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Summary

The goal of this work was to develop carbon based transparent electrodes for advancement of microelec-
trode array (MEA) technology by allowing the possibility of combining optical methods with classical
electrophysiology. Recent years have seen a surge of interest in novel methods such as optogenetics
and calcium imaging with the focus on understanding the complex neuronal networks. The conven-
tional microelectrode materials obstruct the optical access, which is from the substrate side with an
inverted microscope, and this limitation is overcome by using carbon materials. This work was fo-
cused on three main materials - carbon nanostructures, graphene and graphene/PEDOT:PSS (poly(3,4-
ethylenedioxythiophene)). The transparency often comes at the cost of high electrochemical impedance.
This challenge was tackled by using a novel combination of chemical vapour deposited (CVD) graphene
and PEDOT:PSS.

Carbon nanostructures were grown at 550 ◦C by CVD with acetylene as the carbon source. The mor-
phology was studied by scanning electron microscope (SEM) and the presence of nanostructures mixed
with amorphous carbon confirmed by Raman spectroscopy. The semitransparent nature was revealed
by UV-Vis measurements. The electrochemical impedance was in the acceptable range for electrophys-
iological recordings. The functionality of the carbon nanostructure microelectrodes was confirmed by
recording electrogenic signals from cardiomyocytes where the optical inspection of the cells through the
semitransparent microelectrodes was possible. The mechanical robustness and biocompatibility was
revealed by studying the electrode-cell ultrastructure.

Graphene was grown by CVD with methane as the carbon source and integrated in the MEA fabri-
cation process. The largely single layer graphene was investigated with SEM and Raman spectroscopy.
The excellent transparency over the entire microelectrode was revealed by optical transmittance mea-
surements. The graphene microelectrodes displayed high electrochemical impedance which led to high
noise during electrophysiology. The functionality of the transparent graphene mircoelectrodes was
checked with cardiomyocytes where high amplitude signals were detected similar to recording with
standard electrodes, however, the smaller amplitude signals went unrecorded owing to the high noise.

Graphene/PEDOT:PSS microelectrodes were fabricated by electrodeposition of the conducting poly-
mer PEDOT:PSS on graphene microelectrodes. Optical microscopy revealed that PEDOT:PSS followed
the graphene surface and the continuous coverage of the latter by the former reduced to sparse cov-
erage with decreasing amount of PEDOT:PSS. Raman spectroscopy, especially in the case of lower
PEDOT:PSS amounts, revealed the presence of PEDOT:PSS on regions which appeared transparent opti-
cally. This information was crucial in understanding the electrodeposition mechanism. The electrochem-
ical impedance was found to be comparable with the commercially available TiN microelectrodes and
the applicability was tested with cardiomyocytes. Optical imaging was possible through the transparent
microelectrodes. An optimum balance between the optical transparency and electrochemical impedance
was obtained which allows flexibility in producing microelectrodes for a wide range of applications.

This work presents a comprehensive view on carbon based transparent microelectrodes for novel
applications employing combinations of electro- and opto-physiology. The electrodes fabricated in this
work are expected to go a long way in assistance with decoding the complex biological systems and
provide insights on the single cell level.
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Zusammenfassung

Das Ziel der vorliegenden Arbeit lag in der Entwicklung kohlenstoffbasierter, transparenter Elektro-
den zur Weiterentwicklung der Mikroelektrodenmatrix-Technologie (MEA) durch Ermöglichung der
Kombination optischer und klassischer elektrophysiologischer Methoden. In den letzten Jahren kon-
nte ein vermehrtes Interesse an neuen Methoden wie Calcium-Imaging und Optogenetik beobachtet
werden, deren Fokus auf dem verbesserten Verständnis komplexer neuronaler Netzwerke liegt. Kon-
ventionelle Elektrodenmaterialien verhindern den optischen Zugang mit inversen Mikroskopen von
der Substratseite aus, eine Einschränkung welche mit Hilfe von kohlenstoffbasierten Materialien über-
wunden werden kann. Diese Arbeit konzentriert sich auf drei solcher Materialien – Kohlenstoffnanos-
trukturen, Graphen und Graphen/PEDOT:PSS (Poly-(3,4-ethylendioxithiophen)). Die Transparenz der
Elektrodenmaterialien geht oft auf Kosten der elektrochemischen Impedanz. Diese Herausforderung
wurde durch eine neuartige Kombination aus durch chemische Gasphasenabscheidung gewonnenem
Graphen und PEDOT:PSS angegangen.

