactionstibenical species remain localised at
the electrode surface and do not diffuse away during stiiama In irreversible reactions on
the other hand new species evolve that are not bound to tbiecele. Electrodes made from
noble metals usually act as electron donors or acceptdrarrtitan participating directly in the
reactions. For a long term implant only reversible reatiare to be allowed since irreversible
reaction products would severely effect the surroundisguie. For this reason charge injec-
tion limits are specified and charge-balanced stimulatidsgs are used to avoid irreversible

reactions.
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3.4 The solution resistance

The solution resistance accounts for the resistance eyl by the current as it spreads out
into the solution. It depends on the shape of the electroddteconductivity of the solution.
The solution’s conductivity is determined by the ion cortcation of the constituent species
and the temperature. In order to determine the conductiigygiven solution one works with
the molar conductivityA defined as

A= (3.21)

o
C
with ¢ the conductivity in S/m and the ion concentration in moles. Kohlrausch established

that for dilute solutions it varies only weakly with conceatton in the form
A=Ay — ke (3.22)

wherek is a constant and is the limiting molar conductivity at infinite dilution. F@olutions
with a concentration of up to ~1 mM and equal charges for theresnd the cation, the constant

k can be derived by thermodynamic arguments to form the Détyekel-Onsager equation
A=Ay —(A+AB)Ve (3.23)

At a temperature of 25C assuming monovalent ion specigdshas a value of 60.20 ang
is 0.229 [26]. The conductivity for different ion speciegiea with their size but Kohlrausch
described the limiting molar conductivities of the ionsahxed in conduction in the solution to
be independent so that

Ao =AJ + Ay (3.24)
These values are tabulated af Z5 in standard texts such as [26]. To account for their tem-
perature dependency it is necessary to adjust the condyatalues for body temperature by
approximately +2/° C. With this information it is then possible to calculate ttenductivity
of normal 0.9% saline often used in medicine because it nathie chemistry in the body. Itis
produced by mixing 9 grams of sodium chloride in one litre at&v, which results in a solution

with a concentration of 0.154 M. The limiting molar conduii for this solution is

AV AT = 126.4- 107 S /ol (3.25)
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Inserting this value into (3.23) gives a approximate motarductivity of
A= Ay — (60.2 4+ 0.229A¢)/c = 91.4 - 10™* Sm° /) (3.26)
so that the conductivity of the solution is
oc=A-c=1.4085/m (3.27)

Adjusting for body temperature this corresponds to a cotitycof 1.76 5/m.
When idealising the electrode as a point source the soludigistance can be calculated by
integrating over the series resistance of infinitesimallsioé solution in the manner
Ry = / dR; (3.28)
=0
with x perpendicular to the shell surface. For a planar disc eldetgeometry the solution

resistance is given by
1

s:—
dor

R (3.29)

whereo is the electrical of the conductivity of the solution(id - cm)~! andr is the disc radius

[27].

3.5 Equivalent circuit model

After discussion of the processes involved in the eleceaubal interface, an equivalent circuit
model of the interface that accounts for all contributinggasses is formed. The charge double
layer is represented by a capacitive element in paralldl wibranch symbolising the path of
direct charge transfer. This branch is formed by the chaiayester resistance in series with
the Warburg impedance. The series combination is justifyeithé diffusion processes limiting
the amount of charge transfer possible at a time. The Waribypgdance is chosen over the
DC diffusion resistance as the signals in neural recordppdieations are frequency dependent.
The parallel circuit is then connected in series to the smistresistance. The complete circuit

diagram is shown in figure 3.5.
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Fig. 3.5:Equivalent circuit of the electrochemical interface

From the equivalent circuit two special cases can be digisigd with regards to elec-
trode polarisation (figure 3.6). The term electrode poddios here means to alter the potential
difference across the interface. For the interface to baralble means to be susceptible to
changes in potential difference. For the case of an infinltgbe charge transfer resistance the
lower path in the parallel circuit is blocked and the behaviof the electrode is dominated by
the capacitance. The result is an ideally polarisable fenterbecause any charge build up is
stored in the capacitor, which causes a potential diffe¥ecoss the interface. On the contrary
if the value of the charge transfer resistance tends towzeds, it bypasses the capacitance
and any potential difference or stored charge is quicklytradised. This is called an ideally
non-polarisable interface.

For applications in the neuroscience a non-polarisingfiate is favourable as build up

Ideally polarisable Ideally non-polarisable
interface interface

R—>00 R—0

Fig. 3.6: Types of Polarisation for the interface
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potential moves the interface away from equilibrium ana inbn-linear behaviour. It also
makes irreversible reactions more likely to happen. Resdtedde systems are assumed to be
non-polarising if the current density is small in compani$o the exchange current densiky.
This has to be determined experimentally sidgelepends on electrode material as well as the
reactions involved. Often they show mixed behaviour sonsge/n between the limiting cases.
In the case of neural recording charge transfer plays noma@and polarisation is negligible
since the signal is of such small amplitude that equilibrzan be assumed. Any process that
does not involve electron transfer between the electrodétensolution is called a non-faradaic
process. Neural stimulation on the other hand makes useanfehransfer to stimulate neural
tissue and is termed a faradaic process. In this scenaentiaih has to be paid to electrode

polarisation so as not to cause irreversible reactions.



4. REVIEW OF METHODS FOR MODIFICATION OF NEURAL
IMPLANT SURFACES

The following chapter reviews the different approaches #na traditionally used to improve
the properties of neural electrodes as well as recentlyrteppoesearch results. These latest
developments show that it is an active area of research wéat gmportance to the field of
neural implants. The main objective most of the time is todowhe electrode impedance.
For recording this provides better quality signal acqiasitwith increased sensitivity while in
stimulation it reduces the need for higher stimulation ents because of smaller losses in the

stimulation site.

4.1 Porous materials

One of the oldest methods in electrophysiology is the cgadinelectrode tips with platinum
black, a rough form of platinum, through platinisation [28h this method platinum is non-
perfectly deposited from solution onto a platinum substréit possesses a bubbly, corrugated
surface that gives rise to an increased surface area. Likeetectrochemical deposition meth-
ods for porous materials, it suffers from poor adhesion aedhanical stability so that it de-
taches from the surface during use. This can be improved byyicg out the process in an
ultrasonic bath, which removes loosely attached depogite\the particulates with better ad-
hesion remain on the surface [29]. Literature reports forreutar electrode with a 50@m
diameter a decrease of impedance from €0t& 1 k2 at 1 kHz [30], but because of the high
porosity it is still subject to degradation. From the samkl fsgems a similar material that is
produced by chloriding of silver wire which creates a sHs#ver chloride interface [31]. It

offers a low stable electrode potential, a small value ofghdransfer resistance and a small
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interface impedance due to rough surfaces. On the dowrtsides ia low conductivity so that

for thicker coatings the total impedance increases. It degrades with time because of its
porosity and is not suitable for long-term application hessaof the leakage of silver, which
leads to poisoning of the body.

A material highly regarded for neural stimulation is irichuoxide (IrOx) because of its
excellent charge transfer capacities [32]. This is assedmith the porous, hydrous multilayer
structure of the oxide film and the nature of the reaction wulid oxide that allows higher
maximum charge delivery compared to other materials wiginéi safe charge delivery limits

because of the reversible faradaic reaction it undergoes
170, 1(OH)4_, < IrO,(OH)3_,, + H" + ¢~ (4.1)

Reports also state that the impedance is even smaller cethpaplatinum black and in par-
ticular maintains a lower value in the frequency range < 1333% because of the low charge
transfer resistance of the faradaic reaction. Iridium eXilins can be obtained in various ways.
It is possible to electrochemically deposit them from dolubr they can be created from irid-
ium films that are oxidised through an activation processguvhich the electrode potential
is cycled between a positive and a negative limit with eaatlecgausing further oxide to grow.
Also IrOx can directly be produced during iridium sputterioy adding oxygen to the chamber
during deposition. On the downside it is reported to suffent poor adhesion to substrates
as well as low structural and chemical stability that teralgdt even worse during electrode
operation because of an increasingly thick oxide layer fogi34, 35].

A material with even higher porous surface area due to itsroobr microstructure is tita-
nium nitride [36]. However, it is used less in neurostimigiatbecause it lacks the reversible
Faradaic charge transfer mechanism. Titanium nitridensiéal by reactive sputtering of tita-
nium in an mixed argon-nitrogen atmosphere that forms a arachlly robust film. For a 900
nm thick layer an impedance of 15Qlat 1 kHz is stated for a 80m? electrode in contrast to
2900 K2 for a bare gold electrodes of the same size. The process igattote with integrated
circuit fabrication processes and unlike iridium oxide sloet need activation. Its biocompat-

ibility is uncertain as reports exist that indicate inceshsell death while it is used routinely
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Fig. 4.1:a) SEM image of Platinum Black deposit b) Columnar structdr&itanium Nitride [37]

as pacemaker material. Diverging reports about its etadtproperties indicate that it is very
sensitive to the growth parameters impeding reprodutyldi7]. As itis a ceramic its extreme
hardness might induce additional mechanical stresses agm@ied to compliant devices based
on polymeric substrates compared to softer materials lke. g

Another interesting type of coating is the employment ofdiating polymers [38]. Many
different polymers exist that exhibit electrical condoati However, for neural probe appli-
cation essentially two materials have been explored tleasaitable for this purpose. At first
polypyrrole (PPy) was most intensively studied for use ouarakelectrodes [39]. It was later
complemented by Poly(3,4-Ethylenedioxythiophene) (PEP[O0]. Polypyrrole is reported
to be mechanically more stable while PEDOT has superiotrétat properties. They are de-
posited by electrochemical synthesis through electrapelysation. The reason these materi-
als can conduct electricity derives from conjugated dobloleds in their backbone with over-
lapping 7-orbital, so that through doping with other molecules thay become p- or n-type
doped materials. Through appropriate incorporation ofatip like poly(styrene sulfonate),
para-toluenesulfonate or salts like lithium perchlorataductivities up to 1.6 S/m have been
achieved. The films possess a high surface area becausergbdheus structure which in
turn decreases their impedance. Reports show that PEDO&vesnbe deposited in the form

of polymer nanotubes through a fibre template process whithdr decreases the impedance
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[41]. As a negative side effect these polymers can be battlé prone to delamination and
cracking [42] as the low impedance is directly correlatethefilm softness. Another reason
for their attractiveness in neural devices is that they gditate the transduction of ionic current
into electronic current through a efficient reversible pedsaction which minimises the charge
transfer reaction much like in IrOx. This also contributeshe overall low impedance. Since
the charge transfer reaction dominates low-frequency\behiait also makes them excellently
suited to record local field potentials because of reducedrequency drift.

The electrochemical stability of the material can be a mohlin particular PPy is reported
to retain only 5% of its charge after polarisation over 16n3daecause of irreversible oxida-
tion. Maintaining a high capacitance over long periods scrsite to record long-term chronic
neural activity. PEDOT retains 89% of its electrochemiazhaty but is a much more brittle
material. In an effort to fuse the mechanical stability ofyR#th the electrochemical prop-
erties of PEDOT layering has been shown to be a suitable methoombine the advantages
of both materials [43]. A further attractive feature of thasiterial class is the ability to incor-
porate biomolecules and drug release to enhance cell ateadhor reduce the inflammatory
tissue response through the release of anti-inflammatptes45]. As no long-term studies
are available it remains to be seen how the tissue reactamgels once the molecules are con-
sumed up. Some researchers hypothesise that the bendfextd avill wear off. Initial toxicity
assessments are favourable showing an overall good bealggerformance [46]. Long-term
assessment of actual devices in their operating environisstill needed to gain a better under-
standing of changes polymers undergo in-vivo. Especiaiyi¢aching of unlinked monomers
and dopants must be avoided as they can show moderate yo¥taitther research and long-
term studies are required for a safe and durable long-tepraimbased on these materials.

So far studies of PEDOT films [47] and nanotubes [48] for imp#ion periods of 6 weeks
have been conducted. PEDOT films were grown on 703 iridium sites of Michigan probes
and the impedance monitored over the whole implantatioio@dor coated versus uncoated
control sites. The initial impedance after implantationlatHz was 0.98+ 0.08 M2 and

0.13+ 0.06 M2 for uncoated and coated sites respectively giving a ratié: bf During the
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assessment the impedances of both types increased duedgid¢ab reactions in the tissue
associated with scarring and inflammatory response. At igeod the experiment the ratio
dropped to only roughly 2:1 as the measured impedances wereé 0.3 M2 for uncoated
sites and 0.81 0.3 MQ2 for coated sites showing that the lower impedance could eduly
maintained during implantation. Also noise levels, sigamalplitudes and signal-to-noise ratio
(SNR) were monitored during the implantation. At the endh&f 6 week period noise levels
were 13.1+ 0.9V and 12.7+ 0.8 1V for control versus coated sites with signal amplitudes
of 113+ 13V and 129+ 15 iV respectively. This translates into a SNR of 4:3..0 for the
bare iridium sites and 5.& 1.2 for the modified PEDOT sites. The PEDOT nanotubes study
found similar results as 1256n? gold recording sites were modified with polymer fibres and
their impedance monitored. Right after implantation meadimpedance was 9855 k<) for
bare sites and 8% 8 k(2 for nanotube sites. After 49 days the corresponding valadgisen

to 980+ 15 K for the control sites and to 52 18 ki) for the nanotube modified electrodes.
Again an increase in SNR was found.

The impedance of the coatings is expected to drop with isecaeposition thickness.
However it was shown that beyond a certain limit no furthepdn impedance can be observed
while at the same time the mechanical stability decreasesin@ the polymerisation of the
precursor the film not only grows thicker but also spreadsrédly. While this contributes to
surface area increase by extending the original electrmatpfint this also makes it more prone
to detachment and hence reduces mechanical stability.

The next promising material for neural application is carid@anotubes (CNT). They have
made an impact in a broad range of fields and are also suitabtbdates for neural prostheses.
With diameters down to tens of nanometres and the abilityetgtown in lengths up to the
pum range they possess a large surface area with tube denditidmout 16 per cm? being
reported [49]. They are grown by chemical vapour depositiom ethylene gas in an hydrogen
precursor. The need for elevated temperatures of 700°-@®0ever makes them incompatible
with polymer substrates. They can be grown either as dense anaertically aligned fibre

arrays forming real three-dimensional electrodes [50]r iRsertion type devices this might
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(@) (b)
Fig. 4.2: SEM images of (a) Polypyrrole [39] and (b) PEDOT nanotub&3 [4

be a problem as their micrometre size could potentiallygase tissue damage compared to
planar electrodes. Another issue is the need for metalysttiglands to initialise CNT growth.
Metals that are not biocompatible have to be used, like inonickel. They require careful
insulation so as not to come into contact with the body whieeg tould release toxic traces or
corrode. CNTs themselves have superior mechanical strgmgjtthe catalystislands anchoring
them on the substrates provide a weak spot that could paligresult in detachment during
excessive wear experienced in long-term devices. Repodgest that further modification
of as-grown nanotubes is necessary to have access to theiffdce area. It was stated that
their hydrophobic nature prevents the influx of electrolyt® dense fibre bundles and as a
result they showed poor electrochemical properties, wiiere similar to planar electrodes.
It was overcome by soaking them in cell culture medium to eaumnspecific adsorption of
proteins, which made them more hydrophilic. Investigatishow that CNTs offer lower noise
recording compared to TiN electrodes [50] and are viablenfural stimulation with charge
injection limits of 1 - 1.6 mC/crhexceeding the safe charge delivery threshold of 1 mE&fom
biological tissue [51]. In addition the charge transfemse¢o be completely capacitive which
excludes any adverse faradaic reactions. Impedances disasni® K2 have been reported
for 80 um diameter electrodes coated with nanotube mats girhiCaverage height at 1 kHz
[50]. Despite the fact that it was possible to successfullyjuce functional neuronal cells on

microelectrode arrays containing carbon nanotubes, @irerstill concerns about implantation



4. Review of methods for modification of neural implant saefa 43

(a) (b)

Fig. 4.3:SEM images of (a) electrode coated with random depositeldonananotubes [50] and (b)

vertically aligned grown fibres [49]

of such devices into the body as investigations on nanotshewed adverse effects on the
body [52, 53, 54]. Because of their small size they can easibs barriers inside the body. For
example they were observed to penetrate the membraneds€aeting cell death [55].

In an effort to combine the advantages and to alleviate sdrien disadvantages compos-
ite coatings of polymers together with carbon nanotubes hbaen suggested. The first indica-
tions of the potential of this material mix were observedirthe increase of electrochemical
capacitance of a coating made up of carbon nanotubes anpypalie for super-capacitor ap-
plication [56]. Recently this material combination wasthar investigated for the use in neural
interfaces [57]. The addition of carbon nanotubes to thgmotole raised the conductivity of
the film by about 50% and reduced the loss of electroactiatygescribed earlier by providing
a conductive path that is not affected by irreversible otxasta The material was assembled
either through a layer-by-layer (LBL) approach or by co-agpon during electropolymerisa-
tion. While the LBL growth resulted in improved propertiéise co-deposition resulted in val-
ues worse than pure polypyrrole. It was suspected that tt@caanotubes interfere with the
polymerisation process causing incomplete polymerisatis there is still concern about the

effect of nanotubes on the body, safely trapping them in tignper is desirable but long-term
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studies are still missing. It is also expected that the canedilm benefits from the superior
mechanical strength of the nanotubes to reinforce the adivéypolymers. In another study a
LBL composite of multi-walled CNTs, dispersed in PSS, anly poyl alcohol was compared
to PEDOT and IrOx [58]. The material consists of intertwireeohdles of nanotubes that give
rise to an increased surface area. A single bilayer had axppate thickness of 7 nm and the
overall thickness could readily be increased by addingegibsnt layers. It was found to have
impedances lower then PEDOT and IrOx. The materials wereedaan ball-shaped tips of 75
pm diameter Platinum/Iridium wires. For a coating thicknes00 nm a reduction from 17.4
kQ) to 277 is stated at 1 kHz. Also charge injection capacity was founde superior with
only a 5% loss of the original value after 300 cycles. The ifayler structure also enhanced the
material’'s mechanical strength and ensures intimate sathé&s the substrate. Again biocom-
patibility is unclear and long-term tests are needed. Atakdisadvantage of the process is
the LBL approach, which does not allow for selective depasimaking it difficult to apply to

microelectrode arrays.

4.2 Electrode roughening

In contrast to the deposition of materials with intrinsidhianced surface areas there have also
been efforts to add porosity to noble metal electrodes tiit@pecific fabrication methods. One
of the earliest methods was to increase the surface rouglimesigh etching methods such as
chemical etching with potassium iodine, electrolytic @ghin sodium chloride or argon sputter
etching. A comparison of these methods can be found in [39. r€port stated that this results
in a increase of surface roughness from 5.5 nm for @t area to up to 42.2 nm and is
accompanied by a drop in interface impedance. While it isvgp& method to apply to any
neural device it lacks control over the surface featureala®dity is limited as prolonged etch
times result in smooth surfaces. This is explained by theeased etching of the roughened
features because they expose a larger surface area fochaneto attack.

Another way to improve the performance of neural devices is¢orporate microstructures

using conventional microfabrication and photolithografwols to create three-dimensional sur-
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faces. For example grooves can be machined into silicortratés prior to metal deposition to
increase the exposed surface area. Other shapes includeposts [60] and pyramid-shaped
microelectrode arrays that possess a two times lower ilmeedeompared to planar devices
[61]. These approaches are limited by the size of the eléesiowhich are on the micrometre
scale as well and hence put restriction on the area availablaicrostructuring. To preserve
selectivity of the device the electrode surface should rterel too far into the nerve tissue. A
near-planar shape is also required to minimise tissue danfega general rule to prevent bulky
devices a maximum aspect ratio of roughly 10:1 should notxbeexled. For a 30 micrometer
wide electrode the height of the microstructure has to be Befjpw 3 microns according to
this rule. The use of nanostructures instead of microsirastcan mitigate these limitations
allowing higher densities but new tools have to be developed

The nanostructuring of conductive, doped poly-silicon égative ion etching in a plasma
of hydrogen bromide with the addition of a small amount of gy has been reported to in-
crease the surface area by about 20 times [62]. The treatresmited in 300 nm tall pillars
with diameters between 20 and 100 nm. This was possible bedha oxygen passivated the
polysilicon during the etch, with dust particles and natwéde acting as micro masks for the
pillar structures. In addition to the surface area incr@esteong attachment of cellular material
to the structured electrodes was observed indicating ivgordissue integration. A report on
nanoflake electrode fabrication has recently been puldi$s®]. Bare gold electrodes were
modified by electrochemical deposition of gold in the fornflake-like spikes that produced
sharp tips and valleys. For the electrodeposition of gofbiyvinylpyrrolidone a small voltage
window from 0.3 to 0.4 V exists that results in these strueguiWVith increasing voltage inside
this window the structures becomes more heterogeneousxuitaite higher surface area but
became, as typical in nanoporous materials, mechanicaihg mnstable and poorly attached.
Also non-uniformity in large scale application increaseédr a 30um diameter electrode a re-
duction of impedance from 1.15Mto 26.7 K2 at 1 kHz is stated. For smaller sized electrodes
the impedance reduction was even greater as the shape oletiieode after electrodeposi-

tion became curved further increasing the available saré@ea compared to planar electrodes.
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Fig. 4.4:Electroplated gold nanoflake structures [63] (a) and tetaglgold pillars [65] (b)

While successful in-vitro cultivation of neural cells onaroelectrode arrays was demonstrated,
the rugged, sharp edge structures might cause problemagrtésm implant devices. Micro-
movement of the device in conjunction with the sharp, spikgpes could potentially cause
constant microscopic injuries to the surrounding tissseltang in inflammatory responses.

