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Abstract

V. ABSTRACT

With the ongoing technological advances in the field of medical applications, there is an
evolving market for micro medical implants, capable of simultaneously detecting neural
activities and, if required, stimulating the human tissue. Retina Implants, which stimulate the
degenerated retina and brain implants for treatment of Parkinson’s disease are only two of
many examples, where neurological defects can be treated by modern, electrically active

implants.

In contrast to conventional implants like the cochlea implants or cardiac pacemakers, which
are all encapsulated by a stiff ceramic or metal housing, modern implants must be flexible,
while remaining biocompatible and biostable. Cardiac Pacemakers e.g. usually contain their
electronics in a ceramic or metal housing, while only the stimulating electrodes are fed
through the encapsulation. This setup is not feasible for modern, flexible implants, where not
only the opened stimulation and recording electrodes but also the electronics themselves

remain on a flexible, but hermetically shielded substrate.

The suitable, flexible materials for encapsulation are polyimide and parylene. Both, however,
are water vapor permeable, which leads to several defect mechanisms like corrosion and layer
delamination. A common solution to this problem is the incorporation of metal layers into the
encapsulation which act as water vapor barriers. These metal layers are exposed to the tissue
at the electrode openings, leading to possible electrical short circuits and corrosion. In
addition, the electrode side walls offer a great attack surface for negative effects such as layer
delamination and -degradation. Thus, an electrode side wall passivation was developed and is

introduced in this thesis.

Flexible as well as not-flexible samples on a polyimide base were created in a clean room
environment, utilizing physical vapor deposition (PVD) techniques, while the circuitry was self-
designed and realized by lithography procedures. A multilayer, consisting of titanium and gold,
was chosen as feed line as well as electrode material. As a result, the adhesion to the
surrounding polyimide was enhanced. The electrode openings were realized by reactive ion

etching (RIE) and finally cleaned by ion beam etching (IBE).

To characterize the produced samples, two measurements setups were created, established,

validated and finally combined to one complete fully autonomous setup. The first one is

XV
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capable of detecting (leakage-) currents down to 1-107'2 A over several electric
measurement channels, as two multiplexers were utilized. The second setup simulates
mechanical stress onto the flexible samples, as would occur in the human body by bending
the samples in a fluid medium. Additionally, harsh material stress tests are possible. Both
setups were combined, allowing completely autonomous electrical measurements of flexible
samples, while being mechanically tested. At the time of this thesis, this was the first setup to

simulate induced motions onto flexible (neural) samples in a fluid electrolyte medium.

Thin titanium dioxide layers created by Atomic Layer Deposition have been thoroughly tested
in respect to their electrical capabilities as well as the layer homogeneity. After positive
evaluation of titanium dioxide as an electrode side wall passivation, the enhanced electrode

side wall passivation was analyzed.

The enhancement of the biostability of flexible electrically active samples by such a treatment
is successfully shown in this thesis with several possible applications of the newly created

multilayered passivation given.
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Kurzbeschreibung

V. KURZBESCHREIBUNG

Der anhaltente technologische Fortschritt, Idsst sich auch im medizinischen Bereich feststellen
und fihrt zu einem wachsenden Markt fiir mikro-medizinische Implantate, die simultan
neurologische Signale detektieren, wie auch das umliegende Gewebe stimulieren kénnen. Als
Beispiel fir elektrisch aktive Implantate in der medizinischen Anwendung sind Retina-
Implantate und Gehirnimplantate zu nennen. Wahrend Erstere die degenerierte Retina des
menschlichen Auges ersetzen und so Augenlicht wiederherstellen, stimulieren Letztere das
menschliche Gehirn von Parkinson-Patienten und unterdriicken erfolgreich den

resultierenden Tremor.

Im Gegensatz zu herkdmmlichen medizinisch elektrisch aktiven Implantate wie dem Cochlea-
Implantat oder Herzschrittmachern, sind moderne neurologische Implantate nicht von einem
starren Keramik- oder Metallgehduse umgeben, aus dem lediglich die Elektroden
herausgefihrt werden. Stattdessen verweilt die Elektronik bei modernen Implantaten neben
den Elektrodenoffnungen auf einem flexiblen Substrat und ist dennoch hermetisch gegeniiber
dem Gewebe abgeschirmt, wiahrend die Elektroden gedffnet bleiben und so ein elektrischer

Kontakt zum Gewebe hergestellt wird.

Als flexible, biokompatible und biostabile Materialien haben sich Parylen und Polyimid
durchgesetzt. Beide sind allerdings wasserdampfdurchldssig, was negative Effekte wie
Korrosion und Lagenablosung zur Folge hat. Durch Einbringen von Metalllagen in die
Passivierung soll eine Wasserdampfundurchlassigkeit garantiert werden. Diese Metalllagen
sind an den Elektrodendffnungen exponiert und kdnnen dort zu Kurzschlissen fihren.
Gleichzeitig ist die Elektrodenseitenwand selbst ungeschiitzt gegeniiber negativen Effekten
wie Korrosion und Lagendelamination. Daher wurde eine Moglichkeit der

Elektrodenseitenwandpassivierung entwickelt und ist in dieser Arbeit vorgestellt.

Dazu wurden sowohl nicht-flexible wie auch flexible polyimid-basierte Testsubstrate
mikrotechnologisch unter Verwendung von Reinraumtechnologie und Verfahren der
physikalischen Gasphasenabscheidung entwickelt und hergestellt. Ein Multilayer, bestehend
aus Titan und Gold wurde als Leiterbahnmaterial gewahlt, um die Haftung der Leiterbahnen
an das umgebende passivierende Polyimid herzustellen. Die Elektrodenoffnungen wurden per

reaktivem lonenstrahldtzen, sowie lonendlinnung realisiert.
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Neben der Herstellung neuartiger Substrate wurden auch zwei Messaufbauten entwickelt,
angefertigt, validiert und zu einem komplett automatisierten Messstand kombiniert. Die erste
Messanordnung kann (Leck-) Stréme in der GréBenordnung von 110712 A Giber mehrere
Kanale hinweg detektieren. Der zweite Messaufbau simuliert kleinste fllissigkeits-induzierte
mechanische Bewegungen auf flexible Substrate, wie sie auch im menschlichen Korper
auftreten. Aber auch Materialtests bis an die Grenzen der flexiblen Substrate sind moglich.
Durch die Kombination beider Aufbauten ist eine komplett autonome elektrische Analyse
flexibler Substrate moglich, wahrend sie parallel mechanisch definiert belastet werden. Zum

Zeitpunkt dieser Arbeit existiert keine vergleichbare Messanordnung.

Atomlagenabscheidung wurde genutzt, um diinne Titandioxid Schichten herzustellen, die
ausgiebig auf ihre elektrischen Eigenschaften wie auch Schichtbegebenheit getestet wurden.
Die Biokompatibilitdt von diesen Schichten ist bekannt und viele Arbeitsgruppen haben eine
Steigerung der Biostabilitat von Substraten durch die Nutzung dieser bestatigt. Nach Prifung
aller Voraussetzungen wurden Elektrodenseitenwande hergestellter Substrate mit Titandioxid

passiviert und analysiert.

Die Steigerung der Biostabilitdit von elektrisch aktiven, flexiblen, Implantat-dhnlichen
Substraten durch die Passivierung der Elektrodenseitenwand wird in dieser Arbeit zusammen

mit einigen Anwendungen der neuartigen Passivierung vorgestellt.
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Introduction

1. INTRODUCTION

With the great advances in medical technologies over the last years, more and more diseases
can be treated with implants. The most commonly known medical implant to remain in the
human body is the cardiac pacemaker. It stimulates the heart muscles periodically and newer
versions also gather neuronal feedback by Electrocardiography (EKG). However, these
traditional implants contain all their electronics in a stiff encapsulated housing, while only the
stimulation and detection electrodes are fed through the encapsulation [1], [2]. Modern
implants, like retina implants which aim to restore eye vision or brain implants which are being
used in the treatment of Parkinson’s disease cannot be realized with an inflexible and big
housing, ensuring the hermetical shielding from the tissue with single electrodes fed through.
Instead, they are all based on the same principle of containing all electrodes on a flexible
substrate. By doing so, not only the electrode density can be increased, but also the
traumatization for the human body is minimized, if the implant’s electrodes can follow the

body’s movement.

While researching these modern implantation devices, it must be kept in mind that these
devices persist in the human body, preferably for several decades or even a lifetime. As a
result, the implants must be shielded from the body's electrolyte fluids, while remaining stable
in this harsh physiologic environment without degenerating or delaminating. In addition, it is
a necessity for the complete implant to have a non-toxic effect on the tissue or organ. If this
is not possible, due to the need of toxic materials, the implant must be encapsulated with a
non-toxic material, serving as a barrier layer between the implant and the body and vice versa.

[31-(5]

Modern flexible materials, such as parylene and polyimide, have shown promising results as
such possible encapsulation materials for these modern flexible implants, as Richardson et al.
as well as Akin et al. conclude [6], [7]. Both materials have shown to be biostable as well as
biocompatible. They are, however, water vapor permeable, which leads to several negative
effects like corrosion of the electrical circuitry or even delamination of the complete
passivation. As metal and many ceramics are water vapor impermeable, it has become a
standard, to include thin films into the passivation of such an implant [8]. Figure 1 shows such
a multilayered passivation with included metal layers. Such passivation systems combine the

biocompatibility of parylene and polyimide, while maintaining water vapor impermeability.
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Passivation with multiple layers Electrode Openings/

Feedthroughs
v"‘

Electrode

Figure 1: Sketch of Multilayer System with Electrode Openings

However, incorporation of metal layers into the passivation has a serious drawback, which can
also be seen in figure 1. All electrodes are electrically connected to each other via the
embedded metal layers leading to internal short circuits. In addition, the electrode openings
represent an artificial discontinuity of the otherwise intact encapsulation (Figure 2) and are

the main starting point of layer delamination and -degradation. [9]

Sensor area (implanted

; Main part of electronic implant
deeper in the body)

Figure 2: Schematic of electric active implant. Clearly visible is the artificially created opening in the passivation

layer to create an electric access from the electrode to the tissue [10]

Thus, this work focuses on an annular side wall passivation of the electrode openings with the
aim to protect the electrodes against the environmental conditions in the human body as well

as to shield the electrode side walls against embedded metal layers.

Beginning with the creation of polyimide-based multichannel-arrays with clean room
technology and PVD methods, first delamination measurements evaluate the current state so
far. Incorporation of metal layers into the passivation created a multilayered passivation
system with annular side wall electrodes, which allowed the electrical characterization of the

electrode side wall. On this basis, an electrode side wall passivation was developed and
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characterized (see figure 3 for schematic). Utilizing atomic layer deposition techniques, it was
possible to create a 100 nm thin electrode side wall passivation of TiO,, which shows very

promising results in its electrical as well as mechanical properties.

Polyimide  Metal Layers Side Wall Passivation

Electrode

Figure 3: Electrode Side Wall Passivation

As the tissue is in permanent motion due to the blood pressure, mechanical stress tests were
necessary to further evaluate the stability of the electrode side wall passivation. Thus, a fluid-
based measurement setup, capable of bending the samples while gaining electrical (leakage-)
data completely autonomously, was developed and manufactured. This setup allows the

detection of currents down to 1 - 1012 A along 10x10 channels.






Background Theory

2. BACKGROUND THEORY

This chapter summarizes the necessary theoretical background for a better understanding of
this work. Firstly, medical implants, together with the biological background and challenges to
face when creating them are described. Chapter 2.2 provides a brief overview of physical
processes, which were frequently used during this work. Fundamentals about utilized

measurement techniques are given in Chapter 2.3.

2.1. MEDICAL IMPLANTS

Medical background is given in chapter 2.1.1, alongside with a quick introduction to implants.
Most devices implanted today are still not flexible, as flexibility brings some difficulties
concerning the hermeticity of the device, which is discussed in chapter 2.1.2. The overall
biocompatibility and biostability concerns and requirements are summarized in chapter 2.1.3,

with several possible defect mechanisms introduced in the final subchapter 2.1.4

2.1.1. MeDICAL BACKGROUND AND OVERVIEW

The human nervous system is made up of single neurons, which can be divided into two groups
in respect of their position inside of the body. The central nervous system (CNS), consisting of
the brain and the spinal cord, consists of neurons with a very high density and an extremely
large number of interconnections, the so-called synapses. The peripheral nervous system
(PNS), connects all muscles and sensors to the CNS. Here, the neurons form long nerve fibers,
the fascicles, with few interconnections. Neurons transfer electric signals by propagating their
action potential, which is the electric potential difference across the cell membrane. In
equilibrium, it amounts to approx. -70 mV in the human body. In case of an action potential,
this potential difference drops several mV?! within of few milliseconds with a maximum
frequency of subsequent action potential of roughly 1 kHz. The complete electrical signal is
pulse-density coded and the pulse density and signal value are not linearly correlated. These

signals propagate with 0.5 m/s up to 120 m/s in the PNS along the axon of the neuron. [11]

1 An action potential itself can be measured to be 30 mV [56]
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‘Electrodes

Figure 4: hybrid sub retinal device with both micro photodiodes and microelectrodes, embedded in a polyimide

encapsulation. Developed by Retina Implant AG, Reutlingen, Germany and Zrenner, et al. [12]

An industrial retina implant, displayed in figure 4, is shown as an example. It shows electrodes,
embedded in polyimide with an additional active micro photodiode array. A good overview
over implant types and their respective function is given in the work of DiLorenzo [13] and

Horch [14].

Every implant has direct contact with the body’s tissue and must therefore be heavily
regulated, concerning biocompatibility and biostability. These are both topics of the norm DIN
ISO 10993, the norm DIN ISO 13485 (quality management and corresponding general aspects

for medical devices) as well as DIN ISO 27186 (active implantable medical devices).
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2.1.2. FLEXIBLE IMPLANTS AND THEIR HERMETICITY

As all implanted devices remain in a wet environment and are exposed to moisture, the
capability of the implants’ housing to hinder water vapor from entering is crucial for the
functionality of the implant, as the presence of water leads to failure of electric components.
This ability of prohibiting molecules from entering an enclosed structure is called hermeticity,
which is only 100 % reachable in theory, as all known materials allow a certain transmission.

[15]

In general, an implant’s housing is called hermetic when a sufficiently low humidity is ensured
inside over several years, which is most commonly achieved by housings out of glass, ceramic
or metal. Figure 5 shows the time it needs for housings of different materials and varying wall
thickness to let enough water pass through, so that a hermeticity level of 50 % is reached.
Only the previously noted materials ensure a long enough time spans with sufficiently low wall

thicknesses. [15]

100 mm
Silicones
10 mm |—
Epoxides
" 1 mm
(7]
Q
§ Fluoro corbones
(&)
£ 100ump Glasses Ceramics
Metals
10 pm
1um 1 1 L /1 1 1
o] L A < & o o
S s & §é & &
§ < @O AV Al
O 9O
- '\’ S
Duration

Figure 5: Water permeability of different materials; the lines depict the timespan in which a humidity of 50 %

inside a closed housing of the given material with the respected wall thickness is reached [15], [16]
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Although diffusion coefficients differ for several polyimides, all of them allow diffusion of
water vapor over time spans of some years, which is why no polyimide-based encapsulations
can reach this level of hermeticity. Complete hermeticity, needed for medical applications, is

only reachable with crack-free housings of glass, metal and ceramics. [17]

However, only polymers allow the creation of flexible implants, which adapt better to the
biological tissue. As only the semiconducting components of an implant are sensitive to
humidity, which results in failure of these components, they are encapsulated in a stiff, rigid,
hermetic housing, while the passive electrical components such as current leading paths,
capacitors, resistors and the electrodes themselves may be encapsulated in a flexible, non-
hermetic housing. As such, the flexible implant is locally separated from the non-flexible part,

inheriting the ASICs and connected by so-called feedthroughs.

2.1.3. BIOCOMPATIBILITY AND BIOSTABILITY

A good definition of biocompatibility is given by Park and Lakes as the “acceptance of an
artificial implant by surrounding tissues and by the body as a whole. The implant should be
compatible with tissues in terms of mechanical, chemical, surface, and pharmacological

properties.” [18]

In general, the biocompatibility of medical products is regulated in the norm ISO 10993, which
defines various testing methods for implantable materials and medical devices regarding their
application. Figure 6 shows a schematic, given in the annex B of the norm, which helps
manufactures of medical devices with the decision, regarding the necessity of biocompatibility

tests.



Background Theory

=1

Does the device
contact the body directly
or indirectly?

Mo Biological evaluation
not applicable

l Yes

Is the material
the same asinan
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aviable device?

Does the device
have same properties?
a) Manufacturing

b} Body contact
) Sterilisation

Jmu lNu

Sufficient
justification and,for
test data aviable?

- Yes
Material characterisation | —— -

Device characterisation
a) Mature of contact Biological evaluation A
b} Duration of contact

l\"es

Selection of biological Testing and/or
evaluation tests: - -
Tables 2 and 3 rationale/justification

Standard requirements
L —
met for 150 10993-1

Figure 6: Schematic to evaluate the need for material tests [19]

Dependent on the type of medical device, different kinds of tests are necessary and listed in
table 1 and table 2 with the tests for long term (neural) implants highlighted. Similar tests are
required by the FDA (Food and Drug Administration) for approval of medical devices in the
USA. An introduction to in-vivo and in-vitro analysis as well as biostability concerns is

subsequently given on page 12.
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Table 1: Overview of material tests regarding the biocompatibility according to DIN EN 1SO 109931-1
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Contact duration
2 |2 |
S S | 3 z
.. c < S =
A: limited (<24 h) - © G =~ - i)
X S 5 2 = 2 c =]
Nature of body Contact g |2 |gz |22 ¢ |¢ s | 8
ature or body Lontac B Prolonged (24 hto | © & S |5 35| ¥ x S £
; E 'E 45 cC X +— +— B o
30d) ©lE |58 |e® g | 5] ¢
S le |3 |88 | 2|5
C: permanent (> 30 d) o @ o £ ©
® = 7 I
£ |3 |3
Category Contact
A X X X
Skin B X X X
C X X X
A X X X
Mucosal
Surface device B X X X
membrane
C X X X X X
Breached of A X X X
compromised B X X X
surface C X X X X X
A X X X X X
Blood path,
B X X X X X
indirect
C X X X X X X
External A X X X
Tissue / Bone
communicating B X X X X X X X
/ Dentine
device C X X X X X X X
A X X X X X
Circulating
B X X X X X X X X
blood
C X X X X X X X X
A X X X
Tissue / Bone B X X X X X X X
C X X X X X X X
Implant Device
A X X X X X X X
Blood B X X X X X X X X
C X X X X X X X X
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Table 2: Overview of additional material tests according to DIN EN ISO 10993-1

Medical device categorized by

Biological effect

‘©
Contact duration g
o
2 )
= | 8| 2 |S
Nature of body Contact A: limited (<24 h) 3 S g ©
5 g | = &
+ (O]
B Prolonged (24 h to > 5 2 .-8
@© o [2)
30d) o _g
C: permanent (> 30 d) OEJ.
o
Category Contact
A
Skin B
C
A
Mucosal
Surface device B
membrane
C
Breached of A
compromised B
surface C
A
Blood path,
B
indirect
C X X
External A
Tissue / Bone
communicating B
/ Dentine
device C X X X
A
Circulating
B
blood
C X X
A
Tissue / Bone B
C X X
Implant Device
A
Blood B
C X X
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In-Vitro-Tests

Before testing materials or devices on animals, crucial evaluations such as cytotoxicity and
haemotoxicity, as well as tests regarding immune reactions and carcinogenicity are performed

in vitro on cell cultures to evaluate the biocompatibility of the implanted material.
Cytotoxicity

The tested material is brought in direct or indirect contact to a cell culture of the type,
that will surround the implant after implantation. After a certain incubation time?, the viable
cells are counted. In addition to the number of viable cells, their shape as well as adhesion

and distribution over the tested material is taken into consideration for material toxicity.
Haemocompatibility

Instead of cell culture, the tested material is brought in direct contact with blood to
analyze the adhesion of blood cells to the material. In general, those materials which do not

support adhesion of blood cells are suitable for implantation in blood circulation environment.
In-Vivo-Tests

If the in-vitro tests leave no further concern, animal trials (in-vivo-tests) are conducted
to prove the material’s biocompatibility in a living environment. The material-tissue contact is
assured by skin contact, injection or implantation of the material, while the final immune
reaction, toxicity and carcinogenicity is analyzed by biopsy or histology after the animals

(artificial) death.
(Paragraphs based on [20])
Biostability Concerns

As implants stay in the human body for a long time span and even if batteries should be
renewed every 5 to 10 years, the implanted electrodes themselves remain in contact with the
tissue. As a result, biostability is a necessity and describes several chemical and physical

aspects of material stability in order to ensure system integrity. [21]-[23]

124 h have shown to be a viable standard incubation time
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2.1.4. DEFECT MECHANISMS

Mechanisms leading to device failure can be primarily divided into process-related induced
weak points, leading to device failure at production stage on the one hand and
physical/chemical failure mechanisms on the other hand. Prohibiting the incorporation of
particles and artificial impurities into the passivating layers during production is a common
necessity as particles lead to a greatly reduced adhesion. While producing thin film layers, the
maximum service temperature of the used materials must not be exceeded, as temperature
induced material transition is to be avoided. In addition, high production temperatures, as in
sputtering and chemical processes during the polyimide curing process result in high intrinsic
stress, due to different thermal material coefficients and, thus, weaken the adhesion of
different layers [24]. These aspects must be considered during the manufacturing stage and a

possible annealing process can help reduce existing intrinsic stress (see also chapter 4.3.7).

Incorporating more than one metal into a multilayered device leads to a possible galvanic
corrosion if they are in direct contact and have direct access to water due to a defect in the
passivation layer [25]. This possibility is also given, if one of the metals acts as an adhesion

layer and is only several nm thick.
Delamination

When in contact with moisture, such as by implantation into a biological milieu, the difference
in the concentration gradient drives water ions into the previously dry, passivating polyimide
layer. For single polyimide layers, this process stops when the maximal water uptake with a
homogenous water concentration inside of the polyimide is reached. The osmotic pressure,
driving water out of the polyimide, comes to an equilibrium with the ion concentration
gradient, driving water into it. However, in the case of a polyimide layer with a poor adhesion
to another layer, uptaken water vapor condenses in existing voids between the polyimide and
the adhering layer. Any dissolved ions, impurities and particles in this void create another
concentration gradient, driving more water into the void, thus enlarging the water pressure
inside of it and finally also the volume. A burst of the encapsulating polyimide layer is the final
worst case, but also short circuits and corrosion may occur prior to failure due to insufficient

adhesion. [26]
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Corrosion

With the previously described failures of the encapsulation, corrosion effects are likely to
occur as an exchange of charge carriers has become possible. Several corrosion mechanisms,
likely to happen in multilayered system with a passivation layer, are given in the following

paragraphs.
Voltage induced Corrosion

Two metals of the same kind, set at different electric potentials and separated by an
electrolyte, corrode if a voltage is applied. While the anode? dissolves over time, according to
eq. (1), the negatively charged cathode dissolves water and oxidizes hydrogen, according to

eg. (2) and eq. (3) with the cathode itself, however, not being negatively influenced.

