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Zusammenfassung

Seit ca. sieben Jahren entwickeln internationale Forschergruppen halbleiter-
basierte Implantate für die lichtempfindliche Netzhaut des Auges (Retina),
die bei erblindeten Patienten mit einem bestimmten Krankheitsbild zur teil-
weisen Wiederherstellung des Sehens beitragen sollen. Die Langzeitstabilität
eines solchen Implantates im menschlichen Organismus gehört zu den wis-
senschaftlichen und technischen Herausforderungen, die vor einer ersten An-
wendung des Chips beim Menschen gelöst werden müssen. Biokompati-
bilität, Transparenz für sichtbares Licht und im nahen Infrarotbereich, tech-
nologische Kompatibilität zur kommerziellen Fertigung des Chips und eine
möglichst niedrige Abscheidetemperatur gehören dabei zu den Bedingungen,
die das Verkapselungsmaterial erfüllen muss, damit die Funktion des Chips
gewahrt bleibt.

Die von Projektpartnern gefertigten ersten Chip-Generationen sind mit
Siliziumdioxid, das aus Tetraethylorthosilikat hergestellt wird (TEOS SiO2),
als Verkapselungsschicht ausgestattet. Nach sechs- bis zwölfmonatigen Im-
plantationen in Versuchstieren entwickelt das Material jedoch Löcher und
zeigt eine fortschreitende Auflösung. Die exakten Degradationsvorgänge
unter in-vivo Bedingungen sind dabei weitgehend unbekannt. Im Rahmen
der vorliegenden Arbeit werden a-Si:H Mikrophotodioden mit einer Leerlauf-
spannung Voc = 2.3 V zur in-vitro Stimulation von Retinae neu entwickelt
und hergestellt. Das dabei zur Verkapselung verwendete Niedrigtempe-
ratur Siliziumnitrid wird mittels Plasma-unterstützter Gasphasenabschei-
dung hergestellt (PE-CVD SiNx). In der Arbeit durchgeführte Tests zeigen,
dass das Material unter elektrischer Spannung einer Elektrolytumgebung
nicht stand hält. Schäden treten insbesondere im Bereich der Durch-
führungen für die Stimulationselektroden auf, wo die geätzten Flanken des
SiNx nicht homogen durch das Elektrodenmaterial abgedeckt und damit
geschützt werden.

In dieser Arbeit werden drei Materialien getestet, deren Biokompatibilität
bekannt ist und die als Kandidaten für zukünftige Retina-Implantate in
Frage kommen: (i) SiOx:C/SiNy , (ii) Benzocyclobuten (BCB) und (iii) Poly-
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imid 2611 (PI). Die chemische Zusammensetzung wird durch Röntgen-Photo-
elektronen-Spektroskopie (XPS) und Fast Fourier Transmissions-Infrarot-
spektroskopie (FTIR) untersucht, während die Impedanzspektroskopie (IS)
zur Analyse der elektrischen Eigenschaften aller drei Dielektrika dient. Die
in der Arbeit entwickelten extrem dünnen Testschichten der beiden Poly-
mere (Schichtdicke dor ≈ 50 nm) ermöglichen die frühzeitige Beobachtung
von Änderungen an der Oberfläche der Materialien. Da die genannten Mess-
methoden eine Mindestgrösse Ats der Testkörper von Ats ≥ 8×8 mm2

erfordern, können nicht alle Testkörper in in-vivo Testreihen untersucht wer-
den. Stattdessen werden in dieser Arbeit Experimente entwickelt, die mit
Hilfe von in-vitro Zellserien mit (i) Ratten-Brusttumorzellen (BICR/M1Rk)
und (ii) Gebärmutterhalstumorzellen (HeLa) die in-vivo Bedingungen im-
plantierter Chips teilweise nachbilden.

Die Kombination der Ergebnisse der oberflächen- und volumensensitiven
Analysen ermöglicht die Erstellung einer

”
Rangordnung“der Materialien in

Bezug auf ihre Biostabilität:
SiOx:C/SiNy erreicht den dritten Platz. Die von Projektpartnern bei

Temperaturen von unter 100◦C abgeschiedene Sandwich Struktur ist über
mehrere Wochen biostabil und weist eine sehr geringe Dichte von Fehlstellen
auf. Sie stellt damit einen wesentlichen Fortschritt gegenüber der PECVD
SiNx Einzelschicht dar. Für das Retina-Implantat kann SiOx:C/SiNy als
äußere Schutzschicht für die darunterliegende dauerhafte Verkapselungsschicht
eingesetzt werden, um Kratzern etc. vorzubeugen, die durch die Handhabung
während der Implantation des Chips entstehen können. Über einen längeren
Zeitraum wird sich das Material – in jedem Fall die obere SiNx Schicht –
auflösen. Sowohl FTIR als auch XPS zeigen eine kontinuierliche Abnahme
der Dichte der Si-N Bindungen mit einer Rate dss ≈ 1 ... 2 nm d−1 in
Zellkulturmedium. Si-N Bindungen werden durch C-N Bindungen ersetzt,
wobei das Ausmaß von der Art der Zellkultur mitbestimmt wird.

Benzocyclobuten erlangt Platz zwei. Im Gegensatz zu SiOx:C/SiNy

nehmen materialspezifische Bindungen – bei BCB z.B. die Etherbindung Si–
O–Si – nach der Behandlung mit Zellmedien nur in sehr geringem Maße
ab. Weder XPS noch FTIR deuten auf eine fortschreitende Zerstörung des
Materials hin. Die Impedanzspektroskopie zeigt einen (innerhalb der Mess-
genauigkeit) unveränderten Parallelwiderstand, der den Herstellerangaben
entspricht. Darüber hinaus werden in dieser Arbeit in Designstudien von
Elektrodendurchführungen trichterförmige Ätzflanken im BCB erzielt, die
sich nach oben öffnen (positive Ätzflanken). Auf die positiven Ätzflanken
abgeschiedenes Gold oder Titannitrid (Sputterprozess) führt zu einer homo-
genen Bedeckung dieses korrosionsempfindlichen Übergangsbereiches. Aus
den vorläufigen Ergebnissen von Kohler und Stelzle [1] geht jedoch hervor,
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dass das für die Stimulationselektroden eines Implantates vorgesehene Ti-
tannitrid (TiN) nach einjähriger subretinaler und subcutaner Implantation
in Tieren eine unzureichende Haftung auf BCB aufweist. Die BCB- Proben
waren im Rahmen dieser Arbeit hergestellt worden.

Polyimid 2611 ist das zuverlässigste Material für den Langzeitschutz
eines Implantates. Die chemische Struktur des Polyimides ändert sich nicht
nach Zellkulturtests, wie die in der Arbeit durchgeführten FTIR Messungen
belegen. Gleichermaßen zeigt die Impedanzspektroskopie keine Unterschiede
in der Kapazität und dem Parallelwiderstand des Materials nach Behandlung
mit Salzlösung oder Zellkulturen. Innerhalb der ersten 24 h Elektrolytbe-
handlung nach der Probensterilisation in einem Trockenofen bei einer Tem-
peratur Th.o. = 105◦C deutet die IS jedoch auf einen diffusions-ähnlichen
Prozess von Elektrolytkomponenten in eine oberflächennahe Schicht des Poly-
imid hin. Basierend auf einem physikalischen Modell für PI-Schichten mit
einem kolumnar-ähnlichen Volumen und einer hohen Oberflächenrauhigkeit,
entwickelt die vorliegende Arbeit ein Ersatzschaltbild für das PI–Elektrolyt-
system im Frequenzbereich f = 10−3 ... 107 Hz: Je ein Parallel-RC-Glied
beschreibt die Helmholtz-Doppelschicht und das PI Volumen; die Oberflächen-
schicht des PI ist durch eine Warburg (Diffusions-) Impedanz dargestellt. Die
Diffusion von Elektrolytkomponenten führt zu einem PI–Elektrolyt-Über-
gangsbereich mit einer Dicke d(PI),s ≈ 3 ... 10nm, in dem eindiffundierte
Ionen und Moleküle in die Biphenyldianhydrid / 1,4 Phenylendiamin- Matrix
(BPDA/PPD) des Polyimids eingebettet sind. Diese Modellvorstellung wird
ebenfalls gedeckt durch die XPS Ergebnisse: Zum einen zeigen sie eine Ver-
breiterung PI-spezifischer Bindungsenergie-Spektren. Zum anderen verdeut-
lichen Zeitserien mit Spülschritten des PI mit deionisiertem Wasser, dass der
Spüleffekt mit zunehmender Behandlungsdauer der Proben in Zellmedium
abnimmt, während sich die genannte Verbreiterung der XPS-Spektren in-
nerhalb der ersten Stunden in Zelllösung verstärkt. Die Aufnahme von Elek-
trolytbestandteilen führt nicht zum Bruch kovalenter Bindungen im BPDA/-
PPD Gerüst. Kohler und Stelzle [1] untersuchen mit optischen Mikroskopen
PI- Proben und BCB- Proben nach einjähriger subretinaler und subkutaner
Implantation in Versuchstieren. Ihre vorläufigen Ergebnisse zeigen keiner-
lei Degeneration beider Polymere. Als Konsequenz aus der analytisch ge-
fundenen – und in Tierexperimenten belegten – überlegenen Biostabilität
wird Polyimid 2611 als Verkapselungsmaterial für die nächste Generation
von Retina-Implantaten eingesetzt werden.
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Summary

Over the last seven years, international research groups have started devel-
oping semiconductor-based implants for the light-sensitive retina part of the
eye. Such devices are aimed at restoring some vision in blind patients with
a certain eye disease pattern. A retina implant must have an encapsulation
layer which serves two purposes: (i) It prevents the direct contact of the sur-
rounding tissue to the electronic components of the chip which may not be
biocompatible. (ii) The encapsulation protects the chip against its biological
environment which would dissolve an uncoated silicon device. The long-term
biostability of the encapsulation in the eye presents a scientific and techno-
logical challenge which must be solved before an implantation in a human
being can be attempted. In order to maintain the functional integrity of the
implant, the encapsulation layer must be biocompatible and transparent in
the visible and near infrared spectrum. Technological requirements include
a low depostion temperature of the material and the overall compatibility of
the process to a standard commercial silicon chip fabrication.

The first retina chip generations, manufactured by project partners, fea-
ture a SiO2 encapsulation which is deposited from tetra-ethyl-ortho-silicate
(TEOS). Six to twelve months after implantation in laboratory animals, the
thickness of the SiO2 layer decreases and the material shows pit-corrosion.
The exact mechanism of the progressive degradation is largely unknown.
Novel micro-photodiodes with an open circuit voltage of Voc = 2.3 V for the
in-vitro stimulation of retinal tissue are designed and manufactured in this
work. Plasma-enhanced chemical vapor deposition (PE-CVD) at substrate
temperatures below 75◦C is employed to grow the SiNx encapsulation of the
device. The micro-photodiodes do not withstand the electrolyte attack under
illumination, as shown by tests performed in this work. The SiNx exhibits
structural defects (pin holes), but most corrosion-damage is observed in the
vicinity of the feed-throughs of the stimulation electrodes through the en-
capsulation layer, where the etched SiNx is not homogeneously covered (and
thereby protected) by the gold- electrode material.

This work takes a broad approach for the evaluation of three alterna-
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tive biocompatible materials which are candidates for future retina implant
devices: (i) SiOx:C/SiNy , (ii) dry-etch benzocyclobutene (BCB, Dow Chem-
ical) and (iii) polyimide 2611 (PI, HDMicrosystems, DuPont). In order to be
able to detect early stages of changes at the polymers’ surface, a process for
the fabrication of ultra-thin samples with a thickness dor ≈ 50 nm is devel-
oped. Surface sensitive X-ray photoelectronspectroscopy (XPS) and volume-
and surface sensitive Fast Fourier transmission infraredspectroscopy (FTIR)
serve to analyse the chemical composition of the materials; impedance spec-
troscopy is employed to observe the electronic behavior of the dielectric mate-
rials. Chiefly because of the required size of the test samples for the analytical
experiments, As ≥ 8×8 mm2, not all test specimen can be put to in-vivo
trials. In order to at least partly simulate the in-vivo conditions of animal
tests, in-vitro cell culture experiments with (i) female rat mammary tumor
cells (BICR/M1Rk) and (ii) human cervix carzinoma (HeLa) cell lines are
devised in this work.

The combined data from all analytical experiments allow a ranking of the
three encapsulation materials with regard to their overall biostability:

SiOx:C/SiNy reaches the third position. Deposited at temperatures be-
low 100◦C, the sandwich structure is biostable for several weeks and presents
a major progress from the single layer PE-CVD SiNx. Impedance spec-
troscopy proves the high parallel resistance of the dielectric which points to
a very low pin-hole density. In the context of the retina implant, SiOx:C/SiNy

may be used as an outer protective layer for the main, long-lasting encap-
sulation material against mechanical damage (scratches) resulting from the
handling in the implantation surgery. Over a period of several weeks to
month, the sandwich structure will dissolve. Both FTIR and XPS show a
continuous decline in the Si-N bonds resulting from a progressing dissolution
of the top SiNy layer by dss ≈ 1 ... 2 nm d−1 in cell culture media. De-
pending on the cell line, Si-N bonds are replaced by C-N bonds to varying
degrees of concentration.

BCB comes on second position. In contrast to SiOx:C/SiNy, only a minor
decrease of material-specific chemical bonds – eg the ether group Si–O–Si for
BCB – is observed after the exposure to cell culture media. Neither XPS nor
FTIR indicate a progressing degradation of the polymer. Impedance spec-
troscopy again demonstrates the layer’s high parallel resistance after the cell
culture tests. Moreover, in a design study performed in this work, funnel-
shaped feed-throughs in BCB for the stimulation electrodes of an implant
device are achieved (wide openings at the BCB surface). Such etch flanks
in BCB provide the basis for the homogeneous coverage of the corrosion
sensitive electrode–encapsulation layer interface by the electrode material.
However, preliminary results from Kohler and Stelzle [1] indicate delamina-
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tion problems of the titanium nitride electrode material (TiN, deposited by
project partners in a sputter process) on BCB samples after one year subreti-
nal and subcutaneous implantation in laboratory animals. The BCB samples
had been manufactured in this work.

PI 2611 is the most promising material for the long-term protection of
the implant: The chemical backbone structure of the polymer remains un-
changed after cell culture tests as demonstrated by FTIR. Similarly, impedance
spectroscopy shows no changes of the capacitance and the parallel resistance
of the material after exposure to physiological sodium chloride solution or
cell cultures. However, within the first 24 h of electrolyte treatment after the
hot-oven sterilization at a temperature Th.o. = 105◦C, the impedance spec-
troscopy points to a diffusion-like process of electrolyte components into the
surface layer of the polyimide. Based on a physical model of the polyimide
layer with a columnar-like bulk structure and a high surface roughness, this
work develops an electric equivalent circuit for the PI-electrolyte system in
the frequency range f = 10−3 ... 107 Hz: The Helmholtz double layer and
the bulk material are each described by a parallel RC element; the surface
region of PI is represented by a Warburg (diffusion) impedance. The diffu-
sion process leads to a smooth interface region, dIF ≈ 3 ... 10 nm, at the
PI’s surface where ions or molecules are embedded into the biphenyldianhy-
dride / 1,4 phenylenediamine (BPDA/-PPD) matrix of the polyimide. This
model is supported by the XPS experimental results: On the one hand, XPS
shows a broadening of PI-specific chemical bonds. On the other hand, time-
series experiments of deionized-water rinse of PI demonstrate a decline of
the water-rinse effect with increasing duration of exposure of the PI sam-
ples to the cell culture medium. The XPS peaks broaden simultaneously.
The ”water” uptake does not, however, result in the break up of bonds in
the BPDA/PPD backbone structure. Kohler and Stelzle [1] examine with
optical microscopes PI- and BCB samples after implantation in laboratory
animals for one year. Preliminary results show no degradation of either poly-
mer and a high adhesive strength of the TiN-PI system, thereby supporting
the analytically found superior biostability of the polyimide. PI 2611 will be
the encapsulation material of the next generation of subretinal implants.
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Chapter 1

Introduction

1.1 Motivation

Men learn most about their environment through vision. Light passing
through the cornea and iris is focussed by the lens onto the light sensitive
retina part of the eye, see Figure 1.1 (A), see Bargmann [2]. There, roughly
130 million photoreceptor cells (rods and cones1) transform the incoming
light into electrical impulses through a chemical reaction of the rhodopsin
molecule2 [7]. The inner retina layers (horizontal cells, bipolar cells, amacrine
cells and ganglion cells) are thus stimulated by the photoreceptors and per-
form their neural-network processing part before the ”image signal” reaches
the axons of the ganglion cells and travels along the optic nerve (approxi-
mately 3 mm in diameter, 50 mm in length, consisting of roughly one million
”fibers” which are clustered into bundles) to the visual cortex.

1The density of the rods and cones highly varies across the retina. In the fovea centralis
(or makula), approximately 30.000 color sensitive cones provide for high resolution color
pictures. Further away from the retina’s center, rods mix between the cones and the
resolution of the eye decreases. Rod cells do not distinguish between colors; they are,
however, exceedingly light sensitive and enable us to detect motion when it is too dim for
the cones to respond to [5, 6]. In total, there are about 130 million rods and 6 million
cones.

2Rhodopsin consists of large protein opsin joined to 11-cis-retinal. Upon illumina-
tion (rhodopsin has a broad absorption band with its maxium around λl = 500 nm,
α(l)500nm ≈ 40.000 cm−1M−1, see Stryer [7]), the cis-double-bond between the C-11 and
C-12 in the retinal isomer is temporarily converted into a single bond. The molecule can
now rotate 180◦ around this bond before the double bond reforms and the molecule reaches
the trans isomer shape. The bond between the opsin and the trans retinal is energetically
less stable and breaks off eventually. In that process, the movements of both separating
molecules trigger nerve impulses which travel to the visual cortex. The free trans retinal
converts back into the cis form through a series of enzyme-catalysed reactions. It bonds
to an opsin molecule and the process starts all over again [8, 9].
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Figure 1.1: Concepts of restoring vision when natural photoreceptor cells
are degenerated. (A) Cross section of a human eye. (B) Cross section of the
retina. (i) Subretinal implant: A chip carrying an array of micro-photodiodes
replaces the rods and cones of the outer retina. Each photodiode injects elec-
tric currents into the still functioning neural tissue of the inner retina layer.
(ii) The epiretinal chip receives the image information from a camera which
is carried outside the eye. The electrodes stimulate the axons of the ganglion
cells that form the optic nerve (adapted from Stett, Zrenner [3, 4]).

Deseases such as Retina Pigmentosa (RP) and Age related Macula De-
generation (AMD) cause the photoreceptor layer of the retina to gradually
degrade which eventually leads to complete blindness. Worldwide, roughly
1 to 3 million patients suffer from RP; in Germany alone approximately
30.000-40.000 people are affected [10]. Devices have been developed which
(transiently) restore the sensation of light in patients, including a selenium
cell placed behind the retina [11], and cortical implants of electrodes to stim-
ulate the visual cortex [12, 13, 14, 15].

1.1.1 Concepts of retinal implants

Over the last few years, a number of research groups have started develop-
ing a prosthesis which could be directly implanted into the human retina
[4, 16]. An acute stimulation of the human retina of RP patients is described
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by Humayun [17, 18]. Figure 1.1 (b) depicts the two concepts for chronic
implants. The subretinal approach [19, 20] aims at the direct functional
replacement of the photoreceptor layer by a device that delivers electrical
currents upon daylight illumination [3]. Figure 1.2 shows examples of the
first generations of the subretinal implant chip, manufactured at the Insti-
tute for Microelectronics Stuttgart (IMS) and at the Natural and Medical
Science Institute at the University of Tübingen (NMI). The devices consist of
a M icro-PhotoDiode Array (MPDA) of several dozens to several thousands
crystalline silicon based photodiodes (the size of the photodiodes varies be-
tween chip generations) [21]. Figure 1.2 (a) depicts the entire chip with a
hole which enhances the flow of nutritions through the implanted chip to the
underlying retina tissue. In Figure 1.2 (b), an enlarged part of the chip is
shown and individual c-Si photodiodes and stimulation electrodes are dis-
tinguishable. The device is implanted in a way that the inner retina cell
layers remain intact and come in close contact with the device’s electrodes.
See references [23, 24] for surgery methods. Kohler et al [25] presented a

nutrition hole photodiodes
(a) (b)

20 µm500 µm

stimulation electrodes

Figure 1.2: Scanning electron microscope views of sub-retinal implant chips.
(a) The entire silicon chip is about 2 mm in diameter and 40 µm thin. The
sharp edges are removed in a wet etch process to avoid injuries of the retina
tissue during implantation. (b) Enlarged view: The chip consists of an array
of individual crystalline silicon (c-Si) photodiodes, each featuring a stimula-
tion electrode made from titanium nitride (adapted from [22]).

histological verification of the biocompatibility of the device following an im-
plantation. With the epiretinal approach, an electrode array (which itself is
not light-sensitive) is mounted onto the ganglion cells and directly stimulates
their axons which form the optic nerve [26, 27, 28]. The epiretinal stimu-
lation electrodes [29] are controlled by a camera and an image processing
unit (including artificial neurol networks [30, 31], both carried outside the
human’s body [32]). Subretinal- and epiretinal devices have been tested with
animal models, see references [33, 34, 35] for Yucatan micropig, [36, 34] for
chicken, [37, 34, 35] for rats, [24, 34, 38] for cats and [34, 33] for rabbits.
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1.1.2 Stimulation of neural activity

Stett performs in-vitro experiments3 with rats’ [37, 39] and chicken’s retinae
[36] to determine effective electrical stimulation patterns to initiate neural
network activity. The stimulation threshold depends on the polarity of the
electric pulses, the amplitude and the duration of time of application of the
pulses, among other things. Generally, the injection of a stimulation charge
Q ≈ 0.4 nC per electrode into the distal retina site (ie. electrodes face the
bipolar and horizontal cells) is sufficient to trigger ganglion cell responses4.

Stelzle [22] described a physical model for the stimulation of neural cells
using photodiodes. Essentially, the subretinal device must provide for a (lo-
cal) voltage drop associated with a stimulation current Is across the tissue
resistance Rt of the inner retinal layers. The device’s metal electrodes are ca-
pacitively coupled to the electrolyte environment through the Helmholtz dou-
ble layer capacitance CHH . When light is switched on, the micro-photodiodes
(MPD) charge the capacitance CHH

5. The peak current at the beginning of
the light pulse is determined by the current-voltage characteristics I/V of
the MPD and the resistance Rt. The larger the interface capacitance CHH

at the stimulation electrode, the more charge Q, (Q =
∫

Idt), is transfered
through the tissue before the electrode is fully polarized with the polarization
voltage Vch (i.e., the MPD reaches its open circuit voltage Voc). Thus, the
effective surface area of the stimulation electrodes should be maximised. In
a sequence of light pulses, the forward and reverse currents across the retinal
tissue as a result of the charging and decharging of the capacitance CHH

cancel one another (charge balanced pulses).
Silicon-to-neuron junctions were also developed by Fromherz, Stett and

Braun [40, 41, 42]. In contrast to the silicon–metal-electrode–electrolyte
interface described above, the capacitive coupling of single neurons to the
silicon chip is achieved through a SiO2 dielectric, thus avoiding any faradaic
currents (see chapter 5.2.2) across the junction.

3While the initiation of inner retina layer activity is studied by reseach groups for both
the epiretinal and subretinal devices, this paragraph focuses on experiments designed to
emulate the subretinal stimulation by technical devices.

4In the experimental setup, living retinal tissue is placed onto a M icroElectrode Array
(MEA) with the bipolar and horizontal cells facing the electrodes. The current injection
pattern is determined by the choice of the stimulation electrodes on the array, the time-
characteristics and amplitude of electric pulses. An extracellular Ag/AgCl glass-electrode
serves to record the ganglion cell activity. In a different experiment, the MEA is replaced
by the MPDA in order to test the performance of the chip implant. A light pattern is
focused onto the chip through a microscope.

5Both Helmholtz capacitances, at the stimulation electrode and at the common counter
electrode, are charged. Since Ase ≪ Ace, the time behavior of the current is determined
by the stimulation electrode and Cce is omitted in the following summary.
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1.2 Encapsulation of a retina implant & Aim

of this work

A retinal implant must have an encapsulation layer which serves two pur-
poses:

(i) It prevents the direct contact of the surrounding tissue to the elec-
tronical components of the chip. Since several materials used in the device’s
manufacturing may not be biocompatible, it must also inhibit any leakage
of chip components into the tissue. Naturally, the encapsulation layer itself
must be biocompatible.

(ii) The encapsulation must protect the device against its biological envi-
ronment. Not only is the device exposed to the biological media, but – as a
foreign body – the implant faces immune response reactions of the organism
[43]. Moreover, living cells that grow on the device’s surface may lead to
harsh and largely unknown chemical environments (eg. in presumed micro-
volumina between the cell and the encapsulation layer) which may trigger or
accelerate degradation processes of the implant.

Both aspects – the protection of the living tissue against chip materials
and the protection of the chip against the biological environment – demon-
strate the importance of an encapsulation (or passivation) material which is
biostable over the intended livespan of the implant of several years. Clearly,
the long term biostability must be ensured before a chronic implantation of
the device in a human being.

This work evaluates three biocompatible materials with regard to their
overall long-term biostability. The candidates for a future retina implant
encapsulation – SiOx:C/SiNy, dry-etch benzocyclobutene (BCB) and poly-
imide 2611 (PI) – have previously been suggested for medical applications.
The verification of their biostability focuses on

(i) the chemical resistance against biological media,
(ii) a low ”diffusion” of surrounding media into the material which might

negatively affect the adhesion of the encapsulation layer to the chip, and
(iii) available technologies to ensure ”water-tight” sealing of the mate-

rial’s interface with the stimulation electrodes. In order to be able to detect
early stages of changes at the polymers’ surface, a process for the fabrication
of ultra-thin samples with a thickness dor ≈ 50 nm is developed. Of the
choosen analytical tools, X-ray photoelectron spectroscopy (XPS) is a highly
surface sensitive measurement technique for the analysis of the chemistry of
the sample layers. Volume- and surface sensitive Fast Fourier infrared spec-
troscopy (FTIR) complements the XPS analysis by providing absorption data
of specific chemical bonds. The XPS- and FTIR data of the dielectrics are
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interpreted based on literature spectra. Most research found in the literature
focused on the materials’ application as dielectrics, the mechanical stress and
adhesion properties in multilayer systems, and (plasma-) surface modifica-
tions such as polishing or roughing. Moreover, polyimides, BCB and SiNx

layers have been employed as diffusion barriers against sodium and potassium
ions and moisture in semiconductor industry. Stelzle [44] and Fromherz [45]
observe the degradation of SiOx layers after in-vivo and in-vitro contact with
neural tissue, respectively. This study for the first time presents a XPS and
FTIR analyis of the materials after exposure to cell culture media in order
to explore the bio-chemical degradation mechanism. Apart from chemical
degradation, the structural integrity of the test layers as well as the water
uptake of the material affect the long-term biostability of the implant device.
Impedance spectroscopy as the third main experimental technique reveals the
electrical behavior of the dielectric encapsulation layers. Thus a higher limit
for the density of pin holes is determined and water (dipole-) molecules are
observed as they enter polymer surface regions. Based on a physical model for
the polyimide layer, this work develops an electric equivalent circuit for the
PI-electrolyte system in the frequency range f = 10−3 ... 107 Hz. This work
concludes with a ranking of the three materials in terms of their suitability
for the long-term biostable encapsulation of a retina implant.

1.3 Organization

Chapter 2 presents prototypes of amorphous silicon based micro-photodiodes
that are designed and manufactured in this work for the in-vitro stimulation
of retinal tissue. Following a brief characterization of amorphous silicon,
the fabrication process is described and current/voltage characteristics are
given. The device cannot be applied to living tissue, however, because the
low-temperature SiNx encapsulation layer does not withstand the electrolyte
environment.