A de-alloying technique was recently reported for the maatufre of nanoporous gold elec-
trodes [64]. At the beginning gold and silver were simultzungdy deposited on the electrode
through sputtering to form a gold-silver alloy. The silveasithen selectively etched out of the
compound with nitric acid to leave a porous gold film. For a 8@#thick film and and an elec-
trode diameter of 32m a change of impedance from 85Q kor a gold control electrode to 30
k(2 for a porous electrode at 1 kHz was stated. Caution has tody&eeeidowards these numbers
as the methods section of that article described the usewifasual large AC signal amplitude
of 200 mV for impedance spectroscopy. It is common to uselsstgbossible amplitudes of
5-10 mV to avoid driving the interface into its non-linearesgtion regime which causes dis-
tortion of the test signal. A further concern is the 5% realdsilver content remaining in the
gold film. During in-vitro culture assessment no adversecaf were observed, but a long-term
implant is exposed to wear and tear, which carries the pataitsilver poisoning.

The last method to be discussed in this review is templatedilin which a nanoporous
membrane is used as a mask for the aligned growth of nanowiredes by filling the pores

through electrodeposition. The membranes are selectetelyed away afterwards to leave
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free-standing nanostructures behind. There are two maiariais actively used as templates
at the moment, alumina and polycarbonate membranes. Thetseiahs can either be obtained
commercially as free-standing membranes or formed inesitthe desired substrates. Free-
standing membranes have to be mounted on to the substratesefm patterning making them
difficult to use in device fabrication. For flexible subsésbonding the polymeric polycarbon-
ate templates is more suitable then ceramic alumina merabradccasionally the metal film
to be patterned is directly deposited on one side of the manebiin-situ membrane formation
requires the use of high cost, access limited ion accelsraidhe case of polycarbonate mem-
branes for ion track etching to form the pores. The substitzge to withstand harsh treatment
during the anodisation of aluminium in strong acids to aewtnoporous alumina.

Using lithography-assisted bonding of polycarbonate fatep, the modification of neural
probes has been reported [65]. The membrane had a typieatipasity of maximum Focm=2
and pore diameters between 10 and 1,000 nm. Photoresissedsaistick the membrane to the
substrate surface and holes were opened lithographicelheitemplates for electrodeposition.
Because the diffusion rate for the transport of developeesgary for the dissolution of the ex-
posed photoresist parts down the holes decreased with igess pores of small sizes (10 to 35
nm) could not be opened even after extended soaking in dese{b> 1 hour). Large tilt from
vertical direction was observed for the wires because tgeeanf the ion beam trajectories used
to etch the pores typically experiences a large spread.tretgxs of 50um diameter on poly-
imide substrates decorated with Au nanowires were repdotastiow a significant impedance
reduction and to increase the surface area by almost ters ttior@pared to planar electrodes.
Reports also stated that an aspect ratio below 4 must berkepder to have sufficient mechan-
ical stability and avoid breakage of the structures wheroreng the template [66]. For porous
alumina templates also successful gold nanowire and nbedabrication has been reported

[67].



5. FABRICATION OF NANOSTRUCTURED SURFACES

In the following sections of this chapter the methodologythe creation of surface nanotexture
is detailed. In the previous chapter a range of surface noadiifin techniques were discussed.
Here a new technique usifganosphere LithographfNSL) is described. It allows for an in-
expensive, parallel patterning of nanometre-sized sirastwith low equipment requirements
where more traditional nanostructuring technologies élextron-beam lithography, scanning
tunnelling microscopy or direct laser scribing suffer fréimited process speeds due to their
serial operation mechanism. Together with X-ray litho¢mathey also require elaborate, ex-
pensive equipment. On the downside NSL is restricted to addramount of possible pattern
shapes. Furthermore the creation of highly regular periadiays of large size is challenging.
So far NSL has been used in a broad range of applicationsHidatbrication of magnetic
structures [68], high-TJosephson devices [69], GaAs-based quantum dots [70] diodlogy-
plications [71, 72]. What has hindered a wider spread oftdalnique is that most applications
require highly ordered layers of single crystal materiabr Ehe purpose of nanostructuring
to increase surface area and to modify interface propeatigghly monocrystalline structure
would also be beneficial but is not a strict prerequisite.réfwge it is an attractive method and
considered to be suitable for this application. It is thd firae it is being used for the purpose
of neural implant modification. The developed process piteskehere uses a simple bench-top
method for the initial nanopattern generation. The firstisadescribes the necessary process
steps to sculpture thin films into textured surfaces. A dpson of various approaches to the
NSL technique follows and explains the principal operatimgchanism. Sections 3 and 4 ex-
plore in more details the two most important manufacturiteps, masking and etching. The
next section contains the analysis of the fabricated strastwith regards to their topology. In

the final section possible alternative routes are discussed
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5.1 Process steps

The developed process consists of the following main steps:

e Nanosphere array deposition
e Etch mask deposition

Nanosphere removal

lon beam milling

Etch mask removal

illustrated in figure 5.1. The nanosphere deposition is dbreugh assembly at the air-water
interface as described in section 5.2 The sample is theretbiado a physical vapour deposition
(PVD) system to coat it with a metal layer of suitable thicksie At the interstices the metal
attaches to the substrate while the spheres block the rabeddrea. The spheres are then
removed in two steps. First scotch tape is used to lift offrtreen portion of the metallised
spheres then any remains are dissolved in chloroform ahgdirofuran in an ultrasonic bath
for 3 to 30 minutes. This leaves small metal spots on the wiserclear gold surface. In the
next step these metal islands serve as an etch mask to pteteatderneath gold from the ion
beam while unmasked areas are milled. After milling the reshaf the titanium etch mask
are removed by wet-etching in a commercial solution coitgimitric acid and ammonium

fluoride. The result is a gold surface covered with nano sires.

5.2 Nanosphere Lithography

NSL takes advantage of micro- and nanometre sized partitd¢sare suspended in a solution,
usually water. A broad range of materials in a wide spectréisizes is available. Some of
the most common particle materials are latex polymers dimhsiUpon evaporation of the
solvent they assemble into close-packed hexagonal Iatti@ee of the first works to utilize this
is described in [73] where a monolayer array of nanospheessused as a metal deposition

mask. Later it was extended by Deckman & Dunsmuir [74] as aaniand nanofabrication
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lTitanium deposition

l Sphere removal

l lon beam milling

Fig. 5.1:1llustration of the four main process steps for nanostniratu

50
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Fig. 5.2:Spheres partially immersed in liquid layer on a substra®é [7

tool for deposition and etching. They used the té&tatural Lithographyfor their work before
it finally became widely known allanosphere Lithographgoined by Hulteen & Van Duyne
[75], who expanded the method using bilayers of spheres arfdrmed extensive studies on
generated deposition pattern.

The basic mechanism for the nanopatrticles to assemble liose-packed arrays was de-
scribed byDenkov et al[76]. Through optical observation of particle dynamicsidgrsolvent
evaporation they found the process to be governed by cdioi@ets between solvent and parti-
cles as well as convective solvent flux. The process stargsmwehough solvent has evaporated
so that the spheres are not fully immersed any more and pagratrude from the liquid (see
figure 5.2). As can be seen a difference in liquid meniscupssih@tween the inner and the
outer region of two neighbouring particles exists. For tesson the orientation of the surface
tension forcer differs between the two regions so that the horizontal camepoof the surface
tension force is bigger on the inside than the outside. Itss ariented towards the opposing
sphere causing a strong inter-particle attraction. Tloeeethe two particles are driven towards
each other since the capillary forces are several ordersagiitude larger than the thermal
energy of the spheres. A nucleus is thus formed by the spbeneisg together at the particular
site where the liquid layer was thin enough at first. In theosecstage this colloidal crystal

continues to grow through the transport of new spheres fr@stirrounding solution towards
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Fig. 5.3:Convective solvent flux towards assembled spheres [76]

the ordered array. This transport mechanism however isow@rged by capillary forces as the
surrounding liquid layer thickness is still too big so tHa particles are completely immersed.
Instead it can be explained by a convective inflow of liquidbdeds the nucleus. This inflow
is caused by evaporation of water trapped between the ardereeres creating a suction force
that draws in liquid from the surrounding layer with the sersgled spheres as illustrated in
figure 5.3. It is then easy to see that the main control pamaniet array formation must be
the evaporation rate. Together with the sphere concemtrétallows the speed to be set with
which array formation proceeds. Slow crystal growth is @ralble as it leads to better crystal
quality with larger monocrystalline domains and substcateerage. However it also makes the
formation of bilayers more likely.

The idea pursued here for the texturing of gold films is to ust Nor the deposition of
an etch mask of nanoscopic features on top of the gold filmchvig then subjected to an
anisotropic etch to transfer the feature pattern into theeedging material. By analysing the
geometry of the sphere array an estimate of the increasefacsuarea can be derived. Figure
5.4 shows the particles assembled into a close packed hexlaggoay. Connecting the centres
of the spheres by lines forms triangular unit cells. Thersttee for material deposition is
defined by the contact points of the sphere circumferencagshencorresponding arc segments
connecting these points. The centres all have the samenciésteom their nearest neighbours,

which is the sphere diameter. Therefore the triangles andadgral and their inner angles are
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Fig. 5.4: Geometric outline of assembled sphere array

60°. With the spheres blocking a substantial part of the surfiaagerial will only be deposited

in the interstices and will mostly take the form of the intexs shape. Transferring this shape
into the underlying film by the etching process creates ampdl cone-like three-dimensional
structure. With the top of the structure fixed in area the @ssancreases the surface by adding
the sides of the pillars. For each interstice the vertiaig svall area is defined by the interstice
circumference composed of the three arc segments mudtiplith the height of the structure.
As each corresponds to an opening anglé(sf the sum of the angles over the arc segments is

180°, which is equivalent to half the circumference of one of thlkeeses so that

1
Agige = 5dh (5.1)

whered is the sphere diameter ands the height of the pillar. As the gold surface outline can
be completely reconstructed by unit cells, the differemcarea between an unstructured unit
cell and a structured unit cell also applies to the film in ltofehe area difference is used to

define a surface gaig,. The area of a plain unit cell is given by the triangle areagrehs the
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nanostructured unit cell is composed of the triangle ateat(ip of the structure is maintained)
together with the side walls so thatis

Apriangle + Aside
Ariangle
d;\/ﬁ + %ﬂdh
e
= 1+ ji\/]% (5.2)

For a sphere diameter of 500 nm and a pillar height of 50 nm tinace gain according to

gs =

equation (5.2) is 1.36 corresponding to 36 percent additismrface area. Due to imperfections
in the fabrication process, which does not create ideal géoershapes, these values can only
be of a theoretical nature and are considered an approximatiowever, it illustrates how the
increase in surface area depends on the parameters of sjidweeter and structure height. In
order to maximise the surface gain the height should beased while it scales inversely with
the sphere diameter. The relation between surface areseggit Is easy to understand whereas
the scaling argument for the diameter seems counteriveatifirst glance since a reduction in
diameter reduces the length of the arc segments. But duensedpacking of smaller spheres
more interstices are created within the area of the origimdl cell, which overcompensates
for the shrinkage in arc length illustrated in figure 5.5. Hpheres are overlaid by another
array with half the diameter for comparison. Instead of @rgd interstice now there are four
smaller interstices present in the unit cell. In this casettital arc circumference for the larger
spheresid x 7 - d and for the smaller onesx 7 - d/2, which is equal t@ x = - d. Therefore
the effective circumference doubled by halving the sphe&mdter as suggested by the surface
gain formula.

So far various methods have been reported for the deposifionono- and multilayers
of sphere arrays on to substrates. One of the first methods &xflored wasspin Coating
[74]. The sphere solution is simply spun on to the substraitegua spinner that is commonly
used to coat samples with photoresist in lithography. Thatian helps to spread the solution

over the substrate and aids in the evaporation of the solvamither method i€lectrostatic
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Fig. 5.5:Overlay of sphere arrays with diameters d andd2 corresponding interstices are marked by

different colours

Deposition[77] which utilises the creation of attractive surface gesron the particles and the
substrate. The result is however not periodic arrays butoandeposits. A similar technique is
Electrophoresi$78] where electrical currents are used to guide the depasf the spheres and
is therefore limited to conductive sampld3ip Coating[79] is an evaporative method where a
substrate is dipped into a heavily loaded sphere solutidrtlan withdrawn at a low constant
velocity. The thinning of the water film along the contactlibetween solution surface and
substrate during withdrawal causes the formation of nadeiescribed above that subsequently
grow as the substrate is further retracted from solutionos€lly related to that is a process
using a liquid meniscus of sphere solution which is draggedss the substrate with the help
of an inclined glass slide [80]. The deformation of the wdiien with the help of the glass
slide directs the crystallisation along the drag axis. Aeotpossibility isSelf-assembly at an
interface[81]. In this process the solution is placed at the interfaeveen two immiscible
liquids or a liquid and a gas phase. This constrains theisaolinto a two-dimensional plane.

After assembly the array can be transferred to the desitestise by dipping it into the liquid
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and bringing it up from underneath the array. A similar teghe uses théangmuir-Blodgett
process [82]. Here nanospheres assemble on the wateresurfaspecial trough, then they are
compressed by a movable barrier and finally transferreddatibstrate by vertically dipping
at the end of the trough followed by slow retraction. Othespration techniques control
the parameters by placing the substrate with the solutimnamtight containers with reduced
temperatures to lower the evaporation speed of the sol88it Pre-patterned substrates have
been used to shape the geometry of deposits as spheres speafetentially settle at corners
or in grooves [84]. In combination with flow cells streams plere solution were guided along
such pre-patterned substrates for deposition.

For this work the focus was put on three approaches that deegatre special equipment
and are easy to implement. It has been investigated wheibgrare suitable for the use on
neural implants. The main criteria for the evaluation ostheethods was a large area coverage
with a close packed mono-layer and that it can be applied b gjofaces. The three methods
chosen were deposition by spin coating, evaporation in geda@ontainer and the assembly of
sphere arrays at an air-water interface. All three methadse employed using only standard
cleanroom equipment. For experimentation 10 mm x 10 mm siheuk were cut from 4-inch
silicon wafers. The chips were firstimmersed in isopropgbabl (IPA) and put in an ultrasonic
bath for 5 min to remove any particles from the surface. Thé&rlamnixture of sulphuric acid
and hydrogen peroxide (piranha solution) was prepared lamcathips immersed for 10 min
immediately after solution preparation as it is an exothengaction that quickly cools off. The
piranha removes organic contamination and additionallgga#she surface hydrophilic through
hydroxylation. This helps the solution to spread acrosstmple and wet the entire surface.
To produce gold samples, the cleaned chips were coated aldlofdesired thickness by either
sputtering or thermal evaporation. Gold does not stick wezly to other materials necessitating
a thin adhesion layer. Usually chromium layers of 5 to 20 nioktiess are used to provide
adhesion. But chromium is toxic to the human body, so titanas used instead as adhesion
promoter. Titanium performs less well than chromium so thizker layers between 15 and 40

nm have to be deposited. The spheres used in the experimera<OwL32:m, 0.204;m and
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Fig. 5.6: Optimized spin speed profile for improved substrate coverag

0.520um diameter polystyrene latex particles in 1% wt concerdratiom Agar Scientific and
particles of 0.2:m diameter from the 5000 series latex microsphere suspensib a 10% wt
concentration and size distributigh5%. A high size uniformity is important to avoid ordering

defects that disrupt crystallinity.

5.2.1 Spin coating

Experiments were conducted on silicon and gold substréiebe beginning silicon was used
to gain control of the process parameters, which were thpheabto gold surfaces. Naturally
gold is hydrophobic causing water drops to ball up with adazgntact angle on the surface.
For sphere arrays to be formed the water needs to spreadoattimn layer in order to start the
assembly process. Therefore the gold surface needs to beazily treated. One possibility
is the use of piranha solution. But the violent exothermactimn sometimes causes the gold

to peel off the silicon chip because of the poor adhesioneQtisearchers reported the addi-
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tion of a small amount of the surfactant triton-X dissolvadnethanol to the sphere solution
[85]. However, during testing it was observed that thisrnifetes with the SEM imaging of the
spheres as the images appear blurry, a effect often assweigth electron charging in insu-
lating substrates. After coating these samples with a thetahfilm by sputtering, the image
quality could be restored to some extent. But this step aoeswadditional time and the sample
cannot be used for further processing afterwards.

Better results were obtained with ethanol mixed with theesplsolution in a 1:1 ratio.
Ethanol is an organic solvent that spreads well on the gafidse. The prepared substrate is
placed on the vacuum chuck of the spinner and a small amowaiation (5-10ul) is applied
with a pipette. The spin program is then started immediatélyvariety of spin speeds is
reported throughout the literature. The main task is to fisditable spin speed profile for this
application to achieve optimum spread and sphere assewldgries of trials was performed
varying the spin speed and spin duration. The sample neeoks spun until the solution is
completely evaporated. Higher spin speeds cause the stdveraporate quicker but also throw
off sphere solution. A two step profile was applied. The abistep spreads the sphere solution
over the entire substrate and the second step served toe@tymvaporate the solvent. Ramps
between the spin steps were included to slowly bring the atopghe desired revolutions to
reduce the amount of solution spun off immediately becafibégh velocity gradients. Based
on the area coverage with densely packed spheres the spile piotured in figure 5.6 gave
the best results. Areas on the order of 10,00 (figure 5.7) can be achieved. The islands
show sufficient ordering with intermediate small defectg@ps. But the position of the areas
is random and they are separated by large voids making itiablefor coating micro-devices
and therefore not suitable for the intended applicatiorpeEmlly incorporation into a batch-
fabrication process would be difficult as the device striesuwould hinder the solution flow

and cause preferred nucleation along the edges of the dayeses.
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Fig. 5.7:SEM graphs of sphere assembly by spin coating: (a) 500 nricigasissembly with a variety

of defects like gaps and disordering, (b) well ordered layigh intermittent double layer ar-

rangement, (c) large area coverage with dark parts repgiegguarticle arrays and light parts

blank area, (d) typical drying topology with nucleation tes formed by lumped particles and

circularly surrounding monolayers
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Fig. 5.8: Experimental set-up for evaporative technique

5.2.2 Controlled Evaporation

For this method custom-made boxes are used to control tieatson rate of the solvent. As
described earlier the rate has a strong influence on theiogdei the sphere array. The boxes
are sealed air-tight to have their own microclimate. Dursodyent evaporation the confined
air becomes saturated and further evaporation is slowed dbwaddition the sample is often
cooled to further reduce the rate of evaporation. This casiooe by placing the substrate on a
heat sink like a block made from a good thermal conductordiqgper. A Peltier cell is attached
to the copper brick acting as a thermal pump. The other sideeoPeltier element is cooled
by a water-flow cell to remove the excess heat. Through thagelapplied to the Peltier cell,
the temperature can be set within a certain range. Duringrexpntation it was found that a
much simpler set-up without any cooling is sufficient to aeki acceptable results. Two sets
of Petri dishes were used as the container. Confinement wasldoputting one dish upside
down on top of the other and placing it inside the other Pest det in the same manner as
shown in figure 5.8. A perspex block was stuck to the bottonheffirst Petri dish to act as

the substrate holder. The block had an angle machined itdosiaint the resting plane of the
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sample to deform the solution drop from its equilibrium shap that the film was thinner at the
top and crystallisation proceeds in a directional manngatd the bottom. The angle should be
chosen carefully to prevent the drop from completely stidiiown the surface and collecting at
the bottom.