Die Kohlenstoffnanostrukturen wurden durch chemische Gasphasenabscheidung (CVD) bei 550 ◦C
unter Nutzung von Ethin als Kohlenstoffquelle hergestellt. Die Morphologie dieser Strukturen wurde
rasterelektronenmikroskopisch untersucht und das Vorliegen von Nanostrukturen neben amorphem
Kohlenstoff konnte durch Raman-Spektroskopie bestätigt werden. Die semitransparenten Eigen-
schaften dieser Nanostrukturen wurden durch UV/Vis-spektroskopische Messungen offenbart. Die
elektrochemische Impedanz konnte innerhalb des für elektrophysiologische Messungen angemesse-
nen Bereichs verortet werden. Die Funktionalität der Kohlenstoffnanostruktur-Mikroelektroden
wurde durch die Aufnahme elektrogener Signale von Kardiomyozyten bei gleichzeitiger optischer
Überwachung der Zellen durch die semitransparenten Elektroden bestätigt. Die mechanische Ro-
bustheit sowie die Biokompabilität wurde durch Untersuchung der Zell-Elektroden-Ultrastruktur
aufgezeigt.

Graphen wurde durch chemische Gasphasenabscheidung hergestellt, wobei Methan als Kohlenstof-
fquelle diente, und in den MEA-Produktionsprozess eingebunden. Das weitgehend einlagige Graphen
wurde mit Hilfe von Rastertunnelmikroskopie und Raman-Spektroskopie analysiert. Die hervorra-
gende Transparenz über die gesamnte Mikroelektrodenfläche konnte durch optische Transmissions-
messungen nachgewiesen werden. Die Graphen-Mikroelektroden zeigten eine hohe elektrochemische
Impedanz, was ein starkes Rauschen während elektrophysiologischer Messungen zur Folge hatte. Die
Funktionalität der transparenten Graphen-Mikroelektroden wurde durch die Aufnahme elektrogener
Signale von Kardiomyozyten überprüft, wobei Signale hoher Amplitude wie mit Standardelektroden
detektiert werden konnten, während Signale kleinerer Amplitude aufgrund des starken Rauschens ver-
loren gingen.

Die Graphen/PEDOT:PSS-Mikroelektroden wurden durch elektrolytische Abscheidung des elek-
trisch leitenden Polymers PEDOT:PSS auf Graphen-Mikroelektroden hergestellt. Die Untersuchung
der Abscheidungen durch optische Mikroskopie zeigte, dass das PEDOT:PSS-Polymer auf der Graphe-
noberfläche abgeschieden wurde, wobei die Überdeckung mit dem Polymer bei kürzerer Abschei-
dungszeit geringer war. Bereiche geringer Schichtdicke des Polymers wiesen optische Transparenz auf.
Raman-spektroskopische Analyse konnte auch in diesen Bereichen das Vorhandensein von PEDOT:PSS
nachweisen. Diese Beobachtung war entscheidend für das Verständnis des Abscheidungsmechanis-
mus. Die ermittelte elektrochemische Impedanz der Graphen/PEDOT:PSS-Mikroelektroden ist vergle-
ichbar mit der kommerziell erhältlicher TiN-Mikroelektroden und ihre Funktionalität wurde durch die
Aufnahme elektrogener Signale von Kardiomyozyten bestätigt. Die simultane optische Zugänglichkeit
durch die transparenten Elektroden konnte ebenfalls bestätigt werden. Es wurde somit die bestmögliche
Balance zwischen optischer Transparenz und elektrochemischer Impedanz erreicht, wodurch die Pro-
duktion von Mikroelektroden für eine breit gefächerte Palette von Anwendungen ermöglicht wird.