Chapter 3 first summarizes the current status of the encapsulation of in-
vivo retinal implants. Pit corrosion and gradual dissolving of SiO2 demon-
strate the importance of research focused on alternative encapsulation mate-
rials and technologies. Among those new materials, this thesis concentrates
on SiOx:C/SiNy and two polymers which are presented in the remainder of
the chapter.

The analytical measurements to explore the biostability of encapsulation
layers require a size As ≥ 8×8 mm2 of the test samples. Hence not all
specimens can be evaluated in in-vivo trials. In order to partly simulate
the in-vivo conditions of animal tests, this work devises in-vitro cell culture
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experiments with tumor celllines which are presented in chapter 4.
After the cell culture tests, the encapsulation test samples are analysed

using bulk- and surface- sensitive measurement techniques. Chapter 5 in-
troduces to impedance spectroscopy as a means of observing the electronic
behavior of the encapsulation candidates. Infrared spectroscopy and XPS
serve to explore changes in the bulk and surface chemistry of the samples.
After an introduction into both complementary techniques, the effects of X-
ray radiation damage in the polymers for the interpretation of XPS spectra
are analysed (chapter 5.4.2).

Chapter 6 presents the main experimental results of this work. At the
outset, a detailed list of the examined samples demonstrates the high re-
producibility of the XPS- and FTIR analyis following the cell culture treat-
ments. The observed alterations of the surface chemistry lead to a model for
the progressive SiNx degradation. For the first time, a dissolution rate dss
for SiNx in biological growing media is given with dss ≈ 1 ... 2 nm d−1.
The evaluation of the FTIR and XPS spectra for the polymers reveals the
superior biostability of the polyimide samples. A XPS water rinse experi-
ment is performed to explore the effects of potential ”surface contamination”
of polyimide test samples through cell culture residues. The time-series of
XPS spectra support the model of a evolving polyimide-electrolyte interface
region where cell culture media residues are embedded into the PI’s (BPDA /-
PPD) matrix. Subsequently, impedance spectroscopy serves to analyse the
electronic behavior of hot-oven sterilized polyimide samples which are ex-
posed to an electrolyte. Based on a physical model of the polyimide layer
with a columnar-like bulk structure and a high surface roughness, this work
develops an electric equivalent circuit for the PI-electrolyte system in the
frequency range f = 10−3 ... 107 Hz. In aggreement with the XPS analysis,
numerical fits of the impedance spectra indicate a diffusion-like process of
electrolyte components into a evolving surface layer of the material.

The summary of this work presents a ranking of the SiOx:C/SiNy, BCB
and polyimide 2611 with regard to their overall suitability as an encapsulation
layer for a future retina implant and points to unresolved issues which need
further investigation.
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Chapter 2

Thin-film micro-photodiodes
for retina stimulation

This chapter serves two purposes: (i) It demonstrates the feasibility of amor-
phous silicon based micro-photodiodes with a high output voltage for the in-
vitro stimulation of neural tissue and (ii) it motivates the search for biostable,
low-temperature deposited encapsulation layers.

(i) As outlined in chapter 1.1.2, the stimulation of neural activity depends
on the charge transfer through the neural tissue. As the implant’s electrodes
are capacitively coupled to the neural tissue, the charge transfer is maximized
by increasing the interface capacitance CHH of he Helmholtz double layer and
by increasing the output voltage of the photodiodes. Previous generations of
subretinal implants consisted of an array of single c-Si photodiodes which
reach an open circuit voltage Voc ≈ 0.6 V . In order to test neural stimula-
tion with higher voltages, amorphous silicon (a-Si:H) based micro-photodiodes
(MPDs) with Voc ≈ 2 V are designed in this work: Section 2.1 summarizes
amorphous silicon basics. The following sections 2.2 and 2.3 describe the
design of a-Si:H micro-photodiodes and the fabrication steps of prototypes
of 2×4 MPD arrays, respectively. Finally, section 2.4 presents the standard
I/V characteristics of the device in a dry environment.

(ii) The above described a-Si:H MPD arrays are also tested in an elec-
trolyte environment, section 2.4.1. Here, the low-temperature SiNx encapsu-
lation layer proves an insufficient protection which underlines the importance
of research on new encapsulation materials and -designs.

25
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2.1 Amorphous silicon basics

The following description is taken from standard semiconductor and solid-
state textbooks: Street [46], Lucovsky [47], Ashcroft & Mermin [48] and
Fonash [49]. Amorphous silicon exhibits only a short range order between
neighboring Si-atoms. The high absorption coefficient in the visible spectral
range as well as the higher band gap are the consequence of the absence of
long-range order within the a-Si:H material. In contrast to the diamond-
like unit cell which describes the Si-crystal including bond angles and mean
atomic distances, the Si atoms in a-Si:H form a network with a distribution
of angles between Si-Si bonds [50], a wider spectrum of atomic distances
and many Si valence electrons that do not form all four covalent bonds with
neighboring Si atoms but instead exhibit a so called ”dangling bond” [51, 52].
Most device-quality a-Si contains hydrogen which saturates many of these
dangling bonds [53, 54].

In crystalline silicon (c-Si) , the absorption of a photon which provides the
energy for the excitation of an electron from the valence to the lowest conduc-
tion band is a three particle process. During excitation, the electron changes
its momentum and must therefore interact with a phonon (which supplies
that momentum) in order to keep their overall momentum constant. In a-Si,
the distribution of Si-Si neighbor arrangements (see above) means, that there
is no E = E(k) relationship for the electrons in the entire material1. By the
same token, there is no unique dispersion relationship between the energy of
a permitted phonon, Ep = ~ω, (ω = the angular frequency) and the wave
vector k of the vibration mode, Ep = Ep(k), either. As a consequence, the
momentum conservation laws for the absorption of an photon are somewhat
relaxed. Thus, the amorphous material is termed a quasi-direct semicon-
ductor in analogy to crystalline semiconductors. The quasi-direct character
of a-Si:H leads to a 20 to 30 times higher light absorption than crystalline
silicon. Consequently, one can deposit very thin photodiodes (several hun-
dred nm thin) and potentially use flexible polymer substrates. The latter
argument also depends on the technology to grow high-quality a-Si:H lay-
ers at relatively low temperatures, as will be shown in the following section.
Moreover, with a typical a-Si:H bandgap2 Eg ≈ 1.8 eV, a-Si:H based pho-
todiodes reach open-circuit voltages V(a−Si),oc = 0.8 ... 1 V compared with
V(c−Si),oc ≈ 0.6 V for their c-Si counterparts.

1Since there is no crystal, a-Si:H does not feature a Brillouin zone (defined as the unit
cell of the reciprocal lattice, i.e., the lattice in the k space).

2Street [55] and Goldstein [56] describe the energy distribution of the density of states
for a-Si:H. Tauc [57] formulates a mathematical expression for the optical band gap of
a-Si:H material.
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The next section builds on the main advantages of the a-Si:H material –
(i) low temperature thin film deposition and (ii) high open circuit voltage –
and present a new design of a-Si:H MPDs for experiments to explore effective
electrical stimulation patterns for retinal tissue3.

2.2 Photodiode design

This section presents a prototype of a 4×2 array of novel thin film a-Si:H-
based micro-photodiodes which is designed and manufactured in this work
for in-vitro stimulation tests of retinal tissue [59]4.

Previous work on a-Si:H photodiodes focused mostly on the ”conven-
tional” a-Si:H growth process at temperatures above T(a−Si),d = 200◦C. Yang
[60] achieved world record stable efficiencies of ηa−Si = 13% for nipnipnip
triple cells deposited at T(a−Si),d = 220◦C (stainless steel-TCO-nipnip(a-
SiGe)nip(a-Si)-TCO-structure). Conde et al [61] and Koch et al [62] pio-
neered a-Si:H layers and a-Si:H solar cells at T(a−Si),d = 45 ... 100◦C for
large scale applications on plastic substrates. For an earlier design for an
a-Si:H based retina implant, see Schubert [63]. This work presents the first
micro-patterned array of high output voltage a-Si:H photodiodes which are
deposited at T(a−Si),d = 100 ... 150◦C.

The design of the chip focuses on the following biological requirements
and physical / electrical challenges.
(i) High output voltage. As mentioned in chapter 1.1.2, the stimulated gan-
glion cell activity depends on the amplitude and time characteristics of the
current which is injected by a subretinal device (resulting in a stimulation
threshold expressed as the minimum charge transfer, Q =

∫

Idt, necessary
to evoke neural activity). The current amplitude I is determined by the
load resistance Rt of the electrolyte and the retinal tissue (which is either a
fixed parameter, or difficult to control), the electrode polarisation Vch (con-

3Moreover, a-Si:H based micro-photodiodes can be fitted quickly with a variety of
stimulation electrode sizes (i) and -materials (ii): (i) The charge density which is injected
into the tissue can be altered using a variety of ”geometric sizes” of the electrodes. (ii) In
order to minimize electrode charging during a light pulse of a given amount of time, the
electrode’s effective surface area should be maximized. Sputtered TiN features a fractal
internal morphology and is now preferred to the conventional Au material. Alternatives
include iridium oxide [58], among others.

4Parallel to the presented a-Si:H based device, project partners at the IMS and at
the NMI develop a new CMOS process for a new c-Si subret implant chip. Here, each
stimulation electrode is connected to four laterally series connected c-Si photodiodes in
order to obtain Voc ≈ 2 V . The characteristics of the chip will soon be published by the
IMS and NMI.
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Table 2.1: Prototypes of thin film micro-photodiodes based on low-temperature
amorphous silicon, designed and manufactured in this work.

MPD a-Si:H diodes Deposition MPD dimensions
type temperature
A nip 150◦C 690 x 690 µm2, 1x1 mm2

B nipnip 100◦C 690 x 690 µm2, 1x1 mm2

trolled by the state of charging of the Helmholtz capacitance) and by the
I/V characteristics of the MPD [22]:

I =
VMPD(I) − Vch

Rt
. (2.1)

In an attempt to increase the output voltage VMPD, single and tandem a-Si:H
photodiodes (nip or nipnip) are laterally series connected.
(ii) Low deposition temperature. A process temperature of below 150◦C
facilitates the use of polymer substrates or even bioresolvable polylactate
foils. Ultrathin flexible devices would reduce the impact of a future device
in the subretinal space [64].
(iii) Micro-patterning. The process design must include the micro-patterning
of the chip in order to obtain an array of individual photodiodes.
(iv) Protection against electrolyte environment. A low-temperature deposited
encapsulation layer must seal the device against the environment.

Table 2.1 lists the two types of micro-photodiodes along with the layer
sequence, deposition temperature and geometric size, that are designed and
fabricated in this work. Two laterally series-connected n-i-p diodes (deposi-
tion temperature T(a−Si),d = 150◦C) form the type (A) MPDs. The photo-
diodes of the type (B) MPD are themselves stacked nipnip cells (”tandem
cells”)5, T(a−Si),d = 100◦C.).

Figure 2.1 shows the common design of type (A) and (B) MPDs prior
to the deposition of the encapsulation layer and the stimulation electrodes.
Figure 2.1 (a) shows an optical microscope view of an array of four MPDs
(the depicted MPDs are part of a 4×2 MPDA). Each MPD consists of a
central square a-Si:H cell and a surrouding outer photodiode. The outer
and the inner photodiodes have the same area size to achieve an optimal
current match. Figure 2.1 (b) depicts the upper left corner of a laterally
series-connected MPD. The back contact (Cr) as well as the areas of the

5For a description of the working principles of nip and n-i-p-n-i-p a-Si:H based photo-
diodes see references [65, 66, 67, 68]
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inner diode
outer diode

Example of an array of four 
micro photodiodes prior to 
deposition of encapsulation 
layer and electrodes

 (a)

Si-wafer (SiO2)

TCO (ITO, ZnO)
pinpin, or
nipnip

 Cr, Ti/Pd

 Cr

 Cr / nipnip / ITO

 Cr / nipnip / 
ITO

 (b)

 (c)

150µm

Figure 2.1: Micro-photodiodes, designed and manufactured in this work, con-
sisting of two a-Si:H nipnip-structures which are laterally series connected.
(a) Top view of four laterally series-connected a-Si:H tandem cells, compare
with c-Si MPDA in Figure 1.2 (b). (b) Enlarged part of the upper left corner
of a MPD. (c) Cross section of the MPD, corresponding to the part shown
in (b).

single nipnip photodiodes are indicated. In Figure 2.1 (c), a schematic view
of the cross section of the device is presented. The part shown corresponds
to Figure 2.1 (b).

In the tandem structure of MPD type B, most light in the blue spectral
range is absorbed in the top cell. As a result of the decreasing absorp-
tion coefficient of a-Si:H towards longer wavelengths (the external quantum
efficiency decreases rapidly above λl ≈ 600 nm), incoming ”redish” light
penetrates deeper into the material and contributes to the carrier generation
in the bottom cell. For the same reason, the i-layer of the bottom cell is
approximately three times as thick as the i-layer of the top cell6. Light that
reaches the back contact is reflected back into the device.

6This is an optimization between the demand for high absorption even in the redish
spectral range and the requirement, that the generated electron-hole-pairs actually make
it to the doped layers of the bottom cell.
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2.2.1 The size of micro-photodiodes & achievable res-

olution

Naturally, the design of a chip implant should aim at restoring the highest
possible visual resolution. The size of the individual photodiodes as well as
the size of the electrodes limit the spatial resolution that can be achieved
with an implant (rods and cones are several µm in diameter) [4]. In in-vitro
tests as well, a stimulation chip should have a sufficient number of individual
MPDs to trigger spatially ordered ganglion cell activity upon stimulation by
specific light patterns. Apart from technological reasons, however, there is an
– yet unknown – upper limit N to the useful number of individual MPDs per
chip7: The higher the MPD density, the lower the local charge density which
is injected into the tissue in the vicinity of each stimulation electrode. At
some point, a small individual photodiode becomes insufficient to elicit local
neural activity. Thus a large number of photodiodes might actually lead to a
sort of global stimulation of the tissue facing the chip and the detection of the
above mentioned spatially ordered ganglion cell activity would be difficult.
Since N is not precisely known yet (it is the goal of in-vitro tests to find
out the exact stimulation parameters), it is reasonable to start with larger
photodiodes, see ”MPD dimensions” in Table 2.1.

2.3 Fabrication steps

Figure 2.2 outlines the fabrication sequence for the micro-photodiodes. Partly
based on standard thin-film deposition techniques, photolithography- and
etching procedures, the technological process was developed in this work.
After the evaporation and patterning of the Cr- or Ti/Pd - back contact,
the a-Si:H cells are grown in a three-chamber ultra-high-vacuum system us-
ing plasma enhanced chemical vapor deposition (PECVD) with the feedstock
gases SiH4, PH4, B2H6 and H2 [69]. All doped layers are approximately 15 nm
thick. The intrinsic layers (i-layers) of the type (B) MPDs, T(a−Si),d = 100◦C,
are deposited with a hydrogen dilution of rH [(SiH4 + H2) /SiH4] ≈ 10
[70, 71, 72]. Both i-layers exhibit the same band gap Eg ≈ 1.8 eV (i.e., no
methane is added to optimize the bandgap of the bottom cell). No hydrogen
is added during the deposition of the type (A) MPDs. Reactive ion etch-
ing (RIE) using SF6 or CF4 is the favored method for patterning the a-Si:H

7Only a qualitative argument can be given, as there are ongoing in-vitro and in-vivo ex-
periments to explore efficient electrical stimulation patterns of the retina, see also chapter
1.1.2.
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Lithography: IgR-resist (1)

Back contact:evaporation

Back contact patterning

a-Si:H deposition

Lithography: positive-resist

a-Si:H: patterning, RIE

Lithography: IgR-resist (1)

Front contact: ITO

Front contact: patterning

Lithography: IgR-resist (1)

Encapsulation: SiNx

SiNx: lift-off patterning

Lithography: IR-resist

Electrodes: Au

Si - wafer

Laterally series connected 
micro-photodiodes

(a) (b)

Figure 2.2: Process sequence which is developed in this work for thin-film
MPDAs for retina stimulation. (a) A series of deposition processes forms
two laterally series connected a-Si:H cells. Image reversal (IgR) lithography
serves to pattern the back contact and the front contact in a lift-off procedure.
Positive resist lithography provides the mask for the RIE etching of the a-
Si:H layers. (b) Patterning of the encapsulation layer and the stimulation
electrodes. (1) The lift-off technique may be replaced by etching, switching
from IgR lithography to positive photoresist.

absorber8 [73]. For a discussion of plasma-etch mechanisms see reference
[74]; for a survey of RIE applications to Si see reference [75]. Although low-
temperature a-Si:H deposited at T(a−Si),d = 100◦C is suitable for the lift-off
technique [76], lift-off results in a reduced geometric accuracy of the device
compared to the RIE etch process. Sputtered Indium-tin-oxide (ITO) serves
as the front contact of the photodiodes [77]. Alternatively, sputtered Al-
doped ZnO which is embeded into two thin intrinsic ZnO layers can be used
as the front contact material9. The 200 nm thick SiNx encapsulation layer is
deposited in a PECVD process using SiH4, N2 and H2 as the feedstock gases.

8The RIE etching of the a-Si:H material was performed with the help of J. Egelhaaf at
the Institute for Systems Theory and Display Technology (LfB).

9ITO and ZnO are the most commonly used front contact materials within the group
of T ransparant Conductive Oxides – TCO.
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(a) (b)

Counter electrode Stimulation electrode

Contact via in the 
SiNx-encapsulation

150 µm

60 µm

Figure 2.3: Example of a complete MPD including the SiNx encapsulation
layer and the Au- stimulation electrodes. (a) The outer counter electrode
connects to the back contact of the outer nipnip photodiode. (b) The inner
central electrode (=stimulation electrode) is evaporated onto the front con-
tact of the inner photodiode. Both electrodes overlap the contact vias in the
PECVD-SiNx encapsulation layer.

The deposition temperature is limited to that of the a-Si:H layers. Lastly,
the Au electrodes are evaporated and patterned in a lift-off process.

Figure 2.3 (a) shows an example of a complete MPD including the SiNx

encapsulation layer and the Au stimulation electrodes. The stimulation elec-
trode as well as the counter electrode face the inner retina layer in the in-vitro
experiments10. The outer ring electrode (=counter electrode) connects to the
back contact of the outer nipnip (nip-) photodiode. Figure 2.3 (b) depicts
the central stimulation electrode with an area Ase = 60×60 µm2 which is
evaporated onto the front contact (i.e. the ITO layer) of the inner photo-
diode. Clearly visible is the contact via in the PECVD – SiNx passivation
layer with an area Acv = 20×20 µm2).

10Such a design is referred to as ”bipolar” in contrast to the ”unipolar” configuration,
where the counter electrode sits at the opposite side of the chip. Both designs have been
tested with c-Si MPDAs. The current chip generation is of the bipolar type.
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2.4 Current-voltage measurements

In a first step, the standard current / voltage characteristics of the thin-film
MPDs are recorded. A Karl Suss Analytical Probe System facilitates the con-
tacting of the Au electrodes with microprobe needles. The microscope lamp
serves as the light source. By approximation, the spectrum of the halogen
lamp is a 3000 K black body radiation. The higher reflectivity of the lamp’s
reflector for shorter (bluish) wavelengths results in a shift of the spectrum’s
maximum from λmax ≈ 970 nm (λmax = 2.898×10−3 m K / 3000 K) towards
≈ 600 nm, though the exact value is unknown11. The light intensity of the
microscope lamp is below 100 W m−2.

Figure 2.4 shows the I/V curve for an MPD of type (B) consisting of
two laterally series-connected nipnip tandem cells. The general equation for
a photodiode,

I = I0

(

exp

{

q(V − IRs)

nkT

}

− 1

)

− Isc +
V − IRs

Rp
, (2.2)

includes the series resistance Rs and the shunt resistance Rp of the photo-
diode’s equivalent circuit12. I0 is the saturation current, q the elementary
charge, k the Boltzmann constant , T the absolute temperature and n the
(phenomenological) ideality factor. The algorithm developed by Werner [79]
yields a parallel (or shunt-) resistance Rp ≈ 1.2 × 104 Ω cm. A numeri-
cal fit of the I/V data with equation 2.2 (n = 8, I0 = 6×10−6 mA cm−2,
Isc = 0.72 mA cm−2) gives for the series resistance Rs ≈ 1 × 103 Ω. Thus,
the shunt resistance Rp is 1 to 2 orders of magnitude lower than that of a
typical non-patterned laboratory a-Si:H cell [67]. The series resistance Rs is
about three orders of magnitude higher than that of the above mentioned
typical cell [80].

The open circuit voltage as well as the short circuit current are mostly
determined by the amorphous silicon material’s properties and the a-Si:H
deposition parameters. In contrast, the design of the MPD and the processing
steps have a large effect on the shunt– and series resistance of the device.

11The manufacturer does not give further spectral information and no spectrum was
recorded from that specific lamp.

12The I/V characteristics are recorded with a two contacts measurement setup. Hence,
the series resistance of the cable and of the needle – device contacts show up in the curves.
Such series resistances would be excluded in a four-point setup, where the current passes
through two points on the probe and the voltage between the second pair of contacts is
measured [78]. However, as R(a−Si),s is usually larger than the ”external” series resis-
tances, the two point setup does give an accurate I/V characteristic.
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characteristics of prototypes
of micro-photodiodes based
on low-temperature amor-
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(B) consists of two stacks
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Both, Rs and Rp, largely determine the fill factor FF defined as

FF =
VmppImpp

VocIsc

, (2.3)

with the voltage and current at the point of maximum power output Vmpp and
Impp, respectively, the open circuit voltage Voc and the short circuit current
Isc.

The low shunt resistance is most likely caused by pin-holes in the a-Si:H
layers and small holes and spikes in the evaporated Cr-back contact13. As the
subsequently deposited a-Si:H layers form around these shapes, small-scale
back-to-surface short circuits remain which lower the overall shunt resistance.
The high series resistance of the device points to a low conductivity of the
doped layers. The low current density is the result of the low external quan-
tum efficiency of the a-Si:H cell above λl ≈ 600 nm. The spectrum of the
employed halogen microscope lamp with λmax ≈ 600 nm (see the beginning
of this section) is insufficient for a-Si:H cell illumination. A mercury lamp
with several emission lines in the ultraviolett and blue spectrum [81] should
be added to the I/V recording setup to better simulate a solar-like spectrum.

Experiments by Koch [82] showed that the annealing (in ambient atmo-
sphere at a temperature Tan, Tan > T(a−Si),d) of low-temperature deposited
a-Si:H solar cells enhances the fill factor and short circuit current of the de-
vices. Here, neither annealing is attempted14, nor the reverse bias ”burn

13The evaporation system used produces high variations in the evaporation rate. A
switch to a sputtered material would much enhance the homogeneity of the back contact.

14Basically, the annealing at elevated temperatures supports thermally activated pro-
cesses in a-Si:H, such as the break up and re-formation of covalent bonds. The density of
localized energy states which provide the main recombination pathway is reduced. How-
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out” of leakage current paths which might enhance the shunt resistance of
the MPD.

2.4.1 Failure of conventional low-temperature deposited
SiNx encapsulation

In order to record the performance of a-Si:H MPDs in an electrolyte envi-
ronment, the ”micro-droplet contacting method” developed by Stelzle [22] is
employed at the Institute of Natural and Medical Sciences at the University
of Tübingen (NMI)15. A droplet of physiological sodium chloride solution
(Phosphate buffered Saline, PbS, see Appendix 7.1), is placed onto a MPD
stimulation electrode and contacted with an Ag/AgCl electrode in a pipette.
A pulsed halogen lamp (using a chopper) illuminates the MPD.

Within minutes, before a light-pulse– electric current pattern is recorded
on the computer, the stimulation electrode is damaged as shown in Figure
2.5 (a). Although the PbS- droplet covered almost the entire inner a-Si:H
cell, most damage occurs in the vicinity of the Au stimulation electrode.
See Figure 2.3 (a) and (b) for comparison with the intact device. Figure
2.5 (b) depicts the schematic cross-section of the electrode on the MPD.
As described in chapter 2.3, the SiNx encapsulation layer is patterned to
obtain a contact via for the electrode material. The electrolyte test reveals
that the flanks of those contact holes are not sufficiently covered by the
evaporated Cr-Au electrode. The electrolyte can thus leak underneath the
SiNx layer and reach the ITO which most likely starts electrolytic reactions
caused by the potential difference to the Ag/AgCl electrode16. Moreover,
the low-temperature PECVD-deposited SiNx exhibits structural defects –
pin holes – which result in similar reactions at the ITO-electrolyte interface.

The findings of the electrolyte experiment with the a-Si:H MPD under-
lines the importance of a new encapsulation design and new materials. A
sputter process for the deposition of the electrode material improves the ho-
mogeneity of the layer, particularly at the SiNx flanks of the contact via (In
a plasma sputter process, the movement of the atoms from the target to the

ever, at temperatures higher than T(a−Si),d, the hydrogen content in the material decreases
which counteracts the desired reduction in the density of dangling bonds. Thus, the an-
nealing process has to optimized for any given set of a-Si:H deposition parameters [83].

15The micro-droplet contacting experiment was performed by Dr. M. Stelzle.
16The experiment was performed under ambient light conditions, i.e., the chopped halo-

gen light added to a constant illumination D ≈ 10 ... 30 Wm−2. Assuming a capacitance
of the solid-electrolyte interface of the order of CHH ≈ 1× 10−7F and a photo-generated
current (under ambient light) Iph ≈ 1 × 10−8A, the potential between the stimulation
electrode and the Ag/AgCl counter-electrode reaches Vse−ce = 1 V within seconds.
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Figure 2.5: The central stimulation electrode of one micro-photodiode after
current injection into an electrolyte environment. (a) Optical microscope
view showing the heavily damaged vicinity of the central stimulation electrode
and a number of pinholes in the SiNx encapsulation layer, compare with Fig-
ure 2.3 (a) and (b). The PbS droplet which covered the entire area in order to
contact the electrode was removed with N2 before the recording of the picture.
(b) Schematic diagram of the cross section of the device. The buffer solution
reaches the ITO layer at the edges of the contact via in the SiNx layer as well
as through pinholes in the PECVD SiNx layer.

substrate is far less directional than that of thermally evaporated atoms.).
The micro-patterning must be optimized to yield positive flanks, see chapter
3.3. Moreover, research must focus on alternative materials – biocompatible,
transparent, pin-hole free, compatible with micro-patterning techniques – to
ensure the long-term biostability of the implant. In the following chapters,
after an analysis of the currently used ”high temperature” SiO2 encapsu-
lation material, sputtered SiOx:C/SiNy and two organic polymers will be
evaluated as new coatings for a retina implant. The deposition and curing
temperatures of the SiOx:C/SiNx and the Benzocyclobutene (BCB) are com-
patible with the fabrication of conventional thin film a-Si:H photodiodes at
T(a−Si),d ≤ 250◦C. Taking advantage of the high glass transition temperature
Tgtt of the biocompatible polyimide PI 2611, Tgtt ≈ 400◦C [84], a flexible[85]
and biostable a-Si:H based MPDA might be feasible in the future [86, 87].



Chapter 3

Biostability of a Retina implant

The first section of this chapter demonstrates the inadequacy of today’s SiO2

to protect retina implants. In the following section, three alternative encap-
sulation materials are presented. The deposition process and chemistry of
the layers are outlined. Finally, a new technological design opens the way
for positive etch flanks in the encapsulation layer, thus facilitating a homo-
geneous coverage of the corrosion-sensitive electrode material–encapsulation
layer interface.