Me - Met + e~ (1)
2H* +2e™ > H, ()
0, + 2H,0 + 4e~ — 40H" 3)

Medical implants with their electrically active metal layers, suffer from this type of corrosion,

while being placed in an electrolyte fluid.
Galvanic Corrosion

If two different kinds of metal are brought together by an electrolyte, a standard
battery is formed. The difference in the standard potentials drives ions from the less noble
metal electrode, thus dissolving it (eq. (2)), to the other, nobler one, forming an anode and a
cathode. The standard potential for gold lies in in the range between +1.40 V?to +1.69 V3
whereas titanium has a standard potential between -1.21 V for Ti3* to -1.77 V for Ti%,

potentially leading to galvanic corrosion. [27]

1 Me is exemplified for any kind of metal, as seen in eq. (1)
2 for the oxidized form Au?*
3 for the oxidized form Au* (Au3* has a standard potential of +1.42 V)
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Crevice corrosion

Many metals form passivating oxide layers on their own due to their extremely low
standard potential, preventing further corrosion. Titanium, which is used as an adhesive layer
in this work, is a good example, as it forms a thin passivating titanium oxide layer. In the case
of a broken passivation due to impurities or external deformation, the now opened, bare
metal may act as an anode against the passivation, which works as the counter cathode. If the
bare metal is being prevented from forming its passivating oxide layer due to the lack of
oxygen, crevice corrosion may lead to high current densities, as the ratio of the passivated

material is high compared to the non-passivated bare metal. [28], [29]

Polymeric Degradation

Electrical Degradation

Several studies have shown a decrease in resistivity of polymeric insulations in wet
conditions under the influence of electric fields. Critical current breakthrough measurements
with a DC BIAS indicate the electrical strength of insulations. However, with AC currents
applied, the resistivity decrease is a gradual process, described as water treeing in literature
[30], [31], where small water filled voids are formed. These voids with diameters in ranges of
micrometers are then connected to each other by small channels in the range of nanometers,
which let ions propagate [32]. The necessary currents however, are much higher than

acceptable for medical implants.

Hydrolytic Degradation

Degradation by hydrolysis and hydrolytic reactions in polyimides is described by the
workgroups of Hoagland, Deiasi and Stephans [33]-[35]. Ultimately, the loss of insulation
capabilities and change in mechanical properties is reported due to dissolution of bulk

material and changes in the polymeric structure.

(Subchapter based on [16])

2.2. PHYSICAL MANUFACTURING PROCESSES
The following chapters provide a brief overview of the backgrounds of the used techniques,
arranged by the order of appearance during sample manufacturing. Thus, optical lithography

is firstly discussed in chapter 2.2.1, followed by the theory of thermal evaporation and
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sputtering, both being enclosed in chapter 2.2.2. After a multilayer sample is produced, the
electrode openings are etched with reactive ion etching, of which a theoretical description
can be found in Chapter 2.2.3. lon Beam Etching is not only used for cleaning processes, but
also to etch the layers, created by atomic layer deposition and is thus discussed in 2.2.4. The

Theory about Atomic Layer Deposition is placed at the end in chapter 2.2.5.

2.2.1. OPTICAL LITHOGRAPHY

Photolithography is a broadly used process in the micro technological industry to definably
pattern a surface via ultra-violet (UV) light. The pattern is transferred from a shadow mask to
a light-sensitive polymeric photo-resist, which is applied prior by spin coating onto a substrate.
The type of applied photoresist differentiates the two main types of photolithographic
processes. A positive resist increases its solubility when exposed to UV light, whereas a

negative resist forms cross-linked structures during exposure, hence, becoming more stable.

After exposure, the soluble exposed (for positive resists) or unexposed (negative resist) part
of the resist is washed away in a developer solution, leaving the transferred pattern on the

sample. [36]—[38]

2.2.2. PHYSICAL VAPOR DEPOSITION TECHNIQUES

Sputtering and evaporation are the most common Physical Vapor Deposition Techniques
(PVD) and broadly used in this thesis. All PVD techniques are vacuum based and translate
material from its condensed phase into a vapor phase, letting it condense on a target material

as a thin film. [39]
Thermal Evaporation

A source material is thermally evaporated, by increasing its temperature until its vapor
pressure reaches 102 Torr. The evaporation rate is derived from the kinetic gas theory and

calculated by Langmuir [40] as

G=583-10"2aP (M/T)/? (4)

with G as the rate of evaporation in [Cm;gz_s], P the vapor pressure in Torr at the Temperature T

(measured in K), M the molecular weight and a sticking coefficient a. Primarily, the

evaporation rate is determined by the source temperature. In the case of filament
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evaporation, the material is located in a so-called boat, through which a high current is lead,

thus heating the source. [41], [42]
Electron beam physical vapor deposition (EBPVD)

Similar to thermal evaporation, the source material is heated to its vapor pressure.
However, this is now done by an electron beam, being magnetically guided to the source. A
normal acceleration voltage® of 10 kV with a current of 0.1 A delivers 1 kW of power to the
source, thus heating the material which is contained in a water-cooled crucible, preventing its
own destruction. As the electron beam needs a minimal time of flight, before reaching the

crucible, recipient pressures of 10™2 Pa or lower are needed. [43]
Sputtering

The coating material, called target, is bombarded with ions, which are generated from
a separate ion source or by plasma discharge and accelerated towards the target within an
electric field [44]. Typically, the inert gas argon is used for plasma creation. The ions directly
break atoms out of the target, by transferring their impulse onto a target atom. The now
mobile atoms condense on the surface of the material to be coated. The resulting coating
morphology is strongly dependent on substrate temperature and argon pressure, as described
by Thornton in 1974 with his structure zone model [45]. There are several possibilities of
plasma ignition, however, as HF-sputtering (high-frequency) is the most common and utilized

during this work, it is further described.

A high-frequency field is coupled into the chamber, ionizing the process gas. As electrons
follow the high frequency due to their small mass, they collide with the target and it becomes
negatively charged. The positively charged argon ions are not influenced by the high-
frequency due to their much higher mass, but are only accelerated towards the negatively

charged target, knocking target atoms out of the solid material.

2.2.3. REACTIVE ION ETCHING
A Reactive lon Etching (RIE) unit consists of a sample plate and a chamber, which form the
cathode and the anode of the electrical system (Figure 7). After a defined atmosphere,

consisting of the active process gases, is reached, a plasma is ignited by applying a high

1 In this thesis, an acceleration voltage of 9 kV was used (refer to chapter 3.2.3)
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frequency to the sample plate with a capacitively coupled Matching-Unit. This high frequency

initially ionizes some process gas atoms.

plasma chamber

electrons

radicals 4 A

- \acuum U
gas inlet

Figure 7: Schematic of a RIE system (modified and based on [46])

The free electrons follow the high frequency field due to their small mass and are accelerated
towards the sample plate during the positive frequency half-cycle and the chamber wall during
the negative frequency half cycle where they discharge due to the grounding. As the sample
plate is only capacitively coupled, it becomes negatively charged to a typical BIAS Voltage in
regions of -220 V to -450 V (refer to chapter 3.2.6 for absolute values). In addition, the impact
of the primary electrons on the sample plate creates secondary electrons which keep the

plasma alive during the next frequency half cycle.

The positively charged radicals are not influenced substantially by the high frequency field due
to their higher mass. Instead, they are accelerated towards the sample holder due to the static
BIAS Voltage. The impact on the sample leads to a physical material abrasion, just like

sputtering (refer to chapter 2.2.2). The result is a physical etching process. [46], [47]

2.2.4.10N BEAM ETCHING

Inside of a chamber recipient, filled with a process gas (usually argon), electrons are provided
by a cathode via thermal emission and accelerated towards the anode by an electric field.
Collisions with gas molecules generate ions!. A second DC BIAS accelerates the positively
charged ions towards a negatively charged grid in front of the sample while collimating them.
As a result, a collimated, direct ion beam hits the sample surface and knocks out particles of

the solid structure. As the sample is bombarded with positively charged ions, a neutralizer can

! This process is guided by a magnetic field, concentrating the electrons
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be activated which balances the charges by introducing additional electrons to the sample

surface. [48]—[51]

2.2.5. ATOMIC LAYER DEPOSITION

The process of Atomic Layer Deposition (ALD) relies on two process gases, the precursors,
being pumped into a recipient chamber alternately. The first precursor reacts with the surface
of the sample and creates a monolayer. This reaction is called half cycle and limits itself in
layer growth by chemical adsorption, so that only the creation of a single monolayer is
possible. After purging the first precursor with an inert gas, the second precursor is lead in
and reacts with the monolayer, created by the first half-cycle, resulting in another monolayer
on top (or a single monolayer of the intended material). These two half cycles are repeated
until the final layer thickness is reached (Figure 8). Careful selection of the precursors leads to

defined materials.
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Figure 8: Schematic of ALD process [52]

Each ALD process takes place at an elevated temperature up to 350 °C, whereas the exact
temperature and its range is specific to the precursor to induce the described reaction with
the sample surface. Temperatures below the specific temperature window lead to incomplete
layers due to precursor condensation or due to slow reactions, whereas too high temperatures
lead to chemical disintegration. The layer growth rate is temperature independent, if the

specific temperature window is maintained. [52]

19



Background Theory

ALD processes can be classified in pure thermal processes, where the reaction energy is purely
given by sample temperature and plasma guided deposition (plasma enhanced ALD, PEALD).
By igniting a plasma in the respective half cycle, the temperature window can be reduced
greatly, as the reactivity is enhanced by the plasma. All layers in this work are grown with

PEALD at 100 °C. [53]

Layers grown by ALD can be tuned very precisely in respect to their layer thickness as the
growth is limited to a monolayer per cycle. Furthermore, ALD layers are known to be

extremely homogenous and are able to coat high cavities. [54]

2.3. MEASUREMENT TECHNIQUES

As electrical measurements are the main analysis tool in this thesis, the following chapters
focus on the theory behind them, beginning with the background theory of transitioning from
electron to ion current in chapter 2.3.1. The next chapter 2.3.2 discusses DC measurements in
more detail, as these result in very low measureable currents, if at all, when analyzing
insulating materials. Next to DC measurements, also impedance spectroscopy is a viable
method of analyzing insulators and resistances in fluids and, thus, described in chapter 2.3.3.
Finally, as the produced flexible implants contain an electrical strain gauge, the respective

theory is found in chapter 2.3.4.

2.3.1.10N AND ELECTRON CURRENTS

Electrical current inside of conductors is described with the classical drude-model and the
fermi-gas model which takes a quantum mechanical approach [55]. None of these, however,
describe the theory of transitioning from electron-carried current to ion-based current at
boundary surfaces. Oxides for example, are negatively charged in water as protons dissociate

from surface hydroxyl groups:

~0H —->~0"+H* (5)

A charged, conducting surface adsorbs counter ions due to the electric field it causes. In the
simplest case, the adsorbed ions directly bind to the surface and completely neutralize the
surface charges within a thickness of a monolayer. This monolayer is called Helmholtz Layer,

but must be theoretically expanded, as it does not explain the capacitance of an electric
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double layer. Gouy! and Chapman?, thus, expand this theory with the thermal motion of ions

in mind. [56]

In general, charge density and an electric potential are described with the Poisson equation

%y 0%y 0%y p
2. — - e
Vb=t dy? oz €€, (6)

with p, as the local charge density in €/ m’® which is described with the Boltzmann equation

wi

of the local ion density ¢; = clp - e kBT, thus, amounting to the following for the simplest case

of a planar, infinitely extended surface:

F kT — o kBT
X E&

Py e [ B _eb®
( ) "

Solving this equation for ey < kgT leads to = Yy - e ¥, with k™1 = A, as the Debye
length, which decreases with increasing salt concentration. In water, A, cannot exceed 680
nm due to the dissociation of water3. The Debye length for an electrolyte itself is given as

Ap =xkt8 = (8)

with I as the ionic strength of the electrolyte. [57]

Figure 9 shows how the potential of a diffuse double layer decreases exponentially with
increasing distance. The decrease becomes steeper with increased amounts of ions, implying
an increased salt concentration. It is also visible, that the electric potential reaches several

nanometers into the fluid.

! Louis George Gouy, 1854-1926, French physicist

2 David Leonard Chapman, 1869-1958, English chemist

3 According to 2H,0 — H3;0% + OH™, the ion concentration cannot decrease below 2 - 10~7 mol/L, leading to
the given value
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Figure 9: (left) potential-versus-distance for a surface potential of 50 mV and different ion concentrations;

(right) local co- and counter-ion concentrations for a monovalent salt at a bulk concentration of 0.1 M [56]

The relation between surface charge o and the surface potential Y is deduced by the electro
neutrality condition, which means, that the complete charge of ions in the double layer must

amount to zero and is therefore calculated as

az—f Pe dx 9)
0

With this relation, the capacitance of a diffuse electric double layer is derived with the Gouy-

Chapman Model as

(10)

cA do  |2e%cye€ h( e, ) _ €€ h< 61/)0>
=y | kg M\ 2ker) T 7, %M kgt

which can be approximated to C(‘;“C = ;ﬂ for sufficiently small surface potentials.
D

This approach has several limitations, like neglecting the finite size of the ions, the disregard
of all non-Coulombic charges and others [58]. This is why Stern® proposed a semi-empirical
extension to this theory and divided the double layer into two parts: the inner Stern layer and
the outer part (Figure 10). Here, the Stern layer describes a layer of immobile ions, which are

directly adsorbed to the surface.

1 Otto Stern, 1888-1969, German physicist
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Figure 10: Stern layer at a metal surface [56]

The potential 1, is constant over the complete (metal-) volume up to its surface due to the
high electrical conductivity. IHP and OHP indicate the inner (IHP) and outer (OHP) Helmholtz
planes. The total capacitance is a sum of two capacitors in series, the stern layer C§4t and the

Gouy-Chapman layer:

1 1 1
A= AT A (11)
C CSt CGC

C&4 can easily be estimated as it calculates to C4 = 2&gr&0/Tion With denoting the radius of
hydrated ion by 1;,,, which is in the order of ~1 A. The permittivity at the surface is reduced
and can be estimated by g5 = 10 for water. Thus, a capacitance for the Stern layer of

CSAt = 44 pF cm™2 is calculated and experimentally often found to be in the range of

10 — 100 puF cm™2.

Experimentally, this surface-liquid transition is often described with the equivalent circuit,
given in figure 11, with Rg as the solution resistance, R.r the coating resistance and a

constant phase element Z¢pg.

CPE
V4
AN
Rs
s AN AP et ol
st A PN e
Ry

Figure 11: equivalent circuit for a metal-solution interface [59]
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The solution resistance is the measured resistance between a working electrode and a
reference electrode, both placed in that solution. Under the assumption, that the counter
electrode is infinitely large, which is a good approximate for macroscopic electrodes in
proportion to a typical MEA electrode, the solution resistance can be determined from the
spreading resistance, which is the resistance, encountered by current spreading into solution.

It is calculated as follows

Ps
R¢ = — 12
ST 4r 12)
for round electrodes of diameter r with ps as the solution resistivity and given by 72 Q cm for

physiological saline. [60]

The non-faradaic impedance, arising from the interface capacitance, or its polarization, is

given by the constant phase element

1

Zepg = (13)
CPE Q(](A))n

with w = 2rtf, as the angular frequency, Q a measure of magnitude of Z-pr and n a constant
(0 <n < 1), representing inhomogeneities in the surface. In a Nyquist plot (refer to chapter
2.3.3), n gives the angle between the data and the abscissa axis accordington = (2 8)/m. In

the case of a purely capacitive resistance, n is 1. [61]

Model-based values for gold electrodes of defined area are listed in Table 3.

Table 3: Values for the circuit of a gold-pbs contact [59]

Electrode Q [pF s™?] n Rt [MQ] Rs[Q]
Area [mm?]

6 0.544 0.85 8.04 110

2 0.258 0.86 27.8 203

0.05 0.036 0.83 209 1137

With smaller electrode areas, the capacitive behavior becomes more negligible, while the

purely resistive terms Rcr and Rs increase.
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2.3.2. DC MEASUREMENTS

Measuring electrical currents by applying a constant, not time-variant voltage results in the
resistance, sometimes also called time-invariant impedance. It is quite difficult to obtain the
resistance for electrical insulators with values of 1012 Q and above while being limited in
voltage, as interfering effects like leakage currents, input resistance burden, thermal noise

and triboelectric-effects gain in influence. [62], [63]
Leakage Currents

Leakage currents are generated by error currents, flowing over stray resistance paths
between the measurement circuit and nearby voltage sources. Especially, in cases of devices
with high impedances, leakage currents occur from the insulation resistance. Good shielding
over the complete setup, good quality insulators and a reduced level of humidity greatly

contribute in reduction of leakage currents.
Input Burden

The ratio of the ammeter’s input resistance to the resistance between its input and the
outer shield equals the ratio of current loss over the device, caused by the input resistance,
and the measured current of the device under test. This error is minimized by using an

ammeter with a low input burden, together with a good insulation.
Thermal Noise

Cause of the thermal noise is the temperature dependent Brownian motion,

generating short circuit noise in metals, which can be calculated as follows:

|4k, TAf 1)
Ithermalnoise,rms - T

In open circuit measurements, the circuit voltage is calculated as follows, with kj, being the

Boltzmann constant, T the absolute Temperature and Af the frequency bandwidth:

Ethermai noise;rms — 4'kBTRAf (15)
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Generally, the effect of Brownian motion is reduced by integrating over longer time spans and
reducing the temperature. Temperature reduction, however, is not always applicable due to

change in device properties and not applicable in the case of accelerated aging measurements.
Triboelectric Effect

The effect of induced charged imbalances by bending a cable is called triboelectric

effect. It is prevented by avoiding cable movement during measurement in this work.

2.3.3. AC MEASUREMENTS

An AC excitation signal is frequency dependent as follows

E; = Eysin(w t) (16)
with E: being the potential at the time t and Eo the original amplitude of the excitation signal.
The relationship between the radial frequency w and the frequency f [Hz] is:
w = 27 f. Applying this signal to a linear system, a response signal /; with a shifted phase ¢

is obtained. This signal differs from the original I as follows:

I = Ilysin(wt+ ¢) (17)
Applying Ohm’s law to E: and /: leads to the impedance of a system:

_E.  Eysin(wt) sin(w t)

ZI=—-= =
I,  Iysin(wt+ ¢) Osin(wt + ¢)

(18)

with the impedance given in terms with a magnitude Zo and a phase shift ¢. Plotting these
two terms against each other, results in a common Lissajous figure, which was the preferred
measurement method, bevor Electrochemical Impedance Spectroscopy (EIS) became broadly

available. Utilizing Euler’s relationship

e!®? =cos ¢ +isin ¢ (19)

the impedance of a system can be represented as a complex number:

Z(w) = Zye'® = Z, ,(cos ¢, + isin,,) (20)

By plotting the real part of eq. (20) versus its imaginary part, a Nyquist Plot is generated, where

each point represents the impedance at one frequency (Figure 12).
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Figure 12: Typical Nyquist Plot of a damaged coating

More information is given in Bode Plots (Figure 13), as Nyquist plots do not indicate the exact
frequency for one data point. Only the relation between phase and frequency can be

represented. Bode Plots, however, show the complete frequency as well as the phase

behavior.
10 T T 0 T T
g -
3 £
- - | ] ® 50 -
£ 1000 =
g £
>
100 1 1 ] ] ]
100 ' ' ' ' ' 00T 10 100 1000 10° 107
0.1 1 10 100 1000 104 10° Freq uency
Frequency, i

Figure 13: Typical Bode Plot for a damaged Coating

When measuring a resistor of purely capacitive nature, the phase is perpendicular to the
excitation signal, resulting in a -90° phase shift and an impedance of Z = ]@Lc A purely ohmic
resistor does not shift the phase, resulting in a 0° phase shift with an impedance of Z = R.
Inductors, respectively, lead to an impedance of Z = jwL. A capacitive resistance, responding

with anything other than a phase of -90° is evidence of degradation, due to an electrochemical

process, water intrusion or corrosion. [64]

Two other special circuit elements are the constant phase element, modeling the behavior of

a double layer by simulating an imperfect capacitor, and the Warburg element, which

27



Background Theory

simulates a diffusion process in dielectrics. It is a circuit element, introducing a constant 45°

phase shift, while its magnitude is inversely proportional to the square root of the frequency.

When examining degraded coatings against an electrochemically active liquid, like polyimide
covering an electrode against a PBS liquid, the resulting impedance behavior is more complex
and typically modeled with an equivalent circuit, as one is given in figure 14. Not only the
Coating-PBS transition, as well as the capacity of the coating itself, but also the effect of newly
created liquid/metal interfaces under the coating by water vapor penetration must be

considered now.

Rs

Sy VI

Ret

Figure 14: Equivalent Circuit for a Damaged Coating [65]

The capacity as well as the resistance of the original intact coating are characterized by C. and
Rct, respectively, in this model. Eventually developed ion-conducting paths within of the
coating are described with the pore resistance Ry, It is probable for some parts of the coating
to delaminate from the metal, leaving pockets behind, which are filled with electrolyte
solution, that may be different from the bulk solution. This interface, between the bare metal
and the solution filled pocket, acts a as double-layer and is, thus, modeled with a double-layer
capacitance Cq. Rs represents the resistance of the bulk solution over the passivation. [66]—

[71]

The previously described given Nyquist and Bode Plots are calculated with the equivalent
circuit of Figure 14 and represent a typical degraded coating over an electrode. Generally,

finding the appropriate equivalent circuit is not an easy task. [72]
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2.3.4. ELECTRICAL STRAIN GAUGES

The resistance of a conducting medium changes with the applied mechanical strain, which
causes a relative geometrical change of the conductor. Thus, by determining the electrical
resistance of a conducting path, the mechanical strain applied to this path is indirectly
measurable. These conducting paths are called strain gauges and are mostly represented as
meandering structures in order to maximize the affected conductor length, resulting in a
maximal resistance change which again leads to a higher precision of the strain gauge. [73],

[74]

| |ca1‘1‘icr substrate
-Contacts
-measuring grid

Figure 15: General Structure of a strain gauge with leading wires

Figure 15 shows a typical meandering strain gauge, from which its resistance is calculated after

the following eq. (21):

2:l,+n-lg+(m—1)d,
by - hg

2'lx1+lx2
= 2 Rgontact + p—————
ontac bg'hg

Rpms = 2 * Reontact + P
(21)

with the parameters of [, as the feed line length from the contact to the grid, [, the length of
measuring grid, d, the distance from one feed line to another in the grid, b, the width of a
measuring grid feed line, h, the height of a measuring grid feed line and n the number of
parallel feed lines.
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With Ly =2-1,+n-l; and Iy, =(n—1)d

g, the specific electrical resistance p and

poissons’s ratio v, the sensitivity of the strain gauge is calculated as follows:

AIzDMS
Rpwms Ap L1
k, = = +1+2v - — (22)
& P& lxl + lxz

This sensitivity is also called k-factor. With %ll =~ 1, as it can be approximated when one
X1 Ttx2

direction is disproportionally larger than the other one, a reduced k-factor can be expressed

as:

Ap
k= +1+2-v (23)
P&

This k-factor only considers the conductor percentage in xi-direction, resulting in a need of
minimizing the conductor length in xo-direction. k-factors as well as Poisson’s ratio for

common strain gauge materials are given in table 4.

Table 4: Material parameters for common strain gauge materials [74]

Material Poisson’s ratio k-factor
Constantan 0.33 2.044

Platinum 0.39 4.82 [75]
Gold (bulk) 0.42-0.44 4.48 [76]
Gold (300A, sputtered) 0.35[77] 2.6 [73]

A second k-factor called kq, describes the relative resistance change to the strain g4, in

direction xz, perpendicular to x1 and is defined as follows:

ARpuis
k = Roms (24)

&q

Naturally, this kq-factor is to be minimized as much as possible.

(Chapter based on [73] 3.2 and 3.4.1)
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3. MATERIALS AND FABRICATION PROCESSES

The following chapters describe the necessary manufacturing processes of all samples in
detail, starting with the description of the needed materials and chemicals in chapter 3.1.
Every single fabrication process is then further specified in the subchapters of 3.2 , including
the specific process parameters for sample production. The complete sample production
process requires the combination as well as repetition of several production steps and was
developed during this thesis. Thus, the creation of a multilayer sample itself is not handled
during Materials and Methods but can be found in the results in chapter 4.1, together with

details about necessary hard masks, which were also developed.