Diese Arbeit stellt einen umfassenden Einblick in den Bereich kohlenstoffbasierter Mikroelektroden
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für neuartige Anwendungen unter Einbezug von sowohl Elektro- als auch Optophysiologie dar. Die
hergestellten Elektroden sollen helfen, komplexe biologische Systeme besser zu verstehen sowie Ein-
blicke auch auf der Ebene einzelner Zellen zu gewähren.
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1 Introduction

1.1 Motivation

Biological tissues and cells contain ion-channels which allow the passage of ions resulting in a poten-
tial difference across the cells membrane. This potential difference is picked up by electrodes and the
recorded signals are decoded to understand the inter- and intra-cellular communication. The field of
recording the electrogenic activity of the cells, electrophysiology, finds application in various fields rang-
ing from neuroscience to drug development. In neuroscience, the recordings provide deep insights in
the complex neuronal networks in brain and retina. The effect of a new drug under investigation can be
quantified by monitoring the change in the cellular signals.

Microelectrode arrays (MEAs) are widely used for electrophysiological measurements with simulta-
neous optical investigation being a novel and young field. For effective electrogenic cellular recordings,
the electrodes must display low electrochemical impedance values which ensures low thermal noise and
hence, improved signal-to-noise ratio. Comprehensive understanding of the biological system is possi-
ble when the recording site (electrode) dimension is in the range of the cell dimension. The impedance,
and in turn the thermal noise, increases with decreasing electrode size. A typically used electrode diam-
eter is 30 µm.

Optogenetics and calcium imaging are emerging new fields which require optical access while record-
ing electrogenic cellular activity. In optogenetics certain channels in the cells are optically activated and
in calcium imaging the calcium channels are activated by chemical modification. Electrophysiology
coupled with optical investigation offers comprehensive understanding of the biological systems. Op-
tical access is made possible by using float-glass as a base substrate instead of a printed circuit board.
However, conduction paths and microelectrodes are made of opaque materials, such as, titanium nitride
(TiN) [1], platinum (Pt) [2], gold (Au) [3], iridium oxide IrOx [4, 5] and more recently Au coated with
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate-carbon nanotubes (PEDOT:PSS-CNT) [6]. The
maximum recorded signal is contributed by the cells either directly on top or in the vicinity of the micro-
electrode. The opaque materials obstruct the view which can be tackled by 3-dimensional (3D) imaging
where optical images of different planes away from the substrate are stacked, resulting in the 3D image.
However, the opaque electrode casts a shadow in the vicinity of the electrode. In addition, conventional
materials show light induced artifacts upon light interaction resulting in altered signal (voltage) which
can be misinterpreted as an electrophysiological signal. This is a major drawback in using conventional,
metal-based electrodes in optogenetics and calcium imaging.

In this work, carbon based materials were chosen as they display excellent electrical properties and
possible optical transparency without light induced artefacts. Carbon nanotubes have been explored
but their optical properties are yet to be investigated in the MEA technology. Graphene has attracted a
lot of attention since the first isolated preparation over a decade ago. The entry of graphene in the MEA
technology is relatively recent and more work needs to be done in utilizing the optical transparency
which comes at the price of increased impedance. The conducting polymer PEDOT:PSS has been used
to reduce the impedance of microelectrodes. Combining graphene with PEDOT:PSS could balance out
the poor impedance properties while taking advantage of their optical transparency.

1.2 Aim and Outline

The aim of this work was to prepare and anaylze three types of carbon based electrodes - carbon nanos-
tructures, graphene and graphene/PEDOT:PSS. The carbon materials were produced, characterized -
optically and electrochemically, and their applicability evaluated by recording cellular activity. The goal
was to develop microelectrodes for a wide variety of applications from conventional electrophysiolgy,
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1 Introduction

where low impedance is desirable, to novel applications, such as optogenetics and calcium imaging
where optical transparency is preferred.