3.1 Current status

The last chapter ended with a prototype device of micro-photodiodes which
function in a dry environment, but do not withstand the electrolyte ”attack”.
The current retina implant devices which are designed for implantation are
based on crystalline silicon (c-Si), see Chapter 1.1.1, Figure 1.2. Their en-
capsulation layer SiO2 is made from tetra-ethyl-ortho-silicate (TEOS) at a
temperature T(TEOS),d ≈ 300◦C [88]. The SiO2 does not exhibit pin-holes
and it is stable under most in-vitro conditions. However, after the explanta-
tion from rabbit’s and pig’s eyes, the scanning electron microscope (SEM)
and energy dispersive X-ray diffraction (EDX) analysis of the surface reveals
progressive degradation of the encapsulation layer as shown in Figure 3.1 (b)
- (d) [44]. The upper parts of (a), (b) and (d) show optical microscope views
of the (entire) chip. The lower parts of (a), (b) and (d) and all parts of (c)
depict SEM recordings: (a) Three weeks after implantation, no morpholog-
ical damage is visible in the SEM pictures. In the optical microscope view
of the entire chip, the encapsulation layer appears in a homogeneous color,
confirming the overall integrity of the chip. (b) Beginning after six month,
the SiO2 thickness decreases. In the light microscope, the originally

37
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Figure 3.1: SEM (lower parts) and optical microscope (OM) views (upper
parts) of MPDAs explanted from animals (adapted from Stelzle [44]). (a)
MPDA explanted after three weeks. No morphological damage is observed.
SEM shows the electrode embedded in the SiO2 encapsulation. (b) After six
month. SEM reveals a decreased thickness of the SiO2 passivation. The OM
shows a color (grey) gradient and a gap between the electrode and the encap-
sulation evolves. (c) After 10 month. SEM pictures show pit-corrosion in
the passivation layer, compare with Figure 1.2 (b). (d) After 18 month. The
passivation layer is completely removed. The originally embedded electrode
stands out as an ”island”. Compare SEM views in (d) and (a).
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homogeneous color of the passivation layer has changed and exhibits strong
lateral variations on a typical length scale of 20 µm to 100 µm. Later on, after
10 month, pit-corrosion of the underlying Si photodiode is observed, Figure
3.1 (c). (d) Finally, after 18 month, the encapsulation is almost completely
lost and the silicon shows general signs of progressive corrosion. In contrast
to the SiO2, the TiN stimulation electrodes show no sign of morphological
damage, indicating the biostability of the electrode material.

Fromherz [45] observed a similar degradation of SiO2 layers after exposure
to brain tissue. There, the SiO2 serves as the gate dielectric of field effect
transistors in an experimental setup to record neural cell action potentials
[89, 90, 91]. The bio-chemical mechanisms which causes the degradation is
largely unknown.

3.2 Novel encapsulation materials

As outlined in Chapter 1.2, the encapsulation layer of a retina implant serves
two purposes: (i) It protects the surrounding tissue against inner components
of the chip which may not be biocompatible. (ii) It protects the chip against
its (aggressive) biological environment which would dissolve an uncoated sil-
icon device.

The search for alternative encapsulation layers is based on decades of
extensive research on implant materials [92]. Related issues include the im-
mune response to silicone implants [43], the material technology [93] and
the formation of biofilms [94] on hydrophilic and hydrophobic materials such
as contact lenses [95, 96] and the intended biodegradation of polymers [97].
Among biodegradable polymers, poly(DL-lactic-co-glycolic acid) films are
used as synthetic temporary substrates for retinal pigment epithelium cell
cultures [98] and poly(anhydride-imides) are currently investigated for or-
thopedic applications [99]. Nafion (DuPont) perfluorosulphonic acid polymer
(a close relative to Teflon) was found biocompatible and is being tested for
biosensor applications [100].

In addition to the obvious requirement of biocompatibility – for which
standardized tests are required (international standard ”Biological Evalua-
tion of Medical Devices”, ISO 10993, and USP-23 [101, 102, 103, 104, 105])
–, the new materials for the light sensitive subret-chip must be transparent
in the visible and near infrared range. Moreover, their deposition and pat-
terning techniques must be compatible with the overall manufacturing of the
device in a commercial CMOS-line of a chip fab.

The verification of the biostability of the novel materials focuses on (i)
the chemical resistance against biological media, (ii) a low ”diffusion” of sur-
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rounding media into the material which might negatively affect the adhesion
of the encapsulation layer to the chip, and (iii) available technologies to en-
sure ”water-tight” sealing of the material’s interface with the stimulation
electrodes.

3.2.1 SiOx:C/SiNy

The first candidate for an improved implant encapsulation is a further devel-
opment of the well known SiOx:C- and SiNy- dielectrics. The sputter- and
PECVD processes to grow dense layers with a very low pin-hole density for
the SiOx:C/SiNy sandwich structure were optimized by Bucher at the NMI1

and by Vetter [106].
Besides its use as dielectric, the SiNy serves to electronically passivate

Si surfaces [107] and is employed as a diffusion barrier for water vapor [108]
and ions such as sodium and potassium in semiconductor industry. Similarly,
low-temperature SiCx:H layers are deposited for moisture and corrosion resis-
tance [109]. In medical–engineering applications, this sandwich structure or
very similar layers are used to protect micro-electrode arrays (MEAs) for the
recording of nerve-cell signals at the Natural and Medical Science Institute
at the University of Tübingen (NMI). The long-term survival of retinal cell
cultures on Si3N4- as well as on TEOS SiO2- layers was demonstrated [110].

Figure 3.2 displays the atomic configuration of the top SiNx layer of the
SiOx:C/SiNy sample [111, 112]. XPS analysis in chapter 6.1.3 reveals an al-
most stochiometric composition of the top SiNx layer. (a) The 3-dimensional
Si3N4 structure. Solid lines represent the covalent bonds. The ellipses desig-
nate parts of the structure which demonstrate the geometric arrangement of
the atoms: The nitrogen atoms position themselves tetrahedrally around the
silicon atom with an angle of about 109◦ between the N–Si covalent bonds,
see Figure 3.2 (b). Similarly, the silicon atoms form a planar equilateral tri-
angle with the N-atom at its center, shown in (c) [113]. Each Si atom forms
four sp3 hybrid orbitals which overlap with the three sp2 orbitals of the N
atoms, see reference [114]. The resulting covalent bonds are polarized due
to the higher electronegativity of the Si. The formations of covalent bonds
based on sp3 and sp2 hybrid orbitals results in a rigid Si3N4 structure (more
rigid than SiO2, for instance) which is also harder and exhibits higher values
of mechanical stress than SiO2. Though the material is amorphous it is very
dense. As a direct consequence, Si3N4 exhibits a low diffusion coefficient for
ions.

1All SiOx:C/SiNy test samples are prepared by V. Bucher at the NMI.
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Figure 3.2: The atomic configuration of stochiometric Si3N4. Solid lines rep-
resent covalent bonds. (a) 3-dimensional structure. The approximate bond
angles in the amorphous network are indicated. The dashed ellipses and ar-
rows highlight the geometry of parts of the network: (b) The nitrogen atoms
(open circles) are arranged tetrahedrally around the silicon atom (greyish
patterned circles). The dashed lines emphasize the tetrahedral geometry. (b)
From the perspective of the nitrogen atom, the silicon atoms sit at the ver-
tices of a planar triangle centered around the nitrogen. Solid lines represent
covalent bonds, dashed lines indicate the geometry.

Similar to the a-Si:H material described in chapter 2.1, the amorphous
SiNx exhibits a distribution of inter-atomic distances and binding angles.
Thus, the SiNx network exhibits a high density of bonds, particularly at the
surface, which are energetically less stable than the ideal crystalline Si3N4

structure of Figure 3.2 suggests. The hydrogen content of PECVD-deposited
SiNx is typically much higher than that of the sputtered material [115]. De-
pending on the formation of Si-H or N-H bonds, the H-content may corralate
with mechanical stress in the films [116, 117, 118, 115]. Moreover, the corro-
sion rates of SiNx in ”harsh environments” increase with increasing H-content
[119]. The sputtered SiNx used here does contain small amounts of hydrogen,
as is evident in the N-H stretching bands in the FTIR spectra, see chapter
6.1.2.
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Figure 3.3: SEM cross section view of a SiOx:C/SiNx sample.

This first study uses two different substrates: (i) Highly doped wafer,
Wacker, (100), CZ, p-type, B-doped, resistivity ρ(w),l ≥ 0.01 Ωcm are
employed for samples to be analysed with impedance spectroscopy. (ii) Both-
side polished, high resistivity wafer, ρ(w),h ≤ 10.000 Ω cm, (111), FZ, p-type,
B-doped, serve as the substrate material for samples for FTIR analysis. XPS
is independent from the substrate material.

In a first step, following a cleaning (i.e. ”etching”) of the test sample wafer
substrate in Ar atmosphere, the SiOx:C layer is deposited from Hexamethyl-
disiloxan (HMDSO) and O2 in a PECVD system. In a second vacuum system
(i.e., there is an air-break between the deposition of the SiOx:C and that of
SiNx), the samples are first cleaned again by short-time Ar sputtering. The
subsequent sputter process using Ar and N2 and a SiN sputter target gives
the top SiNx layer with a thickness dSiNx

≈ 100 nm. No chemical-mechanical
polishing of SiOx:C/SiNy test layers is performed [120].

Figure 3.3 shows a SEM cross section view of a SiOx:C/SiNx test sam-
ple. Both dielectric layers are indicated. Between them, an interface zone is
observable. The top layer exhibits column-like fragments which most likely
result from the breaking of the material for the SEM cross-section record-
ings. SEM shows a total thickness dio of the SiOx:C/SiNx test samples of
dio ≈ 200 nm.
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The meander-like ”patterns” in the cross section view can be explained by
the SEM preparation: After breaking the sample, the cross section is exposed
to a short Au-sputtering to enhance the conductivity of the dielectric (Au
deposition rate rAu ≈ 1.5 ... 3 Å min−1). The Au forms clusters [121, 122]
which are also observed on BCB and polyimide samples. As artifacts of
the Au sputtering, those ”textures” do not indicate inhomogeneities in the
respective dielectric.

3.2.1.1 Optimum thickness of SiOx:C/SiNy test layers

In order to detect alterations of the SiNx surface by way of transmission
FTIR, the fraction between the affected surface region and the bulk material
should be kept high. Differences in the surface chemistry between a refer-
ence sample and the test sample are simply more likely to be detectable if
inevitable variations in the dielectrics’ thickness, for example, do not over-
whelm the sougth-after effects. A thin test layer is therefore desirable.

The impedance spectroscopy technique yields results about the capacitive
elements of the proposed equivalent circuit. In the experimental setups de-
scribed in chapter 5.2, the thicker the SiOx:C/SiNx dielectric, the lower the
total capacitance of the system and the more difficult it is in the available
frequency range to distinguish additional capacitive elements at the surface
of the material. However, the pin-hole density increases with decreasing
SiOx:C/SiNx thickness which introduces ”artificially” low shunt resistances
of the dielectric. Thus, a balance with regard to the optimum thickness for
the test samples must be found which is in any case lower than the thickness
of the encapsulation of an actual implant device.

3.2.2 Benzocyclobutene – BCB

Dry-etch 3000 series Benzocyclobutene (BCB) from Dow Chemical are used
in the electronics industry as passivation layers (moisture uptake < 0.25 %
at 85 % relative humidity [123]) [124, 125], planarization layers [126, 127],
dielectrics (ǫr,BCB = 2.65) [128, 129, 130, 131, 132, 133, 134], optical intercon-
nects [135, 136], among other applications. Although no standard ISO pro-
cedures (see polyimide section) are reported, preliminary cytotoxicity tests
indicate the biocompatibility of the material [137, 138]. Moreover, in techno-
logical trials conducted during this work, positive etch flanks for stimulation
electrode via are achieved, see chapter 3.3. Positive via flanks allow for a
homogeneous coverage of the encapsulation material – electrode interface.
Thus, the BCB dry-etch characteristics point to a promising long-term seal-
ing of those parts of the device which have been particularly ”corrosion”
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sensitive in the current encapsulation regime.
BCB resins are derived from B-staged bisbenzocyclobutene monomers

which are shown in Figure 3.4. The arrows indicate the main chemical bonds:

BCB monomer

Si O Si

CH3 CH3

CH3 CH3

(i)

(ii) (ii)(iii)

Figure 3.4: Structural formula of the BCB monomer. The arrows indicate
the main chemical bonds between the carbon, silicon and oxygen: (i) C-C
bonds. (ii) Si-C bonds. (iii) Si-O-Si ether group bonds. The polymer forms
during the thermal curing through Diels-Alder polycondensation (not shown).

(i) ”C-C” aromatic bonds, (ii) Si-C bonds, (iii) C–Si–O siloxan bonds. The
BCB polymer forms by way of Diels-Alder polycondensation [139] during the
thermal curing of the material (not shown).

After the application of the adhesion promoter AP8000 (3-aminopropyl-
triethoxysilane) [139], the solution of BCB in mesythylen is spin coated onto
the wafer substrate2. For an analysis of the spin-coating of polymer films in-
cluding the planarization of uneven substrate topography see [140, 141, 142].
With the commercially available BCB-mesythylen solutions, a polymer thick-
ness between d(BCB),cm ≈ 1 ... 25 µm is obtained, depending on the
(final) rotations per minute (rpm) of the spin-dry process. For the cell-
culture experiments in this work, samples with a much reduced film thick-
ness are prepared, see section 3.2.4. All films are cured in a high vacuum
(p(BCB),c ≤ 1×10−5 mbar) chamber with the identical final temperature

2In this work, the BCB is deposited at (i) the University of Kaiserslautern, Dept. of
Physics, research group of Prof. Fouckhardt for integrated optoelectronics, with the help
of S. Wolff and colleques and (ii) at the Institute of Physical Electronics.
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T(BCB),c ≈ 250◦C. The temperature ramp varied between the BCB depo-
sition series which may result in variations of the surface roughness of the
sample layers (yet no AFM measurements are conducted in this work).

BCB samples (d(BCB),cm ≈ 5.5 µm) for implantation in rabbit’s eyes at
the University of Regensburg by Kobuch and subcutaneous implantation in
rats (BSL Bioservice Scientific Laboratories GmbH, Planegg, D-82152 Ger-
many) are manufactured in this work. No final results can be presented for
the ongoing implantation and evaluation trials. However, preliminary histo-
logical examination of the surrounding tissue by Kohler confirm the material’s
biocompatibility [143].

3.2.3 Polyimide 2611 – PI

Polyimide 2611 from DuPont/HD MicroSystems is choosen because of its
tested biocompatibility (international standard ”Biological Evaluation of Med-
ical Devices”, ISO 10993, and USP-23 [101, 102, 103, 104, 105]) and for
its lowest moisture uptake within the group of Pyralin (HD Microsystems)
polyimides [84, 144, 145]. The material is supplied in the form of a liquid
precursor of polyamic acids and N-Methyl-2-pyrrolidone (NMP) as the sol-
vent. The spin-coat process of the liquid onto the wafer substrate yields a
thickness of several micrometer, depending on the final rpm3. As with BCB
samples, the PI specimen deposited for the cell-culture experiments are only
some dPI−1,2 ≈ 50 nm thin, see section 3.2.4. In the curing process at
T(PI),c ≈ 350◦C, the polymer based on biphenyldianhydride / 1,4 phenylene-
diamine (BPDA/PPD) forms by way of a condensation reaction.

Figure 3.5 shows the structural formula of the BPDA/PPD backbone
of the PI2611 polyimide (HDMicrosystems) [146, 84]. The arrows indicate
the main chemical bonds: (i) aromatic C-C, (ii) carbonyl groups C=O and
(iii) imide groups (O=)=C-N. The sp2 hybrid orbitals of the benzene carbon
atoms overlap to form σ-bonds between neighboring C atoms and the hy-
drogen atom [147]. The overlap of the remaining carbon p-orbitals give a π
orbital system encompassing the benzene ring ’above’ and ’below’ the plane
of the six C atoms. This system of delocalized π electrons contributes to
the relatively high stability of the benzene ring. The carbonyl groups form
a plane between the oxygen and the carbon and the two more atoms – N
and C – bound to the carbon. They exhibit a high dipolarity as a result of
the relatively high electronegativity differences between oxygen and carbon.
Thus, electrophilic groups attack the oxygen– and nucleophilic groups the

3All PI test samples for this work are deposited at the NMI with the help of
S. Bauerdick.
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Figure 3.5: Chemical backbone structure BPDA/PPD of polyimide 2611 (HD
Microsystems). The arrows indicate the main chemical bonds between carbon,
nitrogen and oxygen: (i) C-C bonds in the benzene rings. (ii) C-N bonds.
(iii) C=O carbonyl groups.

carbon-side group. The nitrogen forms four sp3 hybrid orbitals which result
in non-planar bonds with the three neighboring C atoms plus one N(2p) lone
pair orbital. The cured PI films may be patterned in a dry etch process using
an Al mask (see also section 3.3 for dry-etch BCB patterning) and a O2-CF4

or O2-SF6 gas composition [148, 84].
BPDA/PPD polyimide is a further development of the PMDA / ODA

structure which is still the most widely used polyimide, commercialized as
”Kapton” by DuPont. In contrast to PMDA / ODA, the BPDA/PPD struc-
ture does not have a (highly flexible) ether linkage (C-O-C). The dielectric
constant of PI 2611 (BPDA/PPD backbone), ǫr,P I = 2.8, is lower than that
of PMDA / ODA. Both polyimides find application in the semiconductor in-
dustry as passivation and planarization layers and dielectrics (BPDA/PPD).

3.2.4 Ultra-thin PI- and BCB layers

As already mentioned, the transmission infrared spectroscopy spectroscopy
is more sensitive to changes at the surface if the bulk material is kept rela-
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tively thin. Thinness of the test sample facilitates also the impedance spec-
troscopy technique, described in chapter 5.2: In polyimide (probably also in
BCB, though the reproducibility of the spectra is much lower) the infiltra-
tion of electrolyte components after hot-oven sterilization leads to changes
in the electronic behavior of a thin surface region of the sample, see chapter
6.3.4.3. Alterations of the bulk material take place on a much longer time-
scale. Therefore, in order to be able to observe diffusion-like processes in
a thin polymer–electrolyte interface region in the available frequency range
f = 10−3 ... 3 ×105 Hz, a thin (bulk) material layer is favored.

To this end, both commercially available organic solutions for BCB and
PI are further diluted with the respective pure organic solvent. The solvent is
filtered (0.1 µm) and the new solution is given about 24 hours time before it
is applied to the wafer substrates. Two dilution-series serve to determine the
necessary precursor concentrations to yield an approximate layer thickness
of dorg ≈ 30 ... 60 nm as determined by surface profiling (SLOAN Dektak)
and SEM cross section measurements. The chemistry of neither polymers
are affected by this dilution process: The FTIR- as well as the XPS studies
confirm the chemical structure of the test layers as compared to the literature
data, see chapters 6.2.2 and 6.3 for BCB and PI, respectively.

3.2.5 Morphology of the polymers

Both polymers consist of highly cross-linked networks after the curing pro-
cess. With the exception of etch tests for stimulation electrode via, see chap-
ter 3.3, neither patterning steps, nor surface polishing, see [149, 150, 151] for
BCB chemical-mechanical polishing, or deliberate surface modification [152]
of any sort is attempted in this work.

The test layer’s morphology is directly only observed in SEM measure-
ments. Figure 3.6 presents a cross-section view of a thin PI sample. The
meander-like ”patterns” on the wafer can again be attributed to Au coagu-
lation [121, 153, 154], compare with Figure 3.3 in section 3.2.1 (for polymer
metallization see references [122, 121, 153]). Apart from those Au- artefacts,
a vertical, almost columnar structure in the PI film is clearly distinguishable
[155, 156]. On this SEM scale, hillocks are apparent with lateral dimensions
of the order of dhill ≈ 20 ... 50 nm.

Most literature focuses on topics such as the adhesion of metals on the
polymer dielectrics [157, 158, 159, 160, 161, 162, 163, 164, 165] and on the
related issue of modifying the surface through etch processes [166, 167, 165,
168, 169, 170]. Such etch steps include UV irradiation [171, 172, 173, 174], Ar
sputtering [175], SF6-, CF4, O2 plasma etch [176, 177], among others. Quanti-
tative data for surface roughness vary widely for different substrate pretreat-
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PI

Figure 3.6: SEM cross section view of an ultra-thin polyimide test sample.

ments and (etch) treatments of the deposited layer. Amagai [163, 164] gives
for untreated spin-coated PMDA-ODA a maximum ”peak-to-valley” distance
of dmax = 4 ... 60 nm. Neirynck [149] calculates a rms surface roughness for as-
deposited BCB (”best region”) of 0.41 nm. Borst [178] present similar AFM
observations. Moreover, a certain degree of polymer crystallinity (sometimes
supported by XRD measurements of polyimide [166]) is often presented as ex-
planation for grass-like surface features after plasma-etch procedures. Patel
[179, 180] reports on mechanical anisotropy of the cured PI 2611 film.

The surface roughness of the samples affects the experiments in this work:
Small-scale variations in the thickness of the films increase the capacitance
of the dielectric as observed in impedance spectroscopy, see chapter 6.3.4.3.
Moreover, cracks and fissures on a fine nm scale in PI support the model
of electrolyte infiltration following hot-oven sterilization, see chapter 6.3.4.3.
XPS studies in chapter 6.3.2.3 make also reference to the test sample’s mor-
phology.

3.3 Sealing of stimulation electrodes

In order to apply electrical pulses to the neural tissue, the stimulation elec-
trodes on the silicon chip must go through the encapsulation layer and reach
the outer surface. The general problems regarding the adhesion of the metal
electrodes to the dielectric material are well known from the design of inter-
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electrode 
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(b) (c)
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front contact (TCO)

5 µm10 µm

Figure 3.7: Design study of electrode-via through encapsulation layer(s). (a)
Schematic cross-section. The electrode is embedded into an inner and outer
passivation layer. (b) SEM top view of a model electrode. (c) SEM cross
section view of a similar electrode design. See text for deposition procedures.

connects in chip fabrication. However, in the context of the retinal implant,
a long term sealing of the electrode–encapsulation interface against ion diffu-
sion from the electrolyte environment must be accomplished. Today’s TEOS
SiO2 (made from tetra-ethyl-ortho-silicate) features ≈ vertical etch flanks
and the thickness of the sputtered TiN electrodes reduces considerably at
the SiO2 edge (see the non-flat inner surface of the stimulation electrodes in
the SEM views of Figure 3.1 (a) and (d)).

Figure 3.7 presents a design study for electrode feed-throughs (via) which
is performed in this work. (a) On the photodiode’s transparent conductive
oxide (TCO) a first layer of the gold electrode material is deposited and
patterned in a lift-off technique. The usual lithography of the photoresist
which forms the inner passivation is followed by a temperature ramp (prefer-
ably under low-oxygen conditions) which results in ”smooth” resist-flanks.
A SiNx layer serves as the outer passivation which would provide enhanced
scratch-resistance of the encapsulation during the forceps- handling of the
device in the implant-surgery. The SiNx is patterned in HF [181]. Lastly, the
positive edge of the inner passivation provides the basis for the homogeneous
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(b)1 µm

edge from lift-off,
see text

BCB
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Figure 3.8: Au-electrode – BCB encapsulation interface. A dry-etch process
for the BCB material results in positive via flanks (α ¡ 90◦). The sputtered
Au homogeneously covers the encapsulation material.

second deposition of the Au layer which is patterned to obtain the final ge-
ometry of the stimulation electrode. Figure 3.7 (b) shows a top view (with
a certain inclination) of a model electrode embeded in hardened photoresist
encapsulation. In (c) the cross section of the electrode is depicted. The ar-
rows indicate the outer edge of the Au electrode – in (b) – and of the SiNx

outer passivation – in (c). In (c) the outer Au edge lies beyond the displayed
SEM window. Samples in (b) and (c) have a different geometry.

For a real implant, photoresist can, of course, not be used as the inner
passivation. Figure 3.8 shows a similar design using BCB as the encapsu-
lation layer. The BCB layer is patterned in an optimized O2 & CF4 dry
etch process [182, 183, 184, 185] using an aluminum mask4. The Al mask
may be patterned in a lift-off or wet-etch process. References [188, 189, 190]
describe RIE processes with PECVD SiNx and SiO2 etch masks, reference
[191] presents a photoresist soft mask process. The first Au electrode layer
seen in Figure 3.7 is omitted and the ”outer” Au layer directly contacts the
ITO. The arrow highlights the positive etch flank in the BCB, α ¡ 90◦, which
provides the basis for the homogeneous coverage by the Au.

The handling of the implant device during surgery may lead to scratches
in the polymers’ surface which might impair the long-term stability of the

4Technological remark: The CF4 component in the etch gas attacks Si-O bonds in
BCB, see Figure 3.4 [186, 187]. Consequently, no SiO2 passivated substrate may be used
for BCB etch trials.
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encapsulation. Similar to the design study in Figure 3.7, future technological
work on the polymer encapsulation may include an outer inorganic SiNx- or
SiOxCy- based layer with much enhanced scratch resistance. The idea of a
inorganic / organic double layer encapsulation appears in the semiconductor
industry for the passivation of thin film hybrid circuits [192], the protection
of space craft [193, 194] among others. Reference [195] aims at improving the
adhesion of PECVD SiO2 and SiN2 on BCB by analysing mechanical stresses
in multilayer systems [196, 197, 193, 198].
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Chapter 4

Cell-cultures for in-vitro tests

This chapter describes the in-vitro cell culture experiments which are em-
ployed to simulate the effect of living tissue on the test sample encapsulation
layers. The cell cultures are characterized and the last section presents the
experimental procedures for the in-vitro experiments.

4.1 Cell-cultures

As outlined in chapter 1.2, the long-term integrity of the implant encap-
sulation must be tested before the application of the device to human be-
ings. Current observations include on the one hand the degradation of the
TEOS - SiO2 encapsulation after implantation in different animal models for
up to 18 month, see chapter 3.1. Also, multi-electrode-arrays (MEA) with
a SiOx:C/SiNy passivation show a decrease of the SiOx:C/SiNy- thickness
where rat’s brain tissue was in close contact with the device for approxi-
mately 3 month [199]. On the other hand, in-vitro experiments with PbS at
elevated temperatures show no such ”corrosion” of SiNx encapsulation layers
[199]. Moreover, the exact (bio-) chemical processes which lead to the failure
of SiO2- or SiOx:C/SiNy- layers are largely unknown [45].

While test-sample implantations in animal retinae come as close as pos-
sible to a device implantation in the human retina, they are also the most
expensive and morally critical available tests. Moreover, XPS and FTIR ex-
periments require a minimum size of the test samples of As ≥ 8×8 mm2,
which precludes retinal- or subcutaneous implantations. In this work in-vitro
cell culture experiments are devised to partly simulate the in-vivo conditions
of animal tests. The cells attach to the test layers, reproduce, form networks
and release enzymes and metabolites into the culture medium (see reference
[200] for a description of various substances which are produced by cells and

53



54 CHAPTER 4. CELL-CULTURES FOR IN-VITRO TESTS

”exported” into the extracellular domain.). The choice of the cell cultures
is determined by (i) the necessary development of a relatively homogeneous
cell coverage over the entire sample area. All three main experimental tech-
niques, particularly the XPS and the FTIR spectroscopy, require a minimum
geometric size of the test samples of the order of As ≥ 8×8 mm2. (ii) The
cell cultures must be well established in the biology community in terms of
handling, proliferation rates, etc. (iii) The retina environment cannot be ”re-
produced” by in-vitro cell cultures. Therefore, different cell types should be
used in parallel experiments to check for culture-specific changes in the en-
capsulation layers [201]. At the time of the experiments no nerve cell culture
was available for in-vitro tests. The following section presents the two cell
cultures chosen for this work that are available at the Department of Biol-
ogy, University of Stuttgart, research group of Prof. D. Hülser ”Biophysics”.:

BICR /M1Rk, ”Marshall cells”
In 1969, the BICR /M1Rk cells – throughout this work called ”Marshall cells”
– were established as an in-vitro cellline derived from a transplantable tumor
BICR/M1which had been cultivated from the spontaneous mammary tumor
of a femal Marshall rat [202]. The Marshall cellline grows under standard cul-
ture conditions in Dulbecco‘s medium at Tinc = 37◦C under cCO2 = 8 % atmo-
sphere. Rajewsky & Grueneisen [203] give a doubling time t(BICR),d ≈ 14 h
up to a saturation density of ρ(BICR),s ≈ 14 × 104 cells cm−2. The Marshall
cells are of a fibroblastoid type.

HeLa cells
The HeLa cellline originates from a human cervix carzinoma. The in-vitro
cellline was first cultivated in 1953 [204]. HeLa cells exhibit an epithelial
morphology, see references [205, 206]. More specifics may be obtained from
the ”American Type Culture Collection” (ATCC), a non-profit bioresource
center. (http://www.atcc.org).