The volume of the container is an important parameter aslemallumes saturate faster
and hence the evaporation rate is lower. Therefore thediskrivas of smallest possible size so
that it is just big enough to accommodate the substrate holtke volume of the inner set was
further reduced by filling the available space with an adreeglasticine mass called Blu-Tack.
The drop amount of solution on the substrate also influerfeesvaporation rate. A larger
amount of solvent will take longer to evaporate. In conttagtpin coating the whole amount
of solution remains on the sample for evaporation, whichmaeghat the number of particles
placed on the substrate is fixed. This is important becawesgadrticle number determines the
arrangement into separated islands, closed mono- or ayédtis. For a monolayer the amount
of particles has to be sufficient to cover the entire sulistwate. The number of particles in
the solution is given by the concentration of spheres in tihati®n. For different drop amounts
this concentration has to be adjusted to maintain the akpagicle number. This can be done
using some simple calculations. A rough estimate of the anotparticles needed to cover
the sample is calculated by

n = Asub/Asphere (53)

with » the number of particlesd,,, the substrate area ant,,.,. the cross-sectional area of a
sphere. The desired concentration is

(5.4)

C =

<=

in particles per ml with/ the drop volume in ml. Companies often supply their sphelgisns
with the concentration given in weight percentage. Duke@dic states a formula to translate

their weight percentage into molar concentration as

* 6 - Psolvent (5 5)

CcC =
d3 Pheads
m Psolvent + w — Pbeads

where psovent @Nd preaqs are the densities of the solvent and the sphere matdrthe sphere
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diameter in centimetre and the concentration in weight percentage. For 200 nm diameter
polystyrene spheres (= 1.05 g/cni) dissolved in water in a ratio of 10 % wt this gives a
concentration of 22.85 x 1B particles per ml. After obtaining the value, the solutioedto
be adjusted to the desired value. For 1 ml of new solution #sé&reld concentration is divided
by the supplied concentration to give the amount of sphdtgien needed, which is then filled
up to 1 ml with solvent. To assist the spreading of the drdpamdl is used as filling liquid.

After identification of all relevant process parameters filght set of values to create a
suitable assembly have to be determined. The parametelisdtuere chamber volume, slope
angle, amount of liquid placed on the sample and number titpes. The chamber volume was
modified by packing with Blu-Tack as already described. &#ht configurations of plasticine
in the dish were tested. The Petri dish was either left eniitigd to the height of the sample
holder or packed up to the glass rim. An empty chamber resuitan evaporation rate that is
too fast for continuous coating of the sample. This is obsgthirough a pattern described by
slip-stick motion where the spheres assemble in stripesen/tthe evaporation rate increases
because of film thinning, sphere ordering is disrupted aadthpe is followed by an uncoated
area. As evaporation slows down stripe formation startsnagatil the next rupture occurs
leading to the observed pattern. For a completely filledi&th the evaporation rate is too
slow and the formation of double and multilayers is observed

The best result was achieved with an intermediate fill legdbege area monolayers were
created through fine tuning of the evaporation rate by cdimgothe drop volume and particle
number. Optimum conditions were found to be ad@drop with twice the number of particles
needed for monolayer coverage. Theid@vidently set the right rate of evaporation compared
to 5uland 1511 which were also tested. Doubling the particle number teslih larger covered
areas compared to the single amount. A certain portion diigies deposit in thick drying rings
at the edges of the sample. The reason for this behaviouatisthhe start of the evaporation
the curvature of the drop along the edges is larger, whichllpencreases the surface area
and subsequently the rate of evaporation. As a result a Ergsunt of spheres is drawn in

to the edges where they then settle into thick stacks andrivent an even distribution due
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Fig. 5.9:Evaporative coating results: (a) typical stripe formatfon too high evaporation rates, (b)
monolayer of 200 nm particles, (c) drying ring on the edgehef sample that consumes a

large amount of particles, (d) different film morphologiesgent in large area coverage

to the non-available spheres. Increasing the particle rusntompensates for this effect. The
studied substrate angles wefe 50° and 15. They were set by using different sample holders
manufactured with the corresponding angles. The holddr thé best results had & &ngle.
Using the optimised values for the parameters led to a ragleent evaporation that fa-
cilitated the coverage of large portions of the samples aras of continuous monolayers
with intermediate parts of bilayer arrangement and uncbgdgs in between. They offer better
ordering than the spin coated samples, which is attribatéuktincreased control over the evap-

oration process. For small samples this procedure is wigduLarger samples pose certain
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Fig. 5.10:Defects in the gold film hindering the assembly of spheres

limitations since they cannot be fitted into Petri disheswaodld require the use of beakers or
specially made boxes. The larger volumes of these contaoteange the evaporation condi-
tions, so the parameters would have to be readjusted forszample size. Furthermore figure
5.10 illustrates why the substrate should be really plaBaen the minute defects in the gold
film structure led to disordering and the spheres were nettabtover them. Structured device
layers would hence prove insurmountable obstacles for linefdirmation process. Single de-

vices might be coated using this technique but it is not dufite wafers with large amounts of

devices.

5.2.3 Assembly at the air-water interface

Through this method nanospheres are trapped at the air-wtgdace and then left to assemble
into monolayers on the water surface. A beaker was used aslMes the assembly. It was

cleaned with ethanol and then rinsed in deionised waterbdiiting up to 70% of its volume
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with deionised water to allow for enough space to submergeaemf silicon sufficiently well.
A portion of the 10% wt solids solution of 200 nm spheres wasathin equal ratio with ethanol.
30 ul of the mixture was then applied to a 30 mm x 30 mm piranha @dasilicon substrate
via pipette and left for a few seconds in order to spread dweentire chip and then carefully
immersed into the water in the beaker with tweezers. Dunmgersion the solution transferred
to the surface of the water. Once a cloud of sphere solutiondd in the water just in front
of the substrate immersion was stopped and the silicon rechtvem the water. The cloud is
an indication of the surface being tightly packed with spldrecause any additional spheres
could not transfer to the surface and were dragged into therveg further immersion. Some
of the spheres were unavoidably dispersed into the water the film but the whole water
surface was covered. Attempts to directly apply the satubio to the water surface via syringe
achieved less favourable results as the forces seemed tw barge, the main portion of the
mixture dissolved in the water and only sparsely distriduséands of spheres were formed.

After application of the solution the beaker was coveredhaifetri dish to protect it from
external air flows while the remaining ethanol evaporatedtle®n, hydroxylated sample was
then slowly dipped into the water and subsequently place@uneath the floating sphere array.
Slow and careful retraction from the water transferred fhigeses on to the sample. A thin
water layer was trapped between sample and spheres thadwedvaporate in order for the
spheres to stably settle on the samples. The sample wasaaeé for inspection and further
processing. In this procedure the spheres benefited frotaised mobility on the water surface
in comparison to solid substrates as they remained mobilleeowater interface the whole time.
The method was successful in completely covering the esdingples with a monolayer except
for the part covered by the tweezers. The spheres were gepaeked and exhibited good
ordering. However small cracks between the sphere islaeds present. These are believed to
be caused during the retraction of the sample from the wateniall vibrations and strongly
depend on the skill of the experimenter.

The method was also tested for compatibility with smallenesps of 137 nm diameter

since the previous methods experienced difficulties. Bsedhe 137 nm suspension had a
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Fig. 5.11:Floating technique results: (a) solution transfer to theewsurface, (b) uniformly coated large
area, (c) magnification of cracks separating sphere islgdiissphere arrangement through

interface transfer
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1% wt concentration it had to be concentrated by placing 1@fgolution in an open vial
on a hotplate at 60C and let it evaporate until the volume is reduced to about .1 Tlis

IS necessary to ensure that close packed arrays form, aotieettie number of spheres on the
water surface is too low and no array formation is observetle 3ame steps as described
above were performed and similar results were achieved dsirading that it is also viable for
smaller size preparations. However, for routine use a camialeLl0% wt solution should be
used because during boiling down coagulation occurredmgustermediate lumped deposits.
Small particle size solutions with narrow size distribuga@re harder to obtain as the controlled
chemical synthesis is more difficult. An advantage of ir#egfassembly is the easy scalability
using larger beakers and increased amount of solution.cBewith large aspect ratios can be
coated without problems as will be shown in chapter 7 by snaigyping.

In summary the assembly at the interface was the most saitabthod for the intended
use as it combines sphere assemblies of good quality withsatde coating mechanism that is
suited for small chips as well as microfabricated devicdkfufther investigations were carried
out with samples prepared using this method. After solveaperation the spheres adhere to
the substrate very well so that in the next step they can be asenasks for metal deposition

under vacuum.

5.3 Masking layer deposition

One of the most important steps for the process is the deposit the mask layer. This de-
termines the shape of the resulting structure as the mifiag transfers the etch mask pattern
into the gold. Even though directional deposition methodseanused, at some point the inter-
stice became clogged through material build up. This previemther metal from reaching the
substrate and hence limits the possible thickness. liyitsguttering in a Edwards Auto 306
rack with FL400 chamber was used for mask deposition. Thé&iwgmprinciple of sputtering
however causes the sputtered atoms to have trajectoriearthaot strictly perpendicular to
the substrate surface, which makes interstice cloggingikely. The reason is that once the

atoms leave the titanium target they have to pass througpléisena in order to reach the sam-
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Fig. 5.12:Comparison of the deposition patterns generated by (alesing and (b) E-beam evaporation

ple. In the plasma they are subjected to collisions with gasa deflecting them from their
path. To overcome this problem deposition was changed waelevaporation in an Edwards
Auto 500 E-beam and filament evaporation system. Here thal mieims travel by line-of-sight
in vacuum after leaving the source and better results wdrieweed (see figure 5.12). In order
to reduce the probability of impacts and collisions withdeal molecules, the mean free-path
length was extended by evacuating the chamber to a pressairéeast 2 x 10° mbar.

Clogging still occurred eventually. The installation of allenator between source and
substrate can be considered. It acts as a spatial filter mnlgtparticles through that travel
perpendicular to the substrate, which should improve dépogut has not been used during
this work. Instead the interstice size was enlarged by stibggthe sphere array to an oxygen
plasma. This reduces the sphere diameter by etching the moitgner layers away. A small
plasma power allows to fine tune the interstice size. Twoetkfit machines were used for
the plasma etching, a 100-E Plasma system from TechnicsmRlasd a Plasmalab NGP80+
from Oxford Instruments. Surprisingly even though the sameess parameters, 100 W RF
power and 30 sccm oxygen gas flow, were used in both etchexbtaeed results were not
equal. Apart from different reactor geometries the onlyblesdifference was the cooling of the
substrate in the Oxford machine, which was set to Q0A sufficient substrate cooling seems

necessary for the etching as elevated heating can causelfhragr material to re-flow and
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form connected polymer areas as was experienced duringpeeiments when using the 100-
E Plasma system, which has no cooling for the substrate hoMternatively short etch steps
with intermediate pauses for cool down might be used. It Wwses aoticed that the etch rate
for both systems differs significantly. As for the Technidadfa system etching proceeded
slower so a higher RF power of 150 W was additionally testele ihitial sphere diameter
was 200 nm. The averaged sphere diameters after etchinghrspstems are summarised in
tables 5.1 and 5.2. The amount of sphere material removeghted versus etch time. The
slope of the graphs corresponds to twice the etch rate bethespheres are etched from both
sides (figure 5.13). Both show almost linear behaviour. Camng the results obtained from
both systems a substantial difference in the morphologlge@spheres after etching is observed
(figure 5.14). The Plasmalab NGP80+ produced smooth s@rfaith no protrusion between
the spheres. They possess an oval shape and are well sdgesateeach other. The Technics
Plasma system in contrast created slightly more deformbkdrep and they stayed connected

through thin polymer bands between their former contaat{goi

Tab. 5.1:Sphere diameter after etching - 100-E Plasma

etch time [sec]

RF power [W] 60 120 180

100 W 176 nm 155nm 142 nm
150 W 162 nm 148 nm 128 nm

An important point to bear in mind when reducing the sphesemditer is that this also
reduces the limit of possible material deposition befor@iins a closed layer that traps the

spheres underneath and prevents them to be removed. HKtingeclogging is neglected, the

Tab. 5.2:Sphere diameter after etching - Plasmalab NGP80+

etch time [sec]

10 20 30 40 60

175nm 152nm 132nm 110nm 55 nm
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Fig. 5.13:Extracted etch rates from curve fitting of etch data for (a)hifécs Plasma and (b) Oxford

systems

maximum theoretical thickness to be deposited is smalkar thalf the sphere diameter. After
filling the interstice to half the sphere diameter, the matgrowing up from the bottom con-
nects with the layer on top of the spheres to form a continetased film. A positive aspect of
the sphere etching is the increase in circumference of ta@t nanostructures thus increasing
their surface area while maintaining the packing density.

The etched spheres are then used as a mask during titaniyoratran (figure 5.15). De-
pending on the amount of sphere diameter etched a varietyuctsres can be achieved. While
short etch times lead to triangular titanium islands, ferger etch times the metal islands can
connect with each other to form nano rings first and laterkéricpore-like patterns. For the
Technics Plasma system this is prevented by thin polymétuesdetween the spheres, which
keeps the islands from linking up. As mentioned earlier fmlgnged etching the metal layer
thickness is sufficient to form closed layers that trap thHeesps with no possibility of removal.

A thickness of 70 nm was deposited on all samples. For longér temes more material is
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re-flow due to heating
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actually deposited on the substrate because of largesiites and slower onset of clogging.
The material thickness is monitored during deposition éndgkbeam chamber by a quartz micro
balance. Confirmation of these values by SEM revealed thebe toonsistent within a 10%

error limit.

5.4 lon beam milling

In order to achieve aspect ratios larger than 1 as well aslsiiy the etching method has to
be anisotropic. For gold this is only achievable with dryhétg methods. A number of etch
gas compositions have been reported for the use in readiivetching (RIE) that combines
chemical and physical etching in a dry gas phase of the etcliz@tause these gas mixtures
contain toxic, corrosive chlorine gas [86, 87] or more exgtses [88], it was not possible to
use them in the existing equipment even though especialiatier one appears very attractive
because of its high selectivity for noble metals over tilamimasks. Instead ion beam etching
(IBE) had to be used. Based on the milling rates reportedtéoritm and gold [89] a selectivity
of roughly 1:4 is anticipated. IBE is a purely physical etebgess using argon ions extracted
from an argon plasma, which are accelerated and focused ioé@am through a set of charged
metal grids in a vacuum chamber. The kinetic energy of therargns causes them to knock
out atoms of the sample surface upon collision. The mainnpeters for ion milling are the
beam current, etch time and beam angle.

The milling angle is an important parameter for the genenalps of the structures and
material re-deposition has to be taken into account as wéllthe beginning the angle was
set to 90 in order for the milling to be perfectly anisotropic. But teuctures turned out
as round dome shapes. Conversely at a milling angle ©b#%he other hand the structures
show cylinder shapes with nearly vertical side walls. Tfaeeit is possible to tune the slope
of the side walls via the milling angle to create differenagés (figure 5.16). The reason for
this behaviour is a combination of angle dependent spagsfield and re-deposition [90]. The
slope of the side wall will then be the same as the angle wélnighest sputter yield. Changing

the milling angle acts like the addition of an offset sputiegle, so that if the highest sputter
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Fig. 5.15:Titanium deposition on spheres etched with Plasmalab N&R8A00 W for (a) 10 sec, (b)
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yield angle for perpendicular beam incidence was, 46tating the sample an additional°45
would create side walls with 45- 45° = 90°. While at 90 only low aspect ratios with limited
scalability are produced, almost vertical side walls at@tow for better scaling. Intermediate
angles combine scalability with an increase in side wakaneough the slope.

To reduce the chance of re-deposition of milled particlesghbstrate holder is rotated at
a constant speed around the axis perpendicular to the sawgéee during milling. In the
beginning a Millatron IV lon Beam Milling System from Commwaalth Scientific Corp. was
used to pattern the samples. It uses a magnetic field to dueveléctron trajectory to increase
the number of collisions required for plasma generatiore flilst samples that were fabricated
using this machine showed no problems with material re-siépa and offered high aspect
ratios. Unfortunately the system broke down and could natelsored because of the age of
the equipment as spare parts were not available any morehé&ntype of miller located in the
Physics Department had to be used to continue experimemesn@chine used for later samples
was an Oxford Applied Research IM150 ion milling system,athiises an RF power source to
excite the gas for plasma generation. Here re-depositiemueae severe as the material visibly
accumulated at the base of the structures (figure 5.17)higiibhe possible height of the pillars
to a maximum of around 120 nm. The reason remains uncleareagriiiciple operation in
both systems is the same. The only noticeable differencelveastch rate. The older machine
had a considerably lower etch rate compared to the newer kbrneas investigated whether
a change in etch rate significantly influences the re-depasiiehaviour. Changing the RF
power to influence ion generation or different voltages igplo the grids adjusts the kinetic
energy and hence the beam current. A higher beam curremiaises the etch rate. While the
nominal value of the RF power used for fabrication was 150tWais set to 100, 120 and 180
W for the experiment while the grid voltages were maintainethominal values for plasma
generation. The screen grid was supplied with 500 V and thelaator grid value was 200
V. No significant change in material re-deposition was olegiso that the difference in etch
rate between the two systems can not serve as an explanatitgrefstronger re-deposition of

milled material in the later one.
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5.5 Surface structure characterisation

One of the first things to notice is that the patterned sanghigsay a red colour under optical
inspection instead of the typical clear golden shine. It &l\wnown that colloidal gold with
particle dimension below 100 nm shows an intense red coloetal light scattering [91]. This
already indicates that the samples possess well defineardsabelow that threshold just by
looking at them. Another indirect indication of succesgfatterning is the change in wettability
of the gold surface. Pure gold is a hydrophobic materiallteguin water drops to ball up
rather then spread out on the surface. Patterning the susfific sub-micrometre structures can
change the wetting behaviour of surfaces. Indeed it is ebsdhat on the gold samples prior to
the modification water does not spread but is partially dét#agewhile for the substrates after
processing the water wets the whole surface.

To characterise the surfaces in more detail SEM was use#eédrteages under a 4angle
with a slanted sample holder. Cross sections were takerehyialg the sample with a diamond
pen and setting the view angle to°d8y rotating the sample holder. The interplay of milling an-
gle and sphere mask diameter allows for a variety of surfacetsres. Reducing the diameter
of the masking particles transforms the structures fronaisgpd nanopillars through interme-
diate states of closer packed larger features to the creatioanopore arrays. As described
in the previous section the milling angle changes the sldpleeoside walls from near vertical
to lower angles tapering the structure shape with a broaase Bnd smaller top. Prolonged
milling times increase the height of the structure with madsion limiting the maximum etch

time. Examples are shown in figure 5.18 with process detaitsnsarised in table 5.3. Even

Tab. 5.3:Summary of fabrication parameters for different surfacecstires

Morphology process details

OT

singular vertical structures 10 sec oxygen plasma, mill angle“4

OT

tight packed structures with sloped side wall$5 sec oxygen plasma, mill angle®6

OT

pore-like configuration 20 sec oxygen plasma; mill angle“7
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Fig. 5.19:Example of milled surface in top view with the Fourier trasrshation shown in the inset

though the mask deposition was done with non-perfect sgirdexing, Fourier transformation
performed on SEM top views of the milled samples showed tiat still exhibit periodic ar-
rangements evidenced by the presence of distinctive $fraimencies seen as bright spots in
figure 5.19.

With a Digital Instruments Dimension 3100 Scanning TuringlMicroscope (STM) sur-
face roughness measurements were performed and the mcreasrface area probed. For
reference a plain film of gold was measured as deposited. Apatterned sample milled to-
gether with a masked one was used to show that the millinlj dees not induce any surface
roughening and additional surface area is solely createddoganostructuring process. For a5
pm by 5um scan the surface area was 25.35 and 2bmAwith a root-mean square roughness
of 1.87 and 1.95 nm respectively. The small roughness igat#d to the gold deposition pro-
cess. Measurements performed on a sample with isolated fa@ltures (figure 5.20) showed a
boost of surface area to 49.98n° effectively doubling the amount of surface area and an in-
crease in surface roughness to 40.7 nm. Another sampledfigi) with more closed, tighter
packed structure had a smaller measured area of 32r22ven though from the SEM image

it must be deduced that the surface is actually larger theéhdrprevious sample. The expla-
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Fig. 5.20:Surface characterisation of vertical structures: (a) Sthhs(b) 3D view, (c) line profile
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nation for this is that the finite size of the STM tip prevertdam reaching to the bottom of
confined spaces because of interactions between the sibde vptand the elevated structures.
The zero level is shifted to the lowest point measured bus doénecessarily coincide with the
actual sample bottom. Furthermore both samples show apteutip effect. When the STM
tip is cut from a Platinum-Iridium wire one often does not getlean single tip but ends up
with an ensemble of features that can all act as tips for smpguisition. In the measurements
this can be identified as a repetition of the same featurdatied by an offset and decreased
amplitude as the tip is scanned along the surface. Thistisdudemonstrated by a third sample
with a nanopore structure (figure 5.22) with shallower strres compared to the second sam-
ple (feature heights were 50 nm and 120 nm respectively mi@ted by SEM) but measured
surface areas were comparable as 3282 and 31.1:m?, which is obviously false. Line
profiles support this as they showed that the higher strestwere not measured correctly and
that tip effects were present. The STM measurements clearifirm the increase in surface
area but the absolute numbers must be taken with care aptindltiences the data acquisition

substantially.