3.1. MATERIALS

Polyimide and its properties are described in the following chapter 3.1.1, as it is the main
substrate material of nearly all fabricated samples. The enclosed circuitry consisted out of thin
layers of titanium and gold, which are both discussed in chapter 3.1.2. The frequently used
chemicals are all described in chapter 3.1.3. Titanium dioxide is discussed in the extra chapter

3.1.4 with additional attention, as it represents the desired electrode side wall passivation.

3.1.1. PoLyimIDE 2611

Although Polyimides are widely used in aspects of microelectronics for over 30 years, they
were first discussed by Richardson et al. in 1993 in regards to their suitability for encapsulating
implantable biosensors and their usage as flexible substrate material [7]. Thus, several
workgroups like Akin et al., Sun et al. and Stieglitz et al. examined the biocompatibility and
proved the non-toxicity in regards to low cytotoxicity and low hemolytic capacity [6], [78],
[79]. Electrical implants with a polyimide encapsulation have also proven to be biostable and
fully functional for months in chronic in-vitro and in-vivo studies even though no polyimide

has an FDA approval according to ISO 109931 (refer to chapter 2.1.3) until now. [80]—[82]

However, even with the missing FDA certification, a polyimide based sub retinal chip allows
blind persons to regain their eyes-sight [12] with the biostability as well as the non-toxicity

proven.

Polyimide 2611 (HD Microsystem, Parlin, USA), further abbreviated as PI, is used during this
work. It is synthesized by adding a dianhydride as well as a diamine to a dipolar aprotic solvent,
resulting in a rapidly forming poly(amic acid)s, which actually is the polyimide precursor. [21]
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Table 5: Solution Properties of PI-2610 and PI-2611 [83]

Test Units PI-2610 PI-2611
Solids % 1051 135+1
Viscosity Pas 0.25-0.30 1.10-1.35
Chloride Content Maximum ppm 5 5
Sodium or Iron Content Maximum ppm 1.0 1.0
Potassium or Copper Content 0.5 0.5
Total Metals Maximum ppm 10 10

Ash Maximum % 0.10 0.10
Density g/cm? 1.064 £ 0.013 1.082 £ 0.012

Pl features a very high viscosity of 1.1 — 1.35 Pa - s as can be taken from table 5, where it is
compared to Pl 2610 from the same manufacturer. It is delivered frozen where it remains
durable for two years. Defrosted, its shelf life reduces to 2 weeks, as the solvent evaporates
continuously. This process is stopped again by freezing the PI. Thus, only the needed amount

is to be defrosted in order not to end the shelf life preliminarily.

The high suitability for encapsulation of Pl is not only due to its biostability or -compatibility,
but also due to its extremely high volume resistivity of > 10%® (.cm (other sources even state
an electric resistivity of 1.5 x 1017 Qcm [84]) which guarantees electrical passivation. The
remaining conductivity is described by the work of Deligbz et al., who also analyzed the
electrical properties of polyimide under water vapor uptake [85]. With DC Voltages applied,
the remaining current flow is described by combination of the Schottky and Poole-Frenkel-

type mechanism, with the current density Jscy for the Schottky-type given in eq. (25):

1
Jscu = A*T? exp (,BSEE - ¢S> /kgT (25)
with ¢, as the Schottky barrier height at the metal-polyimide interface in the absence of an

electric field, A* as the Richardson constant and [, as:

e3 1/2
= (26)
Ps <4neso>

While the Poole-Frenkel-type current density is given by:
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1
PrrE?
2kT

J =] exp (27)

Where, E represents the electric Field, ], is the low-field current density and Spr is the Poole-

Frenkel field lowering coefficient given as [86], [87]:

Brr = 2(e®/4meeg)'/? = 2s (28)
The overall resistance in polyimides can be assumed as pure ohmic, until an applied voltage

of 25 V is reached [85]*. Several other physical features are listed in table 6 and, if compared

to competitive products clearly show the applicability of Pl 2611.

The chemical structure of PI 2611 is given in figure 16 with the specific sequence of benzene

rings, imide and ether groups.

; :
v Sh
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Figure 16: Chemical Structure of Pl 2611 [21]

During curing, polyimide loses up to 50% of its mass, which results in a reduced layer thickness,
compared to the liquid layer thickness [83]. Several different models as the fringed micelle
model, the lamellar models, the adjacent reentry chain-folded models and more all discuss
the crystallization procedure or polymers theoretically. A good overview is found in the work
of V. Ratta [88]. It is not easily discussable, in which form PI crystallizes, as the result is heavily
dependent on process variables [89]. In general, mostly intermolecular rotations and
intermolecular chain packing of molecular groups are formed and described by x-ray

scattering studies by Ratta et al. [90].

L Although this value is dependent on the material thickness
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Table 6: Comparison of Polyimide 2611 with other polyimides [83]

34

Feature Units Pl-2611 PI-5878G  PI-2525
Tensile Strength MPa 350 260 130
Elongation % 100 120 90
Density g/cm 1.40 1.42 1.39
Modulus GPa 8.5 2.3 2.3
Moisture Uptake % 0.5 2-3 2-3
Stress (10 pm film) MPa 2 16 37
Glass Transition Temperature °C 360 400 325
Melting Point °C None None None
Decomposition Temperature °C 620 580 550
Weight Loss (500°C in air, 2hr) % 1.0 3.6 3.6
Coefficient of Thermal Expansion ppm/°C 3 20 40
Coefficient of Thermal cal/cmsec°C 25x10° 37x10° 35x107
Conductivity

Specific Heat cal/g/°C - 0.26 0.26
Dielectric Constant (at 1 kHz, 50% 2.9 3.5 3.3
RH)

Dissipation Factor (at 1 kHz) 0.002 0.002 0.002
Dielectric Breakdown Field V/cm >2x10%8 >2x10° >2x10°
Volume Resistivity Qcm >10%6 >10%6 >10%6
Surface Resistivity Q >10% >10% >10%°
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3.1.2. METALS

All circuitry, as well as the metal intermediate layers of the produced samples consist of a layer
stack, consisting of 10 nm titanium, followed by 50 nm gold and topped again with 10 nm
titanium. The titanium serves, as an adhesive layer between the gold and the polyimide. Both

metals are introduced in this chapter.
Gold

Gold, in the following named Au after its chemical symbol, is chemically inert and an
exquisitely good conductor with an electrical resistivity of 23.5 nOm?. This circumstance
makes it an ideal circuitry material for micro-technology applications and broadly used in the

industry. [91]

Au crystallizes in a face-centered cubic crystal structure with a lattice constant of 4.0782 A
[92]. Initially, Au forms small island-like droplets, which consolidate to a thin film with
increasing film thicknesses, as is described with the simplified Volmer-Weber modality (Figure
17). Madey et al. researched the exact growth of thin gold layers in an UHV? environment,
starting from 0.2 nm thick films [93]. They could confirm single hemispherical Au islands,
which percolate with a film thickness of 8 nm. After reaching a thickness of 12 nm, a

continuous, closed Au film is formed. [93]—[95]

Frank-van der Merwe Volmer-Weber Stranski-Krastanov

Figure 17: Layer growth possibilities, prior published in [96]

Under normal conditions, the melting temperature amounts to 1063 °C for bulk Au material.
However, thin layers of less than 10 nm melt beforehand in temperature ranges of about 1000
K. Temperatures below 1000 K may not lead to melting of thin Au films, but induce spreading
of single gold clusters and therefore may break thin film uniformity, which results in a higher

surface roughness. [97], [98]

Next to utilizing gold in medical implants for some time [22], [79], [99], the biocompatibility

in specific has been topic of studies recently [100]. Fan et al. researched the cytotoxicity of

1 Under normal conditions at 20°C
2 Pressures under 107 Pa are defined as UHV
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gold particles of various sizes on human hepatoma carcinoma cells (HuH-7). 80% of cell
survival was proven for nanoparticles over 15 nm in diameter. Only when decreasing the
diameter to less than 15 nm a higher cell death rate was described. Larger clusters and layers

did not show any negative impact on the cell cultures. [101]

Biostability on the other hand is more of a problem, as Wolter et al. discussed in [102], where
they describe common problems such as crack formation and delamination of gold layers,
when exposed to blood plasma in conditions of temperature, flow velocity and pressure, all

similar to the human body.

The gold, used to produce the electrode structures via vapor deposition (refer to chapter
2.2.2) were fine gold grains of 999,9 %o from Agosi (Allgemeine Gold- und Silberscheideanstalt
AG, Pforzheim, Germany), whereas the gold for the intermediate metal layers was sputtered
from a solid gold target (see chapter 3.2.4), provided by Lisa* (Center for Light-Matter

Interaction, Sensors & Analytics, Tubingen, Germany).
Titanium

Titanium in the following referred to as Ti, possesses an electrical resistivity of
554 nQOm?, and thus more than 20 times as much as Au. It has two crystallization phases. The
a-phase is a hexagonal close-packaged structure with a lattice constant of 295.08 pm,
295.08 pm and 468.55 pm, respectively, whereas the f—phase takes on a body centered cubic
form. Under normal conditions, the a-phase is preferred. At temperatures, exceeding
882.5 °C, however, the B-phase takes over, which shows a greater vulnerability to corrosion.

The overall melting temperature amounts to about 1650 °C. [103]—[105]

Ti has previously been used as an adhesive layer between Au and several insulators like silicon
or polymers without altering the dielectric properties of the insulator. While researching thin
titanium layers, Bottomley et al. also verified the Volmer-Weber growth modality (Figure 17),
whereby island coalescence occurs after 1 — 2 nm of film thickness [106]. It was shown, that
Ti layers thicker than 2 nm retain a titanium core, while forming a thin oxide surface layer.
This thin oxide layer, together with the low electrical conductivity , explains the proven

biocompatibility of pure titanium layers. [106]-[110]

! Measured under normal conditions at 20°C
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The addressed thin oxide layer remains at pH values of those in the human body. This aspect,
together with the corrosion stability, leads to the biostability of titanium which was first

demonstrated by Schiff et al. [111]

The Ti adhesive layers of the electrode structure were evaporated from a crucible with 99.995
% pure titanium, whereas all other Ti layers were sputtered from a solid titanium target, both
provided by Lisa* (refer to chapter 3.2.3 and 3.2.4 for processing steps and chapter 4.1 for

detailed fabrication).

3.1.3. CHEMICALS

Chromium Etchant

Chemical wet etching is often utilized for removing sacrificial layers, as it is an
undirected and isotropic etching process. Also, by choosing particular etchants, single
materials can be dissolved purposefully by breaking their atomic bindings and/or chemically
bonding them to a soluble material. Chromium, as well as Ti, are chemically wet etched during
sample production. In case of etching chromium, TechniEtch Cr01! (Michrochemicals, Ulm,
Germany) with a composition of Ceric ammonium nitrate to per-chloric acid to H,O of
109 % : 4.25 % : 84.85 % is used. In general, most chromium etchants consist of parts of

ammonium nitrate and per-chloric acid to induce the chemical reaction eq. (29):
3Ce(NH4),(NO3)g + Cr = 3Cr(NO3); + 3Ce(NH,),(NO3)5 (29)

During the etching process, chromium is transformed into chromium nitrate, which is then
dissolved in the etchant and can be easily washed away. The isotropic etch rate amounts to
approx. 60 nm/min at room temperature. TechniEtch Cr01 also has a strong impact on silver
and vanadium, while it shows little to no influence on aluminum, tungsten, nickel and

titanium. (Paragraph based on [112])
Ammonium Fluoride

As Ti is chemically inert due to its oxide layer, very strong acids such as HCI, H,SO4 and
HF are necessary for etching. HF, in combination with acids, removes the protective oxide

layer of a titanium surface and therefore increases the etching rate greatly. However, the

! formerly known as “Chrome etch n° 1” from the same manufacturer
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etching rate of titanium is mostly independent of the concentration of these strong acids, but
strongly depends on the concentration of added ammonium fluoride, as Straumanis et al.

discuss and suggest the usage of pure ammonium fluoride for etching titanium thin films. [113]

Ammonium fluoride (NH4F) itself is a colorless solution and a reportedly convenient way of
oxide removal and exhibits a strong horizontal under-etching capability. By excluding a strong
acid, the etch rate is slightly minimized. However, the constantly forming oxide layers are

continuously dissolved. [114]

The used ammonium fluoride is again provided by Lisa+ and originally “Ammoniumfluorid-

Atzmischung AF87,5-12,5” from Merck (Darmstadt, Germany).

3.1.4. TiTANIUM OXIDE

Titanium oxide, in the following referred to its chemical formula TiO», forms a protective oxide
naturally, as previously mentioned. However, it is also the focus of several studies and often
deposited on purpose, especially in medical environments, as it has proven to be extremely

biostable. [115]-[118]

In addition, the biocompatibility was topic of studies by Nan et al., who evaluated the blood
compatibility of thin TiO, films by clotting time measurements, platelet adhesion
investigations and hemolysis analyses. They conclude, that the blood compatibility of thin

films greatly improves by coating them with TiO,, respectively. [119]

Also, the melting Point of TiO; amounts to 1855 °C and it is insoluble in water [120]. Its
dielectric breakdown field is measured to approx. 1.5 - 108 %, which is in the same magnitude
of the one of polyimide (refer to chapter 3.1.1) and is experimentally verified in chapter 4.4.1

[121]. An overview of the different properties and the influence of different ALD processes on

the resulting TiO; layers can be found in the thesis of Dorothea Maier [122].

3.2. FABRICATION PROCESSES

The following chapters each describe a necessary manufacturing process in detail. As the
samples are cut from whole wafers, the cutting process is introduced in chapter 3.2.1. The
circuitry was produced by optical lithography, which is described in the following chapter
3.2.2. However, as optical lithography just creates the structure, the material itself must be

deposited by other means. Therefore, thermal evaporation is used for the electric circuitry,
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which is explained in chapter 3.2.3 and the metal intermediate layers are sputtered on the
thin films, as can be seen in chapter 3.2.4. Polyimide, regardless if used as a substrate material
or as a flexible layer, is spin coated in a clean room environment. However, the temperature
curing needs detailed parameters, which are given in chapter 3.2.5. The electrodes of the
manufactured samples are opened via reactive ion etching in an oxygen plasma, which is the
content of chapter 3.2.6. Finally, the electrode side wall is passivated by atomic layer
deposition. Therefore, the process is explained in chapter 3.2.7, followed by the recurring and

final electrode-opening step by utilizing ion beam etching, explained in chapter 3.2.8.

3.2.1. WAFER DICING

Double sided Borofloat 33 glass wafer from Siegert Wafer (Aachen, Germany) with a diameter
of 4 inch were used as substrate material throughout the present work. The samples
themselves were much smaller in their dimensions and, thus, the wafer must be cut. A Disco
DAD321 dicing saw with the appropriate glass dicing blade Disco P1A851 was used for cutting
the substrate material into the desired form factor of
(25.225 x 25.225) mm? for the non-flexible samples (chapter 4.1.1 ) and (30.08 x 40.08) mm?
for the flexible samples (chapter 4.1.2 ). 80 um were added to each side due to the wafer saw

blade thickness.

The glass wafer was attached to a dicing tape type ULTRON 1008R-9.0 from MINITRON
electronic GmbH (Ingolstadt, Germany), which itself was 80 microns thick and attached to an
aluminum frame. The alignment of the sample to the tape was accomplished with a template
to center the wafer and thus later placing it directly under the cutting saw. The aluminum
frame, with the tape and substrate, was placed into the dicer before the blade spun up to

20.000 rpm and cut 130 um above the dicing tape.

3.2.2. OPTICAL LITHOGRAPHY AND CHROMIUM MASKS

The lithography protocol was mostly independent from the substrate material; may it be a
glass wafer or an underlying polyimide layer as it was the case of the flexible samples.
However, in both instances, the sample must be heated and therefore was pre-baked for at
least 5 minutes at 90 °C on a hotplate before applying the positive photoresist Ma-P 1205 (HD
Microsystems, Neu-Isenburg, Germany). 5.5 ml of resist for the 3-inch glass wafer, 1.2 ml for
singe 1-inch glass samples and about 1.5 ml for the flexible samples were required. After the

resist was applied in a flowing movement without touching the sample surface via a pipette,
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any enclosed air bubbles were to be removed, as these had a negative influence. A Convac
1001 spin coater with a starting speed of 500 rpm distributed the resist for 5 s, followed by
3000 rpm for 30 s with a 10 s speed-up ramp, which resulted in a 0.5 um thick resist film [83].
A subsequent pre-exposure bake at 90 °C for 60 s was necessary before patterning the layout,
utilizing a Karl Stiss Ma/Ba6 Mask Aligner by illuminating the sample for 40 s in hard contact
mode with UV light of 350 nm wave length with a power of 210 W. The final structure was
acquired by developing the resist with the appropriate developer ma-D 331S, also from HD
Microsystems. By carefully swirling the sample in the developer for 35 s and washing the

developer off with ultrapure water afterwards, the final lithography structure was established.
Non-flexible Sample Masks

The non-flexible samples could be produced in batches of up to nine units, as the
positive mask bottom electrodes mask (Figure 18), allowed the exposure of multiple samples
simultaneously. It was created in our workgroup by Tanja Martin, for the use of a whole 4 inch

glass wafer.

Figure 18: Bottom Electrodes Lithography Mask
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A close-up of the electrodes on this mask can be seen in figure 19. The 4 smallest electrodes,
located in the corners have a diameter of 100 um, the 8 electrodes of medium size have a
diameter of 250 um, whereas the 4 largest electrodes are 500 um in diameter. Every
conductive feed line is 50 um within the electrode square of the array. The mask is rotation-

symmetric in a way, that the feed lines do not overlap when rotating the mask by 180°.

Figure 19: Close-up of the electrode field of the sensor array

Further photolithographic masks, an ALD Etching Mask and an ALD Protection Mask, were
required for the non-flexible samples, and only differ in a small detail. Both are based on the
bottom electrodes mask. The ALD Etching mask has the same layout as the electrode mask,
just without the feed lines to the electrodes. Thus, a close-up of the important electrode area

can be seen in figure 20a.

The ALD Protection mask, also, has the same layout, however, the diameters of the electrode
openings are now 80 um for the smallest electrodes, 200 um for the medium electrodes and
400 um for the largest electrode (Figure 20b). It is utilized for opening the ALD passivated

electrode surface again (refer to chapter 4.1.2 for detailed sample production).
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ALD Etching Mask

ALD Protection Mask

"o () () o

Figure 20: ALD Etching and ALD Protection mask

Flexible Sample Masks

To produce flexible samples, the previously applied parameters for the optical
lithography remained unchanged. However, a new mask was designed (Figure 21) for samples

sizes of a side length of 28 mm and a height of 40 mm.
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Figure 21: Mask Layout for flexible Samples
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As with the non-flexible samples, there were also two etch masks required. The general layout
of the etch mask is given in figure 22. The diameters of the electrodes in the first Flex Mea
Etching mask are 250 um and 500 pum, which are reduced to 200 um and 400 pm in the second

Flex Mea Protection Mask.

R

4 +

Figure 22: Flexible Sample Etching Mask called “Flex Mea Etching Mask”

In all three masks, orientation guides are provided by incorporating alignment markers in the
outer edges. The distances between them are exactly 28 mm and 40 mm. This allows the
precise alignment of the mask relative to the sample and therefore guarantees a correct
position of the electrode openings onto the electrodes of the sample, created before by the
flexible sample mask. The last three Chromium Masks for production of flexible samples were

designed and manufactured as part of this thesis.

3.2.3.VAPOR DEPOSITION TECHNIQUES

The Pfeiffer PLS 570 is a vapor deposition machine, capable of holding two evaporation
sources, and includes an electron beam physical vapor deposition (EBPVD) module (see
chapter 2.2.2 for theoretical information). All electrode structures were produced via vapor
deposition in this setup, whereby the gold layers were thermally evaporated from the prior
mentioned (refer to chapter 3.1.2) gold nuggets out of an evaporation boat and the titanium

adhesive layers were electron beam vapor deposited from a titanium target. By rotating the
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top plate with the samples attached, a (in situ) switch between thermal evaporation and

EBPVD was possible.

In addition, a crystal oscillator with a Model 80 deposition controller from Telemark is
positioned inside of the vacuum chamber to control the layer thickness while depositing takes
place. As the oscillator was regionally separated from the samples, the material deposition
rate it received differed from the one on the samples themselves. Thus, the material to be
deposited must be selected in the crystal oscillator control software, which translates the
deposition rate to the expected rate on the samples with an appropriate conversion factor?.
Therefore, the end user does not have to cope with divergent material rates and is able to

directly read the layer thickness out of the control software.
Thermal Evaporation

A tungsten evaporation boat (Umicore, Brussels, Belgium) was held in place within two
evaporation brackets and filled with 2 to 3 gold nuggets. The samples were fixed to the

rotating top plate with sample holders.

After establishing the base pressure of about 4 - 1077 mbar by evacuating the recipient
chamber overnight?, the gold nuggets were heated up by applying a current of 2.2 a.U.3. The
rate was to be controlled with the crystal oscillator and was to be kept in the range of 5—-11.0

nm/min, until the final layer thickness of 50 nm was reached.
Electron beam vapor deposition (EBPVD)

The titanium adhesive layers to the electrode circuitry were produced via electron
beam vapor deposition before and after the gold was applied by thermal evaporation. A skillet,
provided by Lisa*, containing solid titanium of 99.95 % purity, served as a target material which

was placed at the e-beam target.

All process parameters are summarized in table 7, consecutively.

! This conversion factor is commonly named “Tooling factor”
2 A minimal evacuation time of 5 to 6 hours is needed
3 Arbitrary Unit, as no readout possibility exists
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Table 7: Vapor deposition process parameters

Process Parameter Unit Gold Titanium
Layer Layer

base pressure mbar 4 -1077 4 -1077

process pressure mbar 2 -1077 2 -1077

DC current mA 60

a.u 2.2

DC voltage kv -1 9

DC power kw 1 0.56

deposition rate nm/min 5-11 15-22

layer thickness nm 50 10

To heat the target evenly, an electron beam was accelerated from the cathode by applying an
accelerating DC Voltage of roughly 9 kV with a current of 60 mA, resulting in a DC power of
0.56 kW. The beam was also wobbled over the target in the x- and y- direction, which must be
verified and, if necessary, corrected with the appropriate magnetic field regulators. The final

layer thickness of 10 nm was reached with a deposition rate in the range of (15 —22) nm/min.

3.2.4. SPUTTERING

The intermediate metal layers, consisting of titanium and gold, as well as the chromium for
the etch masks were all sputtered in a Leybold Univex 300 device with two sputter sources,
which could be switched during the process. The samples were placed face down opposite to
the sputter targets onto a rotating metal plate, which acted as the counter electrode. By

rotating the plate, the sample could be moved to face the desired sputter target.

The recipient was evacuated to a base pressure of about 9 - 10~> mbar, where an argon gas
valve was opened, until a balance between gas flow and pump performance was achieved,
which  expressed itself in a stable process pressure of approximately
3.3 - 1073 mbar. With a missing mass flow meter, the process pressure (and the needed
sputtering voltage for keeping the RF power constant), gave insight to the correct argon flow.

To start the sputter process, an RF Power of 100 W was applied between the source and the

! Not applicable, as the only accessible parameter is the applied current (in a.U.)
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samples. The needed voltage was then controlled by the argon flow, which may have had to

be corrected with the needle valve.

With the etch deposition rates given (Table 8), 80 seconds for the gold layers and 120 seconds
for the titanium layers created the desired layer thicknesses of 50 nm and 10 nm. In the case
of sputtering the 100 nm thick titanium sacrificial layers, it took 20 minutes to reach the final

layer thickness.