Figure 4.1 demonstrates the reproduction and cross-linking of Marshall cells
on an exemplary polyimide sample in (a) and HeLa cells on a polyimide
sample in (b). Both pictures are recorded approximately tpic ≈ 20 min
after the petri dishes were removed from the incubator and exposed to an
ambient atmosphere at a temperature of Tpic ≈ 15 ... 20 ◦C. In order to
discern individual cells, both photos focus on border regions of clustered cells.
Cell dendrites reaching out to neighboring cells indicate the two-dimensional
growth of both cell cultures, eventually leading to an almost homogeneous
coverage of areas of up to 1 mm2 of the samples‘ surface. Separated by
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regions with a lower cell density, such islands of cell clusters cover the entire
surface of the samples, As = 250 mm2.

HeLa-cells on 
polyimide sample

Marshall-cells on 
polyimide sample

ca. 20 µm

(a)

(b)

Figure 4.1: Optical microscope view of living cells on polyimide samples. (a)
Marshall cell culture after 13 days. (b) HeLa cell culture after 18 days.

4.1.1 Cell culture procedures

All cell culture experiments are conducted at the Dept. of Biology of the
University of Stuttgart, Institute of Biophysics, Prof. D. Hülser. The ex-
periments are planned with the help of Dr. Brümmer and carried out in
co-operation with B. Rehkopf and colleques.

The schematic diagram in Figure 4.2 shows the sequence of process steps
for the cell culture experiments. At each stage, a group of samples is anal-
ysed as described in chapter 5. The untreated samples are refered to ”As
deposited” in the following work. All samples that are to be treated with
living cells or exposed to the control medium are sterilized in a hot-oven at
Th.o. = 105◦C for tst ≈ 10 hours in ambient atmosphere. The cell culture is
started by immersing the samples into the growing medium in a petri dish
followed by sowing ≈ 15.000 Marshall - or HeLa - cells onto the samples’ sur-
face. The control series contains no living cells in the growing medium. All
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Figure 4.2: Schematic diagram of the cell culture experiments.

three sample groups are stored in an incubator at Tinc = 37◦C and a carbon
dioxide concentration of cCO2 = 8 %. Depending on the planned duration of
the celltests, the growing medium is replaced approximately every two to five
days1 The color of the growing medium serves as an indicator of its pH value.
Due to the release of metabolic waste products of the cells, the pH value de-
creases over time reaching pH = 6.7 (the medium turns form red through
orange to yellow) as the lowest reasonable concentration for a ”healthy” cell
culture. Changes in the morphology of the cells such as a rounding up of the
cells or a detachment from the samples’s surface indicate the deterioration
of the cell culture. If detected early, a medium change can help restore the
healthy status of the cells.

After the removal of the samples from the cell culture, the cells that
remain attached to the surface of one group of samples are removed with
PbS at TPbS ≈ 35 ◦C. A second group of samples is treated with trypsin
at the end of the cell culture experiments. As a member of the protein

1The number of cells on the samples growth exponentially with time until the satura-
tion limit, see reference [207]. With increasing duration of the celltest, the cells exhaust
the growing medium faster and produce more waste which is released into the medium.
Therefore, the growth medium should be replaced more often towards the end of the
celltest than at the start of the experiment.
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splitting serin proteases, trypsin is a commonly used enzyme to inhibit the
cell-cell adhesion2. In the context of this work, trypsin reduces the cell-sample
adhesion, thus lowering the amount of residual cells or cell-components on the
samples surface. Following the removal from the cell medium, the samples
are rinsed in PbS. In a second step, the samples are immersed in trypsin (at
Ttryp = 37◦C) for 5 min. A last PbS rinsing completes the cleaning procedure.
The control-medium samples are also rinsed in PbS.

Until shortly before the XPS and FTIR measurements, one group of sam-
ples is stored in PbS (at room temperature and low light intensity), followed
by a last rinse in deionized water and drying with clean nitrogen. All other
samples are immedeately rinsed in deionized water, dried with clean nitrogen
and stored under ambient atmosphere and low-light conditions.

Appendix 7.1 lists the enzymes and vitamins and the inorganic compo-
nents of the Dulbecco’s growing medium (throughout the text called control
medium, co.-me.).

2Thus disaggregated cells may be used as seed cells to initiate a new in-vitro cell culture.
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Chapter 5

Measurement techniques

This chapter presents the main techniques employed in this work to charac-
terize the inorganic and organic encapsulation materials. The first section
(5.2) focuses on impedance spectroscopy. Following a description of the ex-
perimental setups, the mathematical analysis of the impedance data based on
an equivalent circuit is outlined. The next two sections (5.3), (5.4) introduce
to the Fast Fourier Infrared (FTIR) spectroscopy and the X-ray photoelectron
spectroscopy (XPS), respectively. The IR spectrum of the growing medium is
presented and a series of XPS cycles on one polyimide sample demonstrates
the radiation resistance of the polymer.

5.1 Choice of techniques

As described in chapter 3.1, current observations on explanted SiO2 layers
and by Fromherz [45] suggest a biochemical degradation mechanism of the in-
organic encapsulation layers. Consequently, XPS as a highly surface-sensitive
analytical tool is choosen to detect changes in the chemical binding configu-
rations after the in-vitro cell culture tests presented in the previous chapter
4.1. Recorded spectra are compared with an extensive XPS literature data
base for all three encapsulation materials used in this work and variations
are assigned to an increase or a decline of specific chemical bonds1.

The characteristic high surface sensitivity of XPS makes this method vul-
nerable to a distortion of results through surface contamination of the sam-
ples. Hence, in addition to a careful experimental analysis, the transmission

1Most XPS analysis in the literature focuses on the dielectrics’ adhesion properties in
multilayer systems and on (plasma-) surface modifications such as chemical-mechanical
polishing and roughing in semiconductor industry. Although the cell culture treatment
performed in this work is of an entirely different nature, the literature XPS spectra provide
a rich source for the interpretation of the spectra that are recorded in this work.
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FTIR serves as the volume- and surface sensitive, complementary measure-
ment technique to control the absolute number of the main material-specific
chemical bonds.

Apart from chemical degradation, the structural integrity of the test lay-
ers as well as the water uptake of the material affect the long-term biostability
of the implant device. Impedance spectroscopy as the third main experi-
mental technique observes the electronic behavior of the dielectric materials.
Thus a higher limit for the density of pin-holes in the test layers can be de-
termined and dipol moments – such as water molecules – observed as they
penetrate the polymer surface region.

Each of the three measurements techniques has its merits and disad-
vantages. Combined, the three techniques yield strong arguments for the
evaluation of the long-term biostability of the encapsulation layers.

5.2 Impedance spectroscopy

5.2.1 Experimental setup

The measurement configurations to record impedance spectra should be
choosen so as to minimize the impact of the setup on the material in terms of
changes to the materials morphology or its chemical composition. Moreover,
the setup must yield reproducible spectra for similar sample specimen.

Figure 5.1 presents the electrolyte cell setup which is used to record most
of the impedance spectra of the dielectrics. The setup is adapted from ref-
erence [208] where it serves for the impedance spectroscopy of components
of dye-sensitized solar cells. The silicon wafer substrate of the dielectrics
serves as the back contact in the electric circuit. The front surface of the
samples is contacted using Phosphate buffered Saline electrolyte (PbS), see
Appendix 7.1, which minimizes the mechanical interference with the probe.
Furthermore, this contact method facilitates the study of changes of the
electrochemical behavior of the dielectrics over the time of exposure to the
physiological PbS (in analogy to exposure to physiological solution in the
human eye). A semi-transparant Cr-layer on a upper glass substrate serves
as the reference electrode of the electrochemical cell. In an attempt to ex-
plore possible oxydation- or series-resistance effects of the semi-transparent
Cr layer, two polyimide samples are mounted in the electrolyte cell using
several hundred nm thick evaporated gold as the ”top”-electrode. No signif-
icant spectral changes are observed. A foil based on Ethylen/V inyl/Acetat
copolymers (EVA foil) provides for the spacing between the dielectric/wafer
– and the Cr-glass plate and seals the cavity. During the assembly, PbS is
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Figure 5.1: The ”electrolyte cell” setup for impedance spectroscopy on dielec-
tric layers. The front side of the dielectrics is contacted with an electrolyte
solution. The highly-doped silicon wafer substrate and the thin Cr layer on
the glass sheet serve as electrodes which are contacted in either a two-point
or four-point measurement setup.

filled into the cavity through two holes in the glass subtrate which are sub-
sequently sealed up. 1 cm3 PbS contains approx. 0.9 × 1020 Na+ and Cl−

ions each. Thus, the potential drop accross the highly conducting PbS is
negligible and no third auxillary electrode is necessary.

5.2.1.1 Alternative contacting methods – (A) contact evaporation

In an alternative contacting method to the electrochemical cell, a thin Au
layer (d ≈ 200 .. 300 nm), preceded by several monolayers of Cr is evaporated
through a shadow mask onto polyimide samples [209]. The wafer substrate
is contacted using an Ag contact stripe similar to the electrochemical cell.
During the measurement, the one or two microprobe needle/s (in the two or
four point measurement setup, respectively) directly contact the gold ”top”
layer on the polyimide. Depending on the varying contact pressure in the
setup, the tungsten or gold needles locally deform (i.e. impress) the underly-
ing polyimide to an unknown degree. As a result, the volume shunt resistance
decreases (unreproducibly). The variation of the volume shunt resistance is
most dramatic for thin polyimide layers, see chapter 6.3.4.1.

The contact evaporation is only tested with polyimide samples. It is
expected that similar measurement results would be obtained with BCB
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samples. The thicker SiOx:C/SiNy layers might prove more resistant to me-
chanical stress during the needle contacting which would improve the repro-
ducibility of the layer’s shunt resistance. However, as with the two polymer
dielectrics, the electrolyte cell appears the least invasive contacting method
for the SiOx:C/SiNx samples.

5.2.1.2 (B) Gold leaf contacting

The evaporation of the contact material requires the sample to be temporarily
exposed to vacuum. Thus, the evaporation method precludes all polyimide
tests involving the possible uptake of electrolyte components after the hot-
oven sterilization or the exposure of the polyimide material to the growing
medium of living cells.

The third contacting method explores the formation of a planar capaci-
tor (with the polyimide as the dielectric) using gold leaves. Commercial gold
leaves are cut into 1 cm2 pieces and attached to the polyimide surface using a
commercial squirrel-hair brush. Under low air-ventilation conditions, an Au
wire (≈ 20 µm in diameter) is bonded to the gold leave with a tiny droplet of
silver conductive paint. In contrast to the standard application of gold leaves
to solids, no adhesive promoter (commercial liquids of undisclosed composi-
tion) is applied. The resulting Au layer shows a ”homogeneous pattern” of
small-scale ”wrinkles”. The fraction of the gold surface which touches the
polyimide surface (i.e. comes close to the theoretical separation of some 50
nm from the wafer contact) is unknown. A polyimide capacitance which is
difficult to reproduce and by a factor of 30 ... 100 lower than theory requests
is the result. Although the margin of error should decrease with increasing
polyimide thickness, this contacting method is only tested on the thin PI-1
series. Further experimental learning might improve the applicability of the
gold leaf contacting method; in this work the initial results are presented in
section 6.3.4.1 but the method is abandoned in favor of the electrolyte cell
experiments.

5.2.2 Equivalent circuit

Figure 5.2 depicts the likely equivalent circuit of the two-electrode elec-
trochemical cell shown in Figure 5.1. The silicon wafer substrate and the
chromium layer on the glass plate form the outer RgCg elements shown in
(a). For the electrolyte cell setup that is used throughout this work, the
total surface area As divides into an area APbS ≈ 100 mm2 that is covered
with the electrolyte (ǫH2O = 80 [210]) and an area AEV A ≈ 150 mm2 used
by the Ethylen/V inyl/Acetat– based (EVA) sealing of the electrolyte cell
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Figure 5.2: Simplified equivalent circuit of the two-electrode electrochemical
cell. The silicon wafer and the Cr-glass form the outer geometric RgCg ele-
ment of part (A). Two series-connected RC-elements are identified, namely,
(B), that of the Helmholtz double layer (HH) and (C) that of the dielectric
material (DE). ic indicates the component of the total current which origi-
nates in the charging of the capacitive element CHH . The faradaic current
through the shunt resistance RHH is marked with if . The arrows at the Rs

series resistance exemplarily indicate the uniform direction of the voltage and
current across all circuit elements.

(ǫEV A ≈ 3-4). While As is almost constant, APbS has a margin of error of
MOE(A),P bS = ± 20%. The separation of both ”electrodes” is of the order
of dCr−W ≈ 200 × 10−6 m but varies between individual cell-assemblies.
The general equation for a plane capacitor holds,

C = ǫ0ǫr
APbS,EV A

d
, (5.1)

where ǫ0 , ǫr are the universal dielectric constant and the dielectric constant
of the material, respectively, A is the surface area of the capacitor and d is
the separation between the capacitor’s planes [210]. Equation (5.1) yields a
geometric capacitance Cg ≈ 3 ×10−10 ... 3 ×10−9 F.

Figure 5.2 (b) and (c) illustrate the series connection of two RC-elements,
namely, that of the Helmholtz double layer (HH) at the solid-state – elec-
trolyte interfaces, see references [211] and [212], and that of the dielectric
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probe (DE), respectively. The electric current that flows through the HH
layer consists of one component ic from the charging/decharging of the al-
most ideal double layer capacitance CHH and another component of faradaic
currents if . For simplicity, the shunt resistance RHH is regarded frequency-
indepent in this work. The capacitances for the inorganic and organic di-
electrics are given by equation 5.1. All capacitances come close to ideal
capacitive elements. The more complex behavior of the two polymers PI
and BCB after sterilization requires a more detailed description of the model
electric circuit which will be given in the context of the analysis of the ex-
perimentally recorded impedance spectra, see chapter 6.3.4.3.

Throughout this work, a parallel RC element plus a series resistance is
termed Randels equivalent circuit, see reference [213, p. 376].

5.2.3 Mathematical description and fitting routine

In impedance spectroscopy, the measurement configuration is perturbed by
an alternating voltage signal of small magnitude V0; V0 = 10 mV throughout
this work. The current amplitude I0 and phase shift φ relative to the ap-
plied voltage signal is recorded by the measurement instrument (HP 4192A
LF impedance analyser or a Schlumberger Solatron 1250 frequency response
analyser combined with an EG & G 273 A potentiostat) as described in
references [213, p. 368 ff.], [214], [215].

The current–voltage correlation is conveniently described using complex
notations [216]. Thus, a purely sinusoidal voltage signal U is expressed by

V = V0e
j(ωt+φ), Im{V } = u(t) = U0 sin(ωt + φ), (5.2)

where ω is the angular frequency, V0 the amplitude, v(t) the time-dependent
voltage and j the imaginary unit, j =

√
−1. The correlation between a pure

capacitance C (eg. Rsh = ∞, Rs = 0 Ω), the time-dependent voltage v(t)
and time-dependent current i(t),

i(t) = C
du(t)

dt
= CUoω cos(ωt + φ) = Im{I}, (5.3)

holds also in the complex system2,

I = C
dU

dt
. (5.4)

Thus, the complex resistance or impedance Z, defined as

Z =
U

I
, (5.5)

2That is because d(Im{U})
dt

= Im{ dU

dt
}.
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equals

Z =
1

jωC
. (5.6)

For Rs > 0 Ω,

Z = R +
1

jωC
(5.7)

holds. The admittance Y of a parallel RC-element is defined as

Y = G + jωCp, Y =
1

Z
(5.8)

with the conductance G. From the previous equation 5.8 follows for the
impedance Z

Z =
G − jωCp

G2 + ω2C2
p

(5.9)

ReZ =
G

G2 + ω2C2
p

(5.10)

ImZ =
ωCp

G2 + ω2C2
p

. (5.11)

Thus, Im Z can be expressed in terms of Re Z and the conductance G for a
parallel RC-element,

ImZ = −
√

ReZ(1/G − ReZ). (5.12)

Adding the inevitable series resistance Rs to the RC-circuit leads to

ImZ = −
√

(ReZ − Rs)(1/G − ReZ − Rs). (5.13)

The capacitors shown in Figure 5.2 represent the special case of the more
general Constant Phase Element (CPE), defined as

Z =
1

A(iω)κ
. (5.14)

A represents the amplitude ([A] = FκS1−κcm−2) and κ the phase angle of the
circuit element. κ = 1 yields the ideal capacitor and κ = -1 results in an ideal
inductance. In this work, any inductive elements in the experimental setup
are neglected and κ varies between 0.5 and unity. All capacitances in the
equivalent circuit of Figure 5.2 come close to ideal capacitive elements, indi-
cated by κ = 0.9 ... 1. A value of κ = 0.5 that occurs in the fitting procedure
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of measured impedance data indicates a process which might be governed by
the diffusion of electrolyte components. A more detailed equivalent circuit is
then required, see chapter 6.3.4.3.

Based on a specified equivalent circuit for the experimental configura-
tion, the fit of all circuit parameters for the entire frequency range is numeri-
cally performed using the program ”Zview.exe” from Scribner Associates Inc.,
North Carolina, USA. However, a simple Randels equivalent circuit (i.e., a
parallel RC element with a series resistance) may be fitted in a ”hands-on”
approach as this paragraph illustrates: The conductance G as well as the se-
ries resistance Rs of the Randels circuit are obained by fitting ImZ = f(ReZ,
Rs, G) in equation 5.13 to the experimental data. In a similar manner, a
fit of ReZ = f(G, ω, Cp) or ImZ = f(G, ω, Cp), equation 5.11, with the
experiment, ReZ = ReZ(ω), or ImZ = ImZ(ω) yields the capacitance Cp as
the only free parameter that is left in the model.

Figure 5.3 and Figure 5.4 show examples for both fit procedures. The
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Figure 5.3: (a) Nyquist plot for the high-frequency range of the impedance
spectrum of a polyimide sample. The fit curve illustrates the fitting routine
for Rs and G of a Randels equivalent circuit. The shaded area indicates
the onset of a second semi-circle towards lower frequencies. (b) Phase angle
φ between the current I and the voltage V signal over the entire frequency
spectrum. The shaded area indicates the frequency range of Figure (a).
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Figure 5.4: Example for the fitting routine for the capacitance CDE. (a)
and (b) show ReZ and ImZ plotted versus the angular frequency ω. The
experimental data and the numerically fitted curves based on one parallel
RC-element are given.

spectrum is recorded from a polyimide sample in the electrolyte cell setup.
For simplicity, the geometric RgCg-element of the setup may be neglected.
The resulting equivalent circuit consists of two series connected RC elements:
RdeCde and RHHCHH . In Figure 5.3 (a), ImZ is plotted versus ReZ for
the high frequency range where the RdeCde-parallel circuit of the dielectric
plus the series resistance Rs in the setup dominates the electric behavior.
Following equations 5.11 and 5.11 for a parallel RC-circuit, the Nyquist plot
should form a semi circle with ReZ = ImZ = 0 as the angular frequency
ω approaches infinity. For ω → ∞, a series resistance Rs shows up as the
minimum of ReZ, see equation 5.7.

The steep part of the measured data towards a high Im Z component
signals the onset of a second arc (i.e. a second semi-circle) which corresponds
to the second RC-element CHHRHH of the equivalent circuit in Figure5.2 (b).
Figure 5.3 (b) shows the phase angle φ,

φ = 180/π arctan
ImZ

ReZ
, (5.15)

for the entire frequency range f = 10−4 ... 106 Hz. The shaded area denotes
the frequency range used in this example of the fitting of the dielectric’s
RdeCde-element.
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Figure 5.4 (a) and (b) show ReZ = ReZ(ω) and ImZ = ImZ(ω), respec-
tively, for the experimental data and the fitted curves as an example for the
fitting routine of the capacitance CDE.

5.2.4 Electrolyte cell without a dielectric

In an attempt to characterize the electrolyte cell measurement setup, Figure
5.5 presents the impedance spectrum recorded with an uncoated Si-wafer
substrate, i.e. without a dielectric layer. The spectrum does not change
over time after the assembly of the electrolyte cell. The fit-curve shows the
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Figure 5.5: Bode plot of
impedance |Z| and phase
angle φ versus frequency
for an electrolyte cell with-
out dielectric. The mea-
sured data (solid) and the fit
curve (dash) are hardly dis-
tinguishable.

result of a numerical fit of the equivalent circuit in Figure 5.2 without the
dielectric’s RdeCde element. The data may also be fitted with a simple Ran-
dels equivalent circuit. For the geometric capacitance Cg an upper limit of
Cg ≤ 5 × 10−9 F is obtained. Similarly, a lowest limit for the shunt resis-
tance Rg is found, Rg ≥ 1 × 106 Ω. Since |Z| → Rs1 + Rs2 for f → ∞,
the total series resistance Rs,

P = Rs1 + Rs2 is of the order of Rs,
P = 250 Ω.

However, Rs,
P varies with the thickness of the thin transparent Cr-layer on

the glass sheet between different Cr-evaporation runs. The RHHCHH ele-
ment of the two Helmholtz layers is characterized by RHH ≥ 5 × 106 Ω
and CHH ≈ 1 ... 2 × 10−5 F. It is assumed here that the electrolyte cov-
ered surface areas of the wafer and the Cr-layer are identical. However, in
a setup which contains a dielectric layer, that material may exhibit a higher
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surface roughness than the Cr-layer and the corresponding Helmholtz capac-
ity CHH,de will be greater as well. For simplicity, both Helmholtz layers are
always represented by one RHHCHH element in this work.

5.3 Fast Fourier infrared spectroscopy

According to the quantum mechanical selection rules, see references [217,
chapter 10], [218], molecules which have a non-vanishing permanent elec-
tric dipole moment interact with electromagnetic radiation. Thus, molecules
which are composed of different atoms (as opposed to ”homonucleus” ones,
such as H2, O2, etc.) may exhibit absorption bands which correspond to
specific bond stretching and / or bond bending (always accompanied by
rotational bands of the molecule). As a result of the strong attractive
force between the atoms (see ”classical” Hooke’s law for the one-dimensional
harmonic oscillator: md2x

dt2
= − kF x, m = mass of atoms in molecule,

kF = 102 ... 103 Nm−1, x = displacement from equilibrium), all such oscilla-
tions are in the infrared frequency range.

Fast Fourier InfraRed spectroscopy (FTIR) is based on an interferometer
technique which was first devised by Michelson3 [219]. Infrared light that is
transmitted through the sample enters the interferometer which produces an
interferogram, i.e. a plot of light intensity v the optical path difference. The
fast Fourier transform mathematical algorithm first published by Cooley and
Tukey [220] serves to calculate the frequency spectrum of sin waves which
make up the interferogram.

In this work, a Bruker IFS 66 FTIR instrument4 and ”OPUS” software
is used to analyse the IR-transmission spectra of the samples. The mea-
surements are performed under low-vacuum conditions and each spectrum
represents the average of 1000 scans (aperture 0.5 mm). A spectral resolu-
tion of 4 cm−1 is chosen. A liquid nitrogen cooled HgCdTe element serves
as the infrared detector (MCT detector ID-313/8, operating temperature
TFTIR = 77K [221]). With bandgap of Eg ≈ 0.12 eV, the HgCdTe detector
sets the lower limit for the frequency range. At lower frequencies, the signal
to noise ratio of the detector deteriorates dramatically.

The infrared spectrum of the Dulbecco’s growing medium is recorded
with a Perkin Elmer spectrophotometer (Model 283) [222]. This device is a
double beam optical null instrument (for a description of such techniques see

3Albert A. Michelson, 1852–1931
4All FTIR spectra are recorded with the help of S. Maisch, S. Seifritz and M. Schütz

at the Dept. of Organic Chemistry, research group of Prof. Effenberger, at the University
of Stuttgart.
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reference [219]). A heated ceramic tube serves as the radiation source and
the transmitted radiation is split into wavelength components with a gating
monochromator. The detector is based on a bolometer technique using a
blackened gold leaf as the IR absorber material.

In the context of this work, FTIR is primarily used to observe chemi-
cal groups in the encapsulation materials that change as a result of the cell
culture experiments. Consequently, the presented plots include frequency
ranges, where a reproducible decrease or increase of absorption is observed.
Following this rule, material specific, well known absorption bands are identi-
fied, while other distinct bands (which may be characteristic for the examined
dielectric) remain unaccounted for.

All dielectric samples that are to be analysed by way of FTIR spec-
troscopy are deposited on both side polished, high resistivity silicon wafers.
A seperate wafer from the same wafer production charge serves as the refer-
ence material5 (RW = reference wafer). Variations between the wafers of the
identical production charge, particularly with regard to the wafer thickness,
may affect the IR-transmission. Comparisons between absorption bands of Si
containing bonds must be treated with caution. Thus, while a reproducible
decline of Si-N bonds is observed for SiOx:C/SiNx samples after the celltests,
see chapter 6.1.2, a similar observation for O-Si-O bonds in the BCB layer is
less clear and needs further verification, see chapter 6.2.1.

All dielectric spectra Sde are normalized with the spectra of the corre-
sponding reference wafer, Srw,

Sn =
Sde

Srw
, (5.16)

to give the normalized spectra Sn which are presented throughout this work.
Some spectra exhibit strong interference patterns which originate in the

two parallel Si-vacuum interfaces of the wafer substrate and a slightly tilted
(i.e. not 90◦) incidence of the IR radiation upon the sample. Therefore,
those spectra are smoothed as indicated in the text. For all plots, a baseline
correction using the rubberband method is applied in the designated spectral
range.

5.3.1 Infrared spectrum of Dulbecco’s medium

During the exposure of the encapsulation materials to the growing medium
and living cells, an enormous variety of organic molecules can adsorb at

5Ideally, the reference sample would be cut from the same wafer substrate. The spin-
on deposition of the two polymers, BCB and PI, precludes this option since the spinning
process is best performed on round, whole piece wafers.
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the sample’s surface, see chapter 4.1. For polyimide samples, a study of
the water rinse effectiveness with regard to XPS-detectable control medium
residues is undertaken, see chapter 6.3.2.3. In order to be able to identify
control medium residues in FTIR spectra after cell culture treatment, an IR
spectrum of dried Dulbecco’s medium is recorded, see Figure 5.6.
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Figure 5.6: Infrared transmission spectrum of Dulbecco’s growing medium.
The spectrum is recorded with an IR spectrophotometer.
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5.4 X-ray photoelectron spectroscopy

The XPS technique is based on the photoelectric effect discovered by H.
Hertz6 in 1887. It was developed into a surface-analytical tool by Siegbahn
et al [223]. High energy photons penetrate the sample and provide enough
energy to free core-level electrons from the nucleus attractive force. X-ray
sources used in this work include aluminum and magnesium which emit at
EAl = 1253.6 eV and EMg = 1486.6 eV, respectively. The emitted photoelec-
trons travel through the material and those which remain unscattered leave
the surface with a kinetic energy E(e−),kin given by

E(e−),kin = hν − Eb − ϕ, (5.17)

with the photon energy hν, the binding energy of the electron Eb and the
work function ϕ [224]. Thus, the measurement of the kinetic energy gives
the binding energy of the electron. Since Eb is characteristic for all atoms,
the spectrum of binding energies for a sample correlates with the atomic
composition of the sample’s surface. Moreover, Eb exhibits a ”chemical shift”
for different binding configurations of one atom, so that C-C bonds can be
clearly distinguished from C-N bonds, for example.

Not all photoelectrons have a kinetic energy given by equation 5.17. The
probability P that the emitted electrons reach the surface without inelastic
scattering decreases exponentially with increasing emission depth d:

P (d) = exp {−dα} , (5.18)

where α is the absorption coefficient. α mainly depends on the kinetic energy
of the electrons and on the material they cross before reaching the surface.
Table 5.1 lists the attenuation length for electrons with relevant binding
energies after reference [225]. Clearly, the XPS technique is highly sensitive
to changes in the surface chemistry. Consequently, any contamination of the
sample’s surface will show up in the spectra and the analysis of the spectra
must include an estimate of the effects of surface contamination. Chapter
6.3.2.3 presents a study of polyimide samples which explores the effects of
possible surface contamination following cell-culture experiments.