5.6 Alternative approaches

The nanostructure fabrication process presented abov&ohnae limitations that are addressed
in this section and alternative approaches still utiligNfg. are described. The first problem is
the obvious discrepancy between predicted theoreticadesbthe features (see surface gain
equation (5.2)) and actual structure. The cause for thieasdn beam milling in conjunc-
tion with the non-ideal metal deposition causing inteestitogging. The circumference of the
spheres is not preserved and the result is smaller, singuiaitures. The second issue is con-
cerned with the initial gold film thickness. As the proposedgess is a subtractive top-down
method, thicker films have to be deposited to maximise plillaght and surface area. Gold is
an expensive material and during milling a large portiorhefdeposited gold is removed again

making it less economical.
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Fig. 5.23:SEM images of (a) aluminium sacrificial layer and (b) titamitilm after aluminium removal

5.6.1 Image reversal

To preserve a larger portion of the sphere circumferenceuddace area increase it was tried
to perform an image reversal. In this case instead of titamaterial covering the interstice it
is deposited in the footprint area of the spheres. The sizeeohanostructure is then exactly
the diameter of the spheres. In order to achieve image @essacrificial layer of aluminium
was deposited in the interstices of the sphere array (fig@®a}. After removal of the spheres
a second deposition is performed. Titanium was evaporaitdthe sample held at an angle
of 60° with respect to the material flux. The titanium then does ooinfa closed film and
only coated the side of the aluminium pillar exposed to the. flafterwards the sample was
placed in a solution of 1 mM tetramethylammonium hydroxi@®AH), which selectively
etches aluminium without attacking the gold or titanium. wdwer, it also etches silicon, so
that the sample should not be immersed for extended perfdolse The sample submerged in
the solution was placed in an ultrasonic bath for 2 minutdselp remove the sacrificial layer.
SEM inspection showed that the aluminium could be succlgsgémoved. But the titanium
covering the side of the aluminium pillar remained on thessttte as well. It was assumed
that the free-standing titanium part, which should be ondaky attached to the titanium layer
on the gold, would come off as a result of the ultrasonic tneait. Instead a kind of hollow

pyramid was formed (figure 5.23b) so that milling was not gaes
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Fig. 5.24:SEM image of gold surface after removal of sacrificial aluionim

Instead it led to the idea to use this technique to fabricdtellaw structure of gold on the
sample surface. This way there is no need to mill the sampetfa hollow structures have
a larger surface then the conventional pillar features. froeess was repeated but gold was
evaporated in the place of titanium. In contrast to the uggafium the final gold film showed
only little evidence of hollow structures present. In theMSE was not certain whether the
structure is hollow as the gold seems to have wrapped itselfna the aluminium structure
almost completely (figure 5.24). Gold is known to have thel&ty to migrate around the
substrate surface most likely because of weak bonding ter atfaterials combined with high
surface mobility. The sample surface showed traces of ggimst whether the aluminium was
completely removed is not possible to conclude from SEMeespn. Measurement of the
electrochemical impedance has to show whether it was ssfttes

Image reversal could not be achieved by the proposed metkadher work would be
needed to optimise the process. The influence of the deposiigle has to be investigated

further to find an optimum value that allows the method to sadc
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5.6.2 Nanomoulding of SU8

So far the feature height was limited by the gold film thicksie&nother idea is to nanostruc-
ture the polymer surface of the implant before the depaositicthe electrode material instead.
Only a thin layer of gold has to be coated conformally on toghdace to cover the polymer
nanostructures reducing the necessary amount of gold.

During experimentation with the nanospheres they showéenpial to be used as masks
for reactive ion etching (RIE) of silicon. Depositing anayrof spheres on a silicon chip and
subjecting it to a RIE process with a mix of sulphur hexaflderiSFk) and octafluorocyclobu-
tane (GFg) gas resulted in the fabrication of silicon nanopillars.eTgases were fed into the
chamber at flow rates of 20 sccm for S&nhd 30 scem for (F5. While the Sk is etching the
silicon, the GFg covers the side-walls with a thin polymer film to improve etetisotropy. The
chamber was kept at a pressure of 15 mTorr and the sample wksido 10 C. For plasma
generation an inductively coupled plasma (ICP) power of 22@nd 20 W RF power were
used. An etch duration of 2 min resulted in silicon pillars-d#0 nm height. The shape of the
pillar is slightly tapered as the spheres were etched alenglthe process. The spheres are still
visible on top of the pillars with diameters of ~100 nm whhe fpillar tops had a width of ~130
nm (figure 5.25). Optimisation of the etch parameters shaddlt in even higher aspect ratios.
The size of the pillars can be adjusted using an oxygen plé&snealuce the sphere diameters as
described earlier. In conjunction with the etch time thialdes the shape of the nanostructure
to be tuned from dense nanopillars over cones to well segzhsdtarp thin needles (figure 5.25).

Reproducing these features in polymer substrates uselddamiplants described in chapter
7 the resultant surface would be predestinated to test #@esdggested above. In order to trans-
fer the silicon pattern to the polymer a negative mould waslpced from polydimethylsiloxane
(PDMS) by mixing 184 Dow Corning elastomer precursor with #tcompanying curing agent
in a ratio of 10:1 and pouring it over to the structured siticthip. It was then placed in a
vacuum desiccator. This removes air bubbles trapped duiigg or pouring and ensures
close contact between the silicon surface and the liquid BDIVis left overnight in the desic-

cator to fully cross-link and harden to become a flexible miblsince PDMS contains silicon
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Fig. 5.25:SEM images of silicon pillars etched with (a) no prior oxyghimning for 2 min; (b) 15 sec

05, 2 min; (c) 30 sec @ 2 min with (d) a cross section of (c); (e) 60 seg, @ min; (f) 60 sec

05, 2 min
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Fig. 5.26:SEM images of the PDMS mould surface

groups it bonds very well to any surface that also contailsosi. Therefore prior to pouring
of the PDMS on to the silicon its surface needs to be passiwaith trichloro(1H,1H,2H,2H-
perfluorooctyl)-silane. This was done by evaporating a drofine solution in a small vessel
containing the chip and sealing it under vacuum.

Once the PDMS is set, it was carefully peeled off the siliceipclt is difficult to image the
surface of PDMS in SEM as the thick dielectric material isr@¢o electron charging. A metal
film deposited to counter this effect has to be very thin te@nésealing the narrow channels in
the PDMS. Silver paint was additionally used to connect tegairfilm on the PDMS to ground
via sample holder but the image quality remained poor. Nbe&ss periodic arrays of holes
in the PDMS were visible (figure 5.26). Because of the sofitelanaterial property no viable
cross sections of the moulded features could be producednddeutting the rubber was torn
apart and no clean cutting edge was obtained. In evidendeedifliserved holes the mould is
assumed to be successful even though proof of channelssa seation is missing.

The PDMS template was then used to cast a polymer resist. Hberial used was SU8
2002 because of its low viscosity, which is necessary tohélpores. The low surface energy
of PDMS prevents the poured SU8 from covering it properly. okggen plasma treatment of

the PDMS creates bonding sites on the PDMS surface, whic8it8ecan link to and supports
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Fig. 5.27:SEM images of SU8 surface after peeling from the PDMS teraplat

the wetting. As the effect of the oxygen plasma is of shoratdan, plasma treatment and
pouring have to be done in immediate succession. It was dauréo the PDMS until the entire
surface was covered using the minimum amount possible a280QBis designed for thin films
(~2 um). It was then pre-baked according to data sheet speatiicatiNext step was a 3 min
exposure to UV lightin the mask aligner followed by the pagtdto completely cross-link the
material. After cool-down the hardened SU8 was peeled offifthe PDMS and covered with a
thin chromium film for SEM inspection. The SU8 surface did display replicas of the silicon
pillars. Only periodic bumps were covering the surface (Bgbi27). Assuming a viable mould
there are two possible explanations. Trapped air might pessented the liquid from entering
the pores so that no SUS8 pillars could be formed. Unlike in Fidloulding the SU8 cannot
be poured under vacuum as this causes the solvent to quicghpeate out of the resist leaving
a very viscous mass with bad flow properties behind. The qibssibility is that the pillars
were ripped off during peeling. Judging from the appearasfdde bumps and the likeliness
that ripping should have left at least some pillars or stuofhfferent sizes, entrapment of air
is the more likely explanation.

Instead of casting the SU8 it was tried further to stamp thactires into the polymer

expecting that the applied force would pushes the SU8 ire@tres and squeeze out trapped
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Fig. 5.28:SEM image of the SU8 surface after stamping

air. This approach resembles microcontact printing budl usere simplistic tools. A thin film
of SU8 was spun on to silicon samples. The PDMS template was pglaced on the sample
with the feature mould side facing the SU8. A piece of micopgcglass slide on top of the
PDMS was used to sandwich PDMS and SU8 between glass arahsilitie use of glass was
necessary to allow subsequent UV exposure. The assembbtamaped with two bulldog clips,
which applied a constant force and fixed them into positiofier®performing the pre-bake, 5
min UV light exposure through the glass slide and PDMS andlipadse the clips were removed.
The PDMS was carefully peeled from the the SU8 and the samgdecavated with a thin metal
film for SEM. The result of the stamping is shown in figure 5.R®. structures were found on
the surface. Even the bumps previously observed were abBastsuggests that the force was
too small to imprint the SU8 with the mould features.

The nanometre sized features were unable to be reprodu&tdBinvith the available equip-
ment. A professional microcontact printing system or a ramarinter might be able to achieve
this as they can supply higher forces without breaking timepdas and often also incorporate

the UV exposure in the printing process.
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Fig. 5.29:Process steps for polyimide pillar fabrication

5.6.3 Polyimide nanopillars

As the SU8 moulding did not work, an alternative was suggksibe silicon pillars could act as
an etch mask for polyimide substrates since the they arsta@sito the oxygen plasma. Unlike
SU8, polyimide is readily dry etched by oxygen plasma. Roigle is biocompatible and has
been used in neural interfaces before. Furthermore oneafrtplants described in chapter 7 is
fabricated from polyimide, which makes it a primary targat$urface nanostructuring.

A 20 um thick P12611 polyimide layer was spun on to silicon sulies@nd baked accord-
ing to instructions (figure 5.29). Then a ~400 nm thin film dicein was deposited on top
by sputtering at 2x1¢ mbar with 300 W RF power for 10 min. Afterwards the sample was
coated with nanospheres. Surprisingly the sputteredasiliim showed hydrophilic behaviour
in contrast to standard silicon wafers. Therefore pretneat of the silicon was unnecessary.
After nanosphere deposition the sample was transferredtiet etch system. First the sphere

diameter is altered by oxygen plasma etching to define tleedfithe silicon features and sub-
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Fig. 5.30:Polyimide nanopillars: (a) silicon mask after 2 min 30 seetwhing; (b,c) nanopillars after
3 min of G, plasma with 15 sec initial sphere thinning; (d) polyimid#gpibundles after wet

processing; (e,f) pillars after 2 min oxygen etching withes initially etched for 30 sec
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Fig. 5.31:SEM images of surfaces after gold deposition for (a) samjiile wet etch silicon mask re-

moval and (b) dry etched sample

sequently the diameter of the polyimide pillars. A suffitispacing between the features is
required to ensure conformal coating of the structuresngueter gold deposition. Etch times
were chosen as 15 and 30 s, respectively. The next step iscieg of the silicon layer. A
combination of SFand CFg was used as previously described. After 3 min of etching the
polyimide underneath was exposed. It was then followed lyygger etching of the polyimide.
The process conditions were 100 W RF power, 100 W ICP poweBarsdcm oxygen flow at a
pressure of 10 mTorr. For best verticality of the side watld avoidance of polyimide heating
the sample was cooled t6 € and a helium backing pressure of 15 Torr was used. The &eatur
height can be tuned via etch time. One sample was etched for @sulting in roughly 900 nm
high pillars while for a second sample exposed to oxygempda®r 2 min a height of around
450 nm was measured. Results for both samples are showniia 8g20. They have a slightly
tapered profile caused by undercutting and stand uprigimd{bg in figure 5.30c was due to
electron charging) with aspect ratios of ~10:1 and 5:1, tviben be increased further by longer
etch times.

The remaining silicon mask on top of the pillars should beaesd to allow for better
access to the bottom of the polyimide layer for gold coati@ne sample was immersed in

TMAH solution for 3 min to completely remove the silicon todowever, the wet processing
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caused the pillars to bundle up during drying so that the iaxsade the bundle cannot be coated
with metal. Alternatively a further SFC,Fs etch was performed on the other sample for 1
min. The polyimide does not seem to be affected significdoylyhe etch gas. Some of the
silicon remained but was thinned enough to allow for a momnagiructure. The gold coating
was done by Dr Maolong Ke in a specially fitted thermal evafmrraDuring evaporation the
sample was held at an angle of o the vertical and slowly rotated to coat the side walls all
around. The thickness as measured by the quartz crystaldeateas 62 nm of gold over 5 nm
of chromium for better adhesion but must assumed to be thasthe material was spread out
due to sample rotation. SEM could not confirm whether thagslivere covered successfully
due to decreased gap size between the structures afterratiapo The observed roughness
on the sides that was not present before as well as sporadietkr measurements on single
pillars indicate that indeed they were covered with a thild gém. Final confirmation has to be
carried out through electrochemical impedance spectpysebere a fully coated pillar surface
should display a substantial decrease in interface immsdan

A potential advantage of this method is the flexibility of {payimide pillars. The pillars
can bend easily when exposed to forces or strain reducingsthef breaking compared to high
aspect ratio solid metal structures. The area increaseeamiply controlled by pillar height.
They might even possess less inflammatory response. Theessfof the substrate seems to
play an important role in foreign body reactions. The cetisstantly probe their surroundings
for tensile strength [92]. When encountering surfacesdbatot display the typical softness of
tissue a foreign body reaction can be triggered. Due to therpibending under the probing
force, the cell should potentially interpret this as a stefaofter than that displayed by bulk
polyimide. In conclusion the nanostructuring of polyimisierface is a promising approach

towards the improvement of neural electrodes.

5.7 Conclusion

The capabilities of Nanosphere Lithography for the purgdsenostructuring were thoroughly

investigated and the suitability of three different methéal sphere deposition were analysed.
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As a result the method of sphere assembly at an interface @amseatl the most appropriate and
a process for nanostructuring thin gold films using Nanosphéhography was successfully
developed. The surface characterisation showed that tfecsuarea could readily be doubled
with the technique. To address the problem of limited asgad, alternative processes were
investigated. This resulted in the fabrication of highgyexs ratio polyimide nanopillars using
Nanosphere Lithography with subsequent metallisatiomghivposes a strong alternative to the

nanostructured thin film process.



6. ELECTROCHEMICAL MEASUREMENT AND IMPEDANCE
SPECTROSCOPY

After introducing the developed methods for nanostruntuthe surfaces are assessed by elec-
trochemical impedance spectroscopy for their potentighi@nge interface properties through
the increase in surface area. This is complemented by thefuke electrochemical methods
of chronoamperometry and cyclic voltammetry. All measugata were carried out with a po-
tentiostat (Autolab PGSTAT 12) and an additional frequemesponse analyser module for the
impedance. The experimental set-up and operational ptenoiff a potentiostat are described
in section 1 of this chapter. The results obtained from samplith plain and structured gold
surfaces are analysed in section 2. During experimentatiothe nanostructured samples a
porous form of gold was found that showed significantly redlicnpedance and corresponding

results are presented in section 3.

6.1 Operational principles

The basic elements for the acquisition of electrochemilcatacteristics are an electrochemical
cell and a potentiostat. A electrochemical cell consista eghamber holding the electrolyte
and three electrodes necessary for the measurement, whitheareference electrode (RE), the
counter electrode (CE) and the working electrode (WE). Tdraepotentiostat is derived from
its basic operational mode. The potential difference betw&E and RE is kept constant and
the current flowing between CE and WE is measured (figure Balkeep the potential constant,
RE is connected to the inverting input of an operational d@eplvith a signal source connected
to the non-inverting input while the output of the amplifisrdonnected to CE. This way the

current injected by CE is automatically adjusted to keepptitential at WE at a constant level.
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Fig. 6.1:Operational diagram of a potentiostat

The cell currentis measured through the voltage differeleveloped across a reference resistor
attached to WE. RE needs to have a stable, well-defined mpaitenthe electrolyte in order to
only reflect potential changes at WE. Hence only materialls stable electrode potentials like
silver chloride or mercury are used and all measured peailsrdre then defined relative to this
reference. WE is the electrode under study while CE is ndynma&de of inert materials like
platinum or graphite.

The electrochemical cell used for the measurements (fig@)ecénsists of a custom-made
Teflon block with a chamber and openings for the three eldesanachined into it. A large
platinum sheet served as the CE and a silver/silver-cldaiectrode was used as RE. The hole
intended for the WE is surrounded by an O-ring, against wthehsamples acting as the WE
were pressed by a clamp. The exposed sample area is fixed hglthdiameter to a value of
0.283 cm. The samples were connected to the instrument by a flattevledagre clamped
between sample and Teflon block outside the O-ring. Duringsmeement the whole block was
placed in a closed metal box connected to the potentiogaiisnd to shield it from external
noise sources. Physiological saline was used as eledttolynimic the environment that neural
implants are exposed to. It comprises of 8.6 g of sodium ad00.3 g of potassium chloride
and 0.33 g of calcium chloride dissolved in one litre of déesed water.

For impedance spectroscopy a sinusoidal voltage sign@ of\l amplitude is used to probe
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Fig. 6.2:Electrochemical cell (a) assembled for electrochemicasuements and (b) mounting of the

sample as working electrode

to impedance at 51 frequencies in the range from 0.1 Hz to 10 ead logarithmically
over each decade. A small amplitude must be chosen to staynwite limit of linearity of
the sample’s interface response. The impedances are ditaltyacalculated by the Autolab
software from the current and voltage values and the phaéstween the two quantities.

The values of the equivalent circuit components of the fater vary with frequency as well
as surface area. The scaling law for each element can beetbffom the constituent equations
shown in chapter 3 and they are summarised in table 6.1 whisra proportionality constant,
f the frequency and! the surface area. All of them are inversely proportionahtdlectrode’s
surface area and benefit from a surface increase. In thistbaseharge transfer resistance
for example would be reduced because more electro-actee Isecome available. With the
exception ofR, the impedance values decrease with increasing frequency.

Once the impedance spectroscopy has been performed thenerasarves have to be fitted
to equivalent circuit models in order to obtain specific esldor the various components. The
complexity of the fitting increases with the number of cit@lements involved. Therefore it
is useful to analyse the measurements before fitting to @edultich interface components are
present and to choose appropriate initial guesses for ttaen@der values. The influence of the

various components on the impedance curves is discusdeel following. The simplest case is
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Tab. 6.1:lmpedance scaling of the interface components

Symbol circuit element scaling dependency
Cy interfacial capacitance | Z |= a7
. k
R, charge transfer resistance | Z |= 1
k
L Warburg impedance | Z |= ——=
AVF
Ry solution resistance | | Z |= (for symmetrical shapes)
VAVT

a series combination of the solution resistafigeand the double layer capacitancgassuming
that the direct current part can be neglected because ohighycharge transfer resistance. In
practise the double layer will never show pure capacitivealb®ur. Instead a constant phase

element (CPE) has to be used whose impedance is described by

T
1 1 —j=n
A = : = e 2 6.1
P = Qo) Qour (6.1)

with n» an empirical constant having values between 0 and 1. Thesdaughis non-ideal
capacitive behaviour is assumed to be surface inhomogesnaitd the value of a measure for
the size of the surface roughness. Onlyid@qual 1 this element represents an ideal capacitance
and (@, = C so that a fitted value @, can only be an approximation for the capacitance for
values ofn close to 1. The variation of the impedance and phase withahe\ofn is plotted

in figure 6.3 withQ, corresponding to 2QF for n = 1. R, is chosen to be 50 and accounts
for solution as well as connection resistances. The platspédance magnitude show changes
in the slope of the frequency dependent part of the curve lmadréquency cut-off shifting to
higher frequencies, while the phase decreases frofmfe®@deal capacitance to smaller values
with decreasing. In the Bode plot representation it is often hard to distisgulifferent system
behaviours. For this reason in electrochemistry it is comnaoplot the data in Nyquist form
instead with the real part of the impedance on the x-axislamttaginary part on the y-axis. In
this form (figure 6.4) the data is represented by straigleslifc-om = 1 the line is perpendicular
to the x-axis. With the real part completely set by the semssstance, the imaginary part is

solely a function of capacitance and frequency. As the vafuedecreases the lines tilt over
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Fig. 6.3: Simulated Bode plots for a constant phase element in sefiesagolution resistance

with the base anchored at the value of the series resistaiseconstant phase element now
has a real and an imaginary part in its impedance. It also detraies why it is called constant
phase element as the phase angle between the graph andxielres not vary with frequency.
The phase angle only depends on the value a$ can be seen from equation (6.1).