Table 8: Sputtering process parameters

Process Unit Gold Layer Titanium Layer Chromium
Parameter Etch Masks
Base Pressure mbar <9-1075 <9-107° <9-1075
Process Pressure mbar ~33-:10% ~33-:107®* ~3.3-1073
RF Power Watt 100 100 100
Voltage \" 335 395 370
Time sec 80 120/ 1200 600
Layer Thickness nm 50 10 100
Deposition Rate nm 400 50 100
(10 min- 100 W)

3.2.5.SpPIN COATING POLYIMIDE AND TEMPERATURE CURING

The polyimide coating process started with defrosting the frozen polyimide 20 hours before

use by placing it in the refrigerator at temperatures of approximately 8 °C.

The liquid, yet extremely viscous Pl (see chapter 3.1.1 for material properties) was applied
directly to the sample without the use of an adhesion promoter by pouring it slowly and
controlled onto the sample until the sample surface was covered completely. While doing so,
careful attention had to be paid to avoiding air inclusions in the liquid layer, by holding the
vial close to the sample surface to minimize the air drop time. The sample itself was fixated to

a Convac 1001 spin coater (see Chapter 3.2.1) via vacuum.

! The adhesive layer needs to be sputtered 2 minutes and the sacrificial layer 20 minutes
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The spin coater parameters remained as laid out in chapter 3.2.2, which resulted ina 5 um to

6 um thick layer (Figure 23), as was given in the appropriate material data sheet [83].

Pl-2611

15 l |
13 B - - @- - 130C, 90 sec.
RS ——350C, 30 min

Film Thickness (um)

2000 3000 4000 5000
Spin speed (rpm)

Figure 23: Final Polyimide Thickness, depending on the spin coating speed [83]

Two subsequent baking steps on a hotplate at 90 °C for 90 s, followed by 150 °C for also 90 s
greatly decreased the polyimide’s flow property and simplified the transportation of the
samples. The polyimide covered samples were then placed on a glass tray and set into an oven
with an inert atmosphere. The oven Heraeus Eurotherm 2404 (Thermo Scientific, Waltham,
MA, USA) with a set nitrogen flow of 800 - 1000 sccm was programmed with a heating
temperature ramp of 4 °C/min, until reaching the final temperature of 300 °C, which was then
held for 30 minutes. Afterwards a cooling ramp of again 4 °C/min was programmed, which
was, however, not reached as the oven itself was not actively cooled and well temperature

isolated. As a result, the true cooling ramp was much slower and lasted up to 20 h (Figure 24).
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Figure 24: Temperature Ramp of the Polyimide Curing Process with the complete cooling time

3.2.6. PLASMA ETCHING BY RIE

Polyimide is easily etched with oxygen plasma. Plasma enhanced reactive ion etching (RIE)
techniques were applied for opening the electrodes, as is industry standard for biomedical
applications [123], [124]. A Plasmalab 80 Plus device (Oxford Instruments, Abingdon,
Oxfordshire, UK), with several possible gas inlets, was used for etching polyimide and surface

activation.

The samples to be etched were placed on the sample plate before evacuating the chamber to
its base pressure of 10 mTorr. After reaching the base pressure, the oxygen flow was set to
100 %, which corresponded to a gas flow of 50 sccm, while holding the process pressure at
100 mTorr. The ignition of the oxygen plasma with an RF Power of 100 W started the etching

process. All process parameters are listed in table 9.
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Table 9: Plasma etching parameters

Parameter Unit Polyimide

Base Pressure mTorr 10

Process Pressure mTorr 100

RF Power Watt 100
forwarded Watt 99
reflected Watt 0

DC Bias \Y -395

Oxygen Flow sccm 50

In the case of activating the sample surfaces, an etching time of 8 s was sufficient. A single
polyimide layer, however, required 30 min to be completely etched. Williams et al. found a
vertical etch rate of 370 nm/min with an RF Power at 400 W [125]. Thus, the etch rate with
the parameters used in this work was examined and found to be around 250 nm/min (Figure
25). Etching smaller structures as the electrode openings took longer as described in chapter

4.1 and, thus, the successful electrode opening had to be verified after the etching process.

m  etched thickness
linear fit

etched thickness [um]

0 5 10 15 20
Etching time [min]

Figure 25: Etching rate of Polyimide 2611 in O2 Plasma
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3.2.7. ATOMIC LAYER DEPOSITION

All thin films, deposited with Atomic Layer Deposition (ALD) were produced with a small lab-
sized device of the type MyPlas from Plasma Electronic Gmbh (Figure 26) (Neuenburg,
Germany) at the Studienzentrum Rottweil of the Hochschule Furtwangen, and produced by

Michael Metzger.

Figure 26: ALD device used for fabricating electrode side wall passivation layers [126]

The recipient had a volume of 10 liters. The floor and ceiling inside the recipient represented
the electrodes for the creation of the plasma, produced by an RF-Generator (13.56 MHz).
Various process gases could be pumped into the device, such as oxygen which was not only
used as a precursor, but also to initiate the plasma ignition. Argon was used for flushing the
process gas (refer to chapter 2.2.5 for theoretical background on the ALD process), whereas

nitrogen slowed down the turbo pump after a deposition process. (Paragraph based on [122])

The precursors for the TiOz Layers were TTIP (Titan(IV)-isopropoxid) and oxygen, respectively,

with the chamber temperature set to 100 °C. With the humidity set to 20%, all parameters

m

lead to a growth per cycle (GPC) of 0.044

[127].

n
cycle

The resulting film thickness was controlled by placing an additional Si [111] Wafer into the
chamber. Its film thickness was measured via reflectometry or ellipsometry, respectively,
which was also done at the Studienzentrum in Rottweil. The process parameters are

summarized in table 10.
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Table 10: Process Parameters for Atomic Layer Deposition

Parameter Unit Parameter
Base Pressure Pa 0.2
Temperature °C 100
Precursor 1: TTIP
Precursor 2: o)}
Flush gas Ar
GPC nm 0.044
cyclus

3.2.8. 10N BEAM ETCHING

The device used for ion beam etching (IBE) was an UniLab from Roth&Rau AG, provided by the
Institute for Applied Physics from the university of Tubingen. The recipient was evacuated
until a base pressure less than 5 - 10~® mbar was achieved, where an Argon process pressure
of 1.2 - 1073 mbar was set via a mass flow controller. The sample itself sat on a rotating
sample holder opposite to the ion source with a tilt angle of 0 °. The remaining etching

parameters are listed below in table 11.
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Table 11: lon Beam Etching process parameters?

Process Parameter Unit Parameter
Base Pressure mbar ~5-107°
Process Pressure mbar 1.2 -1073
lon Beam Current mA 23

lon Beam Voltage \ 302
Acceleration Voltage \ 700
resulting Current mA 1-8
Cathode Current mA 17.2
Cathode Voltage \ 11.4
Discharge Current mA 1.65
Discharge Voltage \ 33
Mass Flow Controller sccm 35/1.7
Rotation Angle ° 0
Rotation Speed Hz 0.715

Determining an Etch rate was complex, as the addressed device showed great variances in the

resulting etch rates. Also, the displayed parameters varied during a process.

Prior workgroups estimated the etching speed of several materials at varying parameters,
resulting in different ion beam currents per time, called f-cup? (Table 12). The data shows the

relative etch speed of different materials, even if the actual given speed is not applicable due

to different f-cups.

Table 12: Etch rates in comparison with f-cups; Data from University of Tubingen

Material

Etch Rates at different f-cups [A/min]
0.05 0.10 0.15 0.20

Au
Cr
Ti

176 352 528 704
39 78 117 156
20 39 59 78

! Given parameters are guidelines. The variance in between several etching processes must be considered.
2 parameter of measuring the ion beam intensity (device specific)
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The real etch rate of Cr and TiO, was measured and resulted to approx. 2 % for Crand 0.7 —

min

for TiO,, respectively!. Overall, the etching process had to be monitored precisely and the

etching process had to be controlled frequently.

L using a Dektak 3030ST Auto Surface Texture Profiler
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4, RESULTS AND DISCUSSION

This chapter describes and discusses all results gained during this thesis, starting with the
sample manufacturing in chapter 4.1, based on the prior introduced fabrication processes.
Analysis of the produced samples was done in two self-designed and built setups, both

introduced and discussed in chapter 4.2, before the samples are assessed in chapter 4.3.

The use of TiO; as electrode side wall passivation is discussed in chapter 4.4, the samples are

characterized in the final chapter.

4.1. FABRICATION OF DEVICES

All samples can be roughly divided into the non-flexible multi electrode array group (MEA) or

the flexible multi electrode array ones (Flex-MEA), which differ in some manufacturing steps.

In all samples, the gold layer thickness was chosen to be 50 nm, since gold layers thinner than
12 nm do not provide a uniform surface layer (see chapter 3.1.2). A thickness of 50 nm,
however, is a good compromise for a guaranteed closed gold surface, while being thin enough

for reasonable material usage and maintaining film-flexibility which is a necessity for later
. . A
measurements. Also, the critical current density of gold amounts to 5 - 104cm—2, before

surface arrangements and, therefore, negative processes occur [128]. The thinnest circuit
path, altogether, is the strain gauge with a width of 20 um. Thus, a maximal bearable current
of 0.05 A can be calculated. As the Keithley’s 6517B ammeter upper limit amounts to 0.01 A
(refer to chapter 4.1.3 for more information on the setups), which was only reached in case

of an electrical short-circuit, gold layer thicknesses of 50 nm were sufficient.

Titanium was chosen as adhesive layer, as gold does not stick well to silicones and polyimides
[129], but begins to cluster when heated up way before reaching the melting point (chapter
3.1.2). Good adhesion is only given by interlocking, interdiffusion of the films or chemical
bonding between thin films [130]. In case of a Ti layer, diffusion through the Au layer is given,
by creating brittle intermetallic phases, such as TiAuy, TiAu and TizAu [131]. Together with the
possibility of processing Ti layers in-situ next to Au, this circumstance lead to the choice of Ti

as adhesive material.
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4.1.1. NON-FLEXIBLE MULTILAYER SAMPLES

No lithographic protocols were established beforehand and every single process had to be
established. Early photolithographic produced metal structures had frayed edges and the lift-
of process worked reproducibly terrible, leaving resist residues behind. After switching from
the negative resist ma-N 2400 from HD Microresist Technology to the positive resist ma-P

1205, the developing and lift-of processes worked well.

All produced samples use 4 inch wide, double side polished Borofloat 33 glass from Siegert
Wafer as a substrate material, on which the following multilayer stack is built. The metal layer,
containing the electrodes is produced via thermal vapor deposition (Figure 27b), as described
in chapter 3.2.3, after the structure itself is established via the photolithography protocol

(Appendix A) from chapter 3.2.1 (Figure 27a).

Figure 27: Manufacturing of unopened multilayer samples

After removal of the resist via acetone in an ultra-sonic bath, the sample with the finished
electrode structure (Figure 27c) was cleaned with isopropanol. Until now, the wafer could be
processed as a whole. However, as the curing oven for the following polyimide process was
only about 5 cm wide, the wafer with the 3x3 matrix of electrode structures were separated
with a dicing saw, as described in chapter 3.2.1 (Figure 28). In addition, before spin coating
the first polyimide layer, the surface was activated in oxygen plasma for 8 s, as described in

chapter 3.2.6 and following the recommendations of prior literature. [132], [133]
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Figure 28: separating the 1 inch samples from the 4 inch wafer with the dicing saw

The following Pl layer was fabricated as described in chapter 3.2.5 (Figure 27d). Although HD
Microsystems recommends a curing temperature of 350 °C and the usage of an adhesion
promoter prior to the distribution of the polyimide, investigations and observations of several
parameter variations, lead to the concluding use of a final temperature of 300 °C, as the
amount of air inclusions was reduced significantly, and film uniformity looked promising. Also,
the application of an adhesion promoter had a disadvantageous effect on the
photolithographically processed circuitry and was, thus, excluded. No negative side-effects

were observed due to this decision and a uniform polyimide layer could be produced.

Remaining air inclusions on some samples are explained in the work of Shaffer et al. [134],
who investigated the stability of titanium adhesive layers at elevated temperatures such as
300 °C. They observed the lack of stability of the self-formed oxide layer, which could lead to
oxide inclusions in the upper polyimide layers. This could have been circumvented by very
careful oxygen-plasma treatment of the titanium adhesive layers (for adhesion discussion,

please refer to chapter 4.3.1).

Pl 2611 was chosen over Pl 2610 because of its resulting film thicknesses in the ranges of
several um due to its higher viscosity (table 5). This lead to sufficiently high electrode side
walls to analyze the electrode side wall passivation. In addition, a minimal sample thickness
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of about 10 - 15 um was required for flexible substrates to electrically contact them as
discussed in chapter 4.2.2. Also, by comparing it to other possible polyimides (table 6), the
lower moisture uptake can be noticed, which resulted in less delamination and prevented
negative electrical features like corrosion more reliable. The better (lower) thermal expansion
as well as film stress added to the recommendation of its use over the other possible products.

[79], [135], [136]

Adding another metal layer stack to the sample via sputtering techniques, again consisting of
Ti, Au, Ti (Figure 27e) and repeating the polyimide coating (Figure 27f) twice, finally created

the finished multi-layer sample (Figure 27g).

Both intermediate metal layers were created with aluminum shadow masks, which partly
covered the sample to protect the contact pads. The dimensions of the produced shadow
mask can be taken from figure 29 with the corresponding mask holder being displayed in the

appendix E and in figure 30.

3,55
3,55
8.26
4
E 254 17,15
A
' 6,35
Y
3,55
2,225

24,25

Figure 29: Aluminum shadow mask with the parameters given in mm

The placing of the gap in the mask was calculated in such a way, that the free contact pads 24-
26 and 60-62, (see figure 36 for electrode and contact pad layout and table 13 for pad usage)
were covered by the sputtered layer. The gap in the mask was necessary for creating an
electrical contact possibility to the metal layers, as can be seen in the final sample (Figure 31)

and is sketched in figure 32.

The recesses of the sample holder are 2 mm deep, which gave the 1 mm thick substrate glass

sample room to sit alongside with the 1 mm thick sputter mask. One also notices the coverage
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of the contact pads of the electrode structure in figure 31 (right picture), which ensured that
no metal was sputtered on them. As a result, the contact pads would later be only covered

with polyimide, which was easily etchable with RIE (refer to chapter 3.2.6).

Figure 30: sputter sample holder (left) with sampled mounted inside (right)

After adding a polyimide layer, like the one underneath the metal layer, the aluminum mask
was rotated by 90° in either direction for the creation of the top of the two intermediate metal
layers, thus, creating two accessible, not overlapping contact pads to the intermediate layers
(Figure 31, left image). The opening of the pads of the intermediate layers was done via RIE
with etching times of 45 minutes for the top layer and 75 minutes for the lower one,
respectively. 5 um of polyimide is etched in 30 minutes according to the etching rate of 250
nm/min. However, it was noticed, that adding another 15 minutes cleaned the metal surface
of residues and guaranteed a good electrical contact, which was achieved by filling the opened
hole with conductive silver DAG 1415 (Plano GmbH, Wetzlar, Germany). In the case for the
unopened samples, also single electrode contact pads were opened via an aluminum hard

mask, containing a hole with 1 mm in diameter, which was placed over the respective pad.
Opening the electrodes:

Unopened samples gave many research opportunities, regarding the stability and
delamination of the polyimide passivation layers, as is described in chapter 4.3. As the focus
remained on the electrode side wall passivation, the electrodes had to be opened, resulting
in a side wall with electrical contact possibilities due to the two intermediate metal layers,

forming two ring-electrodes (see figure 32 and the final sample in the right of figure 31).
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Figure 31: (left) finished 1 in non-flexible sample with the multilayer stack;

(right) similar sample, with electrodes opened

Figure 32: Schematic Image of a (opened) Multilayer System with electrical contacts to

the inner metal layers (golden), which sit in between the polyimide passivation layers (red)

A photolithographic mask introduced in chapter 3.2.2, covering only the electrode openings,
was created. With it, a 100 nm thick chromium layer was sputtered onto the samples. After
lift-off, the complete sample was covered with chromium, excluding holes with the electrodes

beneath. Etching the first polyimide layer was easily possible as described.

However, the two intermediate metal layers were now also to be etched through. Early
investigations of etching the gold layers with aqua regia (HNOs + 3HCI) [125], [137] and Lugol's
iodine [138] failed, due to the enveloping titanium layers with their extremely stable and inert
thin oxide film (refer to chapter 3.1.2). Thus, the titanium layer was first etched with NH4F

(chapter 3.1.3), with a following aqua regia etch process for the gold layer. A final etch with
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NH4F dissolved the underlying titanium layer. Before etching, the Chromium Mask was
removed with TechniEtch CrO1, and again applied after etching, in order to etch the next
polyimide layer. Trials in this direction were given up quickly, as NH4F showed great under
etching potential and began to dissolve the metal layers underneath the polyimide. In
addition, by etching the second metal layer, the opened top metal layer was further etched

and thus destroyed.

As a result, the manufacturing process of the unopened samples (Figure 27) was slightly
adapted to a complete bottom-up process and now contained recurring photolithographic
steps in order to create electrode openings in the intermediate metal layers, as seen in figure
33. Starting with the photolithography (Figure 33a) of the electrodes, fabricating them by
vapor deposition (Figure 33b) with a following lift-of step (Figure 33c), still remained the same.
Also, the following polyimide process (Figure 33d) was equal to the unopened sample.
However, before creating the first intermediate metal layer, the electrode openings were
covered with resist (Figure 33f) with the help of the ALD Etching Mask (Figure 33e). Sputtering
the metal layer (Figure 33g) and lifting the resist (Figure 33h) now created a layer, where only
polyimide existed on top of the electrodes. The polyimide layer (Figure 33i) was applied as

before. Steps e) to i) were repeated to obtain the final layer stack (Figure 33j).

As now only polyimide was located on top of the electrodes in the bottom layer, they could
easily be opened (Figure 33l) with one aluminum etching mask (Figure 33l), created just like

the metal layers.
a b c d
e f g h

i i

Figure 33: Manufacturing of the opened multi-layer samples
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However, as manual alignment of the photolithographic masks was done more than once, the
openings of the metal layers are likely to differ from the electrode structures due to
misalignment. Figure 34 displays optical microscopy images (Zeiss Axio Scope, with an
attached CCD Axiocam from Zeiss, Jena, Germany) of the 250 um electrode of an opened
sample. The upper (1) and middle gold layers (2) are visibly misaligned against the electrode
beneath (3). The polyimide layers themselves are not visible due to them being optically

translucent.

Figure 34: misalignment on the photolithographic process

The newly created circle segment surface is shortly discussed in relationship to the angular

side wall electrode surface with basic trigonometrical consideration.

350 4 4

300 +

250

200

150 4

100 +

50 4

Surface creation in relation to Electrode Size [S/A ]

Missalignment

Figure 35 left: trigonometrical schema for misalignment surface calculation;
right: newly created surface S (marked blue in left image) in relation to side wall surface

Ao of the intermediate layers
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With the sketch in figure 35 and the angle a =< BM; A foIIows% = cos™ ! (d) with d as the

2r

misalignment during photolithography. As such follows

S=mnr?-— i (2 cos™ ! (i> — sin (2 cos™ ! (i») (30)
2 2r 2r

for S as the marked blue surface.

Also, in figure 35, S is plotted in relation to the electrode side wall surface of three electrode
radii plotted against the misalignment in um, showing that a slight misalignment of only 10

pum leads to a surface expansion of at least 2 magnitudes.

If the electrode side wall passivation covers the misaligned side wall completely, the only
obvious disadvantage is an enhanced circular side wall electrode surface, which prohibits

analytical calculation of reference values.

The final pin layout of the non-flexible samples is shown in figure 36 with the electrodes
numbered consecutively. Table 13 lists every electrode with the respective pin for electrical
contact. The main gap between pad 6 and 12 clearly marks one side of the sample, which was

defined as the top side.
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Figure 36: Numbered electrode and pin layout of a produced MEA

Table 13: Pin Layout of non-flexible samples

Pin No. Function Pin No. Function

66 + 3 Electrode1 |38 +41 Electrode 9
15+20  Electrode 2 |45 +48 Electrode 10
27 +42 Electrode 3 | 55+58 Electrode 11
44 +59  Electrode4 |63 +64 Electrode 12
5+6 Electrode5 |68 +1 Electrode 13
12+13  Electrode6 |17 +18 Electrode 14
22+23  Electrode7 |33+36 Electrode 15
28+31  Electrode8 |50+53 Electrode 16
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4.1.2. FLEXIBLE POLYIMIDE SAMPLES AND ELECTRODE LAYOUT

Flexible layers were created upon plane glass wafer, from which they were separated at some
point during the fabrication process. As such, the use of a sacrificial layer was enforced, which
was dissolved later on during the manufacturing process, in order to release the flexible
multilayer-stack [139]—-[142]. Stieglitz even proposes using polyimide itself as a sacrificial

layer, which is peeled off a stiff substrate material. [143]

Following the concept of producing the layer stack on top of a sacrificial layer, flexible samples,
were built on a 100 nm thick layer of chromium, sputtered before the deposition of the first
polyimide layer. As removal of chromium with TechniEtch Cr01 left the other materials
untouched, this procedure promised good results. TechniEtch CrO1 provides great vertical
etch capabilities, however, the horizontal under etching of the underlying chromium layer was

slow and impracticable.

Also, directly peeling the Pl off the samples induced tension, resulting in curled thin films,

which were already mechanically loaded and, thus, not quantifiable.

Trying to finally dissolve the glass substrate itself with pure HF, lead to the idea of a titanium
sacrificial layer, which showed sufficient etching rates in NH4F. In addition, NH4F was easier to
handle than HF and is known for its under-etching capabilities. The 100 nm thick titanium layer
gave a big enough exposed surface to the chemical, such that the samples’ sacrificial layers

were dissolved within 48 hours by NH4F.

The resulting manufacturing process for the Flex-Mea is displayed in figure 37, starting with
the sputtering of 100 nm of Ti onto the glass substrate (a). As this layer was to be dissolved
later, no surface activations and therefore adhesion improving techniques were used. The
following polyimide coating (b) was done as introduced in chapter 3.2.5. Figure 37c displays
the patterning of the positive resist MaP-1205 with the photolithographic Flex-Mask, which
was self-designed and produced. After the resist was developed (d), the circuitry, again
consisting of 10 nm Ti, 50 nm Au and 10 nm Ti, was vapor deposited, leaving only the electrode
structure behind after a lift off (f). The topping polyimide layer was done just as the one
beneath and is seen in figure 37g. Finally, the sacrificial titanium layer was dissolved, leaving

only the flexible layer stack behind (h).
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a b c d
: : ~7’ - -
e f g h

Figure 37: Sketch Images of the manufacturing process of the flexible polyimide test device

A finished and lifted Flex-Mea can be seen in figure 38. The influence of the NH4F on the PI

and the circuity encapsulated in it are discussed in chapter 4.3.4.

Figure 38: Self-made Flex-Mea Sample on Polyimide Base

Opening the electrodes of the flexible substrates

As the samples had to be removed from the substrate prior to opening the electrodes
via RIE, since the NH4F would also dissolve the titanium adhesive layers, a methodology had
to be found to further process the sample. Chapter 4.1.1, together with the process
characterization in chapter 3.2.6, describes the etching of polyimide with the help of a
chromium etch mask. The layout to be etched was produced via photolithographic processes,

which was not feasible with a flexible sample.
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A solution was found by applying a WF-20-X4-A (Gel-Pak, Hayward, California, USA) gel film to
a non-flexible aluminum substrate. The gel film itself is mounted to a metalized polyester
substrate, with pressure sensitive adhesive located at the bottom side [144]. The product is
capable of withstanding temperatures up to 150 °C and was found to be chemically inert to

TechniEtch Cr01, as well as acetone and isopropanol.