5.4.1 Mathematical fit of spectra

After correcting the XPS data with the transmission function of the analyser
system, the spectrum is calibrated with the sensitivity factor of the respective
photoelectrons. All samples in this work are dielectrics, ie. non-conductive.

6Heinrich Hertz, 1857-1894
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Table 5.1: Attenuation length λ for selected chemical elements [225].

Element Binding energy λ
(eV) (monolayers)

C 284 6
Si 103 10
O 530 5
N 398 6

The emission of photoelectrons results in a charge up of the sample which
leads to a shift of the XPS spectrum. In order to obtain the accurate binding
energies, the C 1s main peak (C-C bond) at E b = 284.6 eV serves as the
reference binding energy and the entire spectrum is shifted accordingly before
a fit of the peaks is attempted. For a collection of the binding energies and
chemical shifts of the relevant core electrons for this work see the Perkin-
Elmer XPS Handbook [226]: C 1s – p. 38-39, N 1s – p. 40-41, O 1s – p. 42-43
and Si 2p – p. 52-53.

All peaks appear on a background noise which must be determined before
peaks can be fitted to the measurement data. Assuming that each unscat-
tered electron which forms the element peaks is associated with a certain
number of scattered electrons that contribute to the background noise, the
background is calculated according to Shirley’s method [227],

bi = k
N

∑

j=i+1

pj, (5.19)

where bi is the background at a binding energy channel i, pj is the peak-
amplitude and k is a constant. Thus, the background at a given energy is
proportional to the total peak area above the background from that energy
to higher energies.

In the quantitative evaluation of the spectrum, peaks of chemical bonds
(eg. C-C, C=O, C-N) with known binding energies are assigned to the ob-
served peaks (eg. C, N, O) in the spectrum. The integrals of the bond peaks
are calculated and their contribution to the overall peak of a certain element
is determined. Similarly, the peak areas of all elements found in the sam-
ple gives the atomic composition near the sample’s surface. Thus, in this
work, S (X) with X = C-N subpeak, for instance, denotes the subpeak con-
centration in the total peak area of an element and the notation

∫

X with
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X = Si, O, N or C is used to give the concentration of an element in the
total spectrum of the relevant C, N, O, Si or C, N, O elements. Only the
described (relative) concentrations of peaks are quantitatively determined.
The absolute peak areas are not compared. Figures 5.7 and 5.8 (a), (b) il-
lustrate the general fitting procedure for C 1s and O 1s & N 1s, respectively.
Shirley’s method gives the curved background onto which peaks are fitted
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Figure 5.7: Example for fitting
procedure of XPS spectra: C1s
of Polyimid sample after HeLa-
celltest.

that correspond to suspected binding configurations. In order to maintain
transparency and comparability, only unambiguous bond peaks are included
in the fitting procedure. Moreover, only peaks that the XPS method (and the
detector) can truly resolve are shown and any of the given peaks may in re-
ality comprise sub-peaks of chemical bond configurations with small binding
energy differences.

Each peak consists of a Gaussian and a Lorentzian component. The
mathematical fitting algorithm minimizes the χ2 between the measured data
and the function Y,

Y = m1 ∗ G1 + (1 − m1) ∗ L1

+m2 ∗ G2 + (1 − m2) ∗ L2

+m3 ∗ G3 + (1 − m3) ∗ L3 + y0, (5.20)

with m denoting the Gaussian portion of a subpeak, 0 ≤ m1,2,3 ≤ 1, and
the terms G1,2,3 and L1,2,3 representing the Gaussian and Lorentzian distri-
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Figure 5.8: Example for fitting procedure of XPS spectra: (a) O1s of Polyimid
sample after HeLa-celltest. (b) N1s of SiNx sample after Marshall-celltest.

butions,

G1,2,3 =
Ap

w
√

π/2
e−2

(Eb−Ec)2

w2 , (5.21)

L1,2,3 =
2Ap

π

w

4(Eb − EC)2 + w2.
, (5.22)

with w denoting the full width at half maximum (FWHM), A = area of the
peak, E = binding energy (x-axis) and the center of the peak Ec. The sum
of the three peaks gives the overall fitting curve which is in good aggreement
with the measured data.

The Si core electrons of the 2p orbital can occupy two possible energetic
states reflecting the parallel or antiparallel vectors of the spin (either s = + 1

2

or - 1
2
) and orbital angular momentum (loam = 1)of the electrons. The spin-

orbit-coupling leads to two values for the total angular momentum j = l + s
and the energy levels of the Si electrons are designated as 2p 1/2 and 2p 3/2.
The energy separation is of the order of one eV and the area ratio of the
2p 1/2 and 2p 3/2 peaks is 1:2 [224]. Consequently, all Si 2p peaks exhibit a
unsymmetry, i.e. a slight ”shoulder” towards the high energy side, see Si 2p
spectra of SiNx in section 6.1.3.1 and Si 2p spectra for BCB in section 6.2.2.



76 CHAPTER 5. MEASUREMENT TECHNIQUES

5.4.2 Repeated measurements on one PI sample

The X-ray irradiation during the XPS measurement is sufficient to break
chemical bonds and thus alters the surface chemistry, particularly of polymer
samples. In order to assess the radiation damage, Figures 5.9 and 5.10 (a),
(b) depict a time-series of C 1s and O 1s & N 1s spectra, respectively, of
one sample. The Al- and Mg- sources are alternately used because the
experiment was originally aimed at detecting spectra variations between both
X-ray sources. The sample is treated with control medium for approx. 10 d,
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Figure 5.9: Series of C 1s XPS
spectra on one polyimide sample.
Al- and Mg-X-ray sources alter-
nate. Time after the first mea-
surement indicated.

followed by trypsinization (any PI sample can be used for the purpose of this
experiment). There is no air-break between the measurements.

The first spectrum, Al-source, t = 0, depicts the typical bond configura-
tions of co.-me. treated PI samples, see section 6.3.2. The following three
spectra are all recorded six days later with a time-interval of t = 2 hours.
Every single measurement includes approximately 50 cycles. The total car-
bon content

∫

C 1s increases with time:
∫

C 1s (t = 0) ≈ 70 % →
∫

C 1s
(t = 6d) ≈ 79 %. Moreover, the C-C peak / C=O peak ratio increases
from RC−C/C=O ≈ 2.7 for t = 0 to RC−C/C=O ≈ 4.9 for t = 6 days
(Eg,C=O ≈ 288 eV). The total oxygen content

∫

O 1s decreases simulta-
neously from

∫

O 1s (t = 0) ≈ 17 % →
∫

O 1s (t = 6d) ≈ 12 %. Similarly,
∫

N 1s decreases from
∫

N 1s ≈ 12 % →
∫

N 1s (t = 6d) ≈ 9 %. The
spectral variations between both X-ray sources are similar to the margin of
error of cabs

moe ≈ ± 0.5 % (not shown for the O 1s and N 1s spectra). A
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Figure 5.10: Series of XPS spectra on one polyimide sample. Al- and Mg-X-
ray sources alternate. Time after the first measurement indicated. (a) O 1s.
(b) N 1s.

more detailed analysis of the radiation damage in polyimide is not necessary
for this work. However, it is important to note that an XPS analysis of a
polymer sample can only be recorded once for each sample if the (excellent)
comparability of the spectra is to be maintained. All XPS measurements in
this work are performed with similar measurement times, hence all samples
are exposed to similar radiation doses.
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Chapter 6

Experimental results and
discussion

The previous chapters showed the need for better long-term biostability of en-
capsulation materials for retinal implants. Alternative materials are proposed
along with evaluation techniques aimed at detecting material degradation at
an early stage after the samples are exposed to in-vitro cell cultures.

The first section (6.1) of this chapter presents the results of the material
tests of the inorganic SiOx:C/SiNx layers. Following a description of the elec-
tronic behavior of the layer, the material is analysed in terms of its chemical
composition using FTIR and XPS. Both complementary techniques show a
decrease of the total Si–N bond concentration after cell culture treatment and
a model for the degradation process is presented.

In the second and third section, (6.2), (6.3), the results of the tests of
both organic polymers are given. FTIR and XPS measurements point to
alterations in the materials’ surface chemistry after short-time exposure to the
control medium. A sequence of water-rinse experiments explores the possible
adhesion of control medium residues on the polyimide surface. The results
of the impedance spectroscopy indicate a transient diffusion-like process when
the samples are submersed in an electrolyte after they have been hot-oven
sterilized. A physical model for the surface region of the polyimide and a
modified equivalent circuit is described in order to explain the time-dependent
impedance spectra.

79
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6.1 Inorganic SiOx:C/SiNx

6.1.1 Impedance spectroscopy

The inorganic SiOx:C/SiNx layers exhibit a thickness dio ≈ 200 ×10−9 m.
From equation 5.1 for a plane capacitor, a bulk capacitance Cio, io = inor-
ganic, of the order of Cio ≈ 2 ×10−8 F is to be expected. The theoretical
bulk resistivity Rio is Rio ≥ ×1012 Ω. Thus, a second, series connected RC
element which might origin in a distinct surface layer with a thickness of the
order of several nm cannot appear in the impedance spectrum in the avail-
able frequency range f = 10−1 ... 3 ×105 Hz. Consequently, the IS technique
mainly serves to evaluate the pin-hole density of the bulk SiOx:C/SiNx layers
which correlates with the shunt resistance Rio.

Figure 6.1 displays the Bode plot of recorded impedance data of a ster-
ilized sample and three fit curves. The spectrum does not change over time
after the assembly of the electrolyte cell. Fit (A) is obtained using the equiv-
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Figure 6.1: Impedance spectra of a SiOx:C/SiNx sample. (M) Recorded spec-
tra after sterilization of the sample. Fit (A), (B), (C) refer to numerical fits
of the measurement data using three different equivalent circuits, see text for
details.

alent circuit depicted in Figure 5.2. For fit (B) the Helmholtz RHHCHH

element is omitted and the shunt resistance Rde of the SiOx:C/SiNx set
Rde = ∞. The geometric RgCg element is set according to the estimation
given in chapter 5.2.2. Both resulting fits are hardly distinguishable. Both
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fits yield a capacitance of the SiOx:C/SiNx layer Cio = 2 ×10−7 F. Fit (A)
gives Rde ≈ 1011Ω. Neither the HP- nor the Schlumberger measurement unit
can resolve smaller current amplitudes, hence the fitted value for Rde must be
considered a lowest limiting ”estimate”. The high shunt resistance indicates a
low, possibly zero, pinhole density. A simple Randels equivalent circuit with
a series resistance and a parallel RC element results in Fit (C). One Randels
circuit cannot simultaneously accommodate the impedance spectrum in the
”low” frequency range, f = 10−1 ... 105 Hz, which is governed by the dielec-
tric, and in the higher frequency range. However, the dielectric’s capacitance
is reproduced (with slightly less accuracy), C(io),c ≈ 3 ... 3.5 ×10−8 F.

Figure 6.2 shows impedance spectra of sterilized samples (the impedance
spectra of untreated and sterilized samples are identical) and samples after
cell culture treatment. The characteristics are similar to the above described
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Figure 6.2: Impedance spectra of three SiOx:C/SiNx samples: One sample
after the sterilization, one after two weeks exposure to the control medium
and one sample after a HeLa cell culture experiment.

sterilized specimen. However, numerical fits yield slightly higher values for
the dielectric’s capacitance after HeLa cell culture and co.-me. exposure,
C(io),H ≈ 3.5 ×10−8 F, C(io),cm ≈ 4 ... 4.5 ×10−8 F, respectively. Moreover,
the shunt resistance Rde of the HeLa- or cell culture treated samples is of the
order of Rde ≈ 108 ... 109 Ω, one or two orders of magnitude lower than for
the sterilized sample. The higher capacitance can be explained by a decrease
in the thickness of the material. The lower shunt resistance after cell culture
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treatment (ie., co.-me. or HeLa cells) indicates an increase of the pin-hole
density. Again, more samples ought to be tested to validate this preliminary
result.

In the high frequency range above f ≈ 2 ×104 Hz, the reproducibility
of the spectra is low. Consequently, the observed differences between cell-
culture treated samples cannot be ascribed to specific fit-parameters.

With regard to the biostability of the material, the impedance data
alone are not sufficient for a quantitative estimate for the decline of the
thickness since the observed trend is close to the general variations in the
fitting routine. The analysis of the FTIR and XPS spectra in the following
sections includes an estimate for the dissolution rate of the SiNx top layer in
control medium.

6.1.2 Fast Fourier Transform Infrared Spectroscopy –

FTIR

Table 6.1 lists the treatments of the two SiOx:C/SiNy series along with the
corresponding XPS- and FTIR measurements. This chapter describes the
results of the infrared spectroscopy; the following chapter 6.1.3 presents the
XPS observations.

Both SiOx:C/SiNx series – (1) and (2) – are prepared at the NMI with
nominal identical parameters. One sample of each deposition series is ex-
posed to the control medium (co.-me.) after sterilization. For the purpose
of providing a reference for cell culture samples treated with trypsin, two
control medium samples are also ”cleaned” using the enzyme. Two sam-
ples (both from deposition run (1)) are analysed after Marshall cells have
developed on their surface for approx. two weeks. Similarly, three samples
are evaluated after exposure to HeLa- cell culture. All three samples are
treated with trypsin in order to reduce cell adhesion to the SiNx surface be-
fore rinsing the samples with PbS and clean water. No correlations between
IR characteristics and the storage of the samples in either PbS or at ambient
atmoshere, see chapter 4.1.1, are observed.

Figure 6.3 (a), (b) shows the IR spectrum of SiOx:C/SiNx samples be-
fore and after the cell culture experiments. (a) depicts the frequency range
ν = 800 ... 1100 cm−1, where the dielectric as well as the wafer substrate
exhibit absorption maxima. The baseline correction of the spectrum, men-
tioned in chapter 5.3, leads to a transmission t = 1 (= 100 %) in the lower
and upper frequency range of any plotted spectrum. In reality, of course,
t (ν = 800 cm−1) is much lower than unity. Figure 6.3 (b) shows the fre-
quency range ν = 1600 ... 1770 cm−1. Figure 6.4 presents the IR spectra for
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Table 6.1: Overview of XPS- and FTIR analysis of SiOx:C/SiNx samples.
See text for explanation of the XPS measurement series. The ”+” signs in
the FTIR column indicate the number of samples measured in a treatment-
and deposition series group.

Deposition Treatment XPS FTIR
Series series -
1 no treatment 4 +
2 no treatment 4 -
2 sterilization 4 +
1 17 d co.-me. 1 +
2 17-21 d co.-me. - ++
2 21 d co.-me., Trypsin 3 +
2 20 min co.-me. 5 -
2 90 min co.-me 5 -
2 6.5 h co.-me. 5 -
2 1d co.-me. 5 -
1 ≥ 10d Marshall-c. 1, 4 ++
2 ≥ 10d HeLa-c. 4 -
2 ≥ 10d HeLa-c., Trypsin 1, 3 +++

ν = 2800–3500 cm−1.
The absorption peak around ν = 830 ... 950 cm−1 is attributed to Si-N

stretching modes, see [107] for rf magnetron-sputtered SiNx, [228] for dual-
ion-beam deposited (B0.5−xSix)N0.5, [229, 230, 108, 231] for PECVD deposi-
tion, including low-temperature (T(SiNx),d = 120◦C) PECVD [232], and [233]
for tungsten-wire catalytic CVD deposition of SiNx. It decreases for all sam-
ples that are treated with the growing medium. A tendency towards a lowest
absorption for the control medium treated samples is observed. No further
correlations between Marshall– or HeLa-cell cultures or storage conditions
and the magnitude of the Si-N absorption peak can be made.

Between ν = 1600 ... 1700 cm−1, a new absorption peak appears which
is probably caused by carbonyl groups (C=O). Many enzymes and vita-
mins in the growing medium contain C=O groups, see chapter 4.1.1. The
IR spectrum of the Dulbecco’s medium exhibits a corresponding absorption
peak around ν = 1590 ... 1630 cm−1, see chapter 5.3, and it is plausible
that the observed absorption on the samples is the result of control medium
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Figure 6.3: FTIR spectra of SiOx:C/SiNx samples before and after the cell
culture experiments: (a) ν = 800 ... 1100 cm−1 (b) ν = 1600 ... 1770 cm−1

left-overs from the rinsing process. For a discussion of the effectiveness of
the water rinse with regard to control medium residues, see chapter 6.3.2.3.
Again, though control medium treated samples may exhibit a specific sub-
peak around ν = 1740 cm−1, no clear cut assignment of the peak magnitude
to different sample treatments is possible.

Two absorption peaks are observed between ν = 2800 ... 3500 cm−1, peak
(A) at ν = 2830 ... 3100 cm−1 and peak (B) at ν = 3200 ... 3450 cm−1, Figure
6.4. Peak (A) can be divided into a subpeak (A-1) at ν = 2850 cm−1 and a
second subpeak (A-2) at ν = 2920 ... 2970 cm−1 (the latter may be subdivided
further into (A-2-a) at ν = 2930 cm−1 and (A-2-b) at ν = 2960 cm−1). It
is probably the result of amine-groups (–N-H2) and / or hydroxyl groups (–
OH). Peak (A) may be more pronounced for control medium treated samples
(higher absorption with three of the four samples). Clearly, though, the
number of samples is small, hence the statistics poor and further verification
needed. Peak (B) can most likely be attributed to N-H stretching modes
[232], [107]. Despite the sputter deposition of the top-SiNx layer using N2

and Ar, a certain amount of N-H bonds are present in the untreated material.
Peak (A) as well as peak (B) are found (in almost the exact same shape,

though varying magnitudes) in the IR spectra of all inorganic and organic
samples that came into contact with the growing medium for prolonged pe-
riods of time. In the IR spectrum of the Dulbecco’s medium, however, the



6.1. INORGANIC SIOX :C/SINX 85

30 32 34

0.996

0.997

0.998

0.999

1.000

x 100

Marshall-cells

Co.-Me.

As 
deposited

 T
ra

ns
m

is
si

on
 (

%
)

 

 

Wave number ν  (cm-1)

Figure 6.4: FTIR spectra of
SiOx:C/SiNx samples before and
after the cell culture experiments:
ν = 2800-3500 cm−1

absorption peak which might correspond with the peak (A) of the samples,
is much smaller than the broad peak around ν = 800 ... 3700 cm−1. In the
medium’s spectrum, the smaller peak appears almost overlaped by the main
absorption band. Thus, though control medium residues seem a credible ex-
planation for both IR absorption features of the samples, the formation of
new bonds including N-X (X = H, O, C), cannot be ruled out.

In the context of the analysis of the biostability, the important result
of the FTIR spectra is the decrease of the total number of Si-N stretch-
ing bonds in the SiOx:C/SiNx samples. A fit of the Si-N bands in Fig.
6.3 (A) with three Gauss-Lorentz distributions as given by equations 5.20
to 5.22, see ”Mathematical fit of XPS spectra” in section 5.4.1, using a
straight-line background, shows a reduction of the Si-N stretching bonds
by c(IR),Si−N ≈ -20 % after 21 d HeLa cell culture (plus trypsinization) and
a reduction by c(IR),Si−N ≈ -27 % after 21 d exposure to the control medium
(plus trypsinization). Starting from an initial thickness dSiNx

≈ 100 nm, the
SiNx layer dissolves by dss ≈ 1 ... 2 nm d−1 according to the transmission
FTIR data.

FTIR does not reveal how the silicon nitride ”crystal” structure is at-
tacked, only the result is observed. The XPS experiments in the next section
specifically look at the surface region of the top SiNx layer in order to explore
a degradation mechanism of the material in cell cultures.
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6.1.3 X-ray Photoelectron Spectroscopy

In contrast to the volume and surface sensitive FTIR spectroscopy, the XPS
analysis of the SiOx:C/SiNy samples reveals alterations in the chemical com-
position only in the surface region of the samples, see section 5.4. Thus as
long as the top SiNx layer of the sandwich structure is at least a dozen nm
thick, see Figure 3.3, the bottom SiOx:C layer does not contribute to the
XPS spectra.

Table 6.1 in the previous chapter 6.1.2 lists the treatments of the two
SiOx:C/SiNy series along with the corresponding XPS- and FTIR measure-
ments. In addition to the cell culture treatments described in the FTIR
chapter, a short-time series of exposure to the control medium is performed
for XPS experiments.

All measurements are carried out using a Mg-X-ray source within an
eight months period of time. The measurement series1 is given in the table
to indicate the origin of spectra which are compared in this paragraph. The
differences in the quantitative fitting data between equally treated samples
(see above) are of the order of 0.3 – 0.5 absolute percentage points of the to-
tal element concentration, much lower than the observed variations between
samples of different treatment groups.

6.1.3.1 Cell culture experiments

As described in chapter 5.4.1, the quantitative fit of the elemental peaks
in the X-ray photoelectron spectrum gives the contribution of each bond
configuration to the total peak area of the element. Moreover, when all
major peaks in the spectrum are fitted, the share of a specific element in the
overall spectrum of the sample can be calculated. The following paragraph
decribes the observed elemental peaks as they change in the course of the
cell culture experiment.

Figure 6.5 (a) and (b) show the carbon C 1s and oxygen O 1s spectra,
respectively, of samples before and after cell culture experiments. Figure 6.6
(a) depicts the corresponding silicon Si 2p spectrum and (b) the nitrogen N
1s spectrum. The unsymmetry of the Si 2p peaks is caused by the 2p 1/2 and
2p 3/2 splitting of the energy levels (due to spin-orbit coupling), see section
5.4.1. Both, the Si 2p and the N 1s spectra, show the photoelectrons of
the Si-N bonds for the Si and the N, respectively. Table 6.2 summarizes the
quantitative data of the XPS-fitting procedure. From an element’s peak ratio
in the overall spectrum, the element’s ratio in the actual composition of the

1An XPS measurement series consists of up to eight samples which are simultaneously
mounted in the XPS chamber.
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Figure 6.5: XPS spectra of SiNx samples before and after cell culture exper-
iments: (a) C 1s, (b) O 1s.

sample can be estimated by taking into account the specific attenuation depth
of the emitted photoelectrons. For a Mg-X-ray source, the mean attenuation
length for Si and N is λSi ≈ 10 monolayers and λN ≈ 6 monolayers,
respectively, see table 5.1, chapter 5.4. Thus, the ratio of the Si and N-peaks
in the overall spectrum of the untreated samples indicate a stochiometric
SixNy (x ≈ 3, y ≈ 4). Contact of the sample with ambient atmosphere
results in the carbon concentration

∫

C 1s of the untreated sample and
of the sample after sterilization (adsorption of carbon containing functional
groups). The total oxygen concentration

∫

O 1s remains unchanged during
sterilization.

The samples that are exposed to the control medium exhibit a simultane-
ous reduction in the total Si and N concentration,

∫

Si 2p and
∫

N 1s, respec-
tively, by cabs

Si,N ≈ -21 percentage points (pp). The N-Si peak at Eb = 396.5 eV
decreases and a new peak at Eb = 398.8 eV appears as a shoulder on the
high energy side of the main N peak. It represents a new bond with an ele-
ment with a higher electronegativity than N (hence the shift towards higher
binding energy), most likely N-Cl. The carbon concentration increases by
cabs
C ≈ 57 pp and shows only a small shoulder at Eb = 286 eV. The oxygen

spectrum shows a decrease of the total concentration by cabs
O ≈ 10 pp, equiv-

alent to a reduction by crel
O ≈ 40% which is similar to the relative decline of

the Si and N concentration.
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Figure 6.6: XPS spectra of SiNx samples before and after cell culture exper-
iments: (a) Si 2p, (b) N 1s.

After Marshall– and HeLa cell cultures have developed on the samples,
∫

Si 2p is reduced by cabs
(M)Si ≈ 27 pp and cabs

(H)Si ≈ 13 pp, respectively. The

trypsinization of the HeLa cell-culture leads to a stronger reduction of
∫

Si 2p
by cabs

(H,t),Si ≈ 20 pp which is close to that after Marshall-cellculture and after
pure growing medium treatment. The N 1s spectrum exhibits a decrease of
∫

N 1s by cabs
(H)N ≈ 7 pp after HeLa– and cabs

(M)N ≈ 17 pp after Marshall
cellculture, respectively. The N-Cl peak at Eb = 398.8 eV, that also appears
in the growing medium, increases for both cell cultures. It is most distinct
for the Marshall cells sample. The carbon concentration increases after both
cell cultures, but does not reach the level (neither in terms of share in the
overall element concentration, nor in terms of the total amount of C-bonds
detected) of the samples that are exposed to the growing medium without
the cells. Moreover, the ”living cells” samples exhibit a subpeak at about
Eb = 287.8 eV plus a more pronounced shoulder between the subpeak and
the main peak of C-C. The oxygen concentration is equally reduced after
both cell cultures. The decrease is not as strong as after treatment with pure
growing medium. Whereas the O 1s peak of the ”As deposited” samples
is symmetrical, a shoulder appears at the high energy side of the peak for
all growing medium or cell culture samples (difficult to see in the plots, yet
significant in the quantitative sub-peak analysis.).
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Table 6.2: Summary of fit results of XPS spectra: SiOx:C/SiNy samples
before and after celltest-experiments. The listed carbon concentration of the
untreated samples represents the maximum value found. Samples treated with
trypsin are not included. Where trypsinization affects the spectra, reference
is given in the text.

Sample C 1s O 1s Si 2p N 1s
∫

(%)
∫

(%)
∫

(%)
∫

(%) S(Si-N)(%) S(N-Cl)(%)
as deposited 6 17 37 38 95 –
Sterilization 9 18 36 36 95 –
Control Medium 64 7 15 14 70-80 30-20
Marshall-cells 56 13 11 20 45 55
HeLa-cells 34 12 24 30 70-80 30-20

Regarding the biostability of the SiOx:C/SiNy samples, the XPS spectra
demonstrate a chemical degradation of the top SiNx layer:

∫

Si 2p and
∫

N 1s
decrease because the carbon concentration

∫

C 1s increases. As the FTIR
analyis reveals a decrease in the total number of Si-N bonds, see section
6.1.2, this XPS result cannot be explained by carbon containing co.-me.- or
cell residues on the SiNx surface. Instead, the Si-N structure is attacked and
Si atoms are replaced by carbon. Moreover, the treatment of the SiOx:C/SiNy

samples with Marshall cells leads to a significantly higher reduction of the
Si concentration accompanied by the decline in N-Si bonds than is observed
for samples treated with HeLa cells.

6.1.3.2 Time series of exposure to control medium

In order to investigate the mechanism that leads to the chemical bonding
variations during celltest experiments, a series of SiOx:C/SiNy samples is
exposed to pure control medium in the incubator for various amounts of
time, see table 6.1. Matching the observations of the previous cell culture
tests, the carbon concentration

∫

C 1s increases gradually over time while
the oxygen concentration

∫

O 1s decreases (no plots shown). In a similar
manner, the total Si concentration

∫

Si 2p as well as the total N concentration
∫

N 1s decline, as seen in Figure 6.7 (a) and (b), respectively. The N 1s
spectra confirm again the development of the N-X peak at Eb = 398.8 eV.
That peak is also observed for HeLa cell culture treatments and particularly
strong after Marshall cell cultures, see Fig. 6.6. Figure 6.8 displays the
total element concentration

∫

X, X = Si 2p, C 1s, O 1s, as determined from
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Figure 6.7: XPS spectra of SiNx samples. Time series of exposure to control
medium. (a) Si 2p and (b) N1s.

the integral of the XPS spectra, versus time of co.-me. exposure. Untreated
samples, t = 0, exhibit the composition which is listed in table 6.2. After one
day, the carbon concentration increases, whereas the silicon and the oxygen
concentration decrease. This trend continues as the next available data after
more than two weeks show. The element concentration c at any given time
is fitted with an exponential function,

c = c0 + a exp

{

−tco.−me.