In the next step the circuit model is expanded to feature agehttansfer resistance in
parallel. It provides a current path at low frequency whée ¢apacitive impedance is very
high. The total impedance plateaus at the value,dbRsmall frequencies then transitions into
the capacitive slope and flattens out for higher frequertoi¢ise series resistance (figure 6.5).
This behaviour is mirrored in the phase plot with the phaggearending towards zero for low
frequencies and hence being dominated by the resistive pallowing this is the capacitive
regime for mid-frequencies before going back to zero asrttpedance value of the capacitive
decreases with rising frequency. The values odiR chosen to demonstrate cases ranging from
significant influence for low values to mixed situations ughigh values with minor impact
on the system’s behaviour. In the Nyquist plot the presei@ @ppreciable charge transfer
resistance is expressed as a semi circle with the diametey betermined by the value of,R

(figure 6.6). The effect of < 1 is to depress the ideal semi circlerof 1 into a more convex
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Fig. 6.4:Corresponding Nyquist plot for Rn series with CPE

shape.

The Warburg impedance as the last influence on the systernavioair is added to the
circuit model. Since the diffusion resistance can only bemgdortance if there is a sufficient
reaction rate the charge transfer resistance was set to pacably low value of 1,000). The
value ofn for this preliminary analysis was chosen as 0.8 to give astgabituation. Because
the Warburg impedance is frequency-dependent the platesanaed for a singular charge trans-
fer resistance is replaced with a steadily varying curvexadislope for values lower than the
impedance of the capacitive branch (figure 6.7). In the ppbss the influence of £ is seen
at low frequencies. Small values of Warburg impedance daigoificantly show in the curve
and the phase is determined by With an angle close to zero. As,Zncreases it starts to
shift the phase closer to its native phase angle of.-45ecause the Warburg impedance is
frequency-dependent the phase falls off towards zero witheasing frequency as the charge
transfer resistance becomes the limiting element agaimhigb values the Warburg impedance
blocks the charge transfer branch and the constant phasemés the dominant component
with a phase closer to -90In the corresponding Nyquist plot low values qf ghow the typical

semi circles of charge transfer resistances while higlhe&ds to constant phase behaviour (fig-
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Fig. 6.5:Simulated Bode plots with a charge transfer resistancerallphwith the constant phase ele-
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Fig. 6.7:Simulated Bode plots with Warburg element added in the ehtxemsfer branch

ure 6.8). As the Warburg element starts to dominate it brepkhie semi circle into a straight
line with a 45 angle to the x-axis before it transitions to straight linekigher slope set by the
CPE. ltis therefore only necessary to consider a Warburgehe for fitting when one observes
the break up of the semi circle or straight lines with an awgleround 458 in the Nyquist plot
representation of the measured data. When using equivatenit models for data fitting it
has to be considered that they are not unique and differemtitmodels can produce the same
results. Also the components do not always represent rgaligai entities (like the constant
phase element) but might fit the data very well.

Complementary to impedance spectroscopy, chronoampénpis@erformed by applying
a potential step to the electrode and measuring the curespbnse over time. The current
response consists of two parts, the charging of the douplr land the diffusion of charge
carriers with respect to the electrode. As the dischargeentiis exponentially proportional
with time, it quickly decays compared to the slower diffusmrocess. The diffusion current is

described by the Cottrell equation in the following form as

| T]= —2= 6.2)
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with n the numbers of electrons transferred per moledildhe Faraday constand, the surface
area,C} the bulk concentration anf; the diffusion coefficient for each species. As the same
solution composition was always used for the measuremig®nly parameter varying is the
surface area. Hence the size of the peak gives an indicatitresurface area with respect
to the different samples. However as the Cottrell equatssumes an ideal interface structure
it can at best only be used semi-quantitatively. In the messents the potential was stepped
from 0.5 V to 0 V and the response measured for 3 s after a gonutig phase of 1 s.

Cyclic voltammetry is often used to determine the stimolatefficiency of neural elec-
trodes, which is the amount of charge delivered per voltagsep In cyclic voltammetry the
electrode voltage is swept at a constant rate between tvemfialis and the resulting current
is measured. Integration of the area under the obtainedsgives the amount of charge in-
jected. Broader voltammogramms along the current axiséneagespond to increased charge
injection. For the measurements in this work the voltageayaked between -0.2 and 0.6 V for

10 times to reach a steady state and the last scan was usethfpsia.
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Tab. 6.2:Process parameters used for the manufacturing of the adadgenples

Sample nanostructure modification
S1 plain reference surface
S2 80 nm sacrificial aluminium + 50 nm gold
S3 1 min G, milling: 6 min @45°
S4 14 sec Q, milling: 6 min @65°
S5 20 sec Q, milling: 3 min @65°
S6 20 sec Q, milling: 6 min @65°
S7 bundled Au coated PI Pillars (15 sec & 3 min)Q
S8 straight Au coated PI Pillars (30 sec & 2 min)O

6.2 Modified gold surface

As shown in the previous chapter the nanostructuring psosesapable of producing a variety
of different surface morphologies. A representative setamiples was chosen for investigation
of the influence of the surface structure on the interfaceemiapce (figure 6.9). The details
of fabrication are summarised in table 6.2. Sample S1 is asiegul gold film with no further
modification and acts as reference for the other samplesss®s from the attempt to produce
hollow gold nanostructures as described in section 5.6. cbinelitions for S3 were chosen to
create prototypical pillar shapes. S4 is an example of aeshrap transitional stage between
pillar and honeycomb-like structure while S5 and S6 represach a honeycomb shape for
different milling times. S7 and S8 are the polyimide pillangples discussed in section 5.6.
Ideally a number of samples for each structure type should baen produced and measured
to account for statistical variations in fabrication andasigrement. Because of time constraints
and limited access to the potentiostat only one sample dftype could be analysed. However,
general tendencies of the nanotextures should still beradigie. To minimise variations all
samples stem from the same gold deposition, were procesgether and measured in a single

session except for the polyimide pillars.
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First the effect of different surface structure is dematstl by comparing samples S3, S4
and S6 with the reference S1. All structures were milled foné and SEM confirmed that they
possess similar heights of around 110 nm. From the plot shgure 6.10a it must be con-
cluded that S4 features the largest accessible surfacesieahows the lowest impedance of
the three structures while S3 and S6 show similar resultis. i agreement with SEM images
of the structures taken earlier where the features of S4 laager circumferences compared to
S3. They also form almost closed circles. As the spheresdave3e etched for a longer time in
oxygen plasma the resulting pore sizes are smaller than.ik&dce S4 should have the largest
surface area of the three structures and the EIS data sagp@tsupposition. The structure
possessed by S4 is therefore the most effective for impedauiuiction of the available surface
topologies. The amount of reduction is assessed by plattiegatio of impedances between
S1 and S4 (figure 6.10b) with a maximum of 2.25 around 20 Hz whes in the capacitive

region of the interface behaviour. The scaling of the impedavith feature height is illustrated
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Fig. 6.11:Phase of the measured impedance for S1-S6

in figure 6.10c where the curves of S5 and S6 are plotted. THagniime for S5 was half
that of S6 consequently resulting in half the feature heidMhile S5 still shows a reduction
in impedance, it is approximately half the size achievedh\86 confirming the dependency on
structure height. An exception is S2 because it was not mextiby milling. It shows a reduced
impedance (figure 6.10d) in the capacitive branch simil&4dout then plateaus for higher fre-
guencies at a value similar to S1 in opposition to the scaomnyentions. While the rough outer
gold surface leads to a decreased impedance similar to&redhction is not sufficient enough
to assume the successful creation of hollow gold structdres phases for all six samples were
similar with maximum values around -8@r low frequencies (figure 6.11).

To extract equivalent circuit parameters from the measimeedance curves the data has to
be fitted to a matching circuit model. A freely available marg calledEIS Spectrum Analyser
was used for this purpose. It specialises in fitting to andutation of electrochemical circuit
models. Four different fitting algorithms are included ttext be used in combination with three
weighting options to allow for easy data fitting to user-dedirelectrochemical circuit models.
At the beginning a circuit model has to be chosen to which tta & fitted. The Nyquist plot

representation is used to deduce the most likely combimaficircuit components as described
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Tab. 6.3:Results of equivalent circuit fitting for samples S1-S6 wéative errors

CPE
Sample R, [Q] R: [€2]
QI[S-s"] n

S1 | 66.66(0.81%) 18.45x 10° (0.56%)| 0.92 (0.14%) 0.8 x 10 (7.91%)

S2 | 65.97(0.6%)| 32.43 x 10° (0.47%)| 0.93 (0.13%) 10 x 10 (-)

S3 | 46.28 (0.82%) 26.59 x 10 (0.59%)| 0.94 (0.14%)| 2.61 x 10 (808%)

S4 | 43.1(0.69%)| 38.24 x 10 (0.53%)| 0.94 (0.13%)| 2.55x 16 (-)

S5 | 56.61(0.68%) 23.01x 10 (0.5%) | 0.94 (0.12%) 3.2 x 16 (138%)

S6 | 45.22(0.8%)| 28.35 x 10 (0.59%)| 0.94 (0.14%)| 2.8 x 10 (-)

above. Examples are shown in figure 6.12a as almost stramgds With slight bends. This
points to a constant phase element in parallel with a reltikigh charge transfer resistance.
After deciding on a circuit model the fitting routines aretéesto see which one gives the
best initial result. Attention has to be paid as some of tlgerdhms require a good initial
parameter guess in order to find a global minimum. It is algxkéd whether fits improve with
choice of weighting option. The program supplies a relagéu®r estimate of the calculated
parameters. These errors are summarised together witatampters in table 6.3 but as it is not
explained how the errors are exactly calculated the miratiaa of the residuals is used instead
for identification of the best possible fit. The last step wasoal parameter optimisation to
further improve results if possible. As an example for datang the results for S4 are shown
in figure 6.12b-d. The relatively high residual in phase fighhfrequencies is caused by the
small values at these points so that even slight deviatibow ss large percentage error. The
Nelder-Mead algorithm with box constraints and amplitudgghiting was found to give best
results for fitting and was used for all six samples. The datddcbe fitted reasonable well
to the model for all samples and the calculated parametegsneral follow the scaling trend
observed from the impedance curves. Sample S4 shows theshegguivalent capacitance value
in correspondence with the lowest impedance. It is impot@ibear in mind that the models

used for the data fitting can only approximate the systemieha A good fitting result does
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not necessarily mean that the system is exactly describ#elsingle components of the model.
They only show trends of system behaviour. As gold is an cbalhgiinert material and the low
amplitude of the applied voltage signal does not allow lieastto occur, charge transfer is
negligible, which is evidenced by the high values offét all samples. Still the use of a charge
transfer element improved fitting accuracy. Alternativiblg curve bending attributed to charge
transfer could also be caused by measurement errors in skensyike drift in the open circuit
potential. The fitted model is only valid for the investighfeequency interval and cannot be
used to predict system behaviour outside that interval.

Complementary chronoamperometry and CV measurementsrootiie improvement of
the electrochemical properties of the electrodes. Foranaftclarity only S1 and S4 are com-
pared so the plots stay comprehensible as the values lie thggther (figure 6.13). In the
chronoamperometry the peak current value of the modifiddsaiis slightly larger than for the
reference indicating an increase in surface area. For stmaples the value is similar to the
reference. From the values only moderate increase is sé@s Ibventioned in the introduction
chronoamperometry is not very precise for this purpose. Q¥iealso shows improved char-
acteristics as the area enclosed by the curve of S4 is ldrgarfor S1 corresponding to more
charge injected into the solution, which is important foura stimulation. The exact values
can be calculated by integrating the area under the curve.values for S4 are 36.36C for
positive current and -68.66C for the negative current direction which corresponds total t
increase by around 50% compared to 25.88and -44.54.,C for S1. While the increase is not
as strong for the other samples, they also feature higheuatmof charge.

In summary an impedance reduction of half an order of madaitvas been achieved. The
measurements demonstrate that the developed nanopadtenethod is capable of modifying
the interface behaviour. To realise the full potential @ thethod and increase the improvement
of interface properties the height of the nanostructureddbe maximised. Optimisation of the
process is necessary to combine the process advantagesétiance reductions comparable
to or even higher then those reported in the literature.

Samples S7 and S8 are discussed separately because ofitieearitly different structure.
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Fig. 6.13:Comparison of the results of (a) chronoamperometry andyd)ccvoltammetry for S1 and

S4

Comparing them with S1 showed a considerably lower impeglémrcboth Pl samples (figure
6.14). The increase of impedance at higher frequenciegiistaed to the small thickness of the
gold film, which reduces the bulk conductivity. The low fremey impedance of S8 is similar
to the nanostructured metal film sample S4 indicating thatRhpillars were not completely
coated with gold as a successful coating would have resuitadlower impedance demon-
strated by S7. The evaporation has to be optimised by inag#se spacing between pillars
through reduction of pillar diameter and using differenatwog angles. But S7 demonstrates
the improved performance of this type of nanostructuringnethough it did not possess the
maximum surface area possible because of pillar bundlihg.réadily achievable aspect ratios
and the reduced amount of gold necessary make this the nasigang route for electrode
nanostructuring. CV and chronoamperometry further prbeegood properties of the interface
modified with this method. The CV shows a large increase iected current because of the
large accessible surface area with a total chardgelofnC compared td/0.1 C for S1. The
sharp peaks in the CV scans are most likely due to the adsoratid desorption of chloride

ions from the electrolyte on the gold surface [93]. As thekpeanains stable for many cycles
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Fig. 6.14:Results for the polyimide pillar samples for (a) impedancagmtude, (b) phase, (c)

chronoamperometry and (d) cyclic voltammetry
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it potentially offers an additional current injection pdtr stimulation. The data for S7 was
fitted with a series combination of solution resistance amdrastant phase element without
further circuit components. The obtained values weye= 71.357¢) (1.29%),Q) = 228.2 Ss™
(1.29%) andh = 0.77 (0.5%). S8 was not further investigated as it showmsdai behaviour to
S4. Future work should focus on the PI pillar method for ogation as the electrochemical

measurements for this structure type are superior to thierpatd metal films.

6.3 Microcolumnar gold

During the measurement of the first nanostructured samplespected results were obtained.
Instead of reduced impedances these actually offered higipedance compared to plain gold
surfaces even though both samples originated from the sald@gposition. Hence any differ-
ence in gold composition should be excluded. In order totilewhether the gold undergoes
any changes during the fabrication process a plain gold kanwgs treated using the same steps
as a modified chip except for the titanium masking. Impedapeetroscopy then showed re-
sults as expected that the modified samples have half thedenpe of non-patterned samples.
Noticing then that samples with increased coating thickrezsised lower impedance led to
the presumption that the gold might exhibit an intrinsicqsity. This was confirmed by SEM
inspection of film cross sections prepared by cleaving theé goated silicon chips. They pos-
sessed a distinct columnar structure with voids separ#t@golumns in contrast to gold films
deposited by thermal evaporation or electroplating whizésgss a dense grainy structure. The
explanation can be found in the work of Thornton [94] who axgiied the standard structure zone
model [95] to take into account the argon pressure for spdéposition. It exhibits a zone that
Is characterised by matchstick topology with voided colamgrains. While it is known that
many other metals show this kind of behaviour there seems tmlyeport on columnar gold or
its exploitation as a neural electrode material.

To study this film structure further two different sets of sd@s were investigated. The
deposition pressure is the parameter responsible for #regehin surface structure and therefore

the samples were prepared using two pressure settings ¢naton the edge of the operational
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limits of the sputter coater. For low pressure depositi@Ha were used, which was about the
smallest possible value that still maintains an argon péashie high deposition pressure was
set to 2.8 Pa because higher pressures cause a fault in #iedppamp that cuts off the plasma.
Silicon squares of 10 mm side length were used as sampleatdsstPrior to deposition they
were cleaned in IPA in an ultrasonic bath. For gold adhesidind silicon surface a thin titanium
layer was coated first. Gold was deposited at 100 W for 3, 6 anth9or both pressures. This
resulted in films of 90, 160 and 215 nm thickness independahiecdeposition pressure. The
difference in structure can be seen even under optical atigpe The low pressure films possess
the metallic shine and reflectance commonly associatedgeiith The high pressure films on
the other hand have a darker, more matt appearance and areflestive. SEM imaging of
the low pressure samples show a film structure that is tyjpacadvaporation or electroplating
processes (figure 6.15). They are densely packed with siredl grains of random orientation
and the surface is composed of a closed film with nodular dgrowt

The films grown at higher pressure have a rougher, more pautace with voids clearly
visible (figure 6.16). In the cross section it can be seenthiese films are composed of colum-
nar features running completely through from bottom to tophsat their height is equal to the
film thickness. The width of the individual columns is betwek) and 20 nm. The forma-
tion of columns is caused by substrate shadowing effectsentigh points on the substrate are
exposed to a higher coating flux than the valleys. These logtigpcan be created by initial sur-
face roughness, preferential nucleation or inhomogesseiil he shadowing effect is enhanced
by the oblique component in the coating flux present for gpukeposition. For low deposition
pressures this effect is countered by surface diffusiomm@asans possess high energies due to
the electrical field in the plasma discharge. These enegivesthem a high surface mobility
so that they can move around on the surface after impact arolcaut differences in coating.
The low pressure ensures that the metal atoms travel almbisian-free through the plasma
similar to line-of-sight transport in evaporation expiamthe similar film structure. For higher
argon pressures the atoms collide more often with the gaglearas they pass through the

plasma which reduces their energy. The resulting reducddlitydimits surface diffusion so
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Fig. 6.15:SEM images at 45angle showing the top of the samples deposited at 0.9 Pa 8m) c) 6

min and e) 9 min and corresponding cross sections (b,d,f)
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Fig. 6.17:Comparison of (a) impedance spectra and (b) correspondiagepplots for gold films de-

posited at low and high pressures

that the effect of shadowing is predominant and leads todhenmar structure.

In the analysis the EIS data of the samples display the tipaeviour of a double layer in-
terface. The impedance decreases approximately invetiséreaguency until it saturates above
a certain cut-off value. The curves are interpreted as ¢@pg@abehaviour of the interface dom-
inating at low frequencies. The high frequencies are dotath@y the solution’s resistance,
metal film resistivity and connection resistances. In dieted low pressure films showed no
significant variation of impedance with film thickness (figug.17). This indicates that their
densely packed structure does not exhibit an accessiblethwosity. The samples deposited
at high pressure in contrast display decreased impedanagcfeasing film thickness demon-
strating that the pores in the columnar structure are seiffity large to increase the effective
surface area of the film. Furthermore it shows that this mseds proportional to the height of
the columns. It must be noted that even for the shortest deéposme (3 min) and hence the
thinnest film the impedance already differs by half an ordenagnitude illustrating the signifi-
cance of film structure and its effect on the interface. Foi®time impedance differed by a full

magnitude of scale, which is a significant improvement ofitherface impedance and has the
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potential for further improvement by increasing the filnckmess. After the frequency cut-off
both film types plateau at roughly the same value of abou? AQhich means that there is no
appreciable difference in bulk film conductivity and thewahar structure does not interfere
with current conduction.