By placing the pressure sensitive adhesive side of the gel-film to a firm aluminum plate, the
flexible PI sample was held by the tacky gel surface (Figure 39a). The aluminum substrate with
the attached sample could now be processed again as described before. By applying the layout
of the Flex Mea Etching Mask (refer to figure 22 in chapter 3.2.2) with the standard lithography
procedure, a chromium etching mask was sputtered (Figure 39b). An enlarged image of a Pl
covered electrode with the applied chromium etch mask is seen in figure 39c. Opening the
electrode was done via RIE (refer to chapter 3.2.6) with an etching time of 30 minutes. After
removal of the chromium etch mask with TechniEtch Cr01, the flexible sample with opened

electrodes (Figure 39d), could be peeled off the gel film.

The opened electrodes showed residues, which were not easily removable. These are

discussed and described in a separate chapter 4.3.2.

Figure 39: Etching electrodes of adhered flexible sample
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Layout

Figure 40 demonstrates the flexibility of the Flex-Mea. Its circuitry layout was carefully

designed and produced with a custom made photolithographic mask, displayed in figure 41.

The mask was adapted for the fluidic-measurement setup, which is introduced in chapter 4.2.
The main idea behind the layout was to place all active elements, such as electrodes, the
capacitor and a strain gauge inside of a circle with a diameter of 24 mm, as this is the

mechanically loaded area in the measurement setup, introduced in chapter 4.2.

" I

Figure 40: Demonstrating the flexibility of the Flex-Mea
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All contact pads were required to sit on one side of the sample, to maximize the flexible area
without interfering with external connectors. By using a standard Xf2M-55 connector (Omron,
Stuttgart, Germany), 55 contact pads within a length of 28 mm were contactable. The height
of the mask, and therefore the sample, was set to 40 mm. Having a fixed limit of 55 contact
pads, it was possible to include 17 electrodes with diameters of 250 um and 500 um,
respectively, and a lead as well as an outlet, two via pads for creation of 3 dimensional
structures, a strain gauge and a capacitor. Both, the strain gauge and the capacitor, were

intended to be used for monitoring the flexibility of the sample.
Opening the bond pads

One of the Flex-Mea passivating polyimide layers had to be opened over the bond pads, to
ensure electrical contact. Therefore, the sample was covered with a silicon wafer, leaving only
the contacts exposed. A following RIE (refer to chapter 3.2.6) etch process of 30 min

eliminated one passivating Pl layer over the contacts.

Table 14 lists the function of every contact pad of a finished flexible sample with the final

layout being displayed in figure 43.
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Figure 41: Circuitry Layout of the flexible mask; The respective Pad assignment is listed in table 14

Table 14: Electrode Numbers of flexible mask

Pin No. Function Pin No. Function Pin No. Function
1+55 Capacitor 11+ 18 Electrode 1 30+ 37 Electrode 10
2+54 Strain gauge | 12 +13 Electrode 2 31+32 Electrode 11
6 Vial 14 +15 Electrode3 |33 +34  Electrode 12
50 Via2 16 + 17 Electrode4 |35+36 Electrode 13
3,4,5 Not used 20+21 Electrode 5 39+40 Electrode 14
7,8,9,10 Not used 22 +23 Electrode 6 41 +42 Electrode 15
28 Not used 24 + 25 Electrode 7 | 43+44 Electrode 16
46, 47, 48, 49 Not used 19 + 26 Electrode 8 38+45 Electrode 17
51, 52,53 Not used 27 +29 Electrode 9
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The strain gauge itself, contains 160 loops, each being 20 mm long and 20 um wide with 20
pum of space between them. The resulting total length of the strain gauge, therefore, amounts

to 320 cm.

With the strain gauge principles from chapter 2.3.4 in mind, the dimensions of the DMS are
calculated with the introduced equation (21) on page 29 while considering various boundary
conditions. The DC Ammeter Keithley 6517B (refer to chapter 4.2 for introduction and more
information) offered a maximum resolution of 10 pA while measuring in the 2 pA range. The
resulting resistance of the strain gauge is calculated to be within this range. While being able
to reproducibly create photolithographic structures down to 20 um, the following dimensions

were determined for the strain gauge:
l, =28.5mm;l; =20 mm; d; = 0.02 mm; by = 20 um; hy = 100 nm}; n = 160

As the density of thin films does not correspond to the one of bulk materials, pgoq is taken
from [145], thus amounting to Pcold = 40 pQ - cm, instead of
Poldbuk = 2.4 pl - cm. With these chosen parameters, the strain gauge resistance is

calculated to Rpys = 652 k().

As almost all measurements were to be performed within a voltage range of £1V to stay within
the water window of PBS, the expected current is simply calculated using ohms’ law, resulting
in a current of Ipys cale = 1.5 p4, which is at the upper end of the measurement range, but
safely within the limits. Thus, a potentially measurable resistance variance can be estimated

as: [146]

Almax _ 10 pA . ARDMS
IDMS,calc 1.5 HA RDMS,calc

(31)

Formula (22) from chapter 2.3.4, together with the then given k-factor of 2.6 (Table 4 in
chapter 2.3.4) leads to a calculable minimal possible measurable, longitudinal elongation for

this particular strain gauge:

1 Early design decisions assumed a layer height of 100 nm. This was corrected to 50 nm later, which results in a
factor 2 for the final calculated resistance and, thus, calculates to Rpys = 1.304 MQ
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ARpwms

g = Rows _ 5 56.10-6
kGold

(32)

Thus totals in approx. & = 0.000 26 % and can be further translated in a minimal length
difference of Al;, = lp - & = 61 nm with [, amounting to an effective substrate width of
24 mm (refer to chapter 4.2 for discussion on substrate area, which is effectively mechanically

loaded), measurable with the given Ammeter. [147]

An optical image of a produced strain gauge on a flexible sample is given in figure 42 (with the
feed line visible in the left image). Chapter 4.3.7 discusses the measurements, after the setup

has been introduced.

Figure 42 also shows starting delamination over the metal circuitry. This unwanted

phenomenon is addressed and discussed in chapter 4.3.1.

The bottom capacitive structure was meant to measure the electrical capacities to the
intermediate metal layers. However, the outer feed lines #1 and #55 were defective on every

sample due to the lifting process in HF, as can also be seen in figure 43.

Figure 42: optical Image of the produced strain gauge with 20 microns wide leads (left) and an enlarged view of

the strain gauge with visible delamination (right)

4.1.3. FLEXIBLE MULTI-LAYER SAMPLES

The concept of the multilayer samples introduced in chapter 4.1.1 had to be translated to the
flexible samples to gain electrical access to the electrode side walls. By combining the bottom-
up manufacturing method of the flexible samples with the multilayer stack of the non-flexible
samples, a multilayer flexible sample was achieved which can be seen in figure 43 and figure

44.
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Figure 43: Flexible Multi-Layer Sample with the circuitry visible through both intermediate metal layers

Figure 44: Flexible Multi-Layered Sample, demonstrating the flexibility

Before dissolving the sacrificial titanium layer of the flexible sample, a via was fabricated by
opening the Pl layer over the via pad #1 of the flexible sample. An aluminum hard mask (refer
to right image of figure 45), left a circle of 2 mm in diameter on the Pl layer on top of VIA pad
#1 exposed to the Oz Plasma of the RIE, which was utilized again for etching PI. As with the
non-flexible samples, the intermediate metal layers, consisting of 10 nm Ti, 50 nm Au and

10 nm Ti layers, were sputtered with the help of another aluminum hard mask (Figure 45),

73



Results and Discussion

after the electrode openings were ensured by using photolithographic processes and a Flex
Mea Etching mask. The metal layer had to cover the active electrode area, as well as the strain
gauge and be connected to the electrode layer over the opened vias, thus creating a 3-

dimensional layer stack, all connectable by the coplanar bond pads.

24.5 35 - A -1~

40 40

22

30 30

Figure 45: Aluminum hard masks for creating the intermediate gold layers on the flexible samples

Electrical measurements of the bond pad #6, connecting the via to the metal layer resulted in
aresistance of 8 Q, marking the via as functional. By repeating this via creation process mirror-
inverted over via pad #2, the final flexible multi-layer stack, seen as a sketch in figure 46 and
as real samples in figure 47, with both metal layers connectable by the bond pads, was

reached.

111

Figure 46: Schematic of flexible multi-layered Sample; Image provided by Marcel Kappel

The second layer also showed a measureable resistance of approx. 8 Q to the bond pad #50
over the produced via #2. Both intermediate metal layers were therefore sufficiently
electrically contacted. By dissolving the sacrificial titanium layer, flexible samples were

achieved.
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Figure 47: Creation of the multilayered flexible sample, with one (left) and both (right) intermediate metal

layers deployed

Figure 48 displays an SEM image of the via bottom with the side wall, while an SEM image
(JSM-6500F Scanning electron microscope with an attached EDX Module, both from JEOL,
Musashino, Akishima, Tokyo) of the polyimide layer is given in figure 49. The opened via clearly
shows artefacts of unremoved polymer strains. This unwanted feature is discussed in more
detail in chapter 4.3.2 as it was also seen on the opened electrode surfaces. However, as the
metal layers have shown to be electrically connected over this via, these artefacts are not
harmful for further sample fabrication. In addition, the via side wall displays the etching
progress of the Pl. The polymer chains are broken by RIE etching, which can be followed in the
via side wall by enlarging the gaps between the polymer strains. The electrodes could be

opened similarly, as described with the non-flexible samples in chapter 4.1.1.
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CSEl 150KV X5000  1gm . WD 9.7mm

Figure 49: SEM image of top polyimide layer

4.2. MEASUREMENT SETUPS

Two setups were developed, fabricated and validated during this thesis, which are introduced
in the following chapters. As the isolating features of the electrode side wall passivation had
to be inspected by electrical analysis and polyimide itself is an extraordinary good insulator
(see chapter 3.1.1), a measurement setup, capable of detecting very low currents, or high

impedances, respectively, was established. In Addition, this setup, called “leakage-setup”?,

! The name represents the ability to detect leakage currents over passivating layers
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had to be capable of detecting these impedances over several channels on one or several

samples, for reasons which are discussed in the following chapter 4.2.1.

Additionally, a second setup was implemented, intended to mechanically stress test the
flexible implants of chapter 4.1.2 in a fluidic environment, simulating conditions to those in
the human body. The requirements for this “fluidic-setup”, as it is addressed in this work, are
also discussed in the following chapter 4.2.1. Finally, the main goal was to combine both into
a fully automatic mechanical stress test and electrical analyzation setup which is addressed as

FMS (Fluidic Measurement Setup).

The complete manufacturing, as well as software programming is explained in chapter 4.2.2.
Also, it is clearly detailed, how a measurement of a non-flexible, as well as flexible sample is

performed.

Final validation and verification, together with the capabilities of both setups is laid out in the

final subchapter 4.2.3.

4.2.1. SETUP REQUIREMENTS

The prior discussed flexible samples were to be electrically assessed, while being bent to
induce the mechanical stress, as would be found in the physiological medium. The electrical
measurement setup (Leakage Setup) and the bending system (Fluidic Setup) were developed

separately and combined later on.
Leakage Setup

As delamination and corrosion processes, as well as the isolating electrode side walls
with their respective passivation, were to be electrically measured, acquiring minimal
resistance variances at absolute values above several GQ was a hard requirement which was
primarily given due to the volume resistivity of polyimide. However, the applied voltage had
to stay within the water window of common electrolyte fluids, PBS in particular. Thus,
assuming an applied voltage of 1V, the setup had to be capable of verifiably detecting currents
smaller than 10 A. The smaller the detectable current, the earlier the delamination defects

are measurable.

In addition, as corrosion and delamination measurements needed to be traced over longer

time spans of several days and even weeks, the setup had to be capable of automatically

77



Results and Discussion

measuring resistances in constant, but variable time intervals, preferably without user

interaction.

To ensure reproducibility, several samples, each again including several channels should be
simultaneously analyzed. Thus, the current measurement setup had to include multiplexers,
as sketched in figure 50, where the measurement circuitry of a multilayer system with two
electrodes is exemplified. By not only measuring the current from a counter electrode to
several structures, but also from one layer to others, delamination occurrences could be
regionally localized and verified. In the case of measuring several samples in parallel, multiple

High lead lines with also multiple Low lead lines became necessary.

= %]
[=30 (I = IF1)

Out In—| Out In

Figure 50: mimic diagram of leakage setup
Fluidic-Setup*

Several studies inducing mechanical load on polyimide samples in order to examine
delamination and conductor breakages were performed, like the one of Lucchini et al. [148],
which examined the deformation and failure mechanisms of metal-polymer interconnections
and concluded that tensile stress is a most common cause for interface delamination. Other
studies examined the aging influence of PBS on flexible devices, such as the study of Rubehn

et al. did [80].

However, currently no study exists, combining mechanical load with electrical access to the
samples, all while being embedded in a fluid environment. This was the goal of the FMS to

evaluate the produced samples and the electrode side wall passivation. Such a setup would

! This setup has been published in [180]
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be able to mimic body conditions on flexible samples way better than current mechanical

stress tests, all while being able to measure electrical effects on the samples.
Further requirements were:

e Fixating the implants securely but also as gentle as possible without leaks occurring in
the setup

e Visual assessment to the fixated samples to observe the status of degradation

e Ability of applying mechanical stress precisely, like that in the physiological spectrum
of the human body

e Reading out the applied pressure as accurate as possible in order to observe induced
micro motions with minimal pressure

e Suitability for temperature-superimposed accelerated aging measurements under
mechanical load

e The measurement process must be completely automated, and software controlled

The mechanical stress, expected from realistic physiological conditions like the intracranial
pressure (ICP) which varies from 7 — 25 mmHg in a normal adult, converts to 9 - 33 mbar [149].
Therefore, the FMS had to be able of continuously and reproducibly induce as well as record
pressures in ranges of some mbar, defining the minimal resolution. In addition, stress test

measurements also required pressures up to several 100 mbar.

Figure 51, displays the FMS, where the leakage setup, containing two multiplexers and a
Source Measurement Unit, is combined with the fluidic measurement setup. For more
detailed information about the Fluidic Setup, refer to the Bachelor thesis of Marcel Kappel

[150].
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Figure 51: Schematic overview of the whole Fluidic Measurement Setup

4.2.2. MANUFACTURING AND SOFTWARE PROGRAMING

As high resistances in ranges of several MQ and above are better recognizable by DC
measurements [16], a 6517B (Keithley Instruments, Inc., Cleveland, Ohio, USA) Source
Measurement Unit (SMU) with a built in £1000 V voltage source and a low voltage burden of
less than 20 pV was acquired. It featured a current measurement range from 20 mA down to
10 aA?l, thus, being able of analyzing resistances up to 10'® Q, when staying inside the
electrochemical window of PBS and applying a voltage of 1 V. Computer programmability is
given by the GPIB Standard and the included SDK for several programming languages,
including LabView (National Instruments, Austin, Texas, USA). An IEEE-488 PCI-GPIB Interface

card (Keithley) ensured the connectability to a computer.

Model 7087-TRX-GND Adapters (Keithley) were utilized, translating the Triax Outputs of the
SMU to standard female BNC, allowing the SMU to be connected to both multiplexers via
standard BNC cables.

The multiplexers were manufactured in house by the electronic workshop of the university of
Tubingen, as the Keithley’s integrated 10-Channel Multiplexer 6522 Scanner Card connected
the Low of all not activated channels, which allowed not-measurable leakage currents to occur

over the multi-layered samples [151]. The self-made multiplexers consisted of DR-SDS relays

110aA =1-10718 A. This measurement resolution will be discussed later in chapter 4.2.3
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E48393 from NAIS (Matsushita Eletcric Works, Holzkirchen, Germany) and ensured a floating
mass on all not activated channels, thus prohibiting internal leakage currents.
Programmability was given by a standard Communication-Port (COM-Port), allowing the
switch of single and multiple channels. In addition, the ground of the SMU was looped through
the multiplexers, ensuring a standard ground potential over the complete setup, with all
connectors being isolated from the multiplexers circuitry. Figure 52 shows a multiplexer, with
all channels contacted and 2 of them activated. Each channel features an LED indication of its

status.

Figure 52: Image of in-house manufactured multiplexer

The samples are measured inside of a faraday cage (Figure 53), built by the mechanical
workshop of the University of Tubingen, ensuring electrical and magnetical shielding. Its

backside contains several BNC as well as SMA feedthroughs, contacting the samples.
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Figure 53: Electrical measurement Setup with faraday cage and SMU

An Aluminum Plate was designed and built (see Appendix F, G and figure 54) with stainless
steel platforms for the Probe Positioners DPP105-Al-S (Cascade Microtech, Beaverton,
Oregon, USA) to establish the electrical contact onto the samples themselves. Its dimensions

were chosen, so the Probe Positioners reached the sample, which rests in pre-designed

recesses.

Figure 54: Probe Positioners (left), contacting the sample with the AgCl counter electrode (right)

A 2.0 mm AgCl Pellet Electrode E206 (Hugo Sachs Elektronik, HARVARD APPARATUR GmbH,
March — Hugstetten, Germany) was placed inside a plastic cup glued to the sample with

Polydimethylsiloxan (PDMS) (Figure 55), and acted as the counter-electrode as described in

the mimic diagram in figure 50.
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Figure 55: Non-flexible sample with plastic liquid reservoir

Programming the LabVIEW Software

The LabVIEW software was programed with the idea of minimizing electrical noise and
eliminating measurement offsets while controlling the complete hardware, being both
multiplexers and the 6517B SMU from Keithley at that time. As a result, each measurement

took up to several minutes.

Before starting a measurement, the source was set to 0 V while connecting all channels on
both multiplexers in order to let any possible capacity discharge. After 10 s, all channels were
opened, and the final measurement voltage of 1 V was set. Before applying it to the sample,
the Keithley’s internal Zero Check with the following Zero Correct functions were called, which
internally connected High to Low over a calibrated 10 GQ impedance shunt. An eventually
measured offset was then corrected, ensuring a calibrated ammeter [146]. Now, the
appropriate multiplexer channels were opened with the beginning of the resistance
measurement. One final measurement value consisted out of 20 single values, over which

were averaged.

Fluidic Measurement Setup (FMS):

After several design changes, the final pressure chamber system can be seen in figure 56,
alongside its explosion diagram. Both pressure chamber corpuses were manufactured out of
single (40 mm x 40 mm x 180 mm) Polymethylmethacrylat (PMMA) blocks. Three connections
between both pressure chambers are given by openings with a diameter of 24 mm,
respectively, matching the active electrode area of the flexible sample layout (refer to chapter

4.1.2).
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Figure 56: Explosion (left) and real world (right) image of the FMS pressure chambers

The modular design also allows a one-directional pressure build-up. By sealing one pressure
chamber corpus with an aluminum plate, the samples are mechanically loaded against the

normal conditions (Figure 57).

Figure 57: One sided pressure applied to a Flex-Mea by utilizing one pressure chamber

The bond pads of the flexible sample layout correspond to the Xf2M-55 Omron connector,
which were soldered on custom made printed circuit boards (PCB) (also seen in figure 58),
featuring an elegant way of contacting the 55 pads. The connector connects thin films up to
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300 um securely while establishing electrical contact, which was another reason in favor of Pi
2610 over 2611, due to its film thickness. However, spacers were needed, to connect the film
securely. The PCBs feature a connection for a broadband cable, ensuring contactability to
every bond pad on the flexible sample. Another custom-made PCB (Figure 58) translated the

broadband cable to a matrix of pins where wires could be attached.

Broadband cable

55
50
40
30

20

Omron Conncector

Figure 58: (left) PCB, translating the OMRON connector (bottom) to a standard broadband ribbon cable (right
side) to contact the Flex MEA; (right) PCB to contact the broadband wire from the prior PCB

A MFCS'-ES Base (Fluigent, Jena, Germany) with two 2000 mbar channels, featuring a
resolution of 0.03 % FS? and a pressure stability better than 0.1 % CV3 was chosen as pressure
source, as the manufacturer provided a detailed SDK for LabVIEW compatibility. In addition,

it only needs a pressured nitrogen source to operate, which was available in the laboratory.

By transferring the nitrogen pressure, originating from the MFCS System Base channels to
fluid-filled reservoirs, this pressure was applied to the fluidic setup’s pressure chambers via
the liquid. A ventilation at either pressure corpus allowed exhausting the remaining air,

allowing the pressure chamber to be completely pressurized by the liquid.

The applied pressure was controlled by the internal pressure sensors of the MFCS Base.
However, as they were separated from the pressure chambers by 2 m of tubing, including a
medium switch, additional pressure sensors were applied directly to the pressure chamber

corpus. The Series 33X pressure sensors (Keller, Jestetten, Germany) feature a 0.01 % FS with

! Microfluidic Flow Control System

2 Full Scale; this value translates to 600 pbar with the given values

3 Coefficient of Variation, also known as “relative standard deviation” (RSD). It is defined as the ratio of the
standard deviation to the mean.
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an effective range of 0 to 3 bar at -10 °C up to 80 °C and are, thus, capable of withstanding

accelerated aging conditions.

Programming
Fluidic setup

Both Keller Sensors, together with the MFCS System Base are initialized at program
start. After waiting for several user inputs, including cycle duration and alpha-parameter?,
controlling the MFCS Base sensitivity and pressure values, the de-airing process starts,

allowing the user to eliminate any remaining air inside the pressure chambers.

As only liquid remains in the chambers, the test execution program is initiated. A defined high
pressure 1 (refer to figure 59) is applied to the first chamber, while a defined low pressure 2
is applied to the second one. After the cycle duration, pressure 1 is switched to a low value
while pressure 2 is raised, thus bending the fixated samples. While monitoring all
measurement data in real time, the program saves all pressure values, including both MFCS
channels and those of both Keller sensors, together with the recorded temperature every

200 ms in a user-definable text file.
Combining the fluidic setup with the leakage setup to the FMS:

By combining the leakage setup with its programing with the fluidic setup and its
capabilities, the Flex-Mea Measurement Setup (FMS) setup was achieved, allowing electrical
measurement of flexible samples while applying a mechanical load. So far, this is the first
known measurement setup, capable of detecting electrical (leakage-)currents over several

channels, while mechanically stress testing samples in a liquid environment.

After initialization of all components, definable pressures are applied to the fluidic setup. After
these have been established, electrical currents are measured over definable multiplexer
channels, with all considerations of the leakage setup. After all measurements for that cycle
have been completed, the next cycle begins with applying the next pressure to the fluidic

chamber corpuses.

Yinteger from 0 to 255; the value describes the feedback coefficient for the pressure regulation. Higher values
correspond to more frequent and nervous pressure regulation by the MFCS Base.
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Two main programs were written. The fluidic-alternate program applies alternating pressure

between electrical measurements, thus bending the samples back and forth. Its Flowchart can

be seen in figure 59.

- Pressure

- Cycle duration

- alpha parameter
for Fluigent

- VISA channels for
pressure Sensors
- Multiplexer Channels »

- Voltage

The fluidic-sweep program applies a pressure to one chamber, while holding the second at a
base level. After measuring several definable multiplexer combinations, the relative pressure
is enlarged by raising the pressure in the first chamber by a fixed value, followed again by the
electrical measurements. By doing so, the maximal endurable mechanical load could be
determined, before failure in layers and even ruptures of samples occur. In addition,

coherences between mechanical load and measurement data are examinable by raising the
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Figure 59: Flowchart for final FMS Program

applied pressure controllably.
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Figure 60 shows the control side of the fluidic-sweep program, where all user interaction
occurs. All initialization values as the GPIB and both Com-Ports can be seen, together with the
definable base pressure of the MFCS channel 2. Channel 1 of the MFCS was set to 10 mbar in
this example and risen in 10 mbar increments, until the final value of 300 mbar was reached,
thus, producing a relative pressure of 280 mbar between both pressure chambers. After each
pressure was applied, the channels 1 on both multiplexers were activated and the SMU

applied a Voltage of O V.