τ

}

, (6.1)

with the initial element concentration c0 and the prefactor a. The time
constant τ for the presented fits is τ(XPS),Si = 2.2 d, τ(XPS),O = 1.2 d and
τ(XPS),C = -3.5 d for

∫

Si 2p,
∫

O 1s and
∫

C 1s, respectively. The nitrogen
concentration (not shown) can be inferred from the plotted data as

∫

C 1s,
∫

O 1s,
∫

Si 2p and
∫

N 1s must add up to 100%. However,
∫

N 1s does
not seem to exhibit the exponential behavior described in equation 6.1. The
nitrogen concentration remains unchanged at

∫

N 1s ≈ 36% after one day of
treatment before it is reduced to

∫

N 1s ≈ 14% after two weeks.
The time span t2 indicates the timeframe where the SiNx surface compo-

sition reaches a new equlibrium and no major changes are observed within
the XPS information depth if the samples are exposed to the co.-me. for
longer periods of time. t2 depends on the chemical element: t2,O ≈ 4 d,
t2,Si,C ≈ 8 d.
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Figure 6.8: The quantitative XPS
analysis of SiOx:C/SiNx samples
reveals changes in the elemental
composition with increasing dura-
tion of the sample’s exposure to
control medium. The arrows indi-
cate the ordinate-axis which cor-
responds to the respective chemi-
cal element.

6.1.4 Model for surface degradation

Based on the observed time-behavior of the XPS spectra, Figure 6.9 illus-
trates a model for the degradation of the SiNx surface due to co.-me. expo-
sure. Following the untreated material (0) at t = t0, three stages of degrada-
tion are depicted. In the initial stage t1, the uppermost surface layers of the
material (1) are attacked by components of the control medium. The chem-
ical resistance of SiNx strongly depends on the material’s composition and
structure which are determined by the deposition parameters. Section 3.2.1
describes the deviation of the ”real” sputtered SiNx from the ideal Si3N4

crystal depicted in Figure 3.2. Following that characterization, weak bonds
are cracked by the control medium and replaced by energetically more sta-
ble new C-N bonds. Thus, Si–N bonds with relatively low binding energies
are cracked first and a Si–N ”skeleton”, including C-N components, with
relatively high binding energies remains. This model is supported by the
transmission FTIR spectra, see chapter 6.1.2, which show a decrease of the
total number of Si–N bonds.

As the depth of the affected surface region of the material increases,
more photoelectrons are emitted which represent the new surface chemistry.
However, the fraction of photoelectrons which reach the surface unscattered
decreases exponentially with increasing depth, see equation 5.18 in chap-
ter 5.4. This situation is depicted in the plot of the probability P that a
photoelectron e−ph which is emitted at a certain depth d reaches the surface
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Figure 6.9: Schematic diagram, based on XPS analysis, for SiNx degrada-
tion. The graph plots the probability P for a photoelectron e−ph emitted at
depth d to reach the surface without inelastic collisions. Beginning with the
untreated material (0), three stages of degradation are depicted. At t = t1, top
monolayers are attacked by the co.-me.. Weak bonds break and the surface
composition changes as observed by XPS. From t = t2 on, the thickness of
the chemically altered material’s surface exceeds the average depth of origin
of the photoelectrons which are detected with XPS. t = t3 signals the onset
of the progressive dissolution of the SiNx material.

without inelastic scattering. α represents the absorption coefficient. Whereas
Aα = 63% of all photoelectrons emitted between d = 0 ... α contribute to the
XPS signal, this share drops to 23% for a doubled thickness (not shown in
the plot). After t = t2, the surface region of the SiNx with a depth d = dsurf

has been altered by the control medium. Changes in the binding chemistry
further into the bulk material cannot be observed with XPS. From t2 on, the
elemental composition of the SiNx appears constant.

A lower limit for the thickness dsurf of the chemically altered SiNx surface
layer can be calculated from the XPS data: For an ideal binary layer system
where the photoelectrons are emitted from the bottom Si layer and must
travel through the top C layer to the surface, the mean free path MFP of
the Si 2p photoelectrons in the carbon layer and the

∫

Si 2p and
∫

C 1s
concentrations from the XPS analysis determine the thickness of the top C
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layer [225, 234]. Thus the thicker the (in the binary layer model presumed)
top C layer, the higher is the carbon concentration and the lower is the Si
concentration in the XPS spectrum. The MFP for Si 2p electrons (Mg X-
ray source) in carbon is taken from a literature data base [225, 234]. The
thickness of the top Si layer dtl is obtained from the following equation,

dtl = MFP(Si),C cos ϑ ln

(

1 +

∫

C 1s
∫

Si 2p

)

, (6.2)

with the detection angle ϑ of the XPS analyser. For control-medium treated
samples, dtl increases from d(tl),t = 0 ≈ 2.5 ... 4 Å for untreated or sterilized
samples to d(tl),t = 1 d ≈ 10 Å after one day and to d(tl),t = 17 d ≈ 28 ... 30 Å
after 17 d. The simple growth of a layer of co.-me. residues cannot explain
the decrease of the Si-N bonds observed in transmission FTIR. Moreover, the
SiNx surface is known to degrade when in contact with living brain tissue
(observable with unaided eyes after two to three month) [235]. Following
the model depicted in Fig. 6.9, a simple carbon cover on the SiNx surface
is dismissed. Hence, the above described ideal binary layer system (with a
step function) must be repaced by a smooth interface. Clearly, the thickness
of that interface region dsurf , Fig. 6.9, is larger than dtl.

The last stage at t = t3 involves the gradual dissolving of the Si–N skele-
ton. The total thickness of the SiNx layer decreases while the thickness of
the surface region remains constant. At this stage, the XPS signal stays con-
stant until the SiOx:C bottom layer of the SiOx:C/SiNy sandwich structure
is reached.
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6.1.5 Summary: SiOx:C/SiNy

Figure 6.10 summarizes the analyis of the biostability of the SiOx:C/SiNy test
samples. FTIR, XPS and impedance spectroscopy show that the SiOx:C/SiNy

Transmission-FTIR: 
decrease 
of Si-N stretching modes

XPS: decrease of    Si,
increase of C-N 
(cell-culture dependent)

Impedance spectroscopy:
decrease of thickness
of SiO:Cx/SiNy layer

Si-N bonds break,
progressing dissolution of SiNx skeleton in cell culture media

∫

Figure 6.10: Summary of experimental results which show the progressive
degradation of the SiOx:C/SiNy test samples. Surface and volume sensitive
transmission FTIR data show a decrease of the Si-N stretching bonds. Surface
sensitive XPS gives a more detailed picture of the decrease of Si-N bonds with
a simultaneous – cell culture specific – increase in the observed C-N bond
density. Impedance spectroscopy indicates a decrease of the SiOx:C/SiNy

layer thickness.

test samples are not biostable. Rather, they dissolve in control medium and
cell culture treatment at an approximate rate of dss ≈ 1 ... 2 nm d−1, ac-
cording to the FTIR transmission spectra. The XPS analysis shows that the
degradation process starts with a surface region in the SiNx where weak Si-N
bonds break and carbon is incorporated into the Si-N skeleton. That surface
region reaches a thickness dsurf ≥ 30 Å after approximately four to eight
days. The impedance spectroscopy confirms the decrease of the total layer
thickness but a quantitative estimate for the decrease from the impedance
data alone is less accurate than based on the FTIR and XPS data.
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6.2 Benzocyclobutene

In analogy to the experiments with the SiOx:C/SiNy samples, table 6.3 lists
the treatments of three BCB sample series along with the corresponding XPS-
and FTIR measurements. Both BCB series – (1) and (2) – are prepared at

Table 6.3: Overview of XPS- and FTIR analysis of BCB samples. For the
XPS measurements, the ”measurement series” is given, see explanation in
chapter 6.1.3. The ”+” signs in the FTIR column indicate the number of
samples measured in a treatment- and deposition series group.

Deposition- Treatment XPS FTIR
Series series
1 no treatment 1, 2, 3 +
2 no treatment 6 +
1 sterilization 3 +
2 sterilization - +
1 ≥ 10d co.-me. 2 ++
2 ≥ 10d co.-me. 4, 5 ++
3 10 s co.-me. 7 -
3 20 min co.-me. 7 +
3 90 min co.-me 7 +
3 6.5 h co.-me. 7 +
3 1d co.-me. 7 +
1 10d Marshall-c. 2 ++
1 17d Marshall-c. 3, 3 ++
2 17d HeLa-c. 4, 5 ++

the ipe with nominal identical parameters with regard to the (liquid) resin
and the spinning process. The final curing temperature is also kept constant,
but the temperature ramp (i.e., T (t)) varied slightly, see chapter 3.2.2.

One of the XPS and FTIR samples of deposition series (2) that are ex-
posed to the controm medium and HeLa cells, respectively, is cleaned with
Mucasol (2%) after each treatment. This ”cleaning” procedere neither sig-
nificantly affects the XPS spectra nor the FTIR absorption bands.
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6.2.1 FTIR

The presented FTIR spectra focus again on absorption bands that change
in the course of the cell culture experiments. Figure 6.11 shows the IR
absorption spectra for the frequency range ν = 950 ... 1900 cm−1. Two
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Figure 6.11: FTIR spectra of BCB samples before and after celltest experi-
ments.

characteristic absorption peaks for BCB are observed [190]: Peak (a) at
ν ≈ 1050 cm−1 which is attributed to the stretching vibrations of the ether
Si–O–Si bonds [236, 237] and peak (b) at ν ≈ 1250 cm−1 which is attributed
to the stretching vibrations of the silicon methyl group (Si-CH3) [236, 238].
Both groups are labelled in the structural formula of the BCB monomer, see
chapter 3.2.2, Figure 3.4, as (iii) and (ii), respectively.

Peak (a) decreases significantly after the cell culture experiments, partic-
ularly when the samples are only exposed to the control medium. Assuming
that the broad original peak is composed of subpeaks (with the resulting
total maximum absorption at ν ≈ 1050 cm−1), the drop in absorption is
strongest at ν ≈ 1070–1080 cm−1. The cleaning of the samples with Mu-
casol after the water rinse does not significantly alter the IR spectra. Peak
(b) may drop slightly after treatment with the growing medium, but further
verification is needed. Peak (c) is very similar to the absorption band in
Figure 6.3 (b). Again, it most likely represents carbonyl groups C=O which
either originate from control-medium residues, or have been newly formed on
the BCB surface. The virgin BCB structure does not contain C=O groups.
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In an attempt to emulate a possible oxydation of the BCB surface during
exposure to living cells, several samples are exposed to a stream of ozone
(O3) and simultaneously irradiated with UV light for 3 ... 5 min (Hg lamp,
O3 = 100 l min−1) . The IR spectra show unmistakeably –COOH bands at
ν ≈ 1715–1720 cm−1 (spectra not shown). Since no such carboxyl groups
appear in the spectra after cell culture tests, the oxydation of the material
can be excluded from the degradation process.

Figure 6.12 depicts the spectral range ν = 2800–3500 cm−1. As men-
tioned for the SiOx:C/SiNy samples, see Figure 6.4, the absorption bands
around ν = 2800–3050 cm−1, peak (d), and ν = 3200–3450 cm−1, peak (e)
appear for all samples treated with the control medium. In contrast to the
SiOx:C/SiNy samples, the absorption band (e) which is attributed to N–H
stretching modes, does not exist before cell culture treatment because the
”pristine” BCB network does not contain N. For further explanations see
chapter 6.1.2.
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Figure 6.12: FTIR spectra of
BCB samples before and after cell
test experiments.
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6.2.2 XPS-analysis

The XPS analysis of the BCB samples follows the same procedure as for
the SiOx:C/SiNy samples. The first paragraph focuses on the results of the
cell culture experiments. In a second paragraph, the findings of a short-time
series of exposure to control medium are presented.

Figure 6.13 (a) presents the C 1s and (b) the O 1s spectra of BCB sam-
ples before and after cell test experiments. In a similar manner, Figure 6.14
(a), (b) shows the binding energy spectra for Si and N, respectively. The
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Figure 6.13: XPS spectra of BCB samples before and after cell test experi-
ments: (a) C 1s and (b) O 1s.

elemental atomic composition of the ”as deposited” BCB layers is as follows:
∫

C 1s = 86%,
∫

O 1s = 6%,
∫

Si 2p = 8%. All values represent the average
over the examined samples, see table 6.3. If not indicated otherwise, the
variation between corresponding values of separate samples is of the order of
cabs
moe = ± 0.5%. This composition is in good agreement with the chemical

composition of the BCB structure as depicted in Figure 3.4 and with refer-
ences [236, 149, 184]. The almost symmetrical C 1s peak exhibits an C-C
component at Eb = 284.6 eV and a marginal second peak at Eb = 290.8 eV
which is attributed to π–π∗ transitions (π and π∗ being the binding and non-
binding molecular orbit of the delocalized electrons in the benzene ring, see
chapter 3.2.3) [239, 150]. The O 1s peak for the Si-O-Si linkage is almost
symmetrical, with a small component at the high-energy side representing
a number of O-C bonds [184]. The Si atom is bonded to oxygen, Si-O-Si,
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Figure 6.14: XPS spectra of BCB samples before and after cell test experi-
ments: (a) Si 2p and (b) N 1s.

which gives a single peak at Eb = 102.5 eV. However, as observed for the
Si 2p spectra of the SiNx, see section 6.1.3.1, the spin-orbit coupling leads to
a split of the energy levels into 2p 1/2 and 2p 3/2 which explains the unsym-
metry of the Si peak, see also section 5.4.1. Untreated BCB does not contain
nitrogen. One of the four BCB samples does exhibit a N peak (

∫

N 1s = 5%),
indicating a certain contamination of the sample.

The sterilization of the BCB samples has no discernable effect on their
chemical bonding configurations. After the samples are exposed to the grow-
ing medium, the small π–π∗ subpeak disappears. The total carbon con-
centration

∫

C 1s decreases by about cabs
C ≈ -6 ... 13 %. The reduction

unmistakeably correlates with the deposition series of the BCB, whereas the
addition of living cells does not seem to have an effect: Series (1) samples
treated with Marshall cells and the control medium show a cabs

(M),C = -6 % re-

duction, series (2) samples with HeLa cultures and co.-me. a cabs
(H),C = -13 %

decline in
∫

C 1s. The deposition conditions also affect the shift of the sub-
peak contributions from the C-C main peak towards newly developing C-N
and C=O subpeaks at E(b),C−N ≈ 286 eV and at E(b),C=O ≈ 288 eV, which
form a shoulder at the high energy side of the peak [151, 149, 184]: The
ratio RC−C/(C−N+C=O) between the C-C main peak and the sum of the C-
N and C=O subpeaks reaches RC−C/(C−N+C=O) ≈ 2.5 for series (1) and
RC−C/(C−N+C=O) ≈ 1.7 for series (2). Again, no distinction between co.-me.
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treated samples and such with living cells can be made. The oxygen peak
grows as a result of the cell tests. Again, the change of magnitude is deter-
mined by the deposition series and independent of living cells, cabs

O ≈ 4% for
series (1) and cabs

O ≈ 8% for series (2) (not shown in the plot). With increas-
ing O concentration, the portion of the subpeak (see above) increases, point-
ing to the formation of O-C bonds. Irrespective of the addition of living cells,
the treatment with growing medium reduces the Si peak to

∫

Si 2p ≈ 4 ... 5 %
(only shown for Marshall cell treatment). The shape of its slight asymmetry,
see above, remains constant. However, the formation of Si-N bonds – with
a very similar binding energy – cannot be ruled out. The emerging N peak
is almost symmetrical and can be attributed to the formation of C-N bonds,
∫

N 1s ≈ 5 % for series (1) and
∫

N 1s ≈ 8 ... 9 % for series (2) (exemplarily
shown for Marshall cell treatment).

6.2.2.1 Short-time exposure to control medium

Similar to the SiOx:C/SiNx material, short-time control medium tests are
performed in order to examine the kinetics of the BCB-surface reactions.
For each exposure time to the co.-me., only one sample is XPS-analysed.
The margin of error for XPS measurements of identically treated samples is
low, see above. However, particularly at t = 10 s, errors with regard to the
exact time of exposure (including the time between taking the sample out of
the glass dish and beginning to rinse the sample in water) and with regard
to the reproducibility of the water rinse aggravate. As a consequence, the
following quantitative observations should be treated with caution.

Figure 6.15 (a) displays the experimental results for the C 1s peak and
(b) for the O 1s peak. The Si 2p and N 1s spectra are shown in Figure 6.16
(a) and (b), respectively.

∫

C 1s reduces by cabs
C ≈ -3% after 10 s and by

cabs
C ≈ -6% (final status for this deposition series) after 90 min. Deconvolution

of the C 1s peaks reveals subpeaks at Eb ≈ 286 eV, attributed to C-N
bonds, and Eb ≈ 288 eV for C=O bonds, already after t = 10 s exposure
to the control medium. With a decreasing total amount of carbon, the ratio
RC−C/(C−N+C=O) of those subpeaks to the main peak at Eb = 284.6 eV
increases. A final ratio RC−C/(C−N+C=O) ≈ 2.2 (for deposition series (3))
is reached after t = 20 min. The peak at Eb ≈ 290.8 eV has disappeared
after 10 s. The oxygen peak increases by cabs

O ≈ 4% after 10 s and by
cabs
O ≈ 5% after 90 min. The final concentration of nitrogen is reached after

20 ... 90 min. Three quarters of
∫

N 1s are already found after 10 s. The
silicon concentration declines by cabs

Si ≈ -5% to
∫

Si 2p ≈ 3% in the first
10 s of control medium exposure. As several samples exhibit

∫

Si 2p ≈ 5%
after prolonged exposure, eg. after 1.5 h, the lower silicon concentration of
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Figure 6.15: XPS spectra of BCB samples before and after short-time control-
medium exposure: (a) C 1s and (b) O 1s.

the 10 s treated sample is considered a sample-specific exception.

6.2.3 Impedance spectroscopy

As mentioned in chapter 3.2.2, visual examination of the ”as deposited”
ultra-thin BCB layers reveals morphological inhomogeneities such as grain-
like structures, rings, etc. In sharp contrast to the polyimide material, see
chapter 6.3.4, the impedance spectra of the BCB samples are much less
reproducible. Samples (A) that are treated with the control medium or
exposed to PbS for several days, and have their surface dried using a nitrogen
pistol immedeately before the assembly of the electrochemical cell, exhibit a
evolution of the impedance spectra over time which cannot be explained (i.e.,
quantitatively fitted) in terms of the equivalent circuit of Figure 5.2. BCB
specimen (B) that are not exposed to any electrolyte before the electrolyte cell
setup feature a different, more reproducible time-behavior of the impedance
spectra.

Due to the lack of reproducibility no quantitative analysis of the impedance
spectra for BCB samples is attempted. The time characteristics of the spectra
of samples (A) and (B) points to a water-uptake mechanism of the polymer.
Though the analytical model which is given in chapter 6.3.4.3 can only be
quantitatively validated for polyimide samples, it may in principle also hold
for the BCB polymer. Morphologically more homogeneous samples and pos-
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Figure 6.16: XPS spectra of BCB samples before and after short-time control-
medium exposure: (a) Si 2p and (b) N 1s.

sibly an alternative measurement setup are needed to further investigate the
electronic behavior of this material.

6.2.4 Summary: BCB

Benzocyclobutene is clearly more biostable than the SiOx:C/SiNy sandwich
structure. Although the volume- and surface sensitive FTIR analysis shows
a decline of the total number of O–Si–O groups, see Fig. 6.11 and the BCB
monomer structure in Fig. 3.4, those changes are one order of magnitude
smaller than the decline of the Si-N bonds observed for the SiOx:C/SiNy

material. Moreover, the FTIR peak representing the Si-CH3 group remains
constant. The XPS analysis reveals only minor changes in the surface com-
position: In contrast to the untreated samples, those that are exposed to the
cell culture contain small amounts of nitrogen which is bonded to carbon.
The slight decrease of the

∫

Si 2p concentration as well as the decrease of the
C-C main peak can be explained by control medium which penetrates into
the surface region of the material. The resulting smooth interface in effect
constitutes a ”diluted” BCB structure, and co.-me. components, see Ap-
pendix 7.1, contribute to the XPS spectrum. See also section 6.3.2.3 which
presents a discussion of co.-me. residues on polyimide samples and co.-me.
penetration into the surface region of polyimide.
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6.3 Polyimide

Similar to the SiOx:C/SiNy – and BCB samples, table 6.4 lists the polyimide
samples for the XPS and FTIR analysis. All samples are prepared at the
NMI in the same deposition run. Moreover, with the exception of the sample
that is exposed to living HeLa cells, all FTIR- samples are cut from the same
wafer.

In contrast to the SiOx:C/SiNy- and BCB samples, only one PI sample
per treatment is analysed with XPS and FTIR. Only of the untreated and
sterilization samples, the XPS spectra of two test specimen are recorded
in different XPS series. The FTIR spectra are recorded twice in order to
find out about the possible ”evaporation” of components on the PI surface.
Between the first and the second measurements, the samples are stored in
ambient atmosphere under low-light conditions for four days. As the second
measurement does not reveal spectral changes, the chemical groups on the
PI surface after cell culture treatment are stable in ambient atmosphere.

Table 6.4: Overview of XPS- and FTIR analysis of polyimide samples. For
the XPS measurements, ”measurement series” is given, see explanation in
chapter 6.1.3. All FTIR measurements are performed twice, see text.

Treatment XPS FTIR
series

no treatment 1, 5
sterilization 1, 6 2x
≥ 10d co.-me. 1 2x
≥ 10d co.-me., trypsin 1 2x
10d Marshall-c. 1 2x
10d Marshall-c., trypsin 1 2x
17d HeLa-c. 1 2x
17d HeLa-c., trypsin 1 2x
Glutamine 5 –
Glukose 5 –
Glutamine + Glukose 5 –
short-time co.-me., rinse 6 –
PbS, rinse 6 –
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6.3.1 FTIR Spectroscopy

Figure 6.17 shows the FTIR spectra of polyimide samples before and after
cell test experiments in the spectral range between ν = 900 ... 1900 cm−1.
The sterilized sample exhibits the PI specific absorption bands which are
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Figure 6.17: FTIR spectra of polyimide samples for ν = 950 ... 1900 cm−1.

widely published [240, 172, 146, 241, 242, 163, 243, 170, 244, 176, 245, 246,
144, 160]: In-plane C-H vibrations on the aromatic rings cause also ab-
sorption at ν = 1023, 1082, 1125 and 1224 cm−1 according to reference
[146] and at ν = 1173 cm−1 according to reference [170, 172]. Stretch-
ing vibrational modes of the C–N–C imide component, bond (ii) in Fig-
ure 3.5, causes the absorption at ν = 1380 cm−1, peak (A). Peak (B) at
ν = 1500 ... 1520 cm−1 represents the benzene ring C=C stretching, bond
(i). Peak (C) at ν ≈ 1720 cm−1 results from asymmetric stretching of the
(imide-) carbonyl groups (–C=O), bond (iii), whereas the the symmetric
stretching of the (N)–C=O groups leads to the smaller absorption peak at
ν ≈ 1770 cm−1, peak (D) The absorption peaks (A), C–N–C stretching,
(C) and (D), asymmetric and symmetric stretching of –C=O, respectively,
remain unchanged after the cell culture experiments.

The strongest increase in absorption is observed for ν = 1020 ... 1250 cm−1.
In particular after the treatment with control medium (i.e., without living
cells), the peak broadens and its magnitude at ν ≈ 1110 cm−1 increases
simulateneously. The control medium features a relatively small absorption
band around ν ≈ 950 ... 1100 cm−1, see Figure 5.6 in chapter 5.3. Based on
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the FTIR spectra alone, it is unclear if co.-me. residues cause the observed
absorption increase and if such residues also explain the newly developed
shoulder at ν = 1120 ... 1220 cm−1. The XPS analysis after prolonged water
rinse of test samples, see section 6.3.2.3, and the analysis of impedance spec-
tra after sterilization, see section 6.7, both point to a process where control
medium penetrates into the PI surface region. Such a process also explains
the increase of the FTIR absorption bands. Peak (B) increases slightly after
cell culture treatment and the new peak at ν ≈ 1600 ... 1700 cm−1 reminds
of the absorption features already found with SiOx:C/SiNy as well as with
BCB samples in this spectral range, see chapters 6.1.2 and 6.2, respectively.

Figure 6.18 depicts the by now well known spectral range ν ≈ 2800
... 3500 cm−1. The absorption bands (E) and (F) appear also with SiOx:C/SiNx

30 32 34

0.995

0.996

0.997

0.998

0.999

1.000

x 100

(F)

(E)

Marshall-cells

Control medium

Sterilization

 

 

T
ra

ns
m

is
si

on
 (

%
)

Wave number (cm-1)

Figure 6.18: FTIR spec-
tra of polyimide samples for
ν = 2800 ... 3500 cm−1.

and BCB samples. Similar to the SiOx:C/SiNx samples, the ”as deposited”
PI specimen seem to contain small amounts of N-H bonds, peak (F). For
PI samples, the increase of this absorption band after cell culture tests is
stronger than for the inorganic material and the BCB. See chapters 6.1.2
and 6.2 for a description of both peaks for the SiOx:C/SiNy and the BCB
material, respectively.

The transmission FTIR of polyimide samples shows that all imide- and
carbonyl absorption bands which are typical for polyimide remain constant
after cell culture treatment. No degradation of the material is observed by
FTIR.
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6.3.2 XPS analyis

Table 6.4 lists the XPS-analysed PI samples. In analogy to the SiOx:C/SiNx–
and BCB materials, the first paragraph focuses on the cell culture experi-
ments. All samples used here, including one untreated sample and one ”only
sterilized” sample, are cut from the same wafer. In a second paragraph, a
group of samples from a different wafer substrate are exposed to solutions
of glutamine and glucose (and NaOH and HCl). The last section describes
an experiment which analyses the rinsing efficiency of deionized water with
regard to the removal of growing medium residues from the PI’s surface.

Due to a temporarily broken-down Mg X-ray source, the measurements of
the cell culture experiments are performed using an Al X-ray source, while the
glutamine and glucose- solution tests are analysed with the Mg X-ray source.
Though the attenuation length for photoelectrons depends on the excitation
energy, see equation 5.17, the variations in the depth resolution between Mg-
and Al- X-ray source are assumed to be of minor relevance. Both excitation
energies should yield identical total element (

∫

X, X=C, O, N) concentrations
as well as the same contributions of subpeaks to an element’s spectrum.

6.3.2.1 Cell culture experiments

Figure 6.19 shows the binding energy spectrum of C 1s for PI samples before
and after cell culture experiments. Figure 6.20 displays the XPS spectra for
O 1s and N 1s in (a) and (b), respectively. Based on the fitting of the
XPS peaks as described in chapter 5.4, the total element composition of the
untreated PI is in almost perfect agreement with the structural formula of
the BPDA/PPD polymer as presented in Figure 3.5:

∫

C 1s = 74 ... 75 %,
∫

O 1s = 17 % and
∫

N 1s = 7 %. The following analysis follows literature
data. Changes in the surface chemistry of polyimides are examined for many
applications in the semiconductor industry. As all XPS studies begin with
the analysis of the untreated material, there is a large collection of published
XPS spectra, especially C 1s spectra, available. The following selection in-
cludes PMDA / ODA polyimides, see section 3.2.3. Apart from the ether
linkage (C-O-C) in the PMDA / ODA, the binding chemistry of the carbon
is practically identical, see references [247, chapter 5.1], [248, 162, 161, 249,
250, 251, 252, 253, 254, 164, 170, 160, 255, 176, 240, 193, 148, 256]. The
deconvolution of the C 1s peak reveals two major subpeaks at Eb = 284.6 eV
for C-C bonds and at Eb = 288 eV for C=O bonds and the much smaller
subpeak at Eg ≈ 285.5 eV for the C-N bonds. The shakeup transition π−π∗

which accompanies core level ionizations leads to a small observable satellite
component at Eg ≈ 291 eV (difficult to see in the presented spectral range).
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Figure 6.19: XPS spectra of Poly-
imid samples before and after
HeLa-cell test experiments: C 1s.