The examination of the corresponding Nyquist plots (figulé8) shows that they are com-
posed of nearly straight lines with slight bending. This ngethat at least a constant phase
element in parallel with a charge transfer resistance maisisied as circuit model. The pres-
ence of a Warburg impedance could also be justified as thes@mage of the curves is close to
45°. Gold is considered a capacitive electrode material scethagh charge transfer resistance
should be assumed and diffusion limiting through a Warbilegent should not occur. Both
variants with and without Warburg impedance are used faoa @titng in order to determine
which model delivers better results (table 6.4). The teng@mall the circuit parameters is the
same as for the impedance plot. While the values for low pressamples show little variation,
the high pressure circuit parameters scale accordingligggtoportionality laws in table 6.1.
The capacitance increases while &d Z, magnitudes decrease. Using a Warburg element
leads to slightly better fits as the residuals are generayet compared to charge transfer re-
sistance alone. As an example the results obtained for thenfdtthick high pressure sample
are shown in figure 6.18. As stated before, from the physicaitmf view the model without
the Warburg impedance is a more accurate representatibe ofal situation. The similarity of
the curve fits obtained for the two models, which represdfareint electrochemical situations,
serves to illustrate the ambiguity encountered when usioigvalent circuits to model complex
processes such as double layer interfaces.

The results of the chronoamperometry and cyclic voltamyfatther consolidate the better
properties of the columnar film structure over the granuter. &hile no change in current was
observed in the chronoamperometry for the low pressureegsydt showed an increase with
thickness for higher pressure (figure 6.19a). The value$ fof are substantially larger then
for the low pressure coating. Given thHat | increases with surface area, it leads one to con-

clude that the columnar samples have a larger effectivaseidrea that is proportional to film
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Fig. 6.18:Comparison of equivalent circuit fitting with and without aa¥Wurg element for the 6 min -

2.8 Pa sample



Tab. 6.4:Results of equivalent circuit fitting for gold samples oftibpressure settings with relative errors

Sample

CPE

R, [€1]

QS -s"]

n

R, [€]

Z, [

3 min

0.9 Pa

40.47 (2.05%)

47.13 x 10 (1.49%)

0.88 (0.38%)

180 x 10 (12.9%)

41.23 (0.89%)

40.24 x 10° (0.69%)

0.91 (0.17%)

10.1 x 16 (25.08%)

50 x 10 (12.86%)

6 min

0.9 Pa

39.19 (1.57%)

41.25 x 106 (1.12%)

0.89 (0.28%)

200 x 10 (11.93%)

39.86 (0.82%)

35.33 x 10°% (0.63%)

0.92 (0.15%)

7.7 x 10 (34.76%)

60.6 x 16 (5.38%)

9 min

0.9 Pa

39.04 (1.59%)

43.24 x 106 (1.15%)

0.9 (0.17%)

190 x 10 (11.55%)

39.69 (0.79%)

37.35 x 10° (0.61%)

0.92 (0.15%)

10.2 x 10 (27.4%)

57.3 x 16 (15.49%)

3 min

2.8 Pa

40.85 (2.7%)

135.6 x 10° (2.27%)

0.81 (0.69%)

61 x 10 (20.65%)

41.92 (1.44%)

105.06 x 10° (1.37%)

0.86 (0.39%)

2.7 x 16 (28.58%)

13 x 10 (3.83%)

6 min

2.8 Pa

41.86 (1.88%)

270.08 x 10 (1.84%)

0.81 (0.63%)

30 x 10 (17.68%)

42.65 (1.09%)

215.16 x 109 (1.2%)

0.85 (0.37%)

1.7 x 10 (23.95%)

7 x 10° (3.84%)

9 min

2.8 Pa

38.43 (1.5%)

436.57 x 10° (1.64%)

0.84 (0.6%)

24.5 x 16 (21.77%)

38.85 (1.06%)

374.75 x 10° (1.26%)

0.87 (0.43%)

1.7 x 16 (34.46%)

6 x 10° (5.62%)
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Fig. 6.19:Results of (a) chronoamperometry and (b) cyclic voltamynfetr both low and high pressure

gold films

thickness. For the CV again all three low pressure films fealmost the same characteristics
independent of film thickness while the samples prepareddaP@ experience broadened CV
curves for thicker films (figure 6.19b). In addition a peake&leps in both scan directions for
the high pressure films around 0.33 V with the height of thé&p@ereasing with film thickness.
The peaks are again attributed to the adsorption and déesogdtchloride ions. The peaks then
grow in height for thicker flms because more electrode serfarea is available for chloride
adsorption. In summary the gold films with columnar morplyglehow better properties com-
pared to the grained gold with regards to the applicationeagrede material in neural devices.
They also have the possibility of further improvement bylisgeof the film thickness.

As an assessment of the quality of the porous gold films theycampared to titanium
nitride. TiN is a well known neural electrode material whesgeellent properties are also based
on a porous, columnar film structure. The TiN films were grownCly Zoe Barber and Dr
Kartik Senapati from the Department of Material Sciencehefniversity of Cambridge. The
titanium nitride was deposited on silicon chips with an Rkvpoof 120 W at pressures of 3

and 4 Pa in a 40% nitrogen atmosphere at room temperatune thigkness was determined as
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Fig. 6.20:SEM images of titanium nitride surfaces at4fgle for (a) 290 nm at 3 Pa and (b) 255 nm at

4 Pa and the corresponding cross sections (c-d)

135 nm and 290 nm for 3 Pa and 170 nm and 255 nm for 4 Pa. The \aleietose enough to
the thickness of the gold films to allow comparison. Figu0&hows the structure of the TiN
samples to be composed of columns as well.

Similar to the columnar gold, the impedance of the TiN alscrelases with increasing film
thickness corresponding to larger column heights (figu2d&). In addition the rise in depo-
sition pressure from 3 to 4 Pa increases the porosity so tleger surface area is accessible
by the electrolyte causing the impedance to drop furtheis &ffiect is likely to be seen in gold
films as well but the gold was already deposited at the maximpreasure possible with the

used sputter coater. As gold films deposited at 2 Pa still shewnorphology and electrochem-
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Fig. 6.21:(a) Impedance and (b) phase measurements of titaniumenfitids in comparison with the

thickest columnar gold sample

ical behaviour of densely packed grain films it is presumexd tine value of 2.8 Pa lies within
a region where the columnar structure is just beginning tdvevand there is still a certain
margin left to further increase gold porosity at higher ptees. The conductivity of the TiN
films is assumed to be lower than for gold as they plateau aehigalues compared to the gold
films. This is confirmed by depositing a 140 nm TiN film on a 150 gwid layer, which offers

a shunt pathway and leads to a smaller impedance value arHrgiguencies. While the best
TiN sample possesses an impedance that is slightly smiadierfor the best gold film it must be
kept in mind that the TiN film thickness is roughly 40 nm thiclad was deposited at a higher
pressure resulting in higher porosity. This indicates thetn though TiN was considered to
be a superior material compared to plain gold surfaces, gatentially has better properties if
the film structure is optimised for use in neural devices.dewnparison the fitted values of the
equivalent circuit parameters are summarised in tablel.€ontrast to the gold films the data
was fitted best by a simple series circuit of a resistance awhstant phase element. Consid-
eration of a charge transfer element was not necessary @sribtlimprove fitting results and

its role on material behaviour can be neglected.
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Tab. 6.5:Results of equivalent circuit fitting for TIN samples witHative errors

Sample

R, [€1]

CPE

Q[S-s"]

n

135 nm, 3 P4

362.81 (2.16%

264.97 x 10° (0.57%)

0.854 (0.4%)

290 nm, 3 P4

252.03 (1.11%

391.2 x 10 (0.3%)

0.86 (0.21%)

170 nm, 4 P4

427.87 (0.32%

378.14 x 10° (0.14%)

0.857 (0.1%)

255 nm, 4 P4

289.34 (0.58%

796 x 10°% (0.37%)

0.856 (0.26%)

Chronoamperometry and cyclic voltammetry further demmastthe similarity of the two
materials as they show the same scaling tendencies andItres\iar the films with the best
properties are similar (figure 6.22). Unlike with gold théaride possesses no particular affinity
to TiN so the CVs do not show peaks and remain flat within tharsed voltage window. Both
materials are considered to be capacitive neural electraderials because no faradaic charge
transfer mechanism exists in the materials themselvestaiditehaviour is dominated by the
charge double layer capacitance [96]. Their properties thainly dependent on the exposed
surface area. Since they show comparable behaviour andniegowithin acceptable limits for
similar film thickness this leads to the conclusion that thegsess a comparable film structure.
The advantage of gold is a simpler fabrication process anprdperties do not depend on the
amount of nitrogen incorporated into the film, which can leaduite different properties. The
film conductivity of gold is higher evidenced by the lower ietance at higher frequencies and

the film properties are more stable and reproducible.

6.4 Conclusion

The analysis using the electrochemical methods discus$ieellaeginning of the chapter demon-
strated that all the nanostructuring methods developed ®algle to improve the properties im-
portant for neural applications. The structured gold timgiachieved a maximum reduction in
interface impedance by half the value of unmodified refezeziectrodes. The polyimide pillars

could lower the impedance by an order of magnitude similémégorous gold films discovered
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Fig. 6.22:Results of (a) chronoamperometry and (b) cyclic voltamynfer titanium nitride films com-

pared to the thickest columnar gold sample
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during the electrochemical measurements. Both the palladsthe porous film could easily fea-
ture even better properties by increasing pillar heightfdndthickness. The polyimide pillar

process is still not perfect and optimisation should leathtwe improvement in the interface
properties. Together with the economical use of the exgergdld material it makes this the

best approach towards nanostructured neural electrodes.



7. IMPLANTS FOR RECORDING FROM NERVES

The implants developed in this thesis serve two purposdestahe integration of nanostruc-
tured surfaces into the fabrication of neural devices amyatuate the effect of the nanotexture
in neural tissue. The nanostructure process was origidalgloped for incorporation into the
polyimide microchannel device but they have to be implameshimals for an extended time
period before they can be tested. Therefore it was decidaddiionally design and fabricate
a set of neural implants for in vitro assessment in the Dapamt of Neurophysiology at the
medical school of the University of Birmingham. The impkatre intended for different ap-
plications and requirements so that their designs diffedissussed in the first section. The
subsequent sections describe the fabrication processandddification of the electrodes for

each of the designs.

7.1 Requirements for implant devices

The implants are classified according to their applicatarations into two distinct types. In
order to be integrated well in the biological tissue theyehttyaccommodate the structure of
the target organ. The polyimide roll intended for the peeiath nervous system uses the ability
of the axon to regrow after injury. The injured axon fibresrosgthrough the roll from the cell
body side to innervate the muscle. The device has to be atimensional structure in order to
completely envelope the axon requiring a sophisticateddation process. As the axon needs
to be supplied with oxygen and nutrients the device charirals to provide enough space to
support both axons and blood vessels as well as connecsreeti

The needles on the other hand represent penetrating devite's are directly inserted into

the brain tissue. Their stiffness has to be sufficient endagdlow insertion without device
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buckling. The brain tissue itself is relatively soft but eoed with a tough skin layer. During
the surgical implantation procedure this layer is normiatysed with a scalpel and peeled back
to expose an area for insertion. While a certain stiffneseqgsired for insertion, the implant
should be flexible enough to withstand deformation and séesaused by minute movements
of the brain without breakage or damaging the brain tisswemihimise injury caused to the
brain by device insertion, a near-planar shape with a sstailessible cross section is desirable.
This helps to limit the inflammatory tissue response anddz=th. It also prevents the neurons

from being pushed away too far from the recording sites.

7.2 Silicon needle process

The first attempt at neural implant fabrication was made wilicon needles produced from
500 um thick 4-inch silicon wafers. A Bosch process was used ttepathe wafer into a
needle shape as seen in figure 7.1. This process uses a siiapiis silicon etch step with
sulphur hexafluoride (Sff followed by a deposition step of a thin polymer layer frontadi-
orocyclobutane (¢Fs) gas, which passivates the side walls while the surfaceepelipular to
the plasma is cleared off the polymer by ion bombardment. thoesteps are alternated con-
tinuously until the desired depth is reached. Almost pedpriar side walls can be achieved
otherwise impossible with an isotropic etch alone. The leseldave a square base with contact
pads for electrical connection. From the base the silicper&linearly into a sharp tip. The
design included single needles with one or three electraddsmultiple arrays of the single
version. Contact pads and electrode tracks were made frerm#ily evaporated gold, litho-
graphically patterned and wet etched in potassium iodimeilbed by ion beam. As the devices
are released during etching, the wafer has to be mounted arriarovafer with double-sided
carbon tape to prevent the devices from being scattereddhout the chamber. The devices
were then coated with a thin insulation layer of polyimidePP 3505 exposing only the elec-
trode tip and the contact pads.

In order to use them for recording neurological data fromrbsdices they were attached

to custom-made printed circuit boards (PCB). The elecsodere connected to the PCB by
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(b)

Fig. 7.1:Prototypes of the first silicon needle devices: (a) singléage(b) array
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wire bonding. Pin connectors mounted on the PCB allowed dnaection to the electrophysi-
ology rack. Unfortunately no viable signals could be acegirDr Jiruska, who conducted the
experiment, suggested that the device thickness mightdktge to record any useful infor-
mation because the devices deform the tissue too much ahdipeisieurones away from the
electrodes. In an effort to reduce the needle thicknessatinecation was repeated with 200
pm thick silicon wafers. It was the smallest available thieks for single wafers that could be
safely handled and even these were fragile and occasidake during processing. Repeating
the recording experiment with the thinner needles singi&irsg events were distinguishable
but signal quality was very poor. The decision was then madem for a much smaller thick-
ness to ensure minimal impact on the tissue and allow inéroahtact between neurones and
electrodes to boost signal quality and enable reliablerd#eg of neurological signals. A target
thickness of 2Qum was chosen, which is well below the average neuron size gf3@&nd
should be sufficient to ensure good performance. Singlergafiesuch thickness are not read-
ily available as they are very fragile and fracture easilglenpoint loads making their handling
very difficult.

The Michigan probes [7] solve this problem elegantly by gsiteep boron diffusion to
define the desired device shape into the surface layer of wentaonal silicon wafer. After
device patterning it is released in ethylene diamine pymteol, which etches pure silicon
but not the boron doped parts. As the devices are expensi/éharequipment to apply this
technique was not accessible another solution was sougtd.id@a is to change the material
for device fabrication to spin-on photopatternable polysnas described in the SU8 needle
process section. The other option is to use silicon-onkateu(SOI) wafers instead. A SOI
wafer is produced by oxidising the surface of two silicon evafand bonding them together
at the oxide layer side. Mechanical polishing is then usetthito one of the wafers down to
the desired thickness while the other one acts as the hgnahifer. This way the thin silicon
can be processed without the risk of breakage during handlihe SOI wafers obtained were
4-inch in diameter with a 400m thick handle wafer, a Zm oxide layer and 2@m top silicon

layer.
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Fig. 7.2:Fabrication process for the SOI devices
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The lithography masks were modified to opt for a design wittuoed impact on the tissue.
The width of the tip was reduced step-wise from 1068 down to 20um over the maximum
possible insertion depth of 4Q00n. Sharp corners were avoided to minimise the risk of break-
age. For fabrication the insulation material was replace®U8 as it is easier to process and
does not require extensive curing (see figure 7.2). The deshape is again defined into the
thin silicon layer by the Bosch process removing unmaskiembai down to the buried silicon
dioxide layer. The oxide serves as a natural etch stop foBEyetch leaving the silicon oxide
exposed after the Bosch process. In principle the deviceshem be released by etching the
silicon dioxide layer using hydrofluoric acid (HF). Attenmgg this however quickly revealed a
flaw in the design which neglected the actual dimensionsafllvice for release. The strongest
available concentration of HF is a 40% solution with a cquogsling etch rate of ~1.mm/min.
The largest dimension of the device is the width of the bas2 min. As the oxide is etched
from both sides it needs to dissolve the oxide under the dewmica lateral length of 1,00@m.
The oxide layer is only 2zm thick, which means that fresh etch species have to difficsa f
the bulk solution into the narrow gap formed between theatelayer and the handling wafer.
The release of the device on a realistic time-scale is th@osgsible.

In microelectromechanical systems (MEMS) fabricatiorefstanding membranes of large
dimensions are commonly perforated with holes to allow a&ttlspecies to reach the bottom
side of the membrane and dissolve the sacrificial layer unedeh. As the implant devices
are released completely without any further support, théopetion reduces the mechanical
stability and they become even more fragile. Therefore tbe af the perforations has to be
balanced so they are big enough to allow sufficient etchagttisp diffusion and small enough
to maintain mechanical stability. The smallest feature ghetomask company was able to
reliably produce is a wm square, which is approximately also the limit of the add#anask
aligner system. Since this value is above the thicknesseotilicon dioxide it also ensures
that the hole size is not the limiting factor for speciesulfon. To realise a realistic release
time the holes were placed on a At by 40um grid. The holes have to be replicated in the

metallisation and insulation layer as well so that they arehtocked by any material, which
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requires highly accurate alignment between the layers. efloge the number of layers that
need to be aligned, the devices are masked during the Bosklbgtthe combination of the
SU8 insulation and the gold metallisation without the usa skparate masking layer for this
process. As a consequence the device tip takes the shapegdlthelectrode.

The through holes for release formed well in the metallsatayer because of the polarity
of the S1813 photoresist used for masking during the goltepang. It is a positive resist so
that areas exposed to UV light are washed away by the develdple unexposed parts remain.
Therefore the holes are defined in the photolithographidkrfasthe electrode as openings in
the chrome film. Scattering of light from the edges of thedeepas exposes some of the resist
otherwise blanked by chrome. As a result the holes weretsliphgger then defined by the
mask. Patterning the holes in the insulation layer is moffecdit as SU8 is a negative tone
resist with exposed areas remaining on the substrate wiglenexposed part is dissolved in
the developer. The holes were defined by chrome squares ometsle which prevents the SU8
underneath from cross-linking. Again light scattering esponsible for non-perfect feature
reproduction. But in this case because of the opposite ipothe holes were smaller or even
not patterned at all. The thickness of the SU8 layer becomiisat as it approaches the size of
the feature to be patterned. Thicker resists increase tbeinof area affected by scattering.

For the insulation layer SU8 2002 was used. The formulatfdheoproduct is optimised for
a 2m thickness, which is close to the hole size girh. On the other hand SU8 is etched by
the Sk during the Bosch process. A too thin layer will be completished away and expose
the silicon device to the etchant. The two aspects have tala@ted for successful fabrication.
Applying a postbake to the SU8 layer just beneath the glassition temperature improved
the shape of the holes as the SU8 started to re-flow slightlyescess material blocking the
hole was absorbed by the surrounding SU8. The postbakerajsoves the durability of the
material during the Bosch process. However, using the atanecipe for the Bosch process
the SUS still failed and the silicon surface underneath welsezl. Reducing the ICP power of
the reactor lowered the etch rate of the SU8 enough to sumitiethe silicon dioxide layer was

reached. The reduced etch rate of silicon was compensatpdrfiyming more Bosch cycles
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increasing the overall etch time. Alternatively the SU8Iddae successfully masked with an
aluminium layer protecting it from etching. The aluminiurasvater selectively removed again
by a wet etch. As the masking adds an additional layer fonalignt, it is a less favourable
option.

According to the spin speed - thickness relation for the Sld8aing of 2.2um was used.
While it survived the Bosch process, erosion of the resis wsible and measurements with
a DEKTAK surface profiler gave a total device thickness serathian the theoretical 22;2n
(20 um silicon device and 2.2m insulation). Therefore the use of a thinner insulatioretayp
improve the definition of holes was not considered. Problesttsthe mask aligner meant that
not all needles had visible defined holes. A part of the neealidy had shallow holes or none
at all in the resist. It was observed that the substrate halds not plane so that the wafer did
not contact the mask plate everywhere properly and minyie ge@re visible. After 50 Bosch
cycles (see appendix for details) the silicon was compjetelhed through over the entire area
and the oxide layer was exposed, which was visible insidecti@nber during etching by a
change in optical appearance.