Figure 60: Parameter Settings of Fluidik Sweep Program

Figure 61 shows the second side of the fluidic-sweep program with the real-time
measurement data being displayed to the user. Both MFCS pressure sensors, together with
the data of both Keller pressure sensors, sitting in the pressure chambers are displayed. The
MFCS sensors report the relative pressure, whereas the Keller sensors report the real

pressure. In addition, the temperature is displayed for accelerated aging purposes.
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Figure 61: Data Display of Fluidic alternate program

In this example of raising the pressure in chamber 1 by increments of 10 mbar, the resulting
pressure rise of 0.2 mbar in chamber 2, due to the flexible samples, is also visible. As the
Fluigent Channel 1 was set to a fixed pressure value of 20 mbar, being displayed at top right,
the rise in the second channel must originate from the flexible sample being bent. This

example, thus, confirms the need of monitoring the pressure in the corpus itself.

4.2.3. VALIDATION AND VERIFICATION

Itis necessary to validate the setup’s capabilities as well as accuracy before measuring possible
leakage currents in the produced samples. In case of the Leakage Setup, these accuracy
measurements are especially important, as the measurement range of the SMU is lowered by
routing currents through two self-made multiplexers. Also, it must be proven, that no

electrical leakages occur inside of the multiplexers.

As the main idea of the Fluidic Setup was bending flexible samples most accurately over a long

time span, measurements with a focus on pressure accuracy and reliability are conducted.
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Also, a correlation between applied pressure and sample bending was to be established to
mechanically load the samples very precisely. The main function of bending the samples back

and forth by applying alternating pressures is also demonstrated.
Leakage-Setup

To verify the minimal measurable currents and, thus, the maximal detection range,
open circuit measurements with the Flex-Mea sample PCB, however without a sample
inserted, were performed with both multiplexers, consecutively. These measurements
indicate the noise level and therefore the maximal distinctly measurable resistances. In total,
40 measurements per multiplexer channel were performed. The mean value of these
measurements, together with the maximal and minimal detected currents, which are given as
boundaries in the error bars, are displayed in the following charts. The applied voltage over
these measurements was always set to 1 V. Therefore, the detected currents are directly

reciprocal with a factor of 1.

Figure 62, displays the open circuit measured resistances over every channel of the first
multiplexer. The mean value of all measurements is approx. 74 TQ, with the all-time lowest
detected resistance being still above 1 TQ over Channel 9. Therefore, the minimal measurable

current is lower than 1 - 107 12A.
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Figure 62: open circuit measurement of multiplexer 1

The range of the second Multiplexer is analyzed in figure 63, which showed a mean open
circuit resistance of about 41 TQ, or a noise current of 4.1 - 107134, respectively. As in the
case of Multiplexer 1, also a minimal resistance of approx. 1 TQ was measured, this time over

channel #1 and #6.
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Figure 63: open circuit measurement of multiplexer 2

The consistency and comparability between all channels is analyzed by measuring the DC
current over a 10 GQ resistor by applying a Voltage of 1 V and 5 consecutive measurements
done over every channel. The obtained resistances are displayed below with the maximal and

minimal detected value, respectively.

Multiplexer 1 showed below 1% scatter for each channel and all obtained values deviated

below £0.3% around the mean of 9.93 GQ (Figure 64).
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Figure 64: Mux #1 10 GQ measurements

The same measurement done on Multiplexer 2, showed a scatter below 0.6 % for each channel

and a deviation of less than £0.3% around the mean of 9.95 GQ for every channel (Figure 65).
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Figure 65: Mux #2 10 GQ measurements

Both multiplexer feature extremely low noise and, thus, allow the detection of smallest DC
current leakages in ranges of 10712 A over any channel. Any currents smaller than that, and
therefore, resistances over 1 TQ are discussed as fully passivating and cannot be detected
reliably with this measurement setup. This detection range is only achieved due to measuring
all samples within the faraday cage and passing the mass of the SMU through both

multiplexers.
Fluidic-Setup:

Leakage tests were executed at a maximum applied pressure of 2 bar and repeated
subsequently at three occasions with no leakage of PBS solution detectable. As the flat gaskets
and utilized O-rings can withstand this pressure, according to the manufactures’ data, the FMS
is able to operate at the full Fluigent pressure scale over longer measurement times of several

days, or even weeks.

The Keller Sensors are able of recording pressure and temperature every 30 ms with a
maximum measuring accuracy of 0.1% FS (full scale)! and sending these values to the self-
written LabView program in real time. A constant offset of 0.4 mbar was measured between
both sensors, which was even present with no pressure applied by the Fluigent and, thus, can

be discussed as a systematic calibration error and is easily compensable by the software.

The main goal of the setup was to expose flexible samples to alternating pressure, thus

bending them. Figure 66 shows the applied pressure of both Fluigent channels with the

10.1% FS translates to 0.3 mbar for the utilized Keller Sensors
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acquired pressure difference of the Keller sensors in the pressure chambers. The resulting
pressure switching is clearly visible, with the maximum pressure value according to roughly
90 mbar in the pressure corpus, which differs slightly from the applied 100 mbar. This fact is
due to the approx. 2 m of hose length with a medium switch in the pressure supply pipes,
originating from the Fluigent. By looping the Keller’s sensor pressure value back to the

LabView Software in real time, the chamber pressure can be further controlled.
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Figure 66: FMS switch verification with 100 mbar applied

Furthermore, the pressure decrease occurs visibly slower than the pressure build up, which
originates from the Fluigent MFCS being slower at releasing pressure which is a passive
process. It can be circumvented by operating at higher relative pressures, thus, releasing
pressure against the lower relative normal ambient pressure. As the speed of the pressure
build-up and release is no critical parameter, it was solved by waiting for the final chamber

pressure before measuring, thus prolonging the cycle time.

During bending measurements, some samples formed ruptures and ripped, thus connecting
the two independent pressure chambers. The resulting pressure diagram is seen in figure 67.
The time of rupture is clearly distinguishable by comparing the Keller sensors pressure
difference, indicating the hydrostatic setup changing to a hydrodynamic state. The Fluigent
MFCS notices the pressure rise in the second channel seconds later, thus underscoring the

importance of the Keller sensors.
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Figure 67: Detection of cracks and samples

The result of applying a constant pressure of one chamber against the other over single
polyimide films for a time span of 6 days is displayed in figure 68 with the resulting pressure
varying between 189 mbar and 199 mbar with some spikes of Ap = +6 mbar during working
hours on week days. The single spike on Saturday occurs from a system reboot. The pressure
stability outside of working hours is visible, together with the inherent sensor noise at
maximum measuring accuracy. The other peaks are explained by the nitrogen supply, being
shared among other labs. By using the nitrogen supply, its pressure decrease is momentarily
overcompensated by the MFCS before returning to the initial base level. This systematic error

is not easily avoided, but small enough to be ignored for long term measurements.
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Figure 68: Pressure stability of FMS during 6 consecutive days

An AgCl-Counter electrode was fed through an upper seal, placing it approx. 2 cm before a
Flex-Mea inside the PBS solution. The exact positioning is not reproducible; thus, only relative
measurements are comparable between multiple samples. Figure 69 and 70 show electrical
AC measurements, utilizing a XM FRA 1 MHz Modulab XM ECS (Ametek GmbH, Meerbusch,
Germany) impedance analyzer of an unopened and an opened Flex-Mea. In figure 69, those
measurements of an unopened one vs the electrode in PBS with an applied Voltage of 1 V and
a fixed frequency of 1 kHz are displayed. As the phase is close to -90° for the unopened sample,
the overall impedance arises from the capacity due to the polyimide coating, resulting in
overall high impedances in ranges of 2 — 5 - 10° (, clearly marking the Flex-Mea electrodes
as covered with the passivation. In addition, the distribution of the impedance values clearly
references the location of the single electrodes on the sample (compare to sample layout,
shown in figure 41 in chapter 4.1.2). The phase not being exactly -90° is due to degradation
effects as the sample was already 3 weeks old and used before for bending measurements
(refer to chapter 2.3.3). The behavior of Electrode #1 suggests, that the passivation above this
electrode was not completely insulating, resulting in an ohmic behavior, although a short

circuit during measurement is also possible.
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Figure 69: AC measurement of unopened Flex Mea in the FSM (1 V, 1 kHz)
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Figure 70: AC measurement of opened Flex Mea against PBS in the FSM (1 V, 1 kHz)

In the case of the opened Flex-Mea, the phase is at lower ranges of - 40° to - 60° due to the
Au-PBS contact (refer to chapter 2.3.3). The impedance of approx. 1 - 10% Q verifies the
opened electrodes in contrast to the closed ones. Also, electrode #12 of the opened Flex-Mea
is clearly still passivated, resulting in a nearly perfect -90° phase shift and an impedance of 5-

10° Q, which corresponds with the values of the unopened sample.
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By combining the Leakage Setup with the FMS, electrical measurements over several channels

while applying a defined pressure load are feasible.

4.3. ASSESSMENT OF MANUFACTURED SAMPLES

Even if the primary focus did not lie on adhesion analyses, the delamination of polyimide from
the adjacent layers is shortly introduced in chapter 4.3.1 while etching it is shortly addressed
in chapter 4.3.2. Electrical stability and, thus, passivating features however, are of great

interest and discussed in chapter 4.3.3.

Short analysis the polyimide foils in regard to fluorine uptake is given in chapter 4.3.4. Bending

measurements, gathered from the FMS, are discussed in chapter 4.3.5.

The impact of bending the samples is electrically verified and shown in chapter 4.3.6, as it was
shown, that initial sample bending has a positive influence on the electrical features. Chapter
4.3.7, finally, gives a possible explanation for the enhanced electrical capabilities after sample

bending.

4.3.1. DELAMINATION OF MULTILAYER SAMPLES

Although Ti was utilized as an adhesion layer between the Au circuitry and the passivating PI
Layers, delamination was still present. Figure 71 shows prepared SEM images of a passivation
with an intermediate Ti-Au-Ti metal layer, which has partially been opened to the first metal
layer over an electrode in the left image. The rough metal surface in the left image of figure
71 is discussed in detail in chapter 4.3.2. A focused-ion beam was utilized to form the cuts,

displaying the multilayer system (FIB Strata DB 235 Dual Beam (FEI, Oregon, USA).

Figure 71: SEM images of multilayer samples, prepared with FIB
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During measurements, especially when involving fluids, delamination of single and multiple
layers could be observed, resulting in samples like the ones in figure 72. It can be seen, that
delamination tends to start from material interfaces, like the metal feed lines beneath the PI
passivation, reinforcing the importance of an electrode side wall passivation. If it can spread,
complete polyimide passivation layers can delaminate, as seen in the right image of figure 72,

thus, leading to complete failure of the passivation system.

Figure 72: visible delamination between Pl and the circuitry (left) or complete Au layer (right)

It is of interest, if this delamination of layers interferes with the structure of the adjacent layer
beneath, as future measurements indicate water vapor passing through a metal layer (refer

to chapter 4.3.3).

Therefore, atomic force microscopy measurements (using a DI Nanoscope atomic force
microscope from Veeco, NY, US) were carried out on several different surfaces, including the
standard Ti-Au-Ti layer, as well as a polyimide passivation, leading to surface roughness of
2.95 nm for the metal layer, which was reduced to 0.83 nm after spin coating the polyimide,

respectively. The corresponding height profiles can be seen in figure 73.
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Figure 73: Height profiles of the surface topography of the metal layer (left) and polyimide (right), generated

with atomic force microscopy
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After the polyimide completely delaminated from the underlying metal layer, the now
exposed surface was again analyzed in respect to its surface roughness, resulting in 4.71 nm.

The new surface height profile is shown below (Figure 74).
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Figure 74: AFM height profile the metal surface after delamination

The surface is now 60% rougher after delamination of the polyimide layer, which is due to the
newly created visible dents, which are roughly 50 nm deep. This corresponds to the metal
layer thickness. It appears that the delaminated polyimide layer tore complete clusters out of

the metal stack, leaving pinholes behind.

One of these pinholes in shown in more detail in figure 75, with its topography right beside.
The hole is about 70 nm deep, reaching through the complete metal stack with a gold cluster

left behind and still visible.

{16 nm " . /

-55 nm ~

Figure 75: AFM image and height profile of ripped out Au cluster

Figure 76 gives an overview of the metal surface, showing these dents are not rare effects,
but commonly distributed over the complete sample, creating many water-vapor permeable
pinholes. As minimizing delamination is not the task of this thesis and even necessary for
electrical stability measurements in the following chapters, no experiments were conducted

in this regard.
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Figure 76: AFM image of metal layer with removed gold clusters

As other workgroups have also noted the insufficient capabilities of titanium as an adhesive
layer, several studies have been undergone with alternatives. The workgroup around Stieglitz
et al. has shown promising results with SiC and diamond-like carbon (DLC) adhesive layers,
resulting in stable samples after 1 year of accelerated aging measurements in saline solution.

[152]

4.3.2. ETCHING OF POLYIMIDE
It is shortly addressed in the prior chapter 4.3.1 with the surface of the metal layer above the
etched electrode shown in figure 71, that etching the polyimide with oxygen plasma as

described in chapter 3.2.6 left residues behind, still covering metal layers and the electrodes.

Figure 77 shows a microscopic image of an opened electrode. It is still coated, while only small
areas show the blank metal. This image is translated to grayscale as seen in figure 78 and a

histogram, to analyze the share of uncovered metal surfaces.
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Figure 78: Grayscale image of Figure 77 (left) with its histogram (right)

By analyzing the histogram of the electrode area with the open source software Imagel
(Wayne Rasband, National Institute of Mental Health, Bethesda, Maryland, USA) and setting
the threshold to ignore everything, which is not completely white and, thus, metal, it is shown,
that 15.8 % of the surface are not covered by the RIE residue and therefore electrically active.

This is to be kept in mind for later electrical measurements in chapter 4.3.3.

SEM analysis of such an opened electrode is shown in figure 79. These RIE grass called residues
are described in literature and occur when the polyimide overheats during the etching process
and carbonizes. Normally, the etching process is a simple oxidation of the organics as shown

in the following equation (33):

CxHy(s) + 0,(g) + plasma — CO(g) + H,0(g) (33)
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However, in case of overheating, the polyimide carbonizes and leaves typical residues behind,

as were shown. [153]

SEI 150KV X40,000 100nm WD 9.7mm

Figure 79: SEM image of RIE etching residues on top of an electrode

It is virtually impossible to remove these residues without using mechanical force. Trials with
longer RIE etching times and varying the RF power were unsuccessful as well as trials of
removing these residues by wet chemical etching with acetone and even HF. As the electrode
is still electrically active, only with a reduced active area of approximately 15 %, these residues

have no negative effect on the produced samples.

Other workgroups, like the one of Obermeier et al. suggest an RIE etching atmosphere of
oxygen, combined with SFes in order to etch polyimide residue-free, but also emphasize that

careful attention to the etching parameters is necessary. [154]

4.3.3. ELECTRICAL STABILITY OF POLYIMIDE

The closed non-flexible multilayer samples, introduced in chapter 4.1.1, allow the
characterization of the passivating polyimide layers. By measuring the (time invariant)
impedance of the metal layers and the electrodes against each other, as well as against an
AgCl-counter-electrode, which is positioned in a PBS fluid over the top passivating polyimide

layer degradation data can be obtained (refer to chapter 4.2.2).
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. . ' . .
As the dielectric strength of Pl amounts to 2 - 106; and more, the dielectric breakdown

voltage of a 5 um thick PI layer is approximately 1 kV. More interesting, however, is the
behavior of the thin films at an applied voltage of 1 V, which lies in the electric window of PBS
and is more applicable for medical implants due to resistance changes of dissipative effects,
such as water vapor uptake. In general, absorbed water has a very critical effect on the
electrical properties, as water has a very high dielectric constant of 80, so that smallest
amounts affect the dielectric constant of PI. Also, as flexible polymers show more water
uptake as bulky ones, its effect on the degradation of the produced thin films is measured

with the later following flexible samples in mind. [155], [156]

In the following, the two intermediate metal layers inside of the passivation are named Top
Layer and Bottom Layer, in respect of their vertical position. By measuring the resistance
between these two electrodes and a counter reference electrode, located in the PBS fluid on

top of the sample, the location of degradation inside of the sample could be isolated.

Figure 80 displays measured currents with an applied Voltage of 1 V on a non-flexible sample
for three positions against the AgCI-Counter Electrode in PBS. In this sample, the passivation
above the electrode was left unopened, to gain data about its quality. After approximately 60
and a half days, suddenly a significant current in the range of 10° A was measured from the
PBS counter electrode against the top metal layer. This indicates the degradation of the top
most passivating polyimide layer, most probably due to water uptake from the PBS fluid and
electrical degradation. The ongoing, relatively quickly rise of current within a couple of days
indicates a progressive delamination of the polyimide layer, thus, enlarging the contacted area

of the top layer.

1 Which amounts to 2.9 for P1 2611
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Figure 80: Leakage Current, measured from PBS against metal layers and the electrode (1 V applied)

As no measurable current between the electrode and PBS exists, resulting in an infinite
resistance, the passivating system itself is still stable. However, simultaneously with the
starting delamination of the top passivating layer, a drop in resistance from the counter
electrode to the bottom intermediate layer was detected. As the measured current from PBS
to the bottom layer is more constant, it is most probably due to a defective passivating second
polyimide layer. Delamination of this layer starts at day 66 with a sudden drop in resistance,
resulting in a rise of current flow of about Al = 5 - 10™°A. The defective passivating polyimide

layer between the two intermediate metal layers is discussed later in this chapter.

By measuring the resistance of the intermediate metal layers against each other, as well as
against an electrode on the circuitry level, the same conclusion of starting degradation inside
of the layer stack can be drawn (Figure 81). However, it is now visible without a counter-, or
reference electrode in a fluid and is detectable by the sample itself, as the red line indicates.

The sample now detects its starting delamination on its own, while still maintaining a fully
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passivating layer stack, as no measurable current is detected between the intermediate metal

layers and the electrode.
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Figure 81: Delamination (measured with 1V applied)

The introduced measurement setup in combination with the multi-layered sample passivation
explains the failure of the polyimide passivation layers between the metal

layers, which happens simultaneously with the degradation of the top passivating layer.

Figure 82 shows the current of the intermediate layers against each other, as well as the
counter-electrode in PBS against several metal layers at the start of the experiment. Here it is
visible, that the polyimide film between the metal layers is not fully passivating, which may
have several reasons, like air inclusions, microscopic delamination or even pinholes. The
resistance amounts to (2 —5) - 1011 Q, which is safely inside of the setup capabilities,
ranging up to at least 1012 Q (refer to chapter 4.2.3). With this knowledge, the sudden
measurable resistance drop between the PBS counter electrode and the bottom layer,

occurring together with the degradation of the top metal layer is explained.
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Figure 82: Delamination as seen from beginning (measured with 1V applied)

The current decrement during the first 12 hours is not explained by the creation of Helmholtz
layers, as these are formed instantaneously within of a few to several hundred milliseconds
[157]. However, starting corrosion and building of an oxide layer are good possible
explanations of this often-observed effect. The small peaks at 12 h and approx. 40 hours are

both due to the opening of the Faraday Cage.

Figure 83 shows an optical image of the sample surface after the electrical stability
measurement, clearly indicating delamination of at least one polyimide layer inside of the
curvature of the liquid reservoir. The effect of the delamination was measurable beforehand,

thus demonstrating and validating the setups capabilities as well as the sample layout.
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Figure 83: Delamination after long term stability measurement

The intermediate metal layers were intended as an electrical access for later electrode side
walls. However, it is shown, that the passivating Pl layers are analyzable by utilizing the metal

layers as electrical contact, in collaboration with the electrodes.

Starting degradation of the sample was detected, while still maintaining a passivated
electrode, thus guaranteeing a fully functional device. This sample layout, combined with
opened electrodes featuring a passivated side wall (refer to chapter 4.5), leads to flexible
implants, capable of detecting their own degradation (in vivo, as no external access is

necessary).

In addition, this simple measurement method allows quick determination of production waste
of the multilayer samples, as two of three passivating layers are instantaneously tangible

without utilizing external reference electrodes and use of fluid media.
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4.3.4. CHEMICAL STABILITY OF POLYIMIDE

The flexible samples are removed from the substrate by dissolving the underlying Ti by wet
etching with NH4F, as is described in chapter 4.1.2. As a result, the toxicity of the polyimide,
regarding the uptake of fluorine, is analyzed by energy-dispersive X-Ray spectroscopy (EDX)

measurements with the JEOL SEM, provided by Lisa*.

Figure 84 displays the EDX spectrum of a stripped polyimide foil, integrated over a time span
of 10 minutes. The three peaks resemble the ubiquitous Carbon, as well as expected nitrogen
and oxygen. Table 15 lists the detailed weight percentages for the found substances. Oxygen
and nitrogen are found in a ratio of 2:1, which reflects the chemical structure of polyimide as

seen in figure 16 in chapter 3.1.1.
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Figure 84: EDX Measurement of pure Pl Foil

Table 15: EDX Elements in pure Pl Foil

Element | Weight % Atomic %
C 73.52 78.04
N 7.63 6.95
0] 18.84 15.01
F 0.00 0.00
Total 100 100
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Primarily, however, no traces of fluorine could be found in the spectrum. Polyimide was
previously discussed as chemically very inactive and inert, which is confirmed by this

measurement.

The underlying circuitry was also analyzed by EDX, by oxygen etching the topping polyimide
layer. It was of interest, whether polyimide may not absorb, but be permeable toit. As a result,
fluorine ions would have been detected in the metal circuitry. Figure 85 displays the EDX
spectrum of a typical Ti-Au-Ti metal stack with polyimide underneath (and previously above

it) and all peaks labelled. In addition, the fluorine position is also marked.
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Figure 85 EDX Measurement of Metal Circuitry

The detailed weight and atomic percentages are found in table 16. The data was again

obtained by integrating over 10 minutes.

Table 16: EDX Measurement of Metal Layer in Pl

Element | Weight% Atomic %
C 19.76 65.37
N 0.00 0.00
o 6.76 16.79
F 0.00 0.00
Ti 4.81 3.99
Au 68.66 13.85
Total 100 100
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Next to the inevitable carbon, only Ti, Au and oxygen were detected. Thus, the prepared
samples are assured to be safe for university studies. The biocompatibility, however should
be proven after this process step. As the produced samples are not intended to be implanted,
yet the material choice underlies implantability concerns, and the focus of this work lies on an
electrode side wall passivation, the missing evidence of fluorine is sufficient for further sample

handling.

4.3.5. BENDING OF THIN POLYIMIDE FOILS

Mechanically bending the flexible samples by applying relative pressure differences was the
main idea behind the FMS. As the mechanical load is applied uniformly by a fluid, the resulting
bending, and therefore the sample elongation were evaluated. The strain gauge introduced
and discussed in chapter 4.1.2 was intended to directly give feedback about the sample
elongation. Unfortunately, no functional strain gauge, could be established during this thesis,
due to micro defects and cracks along the 320 cm long track (Figure 86), or due to defective

circuitry at the edge of the samples, where the strain gauges feed lines remain.

Figure 86: Microscopic Images of visibly defective strain gauges
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Therefore, a simulation of sample bending was developed to gain data for expectable surface
elongations for variable pressures applied. The simulation was done in ANSYS (ANSYS Inc.,
Canonsburg, PA, USA) with the flexible sample layout as model and the pressure load within
a circle of 24 mm in diameter, placed to match the FMS. The simulation was based on the
finite element method. The sample material properties were modeled to match those of Pl

and Polypropylene (PP) foils.

Figure 87 shows a simulation for a Pl foil, being exposed to a relative pressure difference of

50 mbar, resulting in a maximal deformation of 0.7 mm.