The quantitative contribution of each subpeak to the total C 1s spectrum
corresponds again very well to the structural formula. The oxygen peak of
the untreated samples at Eg ≈ 530 eV results from the carbonyl groups
(C=O), see bond (iii) in Figure 3.5. The slight shoulder towards higher
binding energy indicates the presence of C-O and / or ether groups (C-O-C)
and / or O-N bonds which are no inherent parts in the BPDA/PPD back-
bone chemistry. Depending on the energy position and / or the full width at
half maximum (FWHM), the C=O peak takes up SC=O ≈ 80 % of the total
O 1s peak. A third much smaller peak at Eg ≈ 535 eV is observed which
can again be attributed to π − π∗ transitions. As predicted by the chemical
formula, the C-N bonds form a single N 1s peak at Eb = 399 eV.

All samples that are exposed to the control medium exhibit a shift in
the total element composition with regard to the carbon and nitrogen con-
centration as compared to the untreated sample: cabs

C ≈ - 4 ... 5 % and
cabs
N ≈ + 4 ... 5 %. Within the group of six cell culture samples, the in-

crease of N bonds is slightly lower for trypsinized samples. On average, the
difference between non-trypsinized and trypsinized samples is of the order of
tabs
C,N ≈ 0.5% (which is the typical margin of error, hence the trend among the

six samples is summarized). For all cell culture samples, the C 1s C-N sub-
peak increases in the C 1s spectrum, accompanied by a reduction of the C-C
peak. However, matching the lower total N concentration after trypsinization
(see above), the C-N increase is consistently lower for all three trypsinized
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Figure 6.20: XPS spectra of Polyimid samples before and after HeLa-cell test
experiments: (a) O 1s, (b) N 1s.

samples. The C 1s π − π∗ peak is no longer discernible. The total oxygen
concentration remains unchanged. However, the FWHM of the main peak
increases indicating a reduction in C=O groups and an increase in the above
mentioned C-O / O-N / C-O-C bonds. The O 1s satellite peak of the π− π∗

transitions disappears. The variations between co.-me.-, or Marshall-cell-, or
HeLa-cell- treated samples are smaller than the margin of error of the XPS
measurements.

6.3.2.2 Exposure to glutamine and glucose

The control medium contains a large number of enzymes and vitamins in ad-
dition to its anorganic components, see Appendix 7.1. In an attempt to seek
out the effect of individual components of the growing medium, a series of
much simplified solutions is applied to the samples for t ≈ 24 h. The chemical
solutions include (A) 0.01 M glutamine, (B) 0.025 M glucose, (C) glutamine
+ glucose, (D) HCl (0.01M) + glutamine, (E) NaOH (0.01 M) + glutamine,
(F) HCl + glucose, (G) NaOH + glucose. The solutions including the sam-
ples are kept in ambient atmosphere under low light conditions during the
experiment. After taking the samples out of the solution, they are rinsed in
deionized water for trinse ≈ 1.5 min, dried with clean nitrogen and mounted
into the XPS chamber in the same XPS series, including one additional un-
treated sample (series (5), see table 6.4). As mentioned in this chapter’s
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introduction, the Mg-X-ray source is used throughout this XPS run. Neither
the C 1s spectra, nor the O 1s-, nor the N 1s spectra reveal any significant
alterations in the polyimide’s surface chemistry after exposure to solutions
(A) to (G). Hence, no spectra are presented. The total element’s contribu-
tions to the spectra remain constant as well as the share of the subpeaks
which constitute the element’s peaks. All samples almost exactly reproduce
the elemental composition of the ”no treatment” and ”sterilization” samples
of XPS run (1). With the exception of solution (E) where

∫

C 1s is roughly
one absolute percentage point (app) higher and

∫

O 1s roughly one app lower
than average, not even a trend among the treatment groups is observable.

6.3.2.3 Water rinse versus surface contamination through control
medium residues

As described in chapter 5.4, the XPS method is highly sensitive to changes
in the surface chemistry of a sample. The fraction of electrons that are
emitted at a certain depth and reach the surface of the material unscattered
depends on the kinetic energy of the electrons (i.e., on the chemical element)
and on the composition of the material. As depicted in Figure 6.9, that
fraction decreases exponentially with increasing emission depth. Thus, the
”maximum” depth of origin of the unscattered detected electrons is of the
order of dsurf ≈ 1 ... 4 nm, see table 5.1 and small chemical variations at
the sample’s surface can be detected. By the same token, any contamination
of the surface to be examined will show up in the XPS spectrum. In the
analysis of the XPS spectra one must therefore try to estimate and exclude
the effects of surface contamination.

To this end, a series of XPS experiments with polyimide samples from
one wafer that are exposed to the control medium followed by a rinse in
clean water is devised. Table 6.5 summarizes the treatment procedures of all
samples. All samples are hot-oven sterilized as described in chapter 4.1.1.
Samples (e), (f) and (g) are exposed to control medium for tco.−me. = 10 s at
Tco.−me. ≈ 20◦C, followed by a trinse = 2 s, 1 min and 10 min rinse in deionized
water, respectively. The three samples are then stored in PbS in ambient
atmosphere at TPbS ≈ 20◦C. Finally, the samples undergo a second rinse step
in deionized water for trinse= 2 s, 30 s and 1 min, respectively, before they are
dried with clean nitrogen gas and mounted in the XPS chamber. Similarly,
the samples (i) and (j) are exposed to control medium in an incubator for
1 day, followed by a water rinse for 2 s and 1 min, respectively, a storage
in PbS for 15 min, a second water rinse for 2 s and 30 s, respectively, and
the drying with a nitrogen pistol. Sample (d) serves as the reference sample
which is only sterilized. Samples (h) and (k) are kept in PbS for 1 d and
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Table 6.5: Rinse of PI samples after exposure to control medium

Wafer / treatment
Sample exp. to co.-me. rinse exp. to PbS rinse
01 / d – – –
01 / e 10 s 2 s 24 h 2s
01 / f 10 s 1 min 24 h 30 s
01 / g 10 s 10 min 24 h 1 min
01 / h – – 24 h 1 min
01 / i 1 d 2 s 15 min 2 s
01 / j 1 d 1 min 15 min 30 s
01/ k – – 10 min 30 s

10 min, respectively, rinsed in water for 1 min and 30 s, respectively, and
dried in nitrogen (neither sample are shown in the plot). All samples are
mounted into the XPS chamber in one run (run (6)), see table 6.4 in order
to maximise the comparability of the recorded spectra.
Figure 6.21 shows the XPS spectra of samples (d) ... (j). The mathematical
fitting procedure reveals the following results: The chemical composition
of the reference sample (d) is in agreement with the theoretical structural
formula, see chapter 3.2.3. After t = 10 s and t = 1 d exposure to the
control medium, the

∫

C 1s decreases by about cabs
C,10s = -2 and cabs

C,1d = -

4 pp, respectively. Within a range of cabs
C = 0.5 ... 1 pp, a trend towards a

lower carbon concentration for longer water-rinse periods is observed. The
contribution of the C-N subpeak to the total C 1s peak, S (C-N), increases
after t = 10 s exposure to the control medium from S (C-N) = 5 ... 10 %
to S (C-N) = 15 % and after t = 1 d exposure to control medium up to
S (C-N) 28 ... 33 %. Here, the effect of prolonged water-rinsing is almost
negligible. The longer the exposure to the control medium, the lower the
XPS signal of the π–π∗ transition at Eb ≈ 290 ... 291 eV.

The analysis of the N 1s peak (not shown in diagram) reveals an in-
crease of the total N concentration from

∫

N 1s = 6.4 % (sample (d)) to
∫

N 1s = 9.2 ... 9.9 % for samples (e), (f), (g), reaching
∫

N 1s = 10.7 ... 11.4 %
for the samples (i) and (j) which are exposed to the control medium for 1
day. Among the samples (e), (f) and (g), there is a trend towards higher
∫

N 1s for longer water-rinsing,
∫

N 1s (e) = 9.2 %,
∫

N 1s (f) = 9.7 %,
∫

N 1s (g) = 9.9 %, with a simultaneous decrease of the
∫

C 1s concen-
tration. The nitrogen concentration of the two PbS samples (h) and (k) is
cabs
N (h) ≈ 0.5 pp and cabs

N (k) ≈ 1 pp higher than
∫

N 1s (d) of the untreated
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Figure 6.21: XPS spectra (C 1s) of polyimid samples before and after short-
time exposure to control medium. All samples except (d) were rinsed in clean
water for various amounts of time after the control medium experiment, see
table 6.5.

sample.
The variations in the O 1s spectrum are marginal. However, the subpeak

at Eb ≈ 535 eV diminishes for the samples (e), (f), and (g) and does not
exist in the spectra of the samples (i) and (j).

Summary of XPS analysis after water rinse experiments
With increasing exposure-time to the control medium,

∫

C 1s decreases and
∫

N 1s increases, matching the observations in the previously described cell-
culture experiments, see chapter 6.3.2.1. Particularly after t = 10 s co.-me.
treatment, a prolonged water-rinse slightly reduces the changes in the C 1s
spectrum. The effect of the water-rinse is less pronounced after t = 1 d
exposure to the co.-me. The

∫

C 1s (tco.−me.) and
∫

N 1s (tco.−me.) changes
are always greater than the variations due to water-rinsing.

The observations cannot be explained by co.-me. residues at the poly-
imide surface alone. Rather, with increasing time of co.-me. exposure, either
the BPDA/PPD structure is chemically altered and / or the co.-me. pene-
trates deeper into the PI’s surface. With the XPS data alone, both processes
cannot be distinguished.
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6.3.3 Summary of biostability analysis with FTIR and

XPS

The transmission FTIR spectra reveal no changes in the PI specific absorp-
tion bands after cell culture treatment, see section 6.3.1. Hence, the PI
remains chemically stable under co.-me.– and cell culture conditions. More-
over, the analyis of the impedance spectra in chapter 6.3.4.3 points to a
diffusion process of electrolyte components into the hot-oven dried polymer.
Both results support the explanation that co.-me. infiltrates the PI surface.
Thus the observed XPS changes after co.-me. exposure result from a smooth
interface region (which deepens with increasing tco.−me.) where co.-me. com-
ponents remain after the water rinse and contribute to the XPS signal. The
PI’s surface region is in effect diluted and small signals such as the π–π∗

transition at Eb ≈ 290 ... 291 eV or the oxygen subpeak at Eb ≈ 535 eV
diminish. In chapter 6.3.4.3 a physical model for the polyimide is presented
which takes into account all experimental results.
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6.3.4 Impedance spectroscopy

The analyis of impedance spectra of polyimide divides into two sections. In
the first section, spectra of three polyimide series, each of a different layer
thickness, are recorded with the aim of identifying the RC-element which
corresponds to the polyimide (-bulk). Moreover, three contacting methods
are employed and their respective merits are discussed. The second section
presents two main experiments, namely, (A) the hot-oven-sterilization of the
polyimid and (B) the growth of living cells on the samples. No spectra
characteristics can be linked with cell-culture treatments. However, following
the sterilization of the dPI−1,2 ≈ 50 nm polyimide samples, gradual changes
of the impedance spectra over the time of exposure to the electrolyte (i.e.,
the time after the assembly of the electrochemical cell) are observed. Based
on a physical model for the polyimide, the equivalent circuit of Figure 5.2
is modified to take into account the time-dependent diffusion of electrolyte
components into the surface region of the material.

6.3.4.1 Untreated polyimide

Table 6.6 lists the polyimide series and their thicknesses and theoretical val-
ues for the polyimide’s capacitance C(PI),th and volume resistance R(PI),th.
Furthermore, the three contacting methods utilized in the measurement se-
tups are given and the polyimide’s volume capacitance and shunt resistance
as determined from fits of the corresponding impedance spectra are pre-
sented.

The general equation for a plane capacitor, equation 5.1, gives the the-
oretical capacitances for the three polyimide layers. ǫr = 2.9 is taken from
the technical data of the manufacturer [84] and Ponchak [257]. Surface pro-
filing using a Dektak profilometer yields the thickness of the PI-2 and PI-3
series with a margin of error of below 5%. The thickness of the thin PI-1
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Table 6.6: Evaluation of four polyimide series with impedance spectroscopy

polyimide series
PI-1, PI-2 PI-3 PI-4

PI-thickness dPI−1,2,3,4 50 nm 1.2 µm 4.6 µm
C(PI),th (F) 5.1 ×10−8 2.1 ×10−9 6.3 ×10−10

R(PI),th (Ω) 5 ×1010 1.2 ×1012 4.6 ×1012

contact C(PI),ev. (F) 1.2...5 ×10−7 2...3.5 ×10−9 ≈ 7.9 ×10−10

evaporation R(PI),ev. (Ω) 300...7 ×108 ≥ 2.5 ×108 ≈ 1010

electrolyte C(PI),el. (F) 1.5...2 ×10−7 2...2.5 ×10−9 8...8.4 ×10−10

cell R(PI),el. (Ω) ≥ 108 ≥ 105 ≥1010

gold leaf2 CP (I),g.l. (F) 10−8...10−9 – –
R(PI),g.l. (Ω) 2 ×105...1010 – –

layers is obtained from cross-section SEM pictures, see chapter 3.2.5, and
Dektak measurements with a margin of error of approximately ± 30%. The
theoretical volume resistance is again taken from the manufacturers’ data
[84].

The capacitance and volume resistance of the polyimide of each thickness-
series for the three contacting methods are calculated in numerical fits of the
experimenal data to (A) a Randels equivalent circuit, see chapter 5.2.2, for
the ”dry” contacting methods and (B) to the equivalent circuit of Figure
5.2 for the electrolyte cell measurements. Data (B) may also be fitted with
the simple Randels circuit. Figure 6.22 shows the Bode plots of admittance
spectra of PI-1 polyimide samples. The spectra (a) and (b) are examples
from a series of recorded spectra of the same sample with repeated micro-
needle contacting. No gradual spectra variations are observed but rather a
sudden shift occurs in the phase angle spectrum. |Z|(f) of curve (B) reaches a
maximum towards lower frequencies which is orders of magnitude lower than
that of curve |Z|(f) (a). For ω → 0, |Z| approaches a maximum of Rsh+Rs,
see equations 5.8 and 5.10. A numerical fit of the data (b) with the Ran-
dels equivalent circuit reveals a shunt resistance Rsh (∼= ZDE) ≈ 25.000 Ω
and Rsh ≈ 2×109 Ω for data (A), while the capacitance CDE remains almost
constant at CDE ≈ 1.27 × 10−7 F for (A) and (B). Both spectra highlight
the danger of partial punctuation of the thin PI-1 layer that goes with the
contacting of the evaporated Cr-Au electrode and leads to a reduced repro-
ducibility of the PI’s shunt resistance levels off at several dozen ohms which
is the overall series resistance of the experimental setup. Spectrum (c) is an
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Figure 6.22: Bode plots of
admittance spectra of PI-1
polyimide samples. The ar-
rows indicate the axis for
the phase angle- and |Z|-
plots, respectively. (a) and
(b) represent the spectra of
one sample with an evapo-
rated ”front” contact. (c)
shows an example of varying
spectra obtained using the
gold leaf contacting method.

example of varying spectra which are obtained with the gold leaf contacting
of the polyimide layer. The capacitance is by a factor of 30 ... 100 lower
than the theoretical value. As described in chapter 5.2.1.2, the gold leaf
contacting gives a capacitor arrangement where ”wrinkels” in the gold leaf
result in large parts of the ”capacitor” planes being separated by more than
the thickness of the polyimide layer. Consequently, the effective surface area
of the device is smaller and difficult to reproduce. The course of |Z|(f) for
this specific measurement indicates a shunt resistance of Rsh ≥ 108 Ω (see
f ≤ 10−1 Hz) and a series resistance Rs of the order of several thousand ohms.
The variations in the shunt resistance (not shown in the plot) can again be
accounted for by ”dents” in the gold-contact inflicted by the micro-needles.

Figures 6.23 and 6.24 depict the analogous Bode plots of the PI-3 and
PI-4 series, respectively. The spectra (A) are recorded with evaporated
Cr-Au contacts, the spectra (B) using electrolyte cells, as depicted in Figure
5.1. While all four spectra can be interpreted and hence evaluated in terms
of a simple Randels equivalent circuit, the fit accuracy is best for the PI-
4 samples (dPI−4 = 4.1 µm) with evaporated Cr-Au contacts. The overall
series resistance of the experimental setups varies between 10 ... 50 Ω which
is the minimum value for |Z|(f).

The volume resistance of the polyimide films increases with increasing
film thickness. The thin PI-1 & 2 films exhibit a theoretical resistance of
RPI−1,2,th ≈ 5×1010 Ω which is already at the measurement limit of the



116 CHAPTER 6. EXPERIMENTAL RESULTS AND DISCUSSION

10-1 101 103 105 107

-20

-40

-60

-80

 

P
ha

se
 A

ng
le

 φ
  (

°
)

Frequency f (Hz)

103

105

107

109

(b)

(b)
(a)

(a)

PI-3
 |Z

| (
Ω

)

Figure 6.23: Bode plots of
admittance spectra of PI-3
polyimide samples. The ar-
rows indicate the axis for
the phase angle- and |Z|-
plots, respectively. Sample
(a) features an evaporated
gold contact. Sample (b)
is recorded in the electrolyte
cell.

EG & G signal response analyser3. The experimentally obtained volume
resistance data above |Z| ≈ 109 Ω should therefore be treated carefully
and rather considered as lowest estimates. Resistance data below that range
indicate pin-holes and other structural defects in the polyimide films.

6.3.4.2 Ultra-thin polyimide under electrolyte and cell-culture con-
ditions

Table 6.7 lists the sterilization and cell-culture experiments (”treatments”)
performed with polyimide samples. Whereas the sterilization experiments
include again the four polyimide layers of varying thickness, the cell test
experiments use only the thin polymide of series PI-1 & 2. That is because
any electronically distinct, presumably thin, polyimide-electrolyte interface

3The amplitude of the applied sine voltage signal is U = 10 mV. With |Z| of the order
of 1010, the measurement range of the response analyser is stretched to I ≈ 10−13 A!

3Time elapsed between the assembly of the electrochemical cell and the impedance
measurement.
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Figure 6.24: Bode plots of
admittance spectra of PI-4
polyimide samples. The ar-
rows indicate the axis for
the phase angle- and |Z|-
plots, respectively. Sample
(a) features an evaporated
gold contact. Sample (b)
is recorded in the electrolyte
cell.

layer which might evolve during the growth of living cells would result in a
high capacitance (and unknown shunt resistance) which is series connected
with the polyimide’s volume RC-element. Such a high capacitance is best
discernible in impedance spectra, if the volume RC-element is only rougly
one order of magnitude smaller.

For all experiments, the electrochemical cell serves as the sole measure-
ment setup. That way, after the PI samples are taken out of the cell-culture
medium, interference and possible alteration of the polymer’s surface is kept
to a minimum. Moreover, the recording of the electrolyte diffusion following
the sterilization of the polyimide samples, requires that the samples not be
exposed to vacuum as would be necessary in the alternative contact evapo-
ration process.

Each treatment is carried out with a group of at least two samples. Sam-
ples that are prepared using (nominally) identical parameters do exhibit a
variation of their impedance characteristics. As the chance of pinholes and
other morphological inhomogeneities increases with decreasing thickness of
the layer, special care must be taken particularly in the choice of the thin
PI-1, -2 samples. Thus, samples featuring optically visible ”dots”, ”rings”,
etc. in the layer as a result of imperfections in the spin-coating and curing
process of the polyimide are excluded whenever possible, i.e., when there are
spare samples from the same wafer available. Furthermore, samples cut from
one single wafer are used when the impedance spectra after different exper-
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Table 6.7: Overview of sterilization– and cell-culture experiments with poly-
imide samples.

Sample Series Treatment PbS Impedance spectra,
:H2O after

P 703 u PI-4 sterilisation 1:0 3 min, 1-5 d
P 701 xx PI-3 sterilisation 1:0 5 min, 1-5 d
P 02 c PI-1 sterilisation 1:0 1 h, 2h, 7 h, 24 h
P 04 t PI-2 sterilisation 1:0 1 min, 30 min, 1 h, ... 5 d
P 04 r PI-2 sterilisation 1:10 12 min, 30 min, 1h, ... 5 d
P 04 y PI-2 sterilisation 1:100 18 min, 40 min, 1h, ... 5 d
P 01 b PI-1 as deposited 1:0 2h, 17h, ... 5 d
P 02 h PI-1 Co.-Me. 1:0 1h, 8 h, 24 h, ... 5 d
P 02 l PI-1 Marshall-c. 1:0 ≈ 1 h, 1d, ... 5 d
P 02 p PI-1 HeLa-c. 1:0 ≈ 1 h, 1d, ... 5 d

iments are to be compared. In the context of the sterilization experiments,
the distinctions in the diffusion element which are apparent among ”equal”
samples from different wafers will be addressed.

Figure 6.25 (a) and (b) compares the Bode plots of PI-1 samples (all
cut from one wafer) after the samples’ sterilisation and after cell-culture
experiments, respectively. Figure 6.25 (a) demonstrates the changes of the
electrochemical behavior of one sterilized sample over time of exposure to
the electrolyte in the measurement setup. Approximately one hour after
the assembly of the electrochemical cell, two minima of the phase angle φ
over frequency f appear and the phase angle changes slowly over a wide
frequency range f = 10 ... 104 Hz. Seven hours later, the phase angle
minimum at f ≈ 1 ... 10 Hz disappears but the slope of φ over f remains
almost unchanged. After one day, the remaining minimum of the phase angle
has slightly shifted to f = 103 Hz and φ decreases rapidly towards lower
frequencies. The φ spectrum is now almost identical to that of the virgin
polyimid sample (i.e., ”As deposited”), shown in Figure 6.25 (b).

The analysis of the impedance spectra of samples that were subjected to
living cells or the control medium reveals larger variations among the samples
of one treatment group than are encountered among untreated or sterilized
samples. However, the main characteristics of the ”as deposited” samples
hold also for the specimen which are exposed to either the control medium
or living cells. No reproducible spectra variations can be attributed to either
one of the cell test treatment groups.
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Figure 6.25: Impedance spectra of Polyimide samples. Bode plot of (a) one
sample after hot-oven sterilization at Th.o. = 105 ◦ for 12 hours. The time
of the start of the measurement after the assembly of the electrochemical cell
is given. (b) Several samples, each representing a group of samples exposed
to a certain treatment within the cell test experiment. The arrows indicate
the outer left- and outer right- ordinate-axis for the phase angle φ and |Z|,
respectively, for both (a) and (b).

Figures 6.26 and 6.27 show the results of further sterilization experiments
aimed at a better understanding of the time-behavior of the impedance spec-
tra in Figure 6.25. Polyimide specimen from a second wafer, PI-2 (with
nominally identical deposition parameters as the PI-1 series), are kept at
Th.o. = 105◦C in a dry oven for approximately 12–18 hours and subsequently
set up in the electrolyte cell with three concentrations of the electrolyte so-
lution. Starting with the original concentration of physiological solution,
cNa+ ≈ 1023 l−1, see Appendix 7.1, Figure 6.26, the ion concentration was
reduced by a factor of 10, no plot shown, and by a factor of 100 in Figure
6.27 using deionized water.

The phase angle v frequency plot in Figure 6.26 shows a local minimum
of φ ≈ -55◦ immedeately after the assembly of the electrolyte cell. Initially,
that minimum diminishes while shifting towards lower frequencies. After
t ≈ 3 h, the minimum reappears at f ≈ 1 ... 3 × 10−2 Hz and sharpens
until it reaches a final status after approximately 10 hours. Simultaneously,
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Figure 6.26: Bode plots of
impedance spectra of PI-2
polyimide samples. Elec-
trolyte cell setup with the
original PbS solution with
an ion concentration of
cNa+ ≈ 1023 l−1.

a local maximum at f ≈ 5× 103 Hz develops with the phase angle reaching
φ ≈ -80◦. At frequencies below f ≈ 10−2 Hz and above f ≈ 5× 105 Hz, the
impedance spectrum remains unchanged over time.

The spectra in Figure 6.27, PbS : H2O = 1 : 100, show the phase angle
φ initially decreasing monotonically from almost φ = -90◦ at f = 10−1 Hz
to φ ≈ -20◦ at f ≈ 3× 105 Hz. At f ≈ 102 Hz, a point of inflection is
observed which forms into a local minimum after t ≈ 3 - 6 h. The final
status is reached after t ≈ 12 ... 24 h. It appears that the final impedance
spectrum is reached earlier for samples using the original PbS. However, the
limited number of tested samples does not allow for a clear interpretation
and further experiments are needed.

Figure 6.28 (a) and (b) displays the fitted curves and the correspond-
ing measurement data for sample P04t – original PbS – and sample P04y –
PbS : H2O = 1 : 100, respectively. The time between the assembly of the
electrochemical cell and the start of the measurement is given and the arrows
point to the the outer left- and outer right- ordinate-axis for the phase angle φ
and |Z|, respectively, for both (a) and (b). The fit and the recorded data are
hardly distinguishable. The fitting routine is applied to the equivalent circuit
of Figure 5.2, modified by an additional Warburg impedance term. All RC
elements in Figure 5.2 can be ascribed to the dielectric and to the electrolyte
cell setup and are verified for the PI as well as the SiOx:C/SiNx samples.
Hence, the expansion of the equivalent circuit by a Warburg impedance in
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Figure 6.27: Bode plots of
impedance spectra of PI-2
polyimide samples. Elec-
trolyte cell setup with a
PbS : H2O = 1 : 100 diluted
solution with an ion concen-
tration of cNa+ ≈ 1021 l−1.

order to be able to explain the time-dependent impedance spectra is jus-
tified. The following section describes a physical model which takes into
account diffusion-like processes in the polyimide’s surface region. Based on
that model, the circuit including the Warburg impedance is developed and
the fitting parameters are given.

6.3.4.3 Physical model and equivalent circuit

The analysis of all impedance spectra reveals distinct capacitive elements in
the experimental setup. With the aim of interpreting and understanding the
experimental data, Figure 6.29 depicts a physical model of the polyimide
sample in an electrolyte cell setup. Region (1) represents the the polymer’s
bulk which in this model is not affected by cell culture experiments and re-
mains unchanged over time of exposure to the electrolyte in the experimental
setup after the sterilisation of the sample. As seen in SEM cross section views
of the material, see chapter 3.2.5, the volume does exhibit a columnar-like
structure. The surface of the polymer is indicated by the grey shaded area
(2). See chapter 3.2.5 for a description of its morphology. Cracks, fissures,
etc. reach a certain depth and the region is less homogeneous than the bulk.
The transient changes in the impedance spectra over time following the ster-
ilisation of the material are thought to origin in this thin surface layer. The
electrolyte which mainly consists of H2O and Na+ and Cl− ions, see Ap-
pendix 7.1, ”contacts” the polymer. The arrows (3) indicate components of
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Figure 6.28: Bode plot of impedance spectra (a) Recorded data of sample P04t
– using original PbS – and numerical fit. (b) Recorded data of sample P04y
– using a PbS:H2O = 1:100 solution – and numerical fit. The time after the
assembly of the electrochemical cell is given. The arrows indicate the outer
left- and outer right- ordinate-axis for the phase angle φ and |Z|, respectively,
for both (a) and (b).

the electrolyte entering the material after the drying process in the hot-oven
sterilisation. At the Cr-contact – electrolyte interface, a Helmholtz layer
forms with a ”spacing” between the electrolyte’s ions (the inner Helmholtz
plane) and the solid state of dHH ≈ 1 nm. The Cr sheet and the silicon
wafer - polyimide interface are separated by dCr−W ≈ 200 µm.

Based on the physical model, the equivalent circuit of Figure 5.2 is modi-
fied to explain the impedance spectra of the thin polyimide after sterilization.
In order to accommodate the postulated distinct surface region of the poly-
imide, the new circuit in Figure 6.30 (a) ... (d) contains a Warburg impedance
ZW which takes into account diffusion-like processes at the material’s surface.
RgCg in (a) again represents the geometric capacitance of the electrolyte cell
setup. (b) depicts the Helmholtz layer capacitance RHHCHH . The poly-
imide’s bulk capacitance RdeCDE-element in (c) is series connected to the
Warburg impedance and a shunt resistance R(sh),w in (d). As shown in the
analysis of the electrolyte cell without a dielectric, see section 5.2.4, only a
lower limit for the shunt resistance Rg can be calculated, Rg ≥ 106 Ω (dot-
ted line symbol). Similarly, a lowest limit for Rde is found, Rde ≥ 5 × 106 Ω
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Figure 6.29: Cross section sketch of polymide samples in the electrolyte
cell setup. (dCr−W ) Separation between the wafer substrate and the Cr-
electrode. (dPI−1,2) Total thickness of the PI. (dHH) Distance between the
inner Helmholtz plane and the solid (indicated exemplarily for both Helmholtz
layers). (1) ”Grains” in the columnar structure of the bulk material. (2)
cracks, symbolising the surface roughness. (3) Entry path for electrolyte com-
ponents into the surface layer.