The wafer was then immersed in 40% concentrated HF solutiogove the silicon diox-
ide and release the devices (figure 7.3). The first needlgsdt® come off the substrate after
about 2 hours and the last devices were released after 5.hboey were then transferred to
deionised water and left soaking to wash out any HF contaimmaEven though not all the
devices had holes in the SUS8 layer still most of them detaétwed the wafer. Optical inspec-
tion of the device backside under a microscope showed halgsrothose parts that are solely
covered by the patterned gold on the top side (figure 7.4cyidRe covered by the patterned
SU8 layer did not result in holes being etched through theasil Given the delicate nature of
the needles it is impossible to remove the SU8 layer agaiedavhether the silicon underneath
was etched. It is left to speculation whether all the petfors in the resist were not patterned
well enough or if the silicon was not completely etched tigloas a result of a reduced etch
rated caused by the narrow holes in the SU8. Optical micpesounages of the surface as well

as previous test devices on pure silicon indicate that at Exame of the pores are good enough
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(b)

Fig. 7.3: SOl needle devices: (a) released devices (b) close-up gitsilevice
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to expose some silicon at the bottom so that the second plagsseems more likely (figure
7.4a,b). The addition of holes at the location of the gold g@itlwas beneficial as it made
device release possible. For the devices that took longetdase, the prolonged soaking in the
HF solution degraded the device surface to some extent &iBd¢ook on a dark brownish tone
giving it a burned appearance. Also the gold metallisatjgpeared to be attacked by the acid
(figure 7.4d). The removal of native oxide from the silicomfaoe prior to device patterning
might prevent this problem.

To reduce the necessary soaking time more holes in pantiauthe needle base have to be
generated. Adding more cycles for the Bosch process migkuffigient to etch holes com-
pletely through but carries the risk of destroying the SUslilation. To reliably reproduce the
holes in the insulation layer and ensure complete silicohieg their size should be increased
but this comes with a trade-off in reduced mechanical stglfdr the fragile devices. As the
holes were consistently etched in the metal masked patgsnatively the size of the gold pad
with the perforations could be enlarged to increase the murabpores in the bulk base. An-
other option is a more profound redesign of the fabricatimtess. The idea is to eliminate
the need of releasing the base of the device at all. Insteaould be left on the carrier wafer
and only the actual shank is released. This requires a mabemrlte and difficult process with
photolithography being carried out on both sides of the S@fewfor backside etching of the
silicon so that the shank only rests on the silicon dioxidenmene prior to release. The devices
would have to be separated with a dicing saw. An advantageitpproach is the increased
mechanical stability and ease of handling as the needlensattached to a thicker silicon piece
and no perforations are necessary as the oxide is compketpysed on the back for release.
Because of time constraints and successful productionwo€ele completely made from SU8
none of the mentioned options were explored any further.lyApg the nanotexture process to
the electrode is principally the same procedure as for thg18¢dles and is discussed in detail

in the next section.
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@) (b)

(© (d)

Fig. 7.4:(a) Holes patterned into the SU8 top layer, (b) visible eddin@es in test devices on pure silicon
wafers, (c) holes etched through to the back of the SOI neg@erosion of the SU8 and gold

by the HF releasing solution
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7.3 SUS8 needle process

As an alternative to the use of SOI for small device thickrgssto-patternable polymers can
be used for device fabrication by spinning them on to sutestréor patterning. The chosen
material was SU8, a negative photoresist originally dgwetbfor semiconductor fabrication.
High aspect ratios with thickness up to 2 mm can be achievddtas now commonly used
in microfluidics and BIoOMEMS because of its good biocompétib[97]. Upon exposure
to UV light the liquid monomer solution becomes highly crtis&ed to form very durable
polymer chains with high chemical stability making it vegrt to remove once cured. Because
of this property creation of free-standing structures isgilde. The material is supplied in
different formulations each specified for a certain thidsieange by changing the viscoelastic
properties and concentration of the liquid precursor. Withis range the thickness can be
adjusted through variation of the spin speed during theimgatocess. It is straight forward to
fabricate devices with the desired thickness o2 by choosing the appropriate formulation
and spin speed.

The design of the devices is essentially the same as the S@lede The masks were
adapted to the negative tone behaviour with devices defimetear areas and the surrounding
blanked by chrome. The design consists of the gold elecsaddwiched between two layers of
SU8. The bottom SU8 layer acts as the electrode carrier wieléop layer forms the insulation
exposing only the device tip and the pad for electrical catior. The recording electrode is
formed by leaving the last 20m of the gold track uncovered by the SU8 insulation. Becatise o
SU8'’s optical transparency it is impossible to distinguigtween the bottom and the top side
by optical inspection once the device is released, whicmortant for device mounting and
connection. Therefore the bottom SUS8 layer mask was modifiethrry a label reading the
word "UP", which is only displayed correctly when the devig@laced with the exposed gold

facing up.
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Fig. 7.5:Fabrication steps for the SU8 devices
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7.3.1 Implant fabrication

The principle fabrication process is shown in figure 7.5. $080 was used as resist with a
possible coating thickness ranging from 10 to/2@. A difficulty is that the substrate is no
longer planar after patterning the first SU8 layer and forrts@e-dimensional surface instead,
making further lithography steps non-trivial. The use ohimmer SU8 type for the insulation
layer would cause the material to flow off the elevated stmgconly partially covering the
device with resist. Therefore the SU8 2010 with its suffidiehigh viscosity had to be used
for both layers and the insulation layer could not be muchrtér than the bottom layer. As the
minimum thickness of SU8 2010 is around A& both layers were set to this value to obtain a
total device thickness of ~20m. Alternatively the device could be build upside down with a
thin insulation layer patterned first on the wafer substrate

The electrode layer consisted of 150 nm gold and 30 nm titanwhich was deposited
by e-beam evaporation. A photoresist with adequate vigchas to be used for the electrode
patterning for the same reason as with the SU8 and SPR220a8.6hosen. It was noticed that
along the edges of the device structures the resist wasthiecause of the barrier represented
by the devices during spinning. As a consequence a thin Eyesist remained after develop-
ment at the rim of the devices using the recommended exptsuge With positive resists full
exposure is necessary in order to be washed off completetlyebgleveloper. The higher thick-
ness along the edges would require a longer exposure tikiegisverexposure of the thinner
resist parts. The residual photoresist prevented the ned#r gold from being removed during
milling as seen around the edges of the device in figure 7.6erAlfie devices were released
these thin gold stripes had to be washed off with deionisadmwa

After electrode patterning by ion beam milling the maskimgtoresist has to be fully re-
moved. Otherwise the SUS8 layers do not bond together ppped delamination occurs. An
oxygen plasma step could remove resist residues and rotigh&U8 surface to improve con-
tact between bottom and top layer. However, it was found teftetive enough to leave the
wafer soaking in acetone for 30 minutes followed by the usanadltrasonic bath for 1 minute.

For the release of the devices a 100 nm thick aluminium layerdeposited on the silicon wafer
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(@) (b)
(c) (d)
Fig. 7.6:SU8 needle devices: (a) single electrode, (b) 2 shanks wittipte electrodes, (c) single device

with supporting grid prior to release, (d) complete arragi®fices with supporting grid
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(@) (b)

Fig. 7.7:(a) multi shank array and (b) mounted in a ZIF connector

before device fabrication. After the devices were complgtieey were released by immersing
the wafer in a TMAH solution overnight. The TMAH etches tharalnium away lifting off
the devices from the substrate. For convenience the plsisbreveloper MF319 was used as
it provides a readily available weakly concentrated soluttf TMAH (2-3%). To avoid time-
consuming collection of the singular devices one by one fite&rsolution a supportive grid was
introduced in the bottom layer mask to which the devices ammected through narrow tear off
connections. To separate a device from the grid these cbansevere broken with the tip of a

pair of tweezers or a scalpel blade.

7.3.2 Electrical connection

A problem when using SU8 as material for the needles is tlwtredal connection of the device.
Wire bonding was not successful as the bonds did not stickaagbld on the SU8. It is sus-
pected that the elastic properties of the material causedtiborption the ultrasonic vibrational
energy used for the wire bond by the SU8 so that no durable bomdection could be formed.
For single electrode devices conductive silver paint wasius connect device and PCB
traces but for higher density interconnects as required biyipre electrode devices it is more
difficult. The pads need to have a minimum size and separé&iosilver paint application to
avoid formation of bridges between adjacent pads, whichdithe number of possible connec-

tions. A device design created for the medical school foeaesh on neuron behaviour during
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epilepsy featuring an array of shanks with one electrodk eas used to test an alternative way
for electrical connection, a zero insertion force (ZIF) ceator originally developed for flexible
printed circuits and cables (figure 7.7). The exposed cdrorepads of the cables are slid over
the flat gold pins inside the connector and the base is pres®ad on the back by a clamp. The
base of the SU8 device has to match the footprint and georoks$tych a connector. It was also
large enough to use silver paint as an alternative. In omlbetsafely clamped, a silicon back
support had to be glued to the devices as their thickness etasfficient for proper clamping.
A major issue during testing was the suction of electroliteugh the relatively short shanks
into the connector where it shorted the pads. The deposfianthin line of silicone on both
sides of the device above the shanks kept the electrolytg fravan the connector. Future de-
vices will feature longer shanks, which should prevent #ssvell. The recordings obtained

with the array are discussed in chapter 8.

7.3.3 Nanopatterning

There are two possible ways for nanopatterning of the neliees. Either single devices can
be modified after device fabrication or the method for theotexture creation is incorporated
into the device fabrication to obtain a batch process forosanctured needles. To modify
single devices the tips were covered with a sphere arrayrddsed on a water surface by dip
coating similar to the gold chips in chapter 5. As both gold &UJ8 are hydrophobic surfaces
the devices were soaked in sodium dodecyl sulfate (SDS)aarit to improve the spreading of
the water film on the devices and prevented it from dewettumind dip-coating, which would
destroy the monolayer. The pretreatment in piranha seluwan not be used as it attacks the
SU8 material causing the gold film to peel off as well as dedieachment from the substrate.
As shown in figure 7.8 some defects appeared during transtethb overall ordering of the
spheres on the electrode is maintained. For further prowes$lsey must be mounted on a
carrier in order to load them into the necessary equipment ttis purpose silicon substrates
were cut and the needles mounted by either vacuum greaseibledsided sticky tape. After

coating the sample with titanium, the spheres were liftédwvith scotch tape. Care has to be
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Fig. 7.8: Three examples of single needles with sphere arrays deddsjtdip-coating
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Fig. 7.9: Setup for NSL on large wafer

taken to prevent tearing off the shanks when removing theebdape. Subsequent sonication
in chloroform often released the device from the carrierrdsroform is a organic solvent and
had to be mounted to the silicon again for ion beam millingteAgtching the remains of the
titanium mask the device modification is completed by remgut from the carrier through
soaking in solvent.

Single device modification works well but it is time-consumgnto structure them one by one.
A better quality can be produced by batch fabrication ashéltdemonstrated. The structuring
steps are performed after patterning the bottom SUS8 layértlza evaporation of gold. This
way the whole gold layer is nanostructured before the acleaitrode is patterned. Arrays of
devices fabricated on 2-inch wafers have been successtwigred by dip-coating. For bigger
samples dipping is an impractical method as it is difficultémtrol larger substrate sizes with
tweezers and hold them steadily during withdrawal from tlagaw An improved procedure was
developed instead. The consideration was that the biggeshtage would be if the sample
does not have to be moved at all. The idea was to control therveatel in the beaker while the
sample sits on a holder in the water. Slow reduction of thellley extraction of water transfers

the spheres on to the wafer as the water level sinks belowalferwurface. To avoid disruption
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of the transfer process by interaction of the water with tb#dm of the beaker or the water
flow, the wafer is placed a few centimetres above the bottothebeaker. Water is extracted
via a syringe needle taped to the side of the beaker. Theaeechbnnected to the syringe with
silicone tubing. This helps decoupling vibrations from #yeinge to the beaker, which might
disrupt the sphere order. The experimental set-up usedisrsin figure 7.9. Ideally an air
table should be used as well to cancel any environmentadtior.

A 20 ml syringe is slowly filled by hand with beaker water at gerbelow 2 ml/min. It
is important to limit the resultant flow and prevent excessivag on the surface to leave the
sphere layer intact. Whenever the syringe is full it can beaeed from the silicon tubing
via a custom made connector to drain it and reattach. Whewdfher is in close proximity
to the water surface and visibly deforms the surface aloagtiges of the substrate, the water
extraction is slowed down further until drying starts to wicat the edges. Water removal is then
stopped completely and the sample is left to dry solely byexation. Extracting too much
water can cause dewetting and subsequently destroy theedplger. The risk of dewetting is
given because the wafer remains in water for a longer pesddeawater extraction takes more
time then simple dip-coating. Also an additional rest peri® necessary. Once the spheres
are dispersed on the water surface, the beaker has to batksturbed until spheres that were
dragged into solution have completely dissolved in the waigherwise there is the risk that
they are deposited on the wafer during water removal cawferts and multilayers. Because
of the prolonged immersion the SDS is washed off the wafefasarthrough diffusion and
the surface is not hydrophilic any more, which facilitatesvdtting. In addition large sample
sizes are coated with a significant amount of surfactant.ifgixhe surfactant with the water
in the beaker affects the surface tension, which in retusrmampact on the sphere assembly.
In this case the water is not covered by a continuous sphgee &ny more but broken into
several smaller, fringy islands. Furthermore, the probémhgoaking of the wafers in SDS seems
to induce shrinking of the SU8. The resulting stresses wagelenough to partly detach the
devices from the carrier wafer making them unusable foh&mprocessing steps. In conclusion

the use of SDS is actual adverse for this approach.
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Fig. 7.10:Coating produced by the syringe method on a flat gold chip

Instead it could be shown that in contrast to conventionadlamic belief of the necessity of
hydrophilic surfaces for NSL hydrophobic SU8 and gold carubed without further pretreat-
ment. A small tilt was introduced through the substrate @olés a result only a small part of
the substrate breaks the water surface at a time. The sualirguwater then acts as a cushion
to prevent the water from receding and the contact line isqiino the exposed edge so that
no dewetting occurred. Caution is necessary when immetlmgntreated substrate into the
water. The hydrophobic nature of the top material facisethe entrapment of air bubbles at the
wafer surface. The bubbles interfere with the NSL and shiedunderneath part from sphere
coating. The best approach in this regard was to fill the beaké¢o the height of the substrate
and then use the syringe to inject water at a slow rate to dbeewafer. The slow controlled
filling reduces the number and size of air bubbles to a minim8mce a large portion of the
substrate remains in the water the sample cannot be lefitordits own once the upper edge
Is exposed. Instead it was necessary to continuously éxteder during drying until the whole
wafer has emerged from the water surface, which must stildmee slowly to avoid dewetting.
The best way to do this was by detaching the syringe from tloese tubing and letting it hang
down on the side of the beaker. The water then starts to aemisly drop out of the tube at a

slow rate because of the pressure difference.
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Fig. 7.11:SEM images of device coated by syringe method with craclblgig the background (a) and

higher magnifications of the spheres (b,c)
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Fig. 7.12:SEM images with increasing magnification of a device coateshybinge method after surface

patterning
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The quality of the produced coating with this method wasdsetbmpared to dip-coating.
The spheres were better packed with less irregularitieptlRes in the sphere film did not
occur as often as the substrate stays fixed during coatinfactrihe procedure was also used
for any nanostructured gold chips produced since the dpretat of this method because of
the improved quality and good reproducibility. Flat sanspdge completely covered with a
continuous mono-layer over the whole surface (figure 7.30pstrates patterned with devices
had cracks in the sphere layer (figure 7.11). They are atéribto the structured surface. As
the sphere array wraps around the devices a mismatch bethetcally available monolayer
area (determined by the substrate size) and the largercsuaf@a caused by device structure
develops and cracks appear to compensate for this. As tlod thp devices comes into contact
with the spheres first when the layer is still intact the sisasule mostly coated well. Wafers
of 3-inch diameter could reliably be coated, which was ingilade using dip-coating. With
larger beakers and sufficient amounts of nanoparticleisoltihe procedure should be scalable
to bigger substrates without problems.

The previously described steps for nanopatterning wemedaout then. The entire wafer
was subjected to a oxygen plasma treatment prior to titadigposition. Since the nanotexture
is solely desired on the electrode tip, the scotch tape walgeaionly to the a sufficient portion
of the shank while the rest of the device stayed covered agitim. Some titanium is lifted off
during the sonication in chloroform but most parts werd stdsked. After ion beam milling
and titanium removal the shank surface was covered by namasts as shown in figure 7.12.
Upon completion of the nanopatterning the device fabricatvas carried on as described ear-
lier. Once the devices were released they were ready for iis¢hve nanotexture incorporated

into the electrodes.

7.4 Polyimide microchannel process

The microchannel channel implants differ from the needieads not only in structure but also
in the materials used for fabrication. They are formed by dtirayer structure (figure 7.13)

with a non-photosensitive polyimide serving as the devigesgate. After metal deposition
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and electrode definition the tracks are passivated by a t#fytbin photopatternable polyimide
(Durimide 7505). Windows are patterned by photolithogsaph define the electrode sites.
A layer of thick photosensitive polyimide (Durimide 7028)then used to create the channel
walls separating the electrode sites. When rolling theipote the top of each open channel is
automatically sealed by the following turn of the roll to ¢ioe the extracellular space. The gold
electrodes survive the rolling process and remain operaitivhich is attributed to the elastic
nature of the substrate material [98]. Research suggestsi¢nve fibres can regrow through
these kind of channel devices [99]. The electrode incotpdran the bottom of the channel is
used to record or stimulate the regenerated nerves.

One specific characteristic of the polyimide is the requeetrof extensive curing after
device fabrication is completed. This has to be carriedmatnitrogen atmosphere to avoid the
material from being burned. A rigid temperature profile labé used to ensure proper curing.
First the sample is heated from room temperature té Z0@ith a ramp of 2.5C/min. It has
to stay at this temperature for about 30 min before it is fteategher to 350 C with 4° C/min.
The sample is kept at 35 for 60 min before cooling it down to room temperature agaitnw
4° C/min. The whole curing process takes around 5 hours andrmaily done overnight in a
specially fitted oven.

The polyimide microchannel devices used for modificatiomengoduced by Samia Ben-
merah. They were successfully coated with nanospheresghrdip-coating. For this purpose
a single device was released from the carrier wafer by @itiong its outline with a razor
blade and peeling it off with tweezers. The coating was peréal before the patterning of the
channels to ensure a flat surface. Because of mechanicsdestran the layers and the peeling
they tend to easily roll up. Therefore the sample was glued double-sided sticky tape to a
piece of silicon that had been cut to the size of the polyinsalaple with a dicing saw. Prior to
dipping the device was soaked in SDS overnight. All ten etelets on the device were coated
by spheres without any significant defects to the orderirgu @ 7.14). Again some cracks
appeared because of the mismatch in area. Spheres can beosedng the side wall of the

window in the insulation most likely causing the cracks andanvoids. Because of charging
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Fig. 7.14:Polyimide device after sphere deposition: (a) completetedde window, (b) close-up of (a),

(c) misalignment gap, (d) spheres on the side wall of the iogen
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Fig. 7.15:Polyimide microchannel electrode after milling

effects during SEM imaging the pictures were taken aftantitm deposition. Due to slight
misalignment during device fabrication a minor part of thbsrate is exposed at the bottom of
the window leaving some space between the window wall andd¢heal gold electrode (figure
7.14c). The spheres were then lifted off as previously desdrand the sample was ion beam
milled. The resultant surface is shown in figure 7.15 withrthaotexture clearly visible. The
device is then ready for completion by the patterning of thenmels. It should be possible to
modify entire wafers containing this type of device using flyringe method introduced in the

previous section but was not performed.

7.5 Conclusion

A SUS8 penetrating electrode device for recording neuralagfrom brain slices was designed
and fabricated. The 20m by 20um square electrode site was successfully nanostructured by
the developed thin film process as was the polyimide micnocbldevice. To incorporate the

nanostructure process into batch fabrication of nanostred devices, the method of sphere
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deposition during Nanosphere Lithography was improveelialoly coat sample sizes up to 3-

inch wafers and the high yield in modified devices suggestisfthither up-scaling is possible.



8. RECORDING FROM BIOLOGICAL SIGNALS

The fabricated implant devices were tested in in-vitro rdiogy set-up from slice cultures of rat
hippocampus. Supply of oxygen as well as perfusion of tleeslwith artificial cerebrospinal
fluid enables one to maintain slice functionality for morartti2 hours after the extraction from
the skull. Testing was performed at the Neuronal Networla@taboratory (under the leader-
ship of Professor John Jefferys). This laboratory is eceiippith the necessary equipment and
recording devices to perform these measurements. The-shatik array was specifically de-
signed for the group’s research aims to record neuronal epdlgation activity during epileptic
seizures from multiple sites. In addition to establishirgib operation of the devices it was
also tested whether any improvement in signal quality cbeldbserved for the use of nanos-

tructures on the electrodes.