Type: Total Deformation
Unit: mm

. 0,71029 Max

0,63137
0,55245
047353

s 039461

= 031568

= 023676

0,15784
I 0,078921
0 Min

0,00 20,00 40,00 (mm)

10,00 30,00

Figure 87: 50 mbar test substrate PI

Bending the polypropylene foils with the FMS resulted in visibly bent samples, as seen in figure
88a, with the surface profile highlighted in figure 88b.! By overlaying the appropriate
simulation with the same simulation parameters used to bend the sample, the accuracy of the
simulation was verified. Figure 88c shows the simulation and figure 88d the simulation

overlaid with a photograph of the real bent sample, showing their analogy. Minimal

! The samples were pressure-exposed for 24 h, after which their surface elongation was measured.
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differences may occur due to slight differences in the Young’s modulus or minimal variances

in the thickness of the PP foils.
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Figure 88: Comparison between real deformation (PP foil) and FEM simulation at 500 mbar

Bending polyimide and overlaying it with the simulation data results in similar congruent
profiles as seen in figure 89. However, as Pl bends less due to its higher Young’s modulus, the
simulation evaluation is more visible with PP foils. The validation is nonetheless also shown

for PI.
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Figure 89: comparison of real deformation and FEM simulation of Pl foil 200 mbar
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With the simulation being sufficiently accurate, the raw mesh data generated by ANSYS was
exported to Matlab (MathWorks, Inc, Natick, MA, USA) where a polynomial equation of the

power of 9 was used to fit the raw data (Figure 90).
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Figure 90: Simulated profile of a polyimide sample with 200mbar pressure applied; the maximal elongation

matches that of the real-world sample in figure 89

With the analytical polynomial fitting equation, the resulting surface elongation was
calculated with a curve integral. The obtained values are given in table 17 with the profile
length set to 24 mm, originating from the FMS pressure chamber diameter of 24 mm. The
respective surface elongation Al is calculated as the difference between the newly created

surface length L with the initial 24 mm and translated to a relative elongation €.
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Table 17: Theoretical elongation of Pl and PP foil under pressure based on the FEM simulations (lo = 24mm)

Material | Pressure (mbar) L (mm) Al=Is—1lo(mm) g =Al/lo
PP Foil
500 27.0064 3.0064 12.53 %
100 24.1308 0.1308 0.55%
50 24.0327 0.0327 0.14 %
Pl Foil
200 24.7411 0.7411 3.09 %
100 24.1885 0.1885 0.79%
50 24.0473 0.0473 0.20 %
10 24.0019 0.0019 0.01 %

With the theory given in chapter 2.3.4, resistance values can be calculated. More importantly,
each pressure difference can now be directly translated to a sample surface elongation and

vice versa.

4.3.6. DC MEASUREMENTS WHILE BENDING FLEXIBLE SAMPLES

As discussed in the beginning of chapter 4.3.5, no functional strain gauge could be produced.
However, the bending of flexible samples was also visible by DC measurements using both
feed lines of single electrodes. Measurements of the surface elongation could not be
accomplished by using these feedlines, due to the electrodes being not centered (refer to
sample layout - Figure 41 - in chapter 4.1.2) and the greatly reduced sensitivity compared to
a fully functional strain gauge. Nevertheless, interesting facts regarding the flexibility of the

samples were gathered.

Figure 91 displays the measured resistance R over both feed lines of several electrodes in bend
and relaxed sample state, relative to the electrodes’ respective maximal resistance Rpent in
bent state. Bending was achieved by applying a one-sided pressure of 200 mbar. The
alternating resistance behavior due to the surface elongation and relaxation is clearly visible,
as well as the different impacts this has on the electrodes. The effect of sample bending shows
the highest impact on the centered electrode #9, which corresponds to the bending

simulations, given in chapter 4.3.5. The further off-centered the electrodes and thus the
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feedlines are, the smaller the surface elongation in the bend state, and thus the smaller the
measured resistance difference in bent and relaxed state. The feedlines and/or bond pads of
electrode # 2 on this particular sample were faulty, resulting in the anomalous behavior, which
is identified as such, as all other electrodes behaved in a congruent pattern. Overall, an effect

of sample bending can be identified by using both feedlines of an electrode.

1,015 —

—m—ElI9
J{—@—El8
EI7
El 6
1,0104{- ¢ E15 -
El4
El3
El2

1,005 S bent —

relaxed

1,000 +

Relative Resistance [R/R_ ]

0,995

T T T T T T
1000 1500 2000 2500
Time [s]

Figure 91: Alternating DC resistivity over electrode feedlines as sample is

bend by applying a consecutive pressure of 200 mbar.

Longer alternating sample bending with 50 mbar of pressure applied, lead to the data,
displayed in figure 92, where the resistance of electrodes #6 and #12 of a flexible sample in
relation to their maximal value in relaxed state is plotted. Similar to figure 91, the resistance
in bend and relaxed state was measured and plotted, leading to the alternating data points.
However, it is clearly visible, that the overall resistance both, in bend and relaxed state,

dropped over time and more importantly with the number of bending cycles.
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Figure 92: drop in relative DC resistivity during sample bending

The Volmer-Weber layer growth behavior of thin gold films (refer to chapter 3.1.2) with the
initial creation of separated clusters is a good first explanation of this result. Mechanically
bending the conductive layers quite possible leads to layer stress relaxation as layer growth
defects such as grain boundaries and clusters are dissolved and distributed more evenly. The
following chapter 4.3.7 presents more details about stress induction and relaxation in thin

films.

Closer analysis of the change in resistance, dependent on the number of bending cycles, is
given in figure 93, where the average resistance value® with its error is plotted. However, with
progressive bending, the prior bends are ignored for creation of the averaged value. This
results in a fast decrease of the error (as well as the average value) as the main fast drop in
resistivity (Figure 92) is quickly ignored. By doing so, the point of reaching final conductivity is
visible and reached after about 32 alternating bends. As the remaining dataset gets smaller,

the average resistance value becomes vaguer with time (after 90 cycles and more).

! That is the average of bend and relaxed state, again averaged over all following values
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Figure 93: depicting minimal necessary sample bending, until lowest resistance level is reached

Overall, the resistance measured over feedlines increases with progressive sample bending,
which was induced by increasing the applied pressure, as can be seen in figure 94. Here, again,
the resistance of several electrodes on one FlexMEA is given, all except for one showing similar

results (even if electrode #12 also shows increasing resistivity and the overall error is most
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Figure 94: resistivity increases with increased sample bending

Here, a non-linear behavior can be seen after reaching 100 mbar, which corresponds with a
surface elongation of 0.79 % (refer to table 17 in chapter 4.3.5). However, the circuitry itself
remained stable up to an applied pressure of 1200 mbar, which induced a horizontal sample
oscillation of more than 10 mm. Surface elongation simulations in this region must be

considered carefully, as no overall valid E-Modulus for polyimide 2611 was found yet.!

The surface elongation of 0.79 % at 100 mbar is also congruent with the resistance change of
0.4 %, as the electrodes only experience half of the sample’s bending and only a fraction of

the feed lines themselves are influenced by the sample bending.

4.3.7. INFLUENCE OF POLYIMIDE TEMPERING ON THE CIRCUITRY

It was hinted, that the increase in conductivity after small initial sample bending is probably
due to reduction of the thin film stress of the conductive metal circuitry, which was initially
induced during sample production. Normally, thin film stress is measured by disk method,
bending beam and X-ray diffraction [158], however, workgroups have also shown to measure

it via modified AFM setups [159], [160]. These measurements are not viable for the given

! Thus, studies like the one of Adrega et. al [145] measure the maximal expandability of gold embedded PDMS,
showing it can expand up to 30%, without the circuitry losing its functionality
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samples with the gold circuitry being embedded in thin titanium layers and again being

enclosed in polyimide, 500 times thicker than the layer itself.

However, AFM measurements (DI Nanoscope AFM, Veeco, NY, US) of a 50 nm thick gold layer
on polyimide before and after tempering according to the polyimide process (300° C being
held for 30 minutes in N2 atmosphere) showed the result, given in figure 95. The surface
roughness prior to tempering amounted to 0.49 nm and was raised up to 0.74 nm after being
temperature exposed. Clearly, tempering the thin film favored the creation of clusters,
resulting in a higher surface roughness. It is well known, that grain boundaries, an effect of
crystallites coalescence, create thin film stress [161], [162]. This thin film stress is again relaxed
by diffusing the created grain boundaries, as Ayas and Van der Giessen conclude [163], which

again can be induced by mechanically bending thin films [164].

Figure 95: AFM images of a titanium-gold layer not tempered (left) and tempered (right)

Frantlovi¢ et al, finally observed the electrical properties of thin film conductive wires
regarding their mechanical stress and conclude, that lower thin film stress leads to better
electrical conductivity [165], which accords with the apprehension and the data, shown in
chapter 4.3.6. This drop in initial electrical resistivity for the first approx. 32 bending cycles of

flexible samples must be kept in mind for future measurements.

4.4. ASSESSMENT OF T102 AS ELECTRODE SIDE WALL PASSIVATION MATERIAL

Before passivating electrode side walls, TiO, was optically and electrically validated for
suitable passivation performance. It was of brief interest, if thin ALD deposited TiO; layers
uniformly cover the sample surface, as is described in literature, by Kim et al. [166], [167] and
reviewed with SEM images on a Ti-Au-Ti metal stack in chapter 4.4.11. In addition, the

electrical passivation was analyzed in aspect of estimating the thinnest possible ALD layers

! Additional afm measurements in chapter 4.4.2 support the results
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while still maintaining sufficient electrical passivation. This was quantified by dielectric

strength measurements.

As TechniEtch Cr 01 (refer to chapter 3.1.3 and 4.1) was utilized frequently during sample
production, its impact on ALD deposited TiO, was analyzed by comparing the surface
roughness before and after being suspended to the chemical as the electrical abilities of the
later sample heavily depend on the TiO; layers staying stable when emerged by TechniEtch Cr

01. This is shown in chapter 4.4.2.

4.4.1. OPTICAL AND ELECTRICAL VALIDATION

A standard metal layer (consisting of 10 nm Ti, 50 nm Au and 10 nm Ti) was sputtered onto
glass substrates (refer to chapter 3.2.4 for sputtering process) with several ALD layers of
varying thickness deposited on top. These ranged from 20 nm to 100 nm, as can be seen in
table 18, with the thickness of the 50 nm thick ALD layer being relatively inaccurate according
to measurements by reflectometry, as the upper measurement range of the used
reflectometer was reached. Thus, all thicknesses above and including 50 nm were analyzed by

ellipsometry measurements.

Table 18: Comparison of set and actual layer thicknesses of measured ALD layers

Set layer thickness Actual layer thickness measured with
Reflectometry Ellipsometry
20 nm 19.7 nm -
50 nm 43.5 nm 53 nm
70 nm - 60 nm
100 nm - 125.25+10.53 nm

Figure 96 shows an SEM image of such a 20 nm thick ALD deposited TiO; layer on the described
metal surface. The TiO; layer, visible in the left, covers the metal layer uniformly and even
reaches into trenches and scratches. For display purposes, it was partially scratched off during
adhesion measurements. This excellent layer conformity is a necessary requirement for the
biostable electrode side wall passivation and corresponds with the literature. Thicker layers

showed the same uniformity. [166], [167]
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» SEl 15.0kV X43,000 100nm WD 8.6mm

Figure 96: SEM image of a 20 nm TiO2 Layer (left) on top of a Ti-Au-Ti layer stack

As the primary function of the TiO; side wall is electrical passivation, dielectric breakthrough
measurements were performed to analyze its strength regarding electric tension. In addition,

the thinnest electric passivating layer is identified.

Figure 97 (left) shows a sample for the dielectric breakthrough measurements. It consists of
two overlapping standard Ti-Au-Ti metal stacks, which are separated by thin TiO; layers of
varying thickness, as described in table 18. The TiO, layer does not completely cover the
sample, to let the underlying metal layer be electrically contactable, as can be seen in figure

97 (right).

Figure 97: A thin TiO2 Layer between two gold tracks for electrical validation

121



Results and Discussion

Figure 98 displays voltage-resistance diagrams of two 20 nm thick TiO; layers, showing that
both are initially conductive. The SMU reaches its range limit of 10 mA quite quickly with such
a low resistance, as is shown with the lower black curve. This results in an apparent linear
increase of measured resistance as the current is maxed out with the voltage still rising.
Applying Ohm’s law, thus, results in a seemingly increasing resistance. The voltage was
increased in steps of 10 mV with an error of 20 uV, while the error of the current was

+5-1077A, and is, therefore, not visible in the shown scale range.

20 nm thick layers may form a uniform layer, but are not suitable for an electrical passivation,

due to probable small defects in the layer, directly leading to an electrical conductivity.
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Figure 98: U-R Diagram of two 20nm thick TiO2 Layer; Measurement by Alisa Biittner

Thicker layers, such as the nominally 70 nm (but measured to be 60 nm) TiO; layer with its
U-R diagram displayed in figure 99 show an initial electric isolation. The dielectric

breakthrough occurred at 12.75 V, where a sudden current over the ALD layer was measured.
With a layer thickness of 60 nm, this results in a dielectric breakthrough of 2.1 - 108 %, which

is in the same range as reported in the literature (refer to chapter 3.1.4). Withstanding an
electrical load of 10 V is beneficial for most medical devices, as they typically operate at
voltages of 2.5V —3 .5V and a security range is advisable [168]. Thus, TiO; layers of 60 nm
thickness and above were not only measured to be electrically passivating, but are also

capable of withstanding a sufficient electrical load.
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Figure 99: U-R of a 70nm TiO2 ALD Layer; Image by Alisa Biittner

The failure of thinner layers must be considered in this context, as these measurements done
here were on a surface area of 5 x 5 mm?. The area side length was, therefore, more than
80.000 times larger than the layer thickness, which still formed an electrical passivation over
the complete surface. Not only does this feature the capabilities of ALD deposited TiO; layers,
but also explains the failure of thinner layers, as one small particle or defect in this huge area
leads to a complete failure regarding electrical breakthrough. As the later electrode sidewalls
offer a fraction of this measured surface, according to
A=2m-r-h=2-7-500 um- 15 um ~ 47 - 1073 mm?, an ALD deposited TiO> layer

leads to very high expectations.

Further data can be found in the work of Alisa Bittner [169].
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4.4.2. EVALUATION OF SURFACE STABILITY OF T1O2 LAYERS

TechniEtch Cr01 from Microchemicals (refer to chapter 3.1.3) is used to strip off the chromium
etch mask used to open the electrodes after deposition of the uniform TiO; layer. As the side
wall passivation must not be chemically attacked, TiO inertness against TechniEtch Cr01 is
analyzed. 3 glass samples, with a standard Ti-Au-Ti layer and a 20 nm?! thick TiO; layer
deposited on top are measured by atomic force microscopy to evaluate their surface
roughness after two of them had been exposed to TechniEtch CrO1. The exposure time was
set to 2 min, as it corresponds to the time which is necessary to completely dissolve a
chromium etch mask. All measurements were done on a 10 x 10 pum? area with a scan rate of

1.19 Hz and 256 measurement points per scan line in hard contact mode.

A 3-dimensional image of the surface of the reference sample is seen in figure 100. These
images are obtained with the open source software Gwyddion (David Necas and Petr

Klapetek). The surface roughness of this reference surface amounts to (1.0 £ 0.1) nm.

23 nm

Figure 100: 3D surface image of 20 nm TiO2; Image processed by Alisa Blttner

This excellent surface roughness is typical for an ALD deposited thin film layer and broadly
described in literature [167]. Only spin-coated polyimide shows a similar surface roughness in

a sub nm scale (refer to chapter 4.3.1).

The second sample with its surface shown in figure 101, was immersed in TechniEtch Cr01 for

2 min, resulting in a surface roughness of (1.7 £ 0.2) nm.

it was measured to be 19.7 nm by reflectometry

124



Results and Discussion

-10 nm

Figure 101: 3D surface image of 20 nm TiO2, immersed in TechniEtch Cr 01 for 2 min; Image processed by Alisa

Buttner

The final sample, shown in figure 102, was also immersed for 2 min while being treated with

ultra-sonic sound, resulting in a surface roughness of (2.9 £ 0.3) nm.

69 nm

Figure 102: 3D surface image of 20 nm TiO2, immersed in TechniEtch Cr 01 for 2 min in an ultra-sonic bath;

Image processed by Alisa Biittner

The lack of obvious dents and cracks in each surface leads to the conclusion, that TiO; layers
are not significantly affected by TechniEtch CrO1l. The change in surface roughness is
negligible, considering the treatment. Changes in the nm scale of a surface are expected when
in contact with fluids. In addition, different positions in the ALD chamber lead to slightly
different surfaces as was shown in prior literature of the work group around Prof. Dr. Bucher
[122]. A TiO; coated side wall is, therefore, stable enough to withstand the procedure of

opening the electrode again, making it highly suitable as an electrode side wall passivation

material.
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4.5. ELECTRODE SIDE WALL PASSIVATION

This final chapter demonstrates the possibility of passivating electrode side walls with thin
atomic-layer deposited TiO; layers and validates as well as discusses these. Starting with the
non-flexible samples in chapter 4.5.1, the overall possibility is demonstrated. However, the
measurement technique delaminated the samples quickly. The flexible samples had to be
opened and measured in the FMS to gain reference values, which is shown in the next chapter
4.5.2 with the final electrode side wall passivation on flexible samples discussed in chapter

4.5.3.

4.5.1. VERIFICATION AND VALIDATION OF ELECTRODE SIDE WALL PASSIVATION ON NON-

FLEXIBLE SAMPLES

Opened, but non-flexible samples were coated with approximately 100 nm of atomic layer
deposited TiOy, as described in chapter 3.2.7, which completely covered the electrode side
walls, as well as the electrodes themselves. Figure 103 shows a Helium-lon-microscope image
of a passivated electrode side wall, after electrical measurements were performed, showing
beginning delamination. This delamination is clearly visible with the misaligned top
intermediate metal layer. The lower intermediate metal layer is further misaligned back into
the polyimide and, thus, not visible in this image. However, when comparing with the upper
polyimide side wall, the twice as tall lower one clearly indicates the presence of the included
lower intermediate metal layer (also refer to chapter 4.1.1 for misalignment discussion). In
addition, the electrode structure of the same sample is completely covered, when compared

to an opened electrode with visible RIE residues as was shown in figure 79 in chapter 4.3.2.
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Figure 103: Helium lon Image of TiO2 passivated electrode side wall

The ALD process is therefore capable of covering complex 3-dimensional structures, as well as

perpendicular electrode side walls.

The delamination of the layers (including the polyimide
layers) is explainable with the sample geometry, which
is displayed in figure 104. Here, all bond pads are
covered with Kapton tape (DuPont, Wilmington,
Delaware, US), hindering them of being coated by the
ALD process. Removing this Kapton tape for the
measurements induced mechanical layer
delamination, which is clearly visible in the following

electrical measurements.

Figure 104: bond pads being covered
by Kapton band

Figure 105 shows the DC current, measured from both metal intermediate layers of such a

sample, to a reference electrode, located directly above in PBS solution. A linear increase of

the measured current is visible due to the ongoing delamination, hence, increasing the

electrically active surface. This also explains the sudden rise in current, as the electrode side

wall is initially passivated, but layers above it delaminate quickly after the beginning of the
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measurements. The ongoing increase of the measured current implies ongoing layer

delamination.
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Figure 105: Current measurements during visible delamination

Electrical measurements are given in figure 106 and figure 107 with DC measurements over
several indicated positions. The applied voltage was always 1 V. Electrode #6 on the first
sample in figure 106 was not electrically contacted due to a bad bond pad and must, thus, be
ignored. On the other hand, the data point again displays the detection range of the
measurement system. Electrode #2 has a radius of 250 um, whereas electrode #6 is 125 um
in radius. Assuming an active surface of 15 % of the electrode area (refer to chapter 4.3.2), an
approximate electrode surface of 0.03 mm? and 0.007 mm?, respectively, can be calculated.
With the calculated gold-PBS transition resistances in ranges of several 100 MQ (refer to table
3 in chapter 2.3.1), a current of 10 - 10" A, with an applied voltage of 1 V is expected and

verified in the measurements, indicating opened electrodes prior to the ALD treatment.
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Figure 106: DC Measurements on non-flexible sample #1

On this sample #1, the annular side wall electrodes of the intermediate layer Autop are clearly
passivated against the PBS solution after ALD treatment, the lower one Aubottom however
are not, probably due to delamination. The passivation of the electrode sides in height of the

top layer is supported by the lower current between both layers themselves.
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Figure 107: DC measurements on non-flexible sample #2
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The second sample, with the measurement data given in figure 107, showed impressive
results, as all surfaces were clearly passivated after ALD treatment. Besides, no current was
measurable from the PBS reference electrode to the electrodes after ALD coating, which is
why those measurement points are non-existent in the graph. All other measured currents
were several magnitudes smaller than without coating, clearly showing the electrical

passivation of the TiO, ALD Layer.

The Autop and Aubottom cylindrical ring electrodes are both 50 nm high (refer to chapter
4.1.3) and, thus, their electrical surface can be calculated to
A = 7.85-10"7 mm? for the electrode with a radius of 250 um. However, misalighment
during the photolithographic process induces errors, which magnify the surface by at least 2
orders of magnitude. Therefore, absolute values for the intermediate layers are not
analyzable, but their relative change indicates the quality of the electrode side wall

passivation.

Furthermore, the electrodes themselves were opened again by IBE, as described in chapter
3.2.8. Prior to IBE etching, a chromium etch mask was applied by a photolithographic process
with electrode openings slightly smaller than the electrodes themselves (refer to the mask
design in chapter 3.2.2). The process is sketched on the right page in figure 108, leaving the

electrode side wall untouched, while the electrode itself is again opened.
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no ALD ALD covered

with Cr mask ALD but electrode opened
after ion beam etching

Figure 108: Schematic of ALD coating with subsequent free etching the electrodes

After opening the electrodes again, the current between the PBS reference electrode and the
electrodes was measured again and the values are plotted in blue in figure 107. The electrodes
side walls showed no measurable current flow?, while the electrodes themselves regained
their value before ALD treatment leading to a proof-of-concept of an ALD based electrode side

wall passivation and the possibility of opening the electrode again.

As figure 103 shows a completely passivated electrode, a Helium-lon microscope image of a
final ALD coated side wall with an opened electrode can now be seen in the following figure
109. Like the referenced figure, an electrode surface with the (misaligned) side wall can be
seen. In addition, it is clearly visible, how the IBE process opened an inner circle with reduced

diameter of the electrode surface as is sketched before in figure 108.

! This behavior suggests a fully passivated electrode side wall, but may also be the reason of faulty
connections/vias to the intermediate metal layers
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Figure 109: Helium lon Image of an opened electrode with a passivated side wall

4.5.2. ALD COATING OF ELECTRODES ON FLEXIBLE SAMPLES

The problem of delamination of the intermediate layers due to artificial mechanical stress
during measurement is naturally not given in the flexible samples, as all bond pads are located
on one side and the sample must not be completely covered during the ALD process. However,
reference measurements are not easily feasible, as the sample is not further processable, once

it is lifted from the substrate.

As such, several flexible samples with completely covered electrodes (as the polyimide layers
were not opened), completely opened electrodes, as well as opened, but ALD covered
electrodes are measured to gain reference values for future analysis of electrode side wall

measurements.

Figure 110 shows the impedance at 1 kHz, with 1 V applied of all three samples. The lower

impedance in magnitudes of |[Z| = 10* Q on the completely opened sample is clearly visible.
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The three center electrodes #8, #9 and #10 are twice as large as the rest and, thus, show a
lower impedance (refer to chapter 3.2.2 for mask design). A closed polyimide layer leads to
visibly elevated impedances. As the ALD coated flexible sample is mostly passivated except for
the first three electrodes, the ability of the ALD layer to completely coat three-dimensional

structures is electrically verified.
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Figure 110: Impedances (1V; 1kHz) of flexible Samples vs the counter Electrode in PBS

The mean values for the small ALD coated electrodes amount to (2.49 + 2.18) - 10° Q, while
not counting the first three opened electrodes. The RIE opened flexible sample showed values
in the range of (8.78 + 0.94) - 103Q for the small electrodes?, clearly marking them as
opened. The sample with the unopened, continuous polyimide layer on top of the small
electrodes was measured to (2.75 % 0.48) - 10° Q, which is in the same range as the ALD
coated. The mean values for the 3 larger electrodes were measured to (1.58 + 0.88) - 10° Q)
for the ALD coated, (3.03 + 0.17) - 103 for the completely opened and (1.89 + 0.25) - 10° Q

for the completely closed electrodes, respectively.