(dotted line symbol). The gold contact- and electrolyte cell measurements
described at the beginning of the chapter show Rde to be of the order of
Rde ≈ 1010 Ω. The large Helmholtz capacitance CHHRHH may be left
out in the fitting routine without significantly reducing the accuracy of the
fit (dotted line symbol). The polyimid’s volume capacitance is represented
by CDE. Except for the gold leaf contacting, all experimentally obtained
capacitance values of the polyimide are several percent higher than the the
corresponding theoretical data, see table 6.6 at the beginning of the chap-
ter. This deviation from theory decreases with increasing thickness of the
dielectric. The data obtained from the contact evaporation- and the elec-
trolyte cell measurements are in good agreement (though fit-data from the
electrolyte cell setup exhibit a tendency towards higher capacitances). Vari-
ation of the capacitance data within one experimental setup results from a
typical margin of error of 20% for the contacted (geometric) surface area.
The generally higher ”experimental capacitance” as compared to the theory
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Figure 6.30: Equivalent circuit for polyimide samples in the electrochemical
cell. (a) Geometric capacitance of the setup. (b) Helmholtz layer. (c) PI bulk.
(d) PI surface region, where the Warburg impedance represents diffusion-like
processes of electrolyte components. The dotted elements may be left out in
the fitting routine, see text.

is explained by the surface roughness of the polyimide, see chapter 3.2.5,
which leads to fluctuations in the separation of the capacitor plates (silicon
wafer and electrolyte-PI interface). In principle, the resulting rough surface
capacitance C(PI),r.s. can be estimated according to

C(PI),r.s. ∼
A1

¯dPI + △dPI

+
A1

¯dPI −△dPI

+
A2

¯dPI

, (6.3)

where x̄ denotes the mean separation between the wafer surface (”back
contact”) and the electrolyte-PI interface, △ x represents the (average) de-
viation from x̄ and A1 is the surface area of the polyimide which is closer or
further apart from the wafer than the surface A2 which corresponds to the
mean thickness of the polymer. An increase in the average deviation △ x
from the mean thickness of the polymer, i.e. a less smooth surface of the
polymer, increases the second term of the equation, thus raising the total
capacitance of the polyimide layer.

The process of electrolyte components entering the surface polyimide layer
– area (2) in Figure 6.29 – for sterilized samples is thought to be governed
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by diffusion, which is described by Fick’s laws of diffusion,

∂c(xd, t)

∂t
= Dd

∂2c(xd, t)

∂x2
d

, (6.4)

with the concentration c of the diffusing species and the coordinate xd along
the diffusion path and the diffusion coefficient Dd. This differential equa-
tion is analogous to the wave equation which decribes the propagation of
electromagnetic waves in RC-lines, see references [258, chapter 2.1], [216,
chapter 2] and Appendix 7.2. For the ”open circuit” boundary condition,
the impedance Z follows equation

ZW =
Rw tanh(iKω)p

(iKω)p
, (6.5)

which is for p = 0.5 the Warburg impedance Zw in the context of the diffusion
process in the equivalent circuit ((D) in Figure 6.30). The parameter K, see
appendix 7.2, is given by

K =
l2d
Dd

, (6.6)

with the diffusion thickness ld and the effective diffusion coefficient Dd. For
the parameter Rw holds

Rw ∝ ld
Dd

. (6.7)

The fitted curves presented in Figure 6.28 (A) and (B) for the samples P04t
and P 04y, respectively, are obtained with a Warburg parameter p = 0.55 ... 0.65
for the first measurements after t04t = 6 min and t04y = 18 min. Other sam-
ples may be fitted with p = 0.5. The last measurements after t04t = 6 h
and t04y = 12 h may either be fitted without the Warburg element, or with
a parameter p = 0.9 ... 0.95. Parameter Rw is found to be of the order of
Rw ≈ 1 × 105 ... 106. Parameter K decreases from K ≈ 0.15 ... 0.30 for
the first recordings to K ≈ 0.006 ... 0.02 after t04t = 6 h and t04y = 12 h,
respectively.

The volume of the electrolyte, V ≈ 100 mm2× 0.1 mm ≈ 10 mm3, is
about one million times the volume of the entire polyimide. Therefore, it is
resonable to assume a constant concentration of ions and water molecules (the
PI surface remains always covered with the electrolyte) at the PI-electrolyte
interface over time. The solution to Fick’s equation (7.10) is then given by
the error function complement,

c(xd, t) = cel−pi erfc

(

xd

2
√

Ddt

)

, (6.8)
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with the coordinate x perpendicular to the PI’s surface and the diffusion
length

√
Dt. cEl−PI is the concentration of the diffusing species at the

electrolyte-polyimide interface [259]. See Appendix 7.1 for the concentra-
tions of the components of the PbS- and control medium electrolytes. The
manufacturer of the PI 2611, HDMicrosystems, gives an initial concentration
for water of cH2O ≈ 0.5 % [84].

Figure 6.31 illustrates the proposed diffusion-like penetration of the poly-
imide’s surface region by components of the electrolyte. The concentration

polymer-
surface

polymer-
bulk

PbS - electrolyte

t

xd

0.5         1.0   c(x,t)/ cel-pi

Figure 6.31: Schematic di-
agram for electrolyte com-
ponents entering the poly-
mer surface. Assuming
a diffusion-like process, the
error function compliment
governs the concentration C
of a diffusing species at
any depth x perperdicular to
the materials surface. Cs

is the (constant) boundary
concentration, see text.

c(x, t) of a diffusing species is normalized with the interface concentration
cel−pi. Assuming a constant diffusion coefficient in the surface region of the
material, D(d),s = const., the diffusion length

√
Dt increases with time, thus

raising the concentration of the diffusing species perpendicular to the ma-
terial’s surface as indicated. The diffusion process continues in the bulk
material. As spectra do not change significantly after t ≈ 24 hours, the dif-
fusion constant D(d),b in the polymer bulk is assumed to be lower than near
the surface. One or two weeks after the assembly of the electrochemical cell,
the reproducibility of the spectra decreases. This is, however, most likely
related to alterations in the experimental setup such as an oxydation of the
Ag-contact stripes or water uptake by the EVA based sealing.
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6.3.5 Summary: PI 2611

The observations of the impedance spectroscopy on ultra-thin PI test samples
contribute to the assessment of the biostability of the material in two ways:

(i) The observed diffusion-like process of PbS electrolyte components into
the PI’s surface explains the FTIR and XPS analysis of the samples. The
”water rinse experiment” shows that with increasing time of exposure to the
control-medium, the effect of a prolonged water-rinsing of the sample (ie. a
prolonged cleaning of the sample) on the XPS spectra decreases, see section
6.3.2.3. The question rises if the C 1s spectra are to be explained by an
alteration of the BPDA/PPD backbone structure of the PI or by co.-me.
which penetrates deeper into the PI’s surface with increasing time of co.-
me. exposure. The results of the impedance spectroscopy support the model
that control medium penetrates into the PI in a similar manner as PbS does.
Thus a ”smooth” interface region at the PI’s surface evolves where co.-me.
residues are embedded in the BPDA/PPD matrix and result in a ”diluted”
XPS spectrum of the PI. IS thus also reconciles the FTIR spectra which
show an increase in the total number of C-H - and C=C benzene bonds (Fig.
(6.17)), with the XPS spectra which indicate a decrease of the C-C peak,
accompanied by the raise of the C-N component (Fig. (6.19) and (6.21).

(ii) As PbS electrolyte enters the surface region of the PI, the shunt
resistance of the (bulk) material remains above the measurement range of
the Schlumberger- and EG & G measurement setup. Hence, the insulation
capabilities of the test layers after up to three weeks exposure to in-vitro
cell cultures remain intact. Moreover, since the FTIR spectroscopy shows
no decrease in the PI’s specific absorption bands, the water uptake does not
lead to the break up of bonds in the BPDA/PPD backbone.

Electrolyte components (of the in-vivo environment of an implanted de-
vice) which eventually reach the PI-chip interface may have a negative effect
on the adhesion properties of the encapsulation layer. However, following
unpublished preliminary results of implanted (subretinal and subcutaneous)
PI 2611 test samples, no delamination problems whatsoever occured during
the implantation period of one year [1].
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Chapter 7

Appendix

7.1 Composition of the Dulbecco’s growing

medium and the phosphate buffered saline

Table 7.1 lists the composition of the Dulbecco’s Phosphate Buffered Saline
(PbS) that is used throughout this work [260].

Table 7.1: Contents of Dulbecco’s Phosphate Buffered Saline (PbS).

Component Concentration
g l−1

KCl 0.2
KH2PO4 (anhyd) 0.2
NaCl 8.0
Na2HPO4 (anhyd) 1.15

Table 7.2 lists the composition of Dulbecco’s cell culture medium [261, 262].
”A” indicates amino acids; ”V” marks specific vitamins.
For a description of enzymes and vitamins see references [7, 263].
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Table 7.2: Contents of Dulbecco’s MEM cell culture medium. The concentra-
tion C of each component is given. ”A” indicates amino acids; ”V” marks
specific vitamins.

Component C Component C
mg l−1 mg l−1

NaCl 6400 L-Methionine A 30
KCl 400 L-Phenylalanine A 66
CaCl2 200 L-Threonine A 95
MgSO4· 7H2O 200 L-Tryptophan A 16
NaH2PO4 124 L-Tyrosin A 72
D-Glucose 4500 L-Valine A 94
Fe(NO3)3·9H2O 0.1 Glycine A 30
Na-Pyruvat 110 L-Serine A 42
Phenolred 15
NaHCO3 3700 Cholinchloride 4

Folic acid V B9 4
L-Arginine ·HCL A 84 myo-Inositol 7.2
L-Cystine A 48 Nicotinamide V B3 4
L-Glutamine A 580 D-Ca-Pantothenate V B5 4
L-Histidine ·HCL ·H2O A 42 Pyridoxal ·HCL V B6 4
L-Isoleucine A 105 Riboflavin V B2 0.4
L-Leucine A 105 Thiamin ·HCl V B1 4
L-Lysine ·HCl A 146
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7.2 RC-line- and Warburg impedance

The following analysis demonstrates the analogy between the impedance of a
finite length RC transmission line and the Warburg impedance of a diffusion
process.

Figure 7.1 depicts the equivalent circuit for any transmission line of in-
finitesimal length dz. The physical length of the ”real” transmission line is
given by l. R’, L’, G’ and C’ represent the per unit length (p.u.l.) resistance,
p.u.l. inductance, p.u.l. shunt conductance and p.u.l. capacitance of the
line, respectively. The voltage signal is given by u; i represents the electric

R´ dz

i(z,t) i(z+dz,t)

L´ dz
G

´ 
dz

C
´ 

dz

u(
z,

t)

u(
z+

dz
,t)

dz

Z
2

r2, Z2r1, Z1

l

Figure 7.1: RLGC- equivalent circuit for a transmission line of infinitesimal
length dz. l indicates the physical length of the ”real” transmission line. R’
= per unit length (p.u.l.) resistance, L’ = p.u.l. inductance, G’ = p.u.l.
shunt conductance and C’ = p.u.l. capacitance. The dotted circuit elements
for L and G are neglected in the mathematical analysis, see text. Z1 is the
input impedance of the line terminated by Z2.

current. Z2 respresents the impedance terminating the line of length l. Z1

symbolizes the input impedance of the line of length l. r2 is the reflection
coefficient of Z2 and r1 that of Z1 for a stationary state.

For u holds

u(z + dz, t) = u(z, t) − R′dz i(z, t) − L′dz
∂i(z, t)

∂t
(7.1)

−u(z + dz, t) − u(z, t)

dz
= R′i(z, t) + L′

∂i(z, t)

∂t
. (7.2)

With dz −→ 0 follows

−∂u(z, t)

∂z
= R′i(z, t) + L′

∂i(z, t)

∂t
. (7.3)
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Similarly, for i holds

i(z + dz, t) = i(z, t) − G′dz u(z + dz, t) − C ′dz
∂u(z + dz, t)

∂t
(7.4)

−∂i(z, t)

∂z
= G′u(z, t) + C ′

∂u(z, t)

∂t
. (7.5)

In the following analysis the p.u.l. shunt conductance and p.u.l. inductance
of the line are neglected, ie., G’ = L’ = 0:

−∂u(z, t)

∂z
= R′i(z, t) (7.6)

−∂i(z, t)

∂z
= C ′

∂u(z, t)

∂t
(7.7)

Applying the operator ∂
∂z

to the first equation yields

∂2u

∂z2
= R′C ′

∂u

∂t
. (7.8)

Similarly, application of ∂
∂t

to the first equation and of ∂
∂z

to the second
equation gives

∂2i

∂z2
= R′C ′

∂i

∂t
. (7.9)

see reference [258] p. 50. Both wave-equations are structurally identical with
Fick’s second law of diffusion,

∂C(x, t)

∂t
= D

∂2C(x, t)

∂x2
, (7.10)

with the concentration C of the diffusing species and the coordinate x along
the diffusion path, see section 6.3.4.3. For a sinussoidal signal in a RC line,
the propagation constant γ, γ = α + jβ with the attenuation constant α and
the phase constant β, is given by

γ =
√

jωR′C ′. (7.11)

For the characteristic impedance Zc holds

Zc =

√

R′

jωC ′
. (7.12)

The reflection coefficients r1 and r2 at the beginning and at the end of the
RC line in Figure 7.1, respectively, are given by

r1 = r2 exp {−2γl} (7.13)

r2 =
Z2 − Zc

Z2 + Zc

. (7.14)
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For Z2 −→ 0, ie. a short-circuit terminated RC line, holds r2 = -1 and Z1sc

becomes

Z1sc = Zc

1 − exp {−2γl}
1 + exp {−2γl} (7.15)

Z1sc =

√

R′

jωC ′

1 − exp
{

−2
√

jωR′C ′l
}

1 + exp
{

−2
√

jωR′C ′l
} (7.16)

Z1sc = R′l
1√

jωR′C ′l
tanh

√

jωR′C ′l, (7.17)

which is analogous to equation (6.5) for the Warburg diffusion impedance,

ZW =
R tanh(iKω)p

(iKω)p
, (7.18)

with p = 0.5.
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Abbreviations and constants

a-Si:H hydrogenated amorphous silicon
AMD Age Related Macula Degeneration
AP 8000 3-aminopropyltriethoxysilane, Dow Chemical
ATCC American type culture collection

(http://www.atcc.org)
BCB dry-etch benzocyclobutene, Dow Chemical
BPDA / PPD biphenyldianhydride / 1,4 phenylenediamine

(a polyimide)
c-Si crystalline silicon
CMOS complementary metal-oxide semiconductor

technology
Dulbecco’s medium cell growing medium, see appendix for components
EDX energy dispersive X-ray diffraction
EVA Ethylen/V inyl/Acetat copolymers
FTIR Fast Fourier Transmission Infrared Spectroscopy
HMDSO hexamethyldisiloxan
IMS IMS CHIPS, Institute for microelectronics Stuttgart
IgR image reversal (photoresist, lithography)
IR infrared electromagnetic radiation
ISO International Organization for Standardization
ITO indium tin oxide
MCT HgCdTe infrared detector in spectrometer
MEA micro-electrode array
MPD Micro-Photodiode
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MPDA Micro-Photodiode Array
NMI Natural and Medical Science Institute

at the University of Tübingen
NMP n-nethyl-2-pyrrolidone
RIE reactive ion etch
RP Retinitis Pigmentosa
RW reference wafer for infrared spectroscopy
PbS Phosphate buffered saline
PECVD plasma enhanced chemical vapor deposition
PI polyimide
PI 2611 polyimide 2611, HD Microsystems, DuPont
PMDA – ODA Pyromellitic Dianhydride-Oxydianiline

(a polyimide)
RCS rats Royal College of Surgeons rats
SEM scanning electron microscope
TCO transparant conductive oxide
TEOS tetra-ethyl-ortho-silicate
UAK University Eye Hospital Tübingen
USP U.S. Pharmacopaia, an organization for the

standardization of medicines
UV ultraviolet electromagnetic radiation
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

ǫ0 universal dielectric constant, ǫ0 = 8.854 10−12 A s V−1m−1

j the imaginary unit, j =
√
−1

k Boltzman constant, k = 1.28 x 10−23 J K−1

q elementary charge, q = 1.6 x 10−19C
~ Planck’s constant, ~ = 1.054 10−34 Js

~ = h/2π



Symbols

α(l) absorption coefficient of light in specified material (cm−1)
α(e−) absorption coefficient for photoelectrons (nm−1)
ǫEV A dielectric constant of EVA, ǫEV A ≈ 3-4
ǫH2O dielectric constant of H2O
ǫr,BCB dielectric constant of BCB (ǫr,BCB=2.65)
ǫr,P I dielectric constant of PI (ǫr,P I=2.8)
ηa−Si conversion efficiency of a-Si:H based photodiodes (%)
θb,E bond angle of ether group in PI (◦)
ϑ detection angle of the XPS analyser (◦)
κ phase angle of the constant phase element
λ attenuation length of photoelectrons (monolayers)
λatt attenuation length of photoelectrons (nm)
λl wavelength of light (nm)
ν wave number (cm−1)
ρ(BICR),s density of BICR ”Marshall” cells at saturation (cm−2)
ρ(w),l resistivity of wafer substrates, highly doped (Ω cm)
ρ(w),h resistivity of wafer substrates, lowly doped (Ω cm)
τ time constant for fit of element concentration (XPS) (h−1)
φ phase angle between voltage and current signal (◦)
ϕ work function (eV)
ω angular frequency (s−1)

a prefactor for fit of element concentrations (XPS)
A amplitude of the constant phase element (FκS1−κcm−2)
A1 (small-scale) area of PI with greater or

smaller thickness than average (µm2)
A2 (small-scale) area of PI with average thickness (µm2)
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Aα percentage of photoelectrons emitted between
d = 0 ... α which contribute to XPS peaks (%)

Ace area of counter electrode (µm2)
Acv area of contact via (µm2)
AEV A sample area in contact with EVA (mm2)
Ap peak area in Gaussian or Lorentzian distribution
As surface area of cell culture samples (mm2)
Ase area of stimulation electrode (µm2)
APbS,EV A surface area of electrodes in electrolyte cell setup. (mm2)
APbS sample area in contact with PbS (mm2)
app absolute percentage points
bi XPS background at channel i
c element concentration (XPS) (%)
cCO2 CO2 concentration in incubator (%)
cNa+ concentration of Na+ ions in electrolyte (l−1)
c0 constant for fit of element concentrations (XPS)
cel−pi concentration of the diffusing species at the

electrolyte–polyimide interface (cm−2)
cabs
moe margin of error for concentration of elements (XPS)

in absolute percentage points
c(IR),Si−N change in concentration of Si-N bonds as

determined by FTIR (%)
cabs
(H),X change in concentration of element X as

determined by XPS in absolute percentage points
after HeLa cell-culture treatment (%)

cabs
(M),X change in concentration of element X as

determined by XPS in absolute percentage points
after Marshall cell-culture treatment (%)

cabs
(H,t),X change in concentration of element X as

determined by XPS in absolute percentage points
after HeLa cell-culture and trypsinization (%)

cabs
X change in concentration of element X as

determined by XPS in absolute percentage points (%)
crel
X change in cencentration of element X as

determined by XPS in relative percentage points (%)
c(x, t) concentration of diffusing species (cm−2)
C capacitance of a plane capacitor (F), F = A s V−1

Cio capacitance of the inorganic dielectric (F)
C(io),c capacitance of the inorganic dielectric as fitted

with circuit (c) (F)
C(io),H capacitance of the inorganic dielectric after

HeLa cell culture treatment (F)
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C(io),cm capacitance of the inorganic dielectric after
co.-me. treatment (F)

Cp capacitance in a parallel RC element (F)
C ′ per unit length capacitance (C m−1)
C(PI),th theoretical capacitance of PI samples

following equation for a plance capacitor (F)
C(PI),ev. capacitance of PI samples

after contact evaporation (F)
C(PI),el. capacitance of PI samples

in electrolyte cell setup (F)
C(PI),g.l. capacitance of PI samples

after gold leaf contacting (F)
C(PI),r.s. capacitance of PI samples with rough surface (F)
Cde Capacitance of dielectric (F)
Cg geometric capacitance of electrolyte cell setup (F)
CHH helmholtz double layer capacitance (F))
d emission depth of photoelectrons (m)
d(BCB),cm thickness of commercially available BCB (µm)
dCr−W geometric separation between Cr-electrode

and wafer substrate (µm)
dHH separation between inner Helmholtz plane

and the solid (nm)
dhill lateral dimension of PI hillocks in SEM (nm)
dif thickness of PI – electrolyte interface (nm)
dio thickness of inorganic samples (nm)
dmax maximum peak-to-valley distance in PI (nm)
dPI−1,2,3,4 thickness of PI samples of PI series 1, 2, 3, 4 (nm)
¯dPI average thickness of PI samples

(in model for surface roughness) (nm)
△dPI deviation from dPI (nm)
dSiNx

thickness of SiNx layer (nm)
dsurf thickness of surface layer (nm)
dtl thickness of modelled top layer (XPS) (nm)
d(tl),t=x thickness of modelled top layer (XPS)

after t = x days (nm)
dss dissolution rate of SiNx in control medium (nm d−1)
D illumination (W m−2)
Dd diffusion coefficient (cm2s−1)
D(d),s diffusion coefficient in PI 2611 surface region (cm2s−1)
D(d),b diffusion coefficient in PI 2611 bulk (cm2s−1)
E energy of electrons in semiconductors (eV)
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EAl X-ray energy of Al-source, EAl=1253.6 eV (eV)
EMg X-ray energy of Mg-source, EMg=1486.6 eV (eV)
Eb binding energy (eV)
E(b),X binding energy of element X (eV)
Ec energy at center of Gaussian or Lorentzian peak (eV)
E(e−),kin kinetic energy of photoelectrons (eV)
Eg band gap (eV)
E(k dispersion relationship
Ep energy of phonons (eV)
f frequency (Hz), Hz = s−1

FF fill factor (%)
G conductance (Ω−1)
G1,2,3 Gaussian distributions in XPS fit function Y
G′ per unit length conductance (Ω−1 m−1)
hν photon energy (eV)
i(t) time dependent current (A)
I current (A)
I complex current (A)
I0 saturation current (mA)
ic current charging the Helmholtz capacitance (mA)
if faradaic current across Helmholtz layer (mA)
j total angular momentum of core electrons
Impp current at maximum power point (mA)
Iph photocurrent (mA)
Is stimulation current (mA)
I(V ) current-voltage characteristics
Isc short-circuit current (mA)
K parameter in Warburg impedance, K = l2diff/Ddiff (s)
k wave vector
k prefactor in XPS-background calculation
kF spring constant in Hooke’s law (kg s−2)
kT thermal energy (meV)
l physical length of the ”real” RC line (m)
ld diffusion thickness (m)
loam orbital angular momentum of core electrons
L1,2,3 Lorentzian distributionsin XPS fit function Y
L inductance (H), H = V s A−1

L′ per unit length inductance (H m−1)
m mass of atoms in Hooke’s law (kg)
m1,2,3 prefactor in XPS fit function Y
MFP mean free path of photoelectrons (nm)
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MOE(A),P bS margin of error of sample area in contact with PbS (%)
n ideality factor
nip, pin sequence of doped and intrinsic a-Si:H layers
nipnip sequence of doped and intrinsic a-Si:H layers
p exponent in Warburg impedance,

p = 0.5 for diffusion
p(BCB),c pressure in chamber during BCB curing (Pa), Pa = N m−2

1 Pa = 10−5 bar
pj peak amplitude for XPS background calculation
pp percentage points
P (d) probability as function of emission depth
Q Charge (C), C = A s
rAu sputter-deposition rate for Au on dielectrics (nm min−1)
rH hydrogen dilution of a-Si:H
R resistance (Ω)
R′ per unit length resistance (Ω m−1)
Rde shunt resistance of dielectric (Ω)
RHH shunt resistance of Helmholtz layer (Ω)
Rio bulk resistance of inorganic dielectric (Ω)
RX/Y peak ratio of elements (or bonds) X and Y (XPS)
R(PI),th theoretical conductance of PI (manufacturer’s data) (Ω)
Rg shunt resistance of the electrolyte cell setup (Ω)
Rp shunt resistance of a a-Si:H- or c-Si photodiode (Ω)
R(PI),ev. resistance of PI samples

after contact evaporation (Ω)
R(PI),el. resistance of PI samples

in electrolyte cell setup (Ω)
R(PI),g.l. resistance of PI samples

after gold leaf contacting (Ω)
Rsh shunt resistance (Ω)
R(sh),w shunt resistance for Warburg diffusion element (Ω)
Rs series resistance (Ω)
Rs1 series resistance in equivalent circuit (Ω)
Rs2 series resistance in equivalent circuit (Ω)
Rs,

P total series resistance for f −→ ∞ (Ω)
R(a−Si),s series resistance of a-Si:H photodiodes (Ω)
Rt tissue resistance (Ω)
Rw prefactor in the Warburg impedance (Ω)
R(w),h resistivity of substrate wafer, high resistivity (Ω cm)
R(w),l resistivity of substrate wafer, low resistivity (Ω cm)
s spin of core electrons
S X XPS subpeak concentration, (eg., X = C-N)
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∫

X element concentration in the total XPS spectrum,
X = Si, O, N, C (%)

Sde FTIR spectra of dielectrics
Sn normalized FTIR spectra
Srw FTIR spectra of reference wafer
t time (h)
tco.−me. time of exposure to the co.-me. (h)
t0 start of measurment
t1,3 timeframe, see XPS (SiNx) (d)
t2,X time until equilibrium for concentration of

element X is reached (XPS) (d)
t(BICR),d doubling time of BICR ”Marshall” cell culture (h)
tpic time between removal of petri dishes from incubator

and recording of optical microscope pictures (min)
trinse amount of time the sample is rinsed in

deionized water (min)
tst duration of sterilization of cell culture samples (h)
T absolute temperature (K)
Tan annealing temperature (K)
T(BCB),c final BCB cure temperature (◦C), 1◦C = 273 K
T(a−Si),d deposition temperature of a-Si:H (◦C), 1◦C

0.555
+32 = 1◦F

Tco.−me. temperature of co.-me. (◦C)
T(SiNx),d deposition temperature of SiNx (◦C)
T(TEOS),d deposition temperature of TEOS SiO2 (◦C)
TFTIR operating temperature of MCT detector (K)
Tgtt glass transition temperature (◦C)
Th.o. hot-oven temperature during sterilization (◦C)
Tinc temperature in incubator (◦C)
TPbS temperature of PbS at time of removal of living

cells from samples (◦C)
T(PI),c final PI cure temperature (◦C)
Ttryp temperature of trypsin during trypsinization (◦C)
Tpic temperature during recording

of optical microscope pictures (◦C)
T (t) temperature ramp during curing process
V voltage (V)
V0 amplitude of sinusoidal voltage signal (V)
V complex voltage (V)
Vch polarization voltage of stimulation electrode V
Vmpp voltage at maximum power point (V)
Voc open circuit voltage V
Vse−ce stimulation electrode – counter electrode potential (V)
w full width at half maximum (eV)
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x displacement of atoms in Hooke’s law (m)
xd coordinate along the diffusion path (m)
y0 offset in XPS fit function Y
Y function composed of Gaussian and Lorentzian

distributions for XPS fit algorithm
Y admittance (Ω−1)
z coordinate along RC line (m)
Z impedance (Ω)
Z1 input impedance of RC line of length l (Ω)
Z2 impedance terminating the RC line (Ω)
Zw Warburg impedance (Ω)
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