8.1 Experimental set-up

Electrodes were positioned individually under visual cohtising a microscope and eyepiece
graticule. Electrodes and their positions were photogedpising a digital eyepiece camera
(World Precision Instruments, Inc.; Sarasota, USA). Sgmare preamplified using Neuralynx
headstage amplifier (Neuralynx, Inc., Tucson, USA), angalifil00x), and low-pass filtered (3
kHz) with Neuralynx Lynx-8 amplifiers. All recorded signalgere digitized at a sampling
frequency of 5 kHz using 1401 Plus or 1401 Power and Spika®#/acé (Cambridge Electronic
Design, Cambridge, UK).

Initially electrodes were tested in the recording chambiénoaut presence of brain slices.
Electrode tips were submerged in artificial cerebrospinad fACSF) consisting of 125 mM

NaCl, 26 mM NaHCQ, 3 mM KCI, 2 mM CaC}, 1 mM MgCl, 1.25 mM NaH2PQO, and
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Fig. 8.1:Recording chamber with AC fields test set-up

10 mM glucose perfused with a humidified 95% &nhd 5% CQ mixture. Electrode properties
were established by subjecting them to alternating cu(/gdy} fields of various frequencies and
recording the electrode response. The fields were gendmgtedplying current via Ag/AgCl
electrodes (2 mm in diameter, 4 cm long) using a Bi-Phasim@8tis Isolator DS4 (Digitimer
Ltd, Welwyn, UK). These electrodes were placed on eithee sidthe recording chamber in
parallel to each other. The following frequencies of 2, 418, 32, 64, 128, 256 and 512
Hz were tested for two current intensities (1 uA and 10 uApeesively. Activity from both
modified and plain electrodes was recorded together witlfeaenrece wire electrode fabricated
in the groups laboratory from platinum/iridium wire (AdudResearch Materials, Oxford, UK;
diameter5 um, impedance< 800 k2 at 1 kHz).

Spontaneous brain activity was recorded from hippocamlpadss@00 pm) of Sprague-
Dawley rats. The slices were stored at room temperaturensiged in the holding chamber
filled with normal ACSF. After 60 min, slices were transfette the interface recording cham-
ber, at32 °C, containing normal ACSF. To evoke spontaneous cellularratdiork activity,
slices were perfused with high-potassium ACSF consistirib mM NaCl, 26 mM NaHCGQ,

8 mM KCI, 2 mM CaCl, 1 mM MgCl, 1.25 mM NaHPO, and 10 mM glucose, bubbled with
95% O, and 5% CQ mixture. The tips of the electrodes were placed into thelmadly layer of
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hippocampal CA1 area (figure 8.4) and spontaneous evokettyaeias recorded.

8.2 SUS8 Needles

The ability to record electrical and also biological signad-vitro was assessed with two de-
vices. One was a plain needle with no surface modificatioe. ather device possessed nanos-
tructures patterned on the electrode with a milling time ofié at60° after 15 sec of sphere
thinning and titanium deposition for comparison. Sucadssinostructuring was confirmed by
SEM prior to testing.

First the electrodes were tested for their response in theFAIB applied AC fields (figure
8.3). The needles were glued with nail varnish to the enddasfsgcapillaries, which can be
clamped in micromanipulators for accurate placement. $\ioe electrical connection were
placed above the pads of the needles and fixed with duct tape glass tube. The pads were
electrically connected with the wire by covering them witlex paint. A pin socket was sol-
dered to the other end of the wire to fit into the head stageeoéithplifier. The original devices
without nanostructure modification picked up an externasasignal visible as a spike in the
sine wave form that could not be eliminated. The modified ckevecorded the signals with
the same amplitude as the reference wire while the origmplant featured a decreased signal
amplitude demonstrating the better interface propertidseomodified implant. Calculation of
the power spectral density revealed that each electrodevggs able to record the signal of the
individual frequencies from the AC fields. Main peaks in tlmvpr spectra corresponded to
the individual sine wave frequency applied. Additional keat frequencies other than those
applied represented harmonic components and sharp astefdtuch were present mainly in
the original electrode. These peaks had a lower power tleam#in sine wave peaks. Analysis
of coherence was used to examine the relation of originahaodified devices to the reference.
Coherence is calculated by dividing the cross spectraligemstween two signals by the prod-
uct of the auto-spectral density of the two signals. It is asuee of the correlation of two time
varying signals at each frequency. The plotted cohereratestits illustrate that the modified

implant had a higher level of coherence with the refereneetedde than the original electrode
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Tab. 8.1:SNR for the electrodes at different frequencies

Electrode 4 Hz 16 Hz 32 Hz 64 Hz 128 Hz
STD | 0.086 mV| 0.088 mV| 0.08 mV | 0.069 mV | 0.054 mV
Referenc
SNR 7.28 7.42 6.78 5.86 478
STD | 0.055 mV| 0.051 mV| 0.045 mV| 0.037 mV| 0.026 mV
Original
SNR 3.47 3.24 2.89 2.33 1.65
STD| 0.09mV | 0.091 mV| 0.085 mV| 0.073 mV| 0.058 mV
Modified
SNR 6.78 6.88 6.37 5.51 4.35

over the tested frequency range and reproduced the reéesggal better.

Signal-to-noise ratios (SNR) were calculated for sammeudencies of 4, 16, 32, 64 and
128 Hz. For signal amplitude estimation the data was band filésred from 1 to 200 Hz.
Standard deviation (STD) of a one second epoch of the filtsigraal at each frequency was
computed. The noise level of each electrode was obtainedlbylating the standard deviation
from epochs of the unfiltered signals between applicatidh@®C fields. The associated noise
levels were 0.012 mV (wire), 0.016 mV (original) and 0.013 rfmvodified). The SNR is the
signal STD divided by the noise STD and the obtained valuesadoulated in table 8.1. They
were averaged over the chosen frequencies and plottedhvetstéandard deviation (figure 8.2).
The difference in SNR for the two gold electrodes is cleargjble. The SNR of the modified
gold electrode was close to the reference wire. The origjold electrode had a value of less
then half the SNR of the modified device. This suggests thatrttrease of surface area has
improved the recording capability of the electrode but esiee and repeated testing of a larger
number of devices is required for final conclusions.

Both electrodes were able to record spontaneous braintgatikiich in this case was char-
acterised by spontaneous action potential firing (unitdiriof multiple neurons and manifested
extracellularly as multi-unit activity (figure 8.4). Thetdavas high-pass filtered at 700 Hz to
isolate spike events. A large amount of action potentialdccbe discerned from the noise

background for both electrodes. The registered units fedtlarger amplitude signals in the
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Fig. 8.2: Averaged SNR for analysed frequencies of each electrode

modified electrodes. However, the distance of the sourceoneo the electrode also has an
impact on the amplitude so that for single electrodes thesealts must be taken with caution.

For more reliable data a higher number of each type of eléetspread out over the brain sec-
tion of interest should be used to ensure a close locatiometméurones. The largest obtained
signals would then be used for a more detailed analysisititestrictions and the experimen-

tal set-up did not allow this. The shank arrays would be diftte this approach as they possess
a larger number of electrodes in a small space. But as desariithe next section they do not

work reliably yet.

Gold-coated polyimide pillars were not tested as needlécdsvmade of this material had
not been fabricated. One concern is that needle devices ofgudyimide might not possess
the necessary mechanical stability for insertion. Additiby the thermal stress from curing will
most likely cause curling of the devices after peeling théithe substrate as experienced with
the polyimide rolls. A straight device is a prerequisite ifogertion so that insertion direction
and insertion force are aligned in parallel and lie in thenplaf the thin film device to avoid
deflection. Even slight bends in some of the shank arrays pemesn them difficult to use.
Solutions have to be found to address these issues, for éxéimeuse of a thin polyimide layer
on top of a SU8 base for nanopatterning.

Devices containing electrodes fabricated using the coarmsputtered gold also suffered
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from device curling that made them unusable. The prolongadiig during sputtering caused
the gold to be deposited with an intrinsic thermal stresss Td to curling of the thin tips of
the devices preventing their use in the set-up. Becausaitigtrate holder in the sputter coater
was not cooled, the gold atom bombardment heated up the saifipt use of a machine with
sufficient cooling should prevent this. The cooling will@aksnsure that the columnar structure
Is maintained for thicker deposits as an increase of subsieanperature can shift the surface

morphology to different zones according to the Thornton eh¢@#].

8.3 Multi-shank array

The shank devices were tested by recording antidromic regsofrom a hippocampal slice
perfused with low-calcium artificial cerebrospinal fluiddesomplemented by sine wave testing.
The separation between individual shanks Wasum. As a result the distance of each shank to
firing neuron populations varies, which causes a differemegnplitude for the recorded signal
in the shank electrodes enabling the identification of the@®location.

The shank device was inserted along the CA1 area and a stiomuéectrode was placed
in the alveus. The response to stimulation obtained withntiktishank electrodes partially
resembled an antidromic response. Each individual spikeesponds to a synchronous and
repeated action potential firing of populations of pyrarhils. The shape of the spikes ap-
peared distorted and had a lower amplitude compared toai@sponses. The distortion might
be due to a wrong position of electrodes where they were raaiepl exactly in the cell body
layer. But the presence of similar waveforms in each indigietlectrode suggests the existence
of heavy cross-talk as no difference in amplitude was detkecThe sine wave testing with a
100 Hz signal applied to the stimulation electrode furtl@rfecmed that the signals were all the
same magnitude. Some of the electrodes also showed a lowefreg drift indicating a general
problem in the device.

At present it is unclear whether the cross talk is caused byZik connector or if it is
a problem of the device design. A modification of the desigimtmrporate a ground plane

could help to eliminate the cross talk and signal defornmati® well as reducing noise. Initial
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recordings could be obtained with the device but furthemoigition is necessary for reliable
signal acquisition. The influence of the ZIF connector waldstablished by glueing the device
directly to PCB and connecting it electrically with silveasipt. Design and fabrication of the

arrays was handed over to Samia Benmerah to continue the work

8.4 Conclusion

Both results from the AC fields set-up and in-vitro slice melogs indicate a better performance
of the nanostructured device over the plain reference devitie nanostructured device pos-
sesses a higher signal to noise ratio, which means that ety recording can be obtained
with this device compared to the unmodified one. Because amydevice of each type could
be assessed, additional testing of a larger number of delhieeto be performed to statistically

guantify the exact degree of improvement in recording duali



9. SUMMARY AND FUTURE WORK

A new methodology for the fabrication of gold nanostrucsuie the use in neural implants was
developed. The aim was to increase the available surfaeeadithe electrode site in order to
improve the characteristics of the electrochemical iatsfoetween implantable electrodes and
the neurological tissue. This approach is justified by tierse proportional relation between
interface parameters and surface area.

The nanostructures were fabricated by deposition of a natrersized etch mask with
Nanosphere Lithography and subsequent anisotropic efcfilme gold films were directly pat-
terned by ion beam milling into pillars and honey-comb likeistures. The variety in fabricated
surface structures was possible because of the good cohtrulltiple process parameters. The
developed process is easily extendible to other matenassrply choosing a suitable combi-
nation of masking material and etch process. This was demaded by the fabrication of
polyimide pillars through oxygen plasma etching with sihanasks. Coating these pillars with
gold resulted in another kind of gold nanostructure. In addito the development of a nanos-
tructuring process a porous form of gold was found that igattarised by dense arrays of
nanometre-sized columns.

The interface properties of surfaces modified with the dzffie nanostructure types were
probed with electrochemical methods and compared to flatgdérences. The results of those
measurements showed that all the produced nanostrucyyieswere able to reduce the inter-
face impedance and increase the charge injection capeditite most important parameters for
recording and stimulation with neural devices. The maxinmaduction in interface impedance
was one order of magnitude. As the surface area increashdhwitstructures aspect ratio, the
polyimide nanopillars were identified as the most suitatsléecsure because preliminary devices

already showed significant impedance reduction and theebtgtharge injection of all tested
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devices. Their height is easily increased by etch time teemeheven further impedance reduc-
tion. They also require less amount of gold material as timdywse a thin metal layer. Because
the pure gold structure process possesses only limitediasgies the interface property im-
provement was less effective. Another etch process ismedto resolve this issue.

The nanostructuring process was successfully incorpsiate the fabrication process of
neural implants for use in the brain and the peripheral nes\gystem. The method of NSL
was refined to coat sample sizes up to 3-inch reliably witth lgjgality masks. The brain im-
plants were custom-designed for in-vitro neural recordaimgle the peripheral microchannel
devices originated from a multidisciplinary collaboratioThe results showed that the devel-
oped method is suitable for application in different implginapes.

Their capabilities to record neurological signals wase@sh-vitro and from Ac fields.
Initial results showed a better recording quality for thedified implant evidenced by a higher
signal to noise ratio. The signal amplitude recorded wighrthnostructured implant in AC field
set-up was comparable to a high grade medical recordingusied as reference. Spontaneous
activity from brain slices could be recorded with both degi@and the spikes in the modified
implant had larger amplitudes. However, results were iokive as the signal amplitude
also depends on implant position and only two devices coaltebted, but the overall better
performance of the nanostructured implant leads one tavassu improvement of recording
quality by the nanostructures.

The developed process is a valuable technology that extaedsapabilities of nanosphere
lithography for nanofabrication. The structured surfacesld also find applications in other
fields. For instance it is planned to use them for surfacemcgthRaman spectroscopy. Rough
metal surfaces are known to enhance the Raman scatteringj@etuhes adsorbed to the surface.
This leads to larger signal amplitudes and higher seniiividetection. The ability of the new
process to tailor the surface structure might improve th@eoement factor, which depends on
shape and size of the nanostructures. Another possilslityd incorporation into biochemical
sensors to improve the detection limit. Nanometre-sizedteddes have a different diffusion

profile compared to planar ones. If the spacing between thestaictures is larger than the
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diffusion length the profile switches from planar to radianeasing the mass transport to the
electrode. Utilising surface chemical reactions, theeased mass transport would then im-
prove the detection limit for species that are only presenitly amounts. With the developed

process the distance between nanostructures is simplyotiedtby the sphere diameter and
can easily be adjusted.

Compared to other methods the maximum improvement of exterproperties is on the
same level or a bit less than the best methods discussed iiteitsgure review. However
further optimisation should potentially close this gap were get ahead of it. Where the in-
troduced method excels is its simplicity combined with a hagtdcal stability avoiding many
of the disadvantages of the other methods like electrodmmehtion or cracking because the
nanostructures are directly shaped into the surface ofekieels. Furthermore all used mate-
rials have proven their biocompatibility and no toxic méatks are involved in any step of the
process. The reduction of the interface impedance is nahporitant any more in this area as
today’s amplifiers used for neural recording have input idgmees far above typical microelec-
trodes. Instead the value of the interface modification & ihallows to reduce the electrode
size without a loss in sensitivity and signal quality as dssed in the introduction.

Future work should aim to optimise the process for surfaea arcrease to determine the
maximum of improvement possible for the recording of neigaals with neural implants. The
polyimide pillars demonstrated the most potential as thegspss the best scaling properties,
but the technique needs to be perfected so that straigatgpdre completely coated with gold.
It is planned to incorporate the polyimide pillars into patyde roll devices to assess their per-
formance in biological systems. The mechanical propedfdbe pillars will be assessed by
seeding the modified surface with cells and measuring thar gieformation by atomic force
microscopy. The multi-shank devices are a valuable reBaa@ but need further improve-
ment to ensure reliable operation and high quality recgslinThey could be modified with
nanostructures as well to optimise the interface properti@nally larger quantities of modi-
fied devices need to be produced for in-vitro testing to alloma statistically complete data

analysis.



APPENDIX



A. PHOTOLITHOGRAPHY MASK DESIGNS

A.1 Needle devices

base width: 1.6 mm

needle length: 4 mmm
shank length: 2.3 mm
minimum shank width: 2(m
electrode width: 2Q:m

gold pad: 50Qum x 500m

A.2 Multishank array

base width: 10.5 mm

base length: 4 mm

shank length: 30@m

shank width: 1Q:m

separation between shanks: 100
electrode width: 6 & 1Q:m

electrode tip: 5Qum x 10 zm
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e gold pad: 2.3 mm x 30@m

e separation between pads: 20
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Fig. A.1: Photomask for the SU8 substrate layer of the needle device
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Fig. A.2: Photomask for the gold electrode layer of the needle device
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Fig. A.3: Photomask for the SU8 insulation layer of the needle device
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(b)

Fig. A.4: Assembled photomasks for a single device (A) and enlarge efdhe electrode tip (B) of the

needle device
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(b)

Fig. A.5: Photomask for the SU8 substrate layer of the multishank/arra
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(b)

Fig. A.7: Photomask for the SUS8 insulation layer of the multishankyarr
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(b)

Fig. A.8: Assembled photomasks for a single device (A) and enlarge ofehe electrode tip (B) of the

multishank array



B. PROCESS RECIPES

B.1 Resist processing
SuU8 2002
. Spin at 500 rpm for 10 sec then increase to 3000 rpm for 30 sec
. Soft bake on hotplate at 6%r 30 sec followed by 95for 1 min
. Expose for 55 sec in Karl Suess MJB3 mask aligner
. Post bake on hotplate at6fr 1 min followed by 95 for 2 min
. Develop in EC solvent for 1 min followed by IPA rinse andatesed (DI) water

. Hard bake on hotplate at 20for 10 min

Su8 2010

. Spin at 500 rpm for 10 sec then increase to 3000-4000 rp@0fgec
. Soft bake on hotplate at 6%r 1 min followed by 95 for 3 min

. Expose for 120 sec in Karl Suess MJB3 mask aligner

. Post bake on hotplate at6fr 1 min followed by 95 for 4 min

. Develop in EC solvent for 4 min followed by IPA rinse and Dater

. Hard bake on hotplate at 20for 10 min
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S1813

. Spin at 500 rpm for 10 sec then increase to 2000 rpm for 30 sec
. Soft bake on hotplate at 12fbr 1 min
. Expose for 12 sec in Karl Suess MJB3 mask aligner

. Develop in MF319 developer for 1 min followed by DI waterse

SPR220-7.0

. Spin at 500 rpm for 10 sec then increase to 6000 rpm for 30 sec
. Soft bake on hotplate using a 30 sec ramp in temperaturEstaahd then bake for 90 sec

. Expose for 50 sec in Karl Suess MJB3 mask aligner and leisit ior 30 min before

development

. Develop in MF-26 developer for 3 min followed by DI watense

B.2 Etch recipes

Bosch

Strike Step

— 20 sccm Sk

— 50 sccm GFg

— pressure 10 mTorr
— 300 W ICP power
— 45 W RF power

— temperature 20C

— backside helium 15 Torr
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— time 5 sec
e Deposition Step

— 1sccm Sk

— 100 sccm G

— pressure 25 mTorr

— 200 W ICP power

— 10 W RF power

— temperature 20C

— backside helium 15 Torr

— time 5 sec
e Etch Step

— 100 sccm SE

— 1 sccm GFg

— pressure 30 mTorr

— 200 W ICP power

— 30 W RF power

— temperature 20C

— backside helium 15 Torr

— time 12 sec

Polyimide etching

Sufficient cooling is necessary for polyimide etching sotdmeperature was set to the minimum

of 1°C.
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e Strike Step

— 100 sccm @

— pressure 10 mTorr

— O W ICP power

— 100 W RF power

— temperature 1C

— backside helium 15 Torr

— time 10 sec
e Etch Step

— 30sccm @

— pressure 10 mTorr
— O WICP power

— 100 W RF power
— temperature 1C

— backside helium 15 Torr

Silicon etching

e Strike Step

— 1sccm Sk

— 50 sccm GFg

— pressure 15 mTorr
— 300 W ICP power

— 50 W RF power
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— temperature 10C
— backside helium 10 Torr

— time 5 sec
e Etch Step

— 20 sccm Sk

— 30 sccm GFg

— pressure 15 mTorr
— 220 W ICP power
— 20 W RF power

— temperature 10C

— backside helium 10 Torr

Sphere etching

e Strike Step

— 100sccm @

— pressure 10 mTorr

— O W ICP power

— 100 W RF power

— temperature 20C

— backside helium 10 Torr

— time 7 sec
e Etch Step

— 30sccm @
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— pressure 10 mTorr

— O W ICP power

— 100 W RF power

— temperature 20C

— backside helium 10 Torr

— time 10 sec - 1 min



C. PUBLICATION PLAN

e published: Andreas Frommbhold, Edward Tarte, "Modificatbthe electrical character-
istics of the interface electrode to nervous tissue by Natteming", Sensor Letters, Vol.

8, No. 3, pp. 470-475, June 20102

e submitted: Andreas Frommhold, Edward Tarte, "Effect of fdtructure on the electro-

chemical properties of gold electrodes for neural implariEkectro-chimica Acta

e in preparation: paper describing the silicon and polyinmdeopillar process
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