An ALD deposited TiO; layer, therefore, passivates the electrodes as if they have never been
opened.

A similar conclusion is drawn with the phase analysis of these three samples, as is shown in

! Without electrode #12 which not seems to be opened
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figure 111. Here, the mean values for the phase of the standard electrodes amount to
(—67.24 + 6.22)° for the ALD coated ', (—56.41+5.18)° for the opened and
(—80.02 + 3.05) ° for the completely closed, respectively. The 3 larger main electrodes were
measured to (—53.66 + 5.79) ° for the ALD coated, (—43.10 + 0.83) ° for the opened and
(—82.96 + 1.14) ° for the completely closed ones, respectively. Referring to chapter 2.3.3 for
the interpretation of the phase, the polyimide covered electrodes show a capacitive behavior
with their phase being close to -90 °. However, the ALD coated, as well as completely opened
show a similar phase, with the overall impedance of the ALD coated one being larger,

compared to the opened one.
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Figure 111: Impedance Phase analysis of flexible samples

The ALD passivation, thus, acts as a mostly ohmic resistance, reaching the same impedances

as the capacitive resistance of the polyimide coated sample.

4.5.3. VALIDATION OF SIDE WALL PASSIVATION ON FLEXIBLE SAMPLES

Flexible samples with 2 intermediate metal layers were now analyzed, with one of them
having the electrodes opened per IBE and the slightly reduced chromium etch mask, as
described in chapter 4.5.1 after the ALD coating. Thus, a sample with opened electrodes
(referred to as No ALD in the following), a completely ALD Covered and an ALD covered with
subsequent electrode opening per IBE (ALD but electrodes opened) are discussed in the

following. The sample mentioned last should only have the electrode side walls passivated

L Again, the first three electrodes are ignored, as they are clearly not passivated
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with the electrodes themselves being electrically active. The resistances were all measured

with DC currents, as high resistances are more visible and analyzable with DC measurements.

Figure 112 plots the DC currents of all electrodes vs a reference electrode in PBS solution.
Missing values are discussed later in this chapter. The mean values are
(1.21 4+ 1.06) - 1071 A for the ALD covered, (5.34 + 2.95) - 10~° A for the No ALD sample
and (1.37 +2.45)-107%A (or (6.20+3.73)-1078A, by ignoring the large measured
current over electrode #11, respectively) for the final ALD treated, with subsequent IBE

electrode opening.
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Figure 112: DC measurements (1V applied) on flexible samples of electrodes vs a reference in PBS

In general, a higher measured current is better, as it indicates an opened electrode.
Interestingly, the IBE opened electrode showed a smaller resistance to the reference as the
initially opened sample. This may be due to enlargement of the electrode surface because of
the ion bombardment, which lead to a more 3-dimensional surface or removal in residues.
Even if not intended, this result is highly welcomed and confirms the opened electrodes after

IBE etching.

The current was also measured between every electrode and the upper intermediate metal
layer Autop to evaluate the side wall passivation. Figure 113 shows the measured values,
however, without the reference values of the ALD covered sample, as the upper metal layer
of that sample was not electrically contacted to the via. It is notable, that no measured

electrode on the opened sample, without any ALD treatment, shows currents below 10710 A,
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whereas 14 out of 17 measured currents on the final ALD treated sample with opened
electrodes are below this threshold, marking these electrode side walls as passivated. The first
few side walls of the electrodes #1 to #3 are, however, not passivated. A explanation would
be the IBE etching of the electrodes themselves. As the electrodes are distributed over the
relatively large sample surface of 4 x 3 cm?, it is most likely for the argon beam to hit the side
wall of the outer electrodes. Also, the outer electrodes are more prone to mechanical stress
when handling the sample with tweezers. In addition, it cannot be guaranteed, that the ALD
layer on these electrode side walls was initially closed, as no measurements before opening
the electrodes were possible due to the mechanical stress the sample would have suffered
from. The same effect is seen, when measuring the currents between electrodes and the

bottom intermediate layer Aubottom, displayed in figure 114.
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Figure 113: DC measurements (1V applied) of flexible samples vs Autop
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Figure 114: DC measurements (1V applied) of flexible Samples vs Aubottom

Again, the ALD covered sample showed no current above 1071% A. Also, all side walls,
excluding those of electrodes # 1, # 2, #3, #5 and #8 are below this threshold, marking them

as electrically passivated.

A full analysis of the final sample with opened electrodes, but passivated electrode side walls
can be seen in figure 115. All measured values are distinguishable from the background noise,

which is below 1072 A and discussed in chapter 4.2.3.

T T T T T T T T T T T g T T T T T T
1E-5 Il Electrode to PBS

E [ Electrode to Autop
Il Electrode to Aubottom

1E-6
1E-7
1E-8

1E-9

Measured Current [A]

1E-10 -

1E-11 4

1E-12 3
0 2 4 6 8 10 12 14 16 18

Electrode

Figure 115: DC Measurements of side wall passivated Electrodes on a flexible Sample
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To verify the correctness of these small currents, all measured samples were also
characterized by impedance measurements. By doing so, a correct electrical contact to the
respective electrode could be verified, as many bond-pads suffered from the manufacturing

process with the many wet-chemical processes involved.

Figure 116 shows AC measurements of all bond pads from the final electrode side wall
passivated sample against both metal layers as well as the counter reference electrode in PBS
solution. The defective bond pads are clearly distinguishable and are marked in the red box.
These defective bond pads were not used in the prior DC characterization. This was the reason,
why no DC measurements of the ALD covered sample to the upper metal layer are displayed
in figure 113. In reverse, a measurable AC current confirms a correct bond pad and as such,
validates the extremely low DC currents from before, indicating a passivated electrode side

wall.
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Figure 116: Impedance reference measurements of final ALD covered sample with opened electrodes

(1V, 1kHz); The red box marks the measurements of the defective bond pads

In addition, electrical impedance spectroscopy measurements from the ALD covered sample
with the opened electrodes facilitate the results. Figure 117 shows the bode plot of electrode
#1, which the DC measurements showed to have a non-passivated electrode side wall, while
figure 118 displays the Bode Plot of electrode #13 with an intact electrode side wall. Both

measurements were performed against the upper intermediate metal layer.
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Figure 117: Electrode #1 vs Autop on coated flexible sample with opened electrodes, showing a defective

electrode side wall passivation
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Figure 118: Electrode #13 vs Autop on coated flexible sample with opened electrodes,
showing a fully intact electrode side wall, which, therefore, is not truly fitted with the

equivalent circuit of a defective coating

Both diagrams are fitted with a slightly modified version of an equivalent circuit for a damaged
coating (refer to chapter 2.3.3), shown in figure 119, where R1 stands for the solution
resistance and R3 simulates the coating resistance. C1 is the coating capacity, whereas CPE1

and CPE2 are two constant phase elements and W01 a Warburg impedance.
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Figure 119: Equivalent circuit for the fits in Figure 117 and Figure 118, based on the circuit in chapter 2.3.3,

describing a damaged coating; the fitted values can be seen in table 19

The simulated variables for both diagrams are to be found in table 19, with CPE1, CPE2 and
W01 always being -1. The extreme resistance R3 for the coated side wall of electrode #13
explains, why the numerical fit in figure 118 is slightly off. Also, a completely coated side wall
is not well fitted with the model of a defective coating. However, by using the same model for
both cases and comparing the results, it is clearly visible, that one electrode side wall is

completely passivated.

Table 19: Fitted values from the equivalent circuit, displayed in figure 119

EL #1 vs AuTop El #13 vs AuTop
Element  Unit Value Error Value Error
R1 Q 1193.3 0,1 2404.2 0,1
Cc1 uF 0.070 0,309 0.0002 0,0579
R3 Q 2704.8 0,2 5.912-10"2 8-10°
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5. CONCLUSION

In this thesis an electrode side wall passivation for flexible MEAs was achieved. This chapter

assesses all the prior presented results.

In order to evaluate an electrode side wall passivation, non-flexible as well as flexible MEAs
were produced with special attention to the multilayered flexible samples. As no protocols or
prior experience in the field of flexible neural implants existed, the first task of this thesis was
to implement a manufacturing standard. Beginning with the sample’s layout design, the
multilayer stack as well as establishment of the fabrication processes, including tuning of
equipment parameters, were developed. Critical steps such as the opening of the electrodes
were obstacles, which finally could be overcome and did not hinder the development of the
flexible samples. Even if the biocompatibility of the produced samples was not especially
analyzed, biocompatibility of the produced samples was always kept in mind by careful
consideration in material choice. However, as the removal of the flexible samples from the
glass substrate is done via HF in this university environment, the final samples are not
intended for implantation, even if EDX measurements did not show remaining fluorine atoms
inside the samples. As this process step can be circumvented in an industry environment, i.e.
by laser-driven delamination [170] and is the only step with unclear consequences to the

biocompatibility, it has no disadvantages for medical application.

In general, the presented multilayer passivation with included intermediate metal layers is
independent from the substrate removal process, including the HF treatment. It was shown,
that the conductive layers in the passivation allow profound in-situ degradation and sample
integrity measurements, while the sample is in an active state. This passivation layout allows

the creation of neural implants, capable of detecting their own passivation integrity.

Most manufactured samples showed good quality in respect to their passivation and
remained stable during testing. However, layer delamination remained a problem with
titanium as an adhesion layer. As this thesis did not focus on stabilizing the multilayer stack
itself, this was no great disadvantage. In contrary, too stable samples would have given no
reference to stability enhancements by the side wall passivation layer. In addition, other
workgroups as the one of Stieglitz et al. have shown adhesion layers like SiC, silicon dioxide

and silicon nitride to create stable intermediate layers between metal and polyimide, even if
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stored at 60 °C saline solution for over a year [80]. Their research is transferable to the

introduced multilayered passivation, increasing the biostability further.

Furthermore, the flexible samples showed enhanced electrical properties after initial sample
bending. It was concluded, that thin film stress relief by mechanical bending leads to increased
conductivity, which must be considered for all future measurements of flexible devices,
including circuitry, consisting of thin films. A resulting proposal is 30+ initial alternating

bending procedures before electrical measurements are concluded.

During this thesis, two measurement setups were designed, fabricated, validated and finally
combined to the Fluidic Measurement Setup with the possibility of electrical assessment. The
electrical setup on its own is called Leakage Setup and was designed in a way to maximize the
smallest possible detectable current, as small voltages were needed due to measurements in
a fluid medium and, thus, to prohibit electrolysis of the fluid. A detection range down to
10712 A was achieved, which was shown to be sufficient to analyze the electrode side wall
passivation as well as the polyimide layers themselves. In addition, this measurement range is
exceedingly accurate and about 5 times more precise than comparable setups [16]. It was
shown, that this accuracy is sufficient to detect a faulty device passivation. It shows great
potential as an alternative to industrial standard lon leakage measurements. Thus, this
electrical passivation analysis may act as a device quality control in further device production

and research.

In conclusion, the requirements of accurately detecting currents in ranges of few pA was
achieved and preserved over the usage of 2 multiplexers, allowing high precision electrical
measurements over several channels. Several self-written LabView programs automated
these measurements by switching the multiplexer channels and programming the SMU in
voltage and detection range, allowing fully automated long-term measurements and, thus,

fulfilling all requirements that were defined for the setup.

The Fluidic Setup is the first of its kind, capable of inducing mechanical stress onto flexible
samples via an electrolyte fluid while maintaining electrical access to the samples. Several
other measurement setups were introduced in chapter 4.2.1, which all fail on at least one of
the 6 mentioned requirements. The final fluidic setup not only fulfills the necessary
requirements of high precision bending analysis of flexible samples, but also allows further
material stress test measurements, like the work of Adrega et. al [145], who elongated PDMS
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strains by 12 %. This elongation is feasible in our measurement setup with an applied pressure
of 500 mbar, which was shown to induce this elongation. The main goal of automatically
inducing small loads, in ranges of a few mbar is completely fulfilled and in this form completely
novel to the author’s knowledge. Overall, this setup is the first of its kind, combining

mechanical bending and electrical measurements all taking place in a fluid medium.

Atomic Layer deposited titanium dioxide was proven to be a suitable material for electrode
side wall passivation. Furthermore, samples were covered with 100 nm thin TiO; layers, which
proved to completely passivate the electrode openings as well as the electrode side walls
against each other and against a reference electrode, located outside in an electrolyte fluid.
This electrical passivation was stable up to break-through voltages of 10 V, leading to great
future expectations for future implants passivation. AC measurements of the thin passivating
layer proved its electrical resistance, which confirmed the extremely low DC measured
currents. Insufficient electrical contact to the sample could have, thus, been detected,

proofing the DC measurements as valid.

Opening the electrodes, while maintaining a passivated electrode side wall was shown to be
possible, not only on non-flexible glass based substrates, but also on completely flexible
polyimide based multilayered samples. This is a crucial requirement for usage of the shown

multilayer passivation in real medical implants with electrode openings.

As such, the electrode side walls (and only those) were validated to be electrically passivated,
thus, enhancing the biostability of the complete system. Also, these measurements could
distinguish between a correctly passivated electrode side wall and one that is defective, also

demonstrating the capabilities of the measurement setups.

This leaves the intermediate metal layers electrically passivated from the electrodes, so that
further independent measurements are possible, such as the electric investigation of the
polyimide layers. During this thesis, it was proven, that faulty passivating layers as well as
starting delamination can be detected directly with these intermediate layers while no visual
contact must be given. The only requirement is an intact electrode side wall passivation.
Sophisticated in-vivo quality control measurements would be possible with such a system as

demonstrated in this thesis.
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Finally, the conductivity from the electrodes to an external reference is enhanced by lifting
the ALD layer — even if the resulting electrode diameter is reduced, compared to an electrode
with no ALD treatment. This effect probably originates from three-dimensional surface

enlargements, induced by the IBE treatment to eliminate the ALD layer.

In conclusion, the proof-of concept of an electrode side wall passivation, allowing for highly
sophisticated, self-sensing devices, was successfully given. The necessary sample prototypes,

as well as measurement techniques were all developed and evaluated during this thesis.
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6. OUTLOOK

This chapter provides an outlook to possible future developments, based on the prior
presented results. Probable Modifications of the produced samples as well as future

applications are given.

All manufactured samples were produced with the clean room environment, provided by the
university of Tlibingen. The university does provide all necessary technologies to produce
flexible implant-like samples, however, the sample quality would benefit enormously from
production in an industry standard clean room environment. In addition, this should also lead

to fully functional strain gauges, which were not feasible to this point.

All process steps and materials were chosen in regard to the biocompatibility of the final
sample. Only the detachment process of he flexible samples with HF is not compatible with
this concept, but can be circumvented in an industry production environment (e.g. by laser-
driven delamination [170]). The samples have already shown to be biostable over time-spans
of several weeks under on-going measurements (refer to chapter 4.3.3). Occurring
delamination is caused by the adhesive titanium layers. However, SiC and SiN are in heavy
research for adhesives and already show exceedingly good results [171]. As such, the
biostability of the produced prototypes could be enhanced greatly by replacing the Ti layers

with SiC or SiN layers.

The final electrode side wall passivation was accomplished with atomic layer deposited TiO..
Other materials, like titanium nitride! and silicon dioxide are also viable candidates for

passivation.

In general, the next logical step would be in-vitro measurements of the flexible multilayered
samples, which would push the prototypes further to a new kind of medical implant with a
multilayered passivation. These implants would be capable of self-sensing their future failure,
while still remaining fully operational (refer to chapter 4.3.3). Of course, the multilayered
passivation must completely surround the implant’s electronics. Until now, it was built on one
side. Small adjustments during the manufacturing process, such as starting with the bottom

multilayer passivation and creating the circuitry way later, would ensure such a novel device.

! Note, that titanium nitride is conductive. However, it may be a good electrode side wall passivation, but the
concept of intermediate metal layers will no longer be applicable
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These new devices are only now conceivable with the proof-of-concept of an electrode side

wall passivation provided in this thesis.

During this thesis, a fully autonomous measurement setup, capable of mechanically bending
flexible devices in a fluid medium, was designed, created and evaluated. This setup can be
used for long term measurements, lasting for weeks and even months. With it, more enhanced
biostability measurements are possible and also material stress tests can be carried out. Thus,
the mechanical stability of the thin ALD layers should be further evaluated [52], [172]. By
adding a flow heater, the setup can be easily extended to be capable of accelerated aging

measurements. The prior produced samples should greatly benefit by such measurements.

In general this thesis provides flexible prototypes, sophisticated enough to be pushed further

to medical implants. The also introduced measurement setup provides a great tool to do so.
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Appendix

A: STANDARD POSITIVE PHOTOLITHOGRAPHY PROTOCOL

Process Step Description Comment
Sample cleaning using acetone in ultrasonic
sound and rinsing  with
isopropanol
Sample drying 5 min; 90 °C On hotplate

Resist Deposition

Ma-P 1205; 5,5 ml for 4 in wafer;
~1.5 ml for 1 in sample; 3000

rom @ 30 sec with 10 sec ramp

Pre-Exposure Bake

90 °C @ 60 sec

Exposure

Hard Contact Mode; 40 sec

Develop

MaD 331 @ 35 sec; then rinse

with ultrapure water

While slowly panning
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Appendix

B: STANDARD POLYIMIDE 2611 PROTOCOL

Process Step

Description

Comment

Sample cleaning

using acetone in ultrasonic
sound and rinsing  with

isopropanol

Spin dry

30 s @ 3000 rpm

Precursor deployment

Carefully drop PI 2611 on

sample
Spin coat 5 s @500 rpm followed by 30 s
@ 3000 rpm
Softbake 90 s @ 90 °C followed by On hotplate
90 s @150 °C
Curing Heat from RT to 300 °C;

ramp 4 °/min

N2 800-1000 sccm; 30 min;

Sample Cooling

To RT with 4 °/min

Cooling process takes longer
due to absence of active cooling

unit
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Appendix

C: NON-FLEXIBLE (MULTILAYERED) SAMPLES

Dark Grey steps only necessary for multilayered samples

Light Grey steps only necessary for opening electrodes

Process Step Description Comment
Sample Cleaning 4-inch borosilicate glass | using acetone in ultrasonic bath
substrate and rinsing with isopropanol

Electrode Structure

Standard positive Lithography

with “Bottom Electrodes

Lithography Mask”

Appendix A

Electrode Deposition

10 nm Ti by EBPVD
50nm AU by thermal evap.
10 nm Ti by EBPVD

Lift-off

ultrasonic bath in acetone until
structure is visible; rinse with

isopropanol

Isolate samples

Cut 4-inch substrate into

(24.225%24.225) mm? squares

Align by Bondpads

with “ALD Etching Mask”

Polyimide Standard Polyimide 2611 | Appendix B
Protocol

Surface Activation Oz Plasma; 8s

Structure of intermediate layer | Standard positive Lithography | Appendix A

Intermediate Layer Deposition

10 nm Ti, 50 nm Au, 10nm Ti;

All in situ

sputtering with additional hard

mask for Flex creation

Lift-off

ultrasonic bath in acetone until

structure is visible; rinse with

with “ALD Etching Mask”

isopropanol
Surface Activation 02 Plasma; 8s
Polyimide Standard Polyimide 2611 | Appendix B
Protocol
Surface Activation 02 Plasma; 8s
Structure of intermediate layer | Standard positive Lithography | Appendix A

Intermediate Layer Deposition

10 nm Ti, 50 nm Au, 10nm Ti;

All in situ

sputtering with additional hard
mask for Flex creation; turned

by 90°
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Appendix

Lift-off

ultrasonic bath in acetone until

structure is visible; rinse with

isopropanol
Surface Activation O2 Plasma; 8s
Polyimide Standard Polyimide 2611 | Appendix B
Protocol
Structure of Etch Mask Standard positive Lithography | Appendix A
with “ALD Etching Mask”
Etch Mask Deposition 100 nm Chromium; sputtering
Electrodes Opening RIE 02 Plasma (30 min per PI
Layer + 15 min)
Hard Mask Removal TechniEtch
Connecting the intermediate | Etch to intermediate Layers by | Fill created holes  with

Layers

RIE; 30 min per PI Layer, using
Aluminum Hard Mask with hole
@ 1 mm, positioned above

appropriate Flex

conductive silver
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D: FLEXIBLE (MULTILAYERED) SAMPLES

Grey steps only necessary for multilayered samples

Light grey steps only necessary when opening electrodes

Process Step

Description

Comment

Sacrificial Layer

Sputter 50 nm Ti on 4-inch

borosilicate glass wafer

Isolate substrates

Dice 30.08 x 40.08 mm?

substrates via Wafer Saw

with Mask for flexible Samples”

Sample Cleaning using acetone in ultrasonic
sound and rinsing  with
isopropanol

Polyimide Standard Polyimide 2611 | Appendix B

Protocol
Surface Activation 02 Plasma; 8s
Electrode Structure Standard positive Lithography | Appendix A

Electrode Deposition

10 nm Ti by EBPVD
50 nm Au by thermal evap.
10 nm Ti by EBPVD

Lift-off

ultrasonic bath in acetone until

structure is visible; rinse with

#1

with “Flex Mea Etching Mask”

isopropanol
Surface Activation 02 Plasma; 8s
Polyimide Standard Polyimide 2611 | Appendix B
Protocol
VIA ETCH RIE Oz Plasma; 30 min with
aluminum hard mask with @ 2
mm hole placed above Via # 1
Surface Activation 02 Plasma; 8s
Structure of intermediate layer | Standard positive Lithography | Appendix A

Intermediate  Layer # 1

Deposition

10 nm Ti, 50 nm Au, 10nm Ti;

All in situ

sputtering with additional hard

mask for Flex creation

Lift-off

ultrasonic bath in acetone until
structure is visible; rinse with

isopropanol
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Appendix

Surface Activation

O2 Plasma; 8s

Polyimide Standard Polyimide 2611 | Appendix B
Protocol

VIA ETCH RIE Oz Plasma; 60 min with
aluminum hard mask with @ 2
mm hole placed above Via # 2

Surface Activation O2 Plasma; 8s

Structure of intermediate layer | Standard positive Lithography | Appendix A

#2

with “Flex Mea Etching Mask”

Intermediate  Layer # 2

Deposition

10 nm Ti, 50 nm Au, 10nm Ti;

All in situ

sputtering with additional hard

mask for Flex creation

Lift-off

ultrasonic bath in acetone until

structure is visible; rinse with

isopropanol
Surface Activation 02 Plasma; 8s
Polyimide Standard Polyimide 2611 | Appendix B
Protocol

Dissolve sacrificial Layer

In NH4F for approx. 48 h

Fixate sample

Using gel-Film from Gel-Pack

The gel film itself is adhered to

aluminum plate of same size

Electrode Etch Structure

Standard positive Lithography
with “Flex Mea Etching Mask”

Appendix A

Deposit Chromium Etch Mask

100 nm Cr by sputtering

Open Electrodes

RIE O2 Plasma for approx. 90 min

Check if opened, else add 15 min

steps

Lift Off Chromium Etch Mask

TechnieEtch

Peel from Tape
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E: SPUTTER SAMPLE HOLDER

All Units are given in mm

2

2 mm embedded
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Appendix

F: STEEL SAMPLE PLATE
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Appendix

G: STEEL SAMPLE PLATE PROBE POSITIONER HOLDERS
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