Chapter 2 (Fundamentals) begins with the background and state of the art of MEAs, discusses the
benefits of transparent electrodes, the basics behind the carbon based materials and an overview of the
carbon materials in MEA technology. Chapter 3 (Materials) details the production, equipment details
and integration of the carbon materials in MEAs. Chapter 4 (Methods) includes a brief description of
the microscopic, electrochemical and optical characterization methods as well as the equipment and pa-
rameters used. Chapters 5, 6 and 7 include the discussed results of the carbon nanostructures, graphene
and graphene/PEDOT:PSS microelectrodes, respectively. Chapter 8 concludes the discussion and offers
an outlook.
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2 Fundamentals

2.1 Microelectrode Arrays

Microelectrode arrays (MEAs) are used for sensing extracellular electrical activity of electrogenic cells
such as neurons and cardiomyocytes. The extracellular field is caused by the current flowing from the
ionic processes across the morphology of the cell. The ion channels in cells control the exchange of ions
and, in turn, the current which is recorded when cells come in the vicinity of microelectrodes. Neurons,
the basic unit of the nervous system, consist of axons and dendrites. Axons carry information to and
from the cell body. Dendrites carry the incoming signal in the cell body.

The electrophysiological recordings are in the form of field action potentials (fAPs) or spikes which
represent inter- or intra-cellular information transfer. This communication can be decoded to under-
stand the complex neuronal network. For instance, neuronal spikes can be recorded from several neu-
rons and the frequency, amplitude and shape of the spike can shed light on how the neuron is com-
municating with the neighbouring cells. Electrophysiology also finds application in drug development
where the effect of a new drug can be studied on the specific ion channels based on the changes in the
fAP upon injecting the test-drug in the cell culture medium.

Ion channels attract special attention from the pharmaceutical industry for drug screening, with ad-
equate electrophysiology, where the effect of the specific compound on the cellular activity is stud-
ied [7]. Furthermore, brain functions such as learning, memory acquisition and retrieval as well as
speech recognition depend on the synchronised activity of neurons in space and time. Diseases like
Alzheimer’s, epilepsy and other psychological impairments (depression, obsessive compulsive disor-
der [8]) are caused by biochemical or electrical abnormalities in the brain [9]. MEAs find applications in
the retina research with retinal waves, neuronal coding and inter-neuron communication studies being
some of the examples [10].

conduction path
opened insulator
culture chamber

Figure 2.1 Schematic 6-well MEA with 6-electrode fields (wells) comprising 9 electrodes each with cell culture chamber (blue)
atop.

A typical MEA consists of a base substrate (either float glass or polyimide in the case of flexible MEAs)
on which the conduction paths and electrodes are fabricated. MEAs with different electrode dimensions
and layouts can be customized and produced for a wide range of applications. Figure 2.1 shows a
schematic of a 6-well MEA where 6 simultaneous experiments are possible with 9 electrodes (recording

3



2 Fundamentals

sites) each. The conduction paths leading up to the microelectrodes are insulated to ensure that only the
electrodes are in contact with the culture medium and the cells. This is especially important for single
unit recording which means electrical recording obtained from a single cell. Also, the insulator must be
thick enough to avoid shunt capacitance. A glass ring (cell/tissue culture chamber, blue circle in figure
2.1) is glued atop the array of microelectrodes and electrical activity is recorded when cells come either
in direct contact or in the vicinity of the electrode.

The MEAs, since their introduction in 1972 [11], are constantly developed and adapted for novel appli-
cations [8, 12–14] with in vivo electrophysiology [15, 16], high density CMOS-based MEAs [10] and new
electrode shapes or materials [17, 18] being some of the examples. Choosing the right material for the
electrode, conduction path and insulator is crucial in order to obtain high quality measurements. MEAs
are fabricated with the aim of lowering the impedance to improve the signal-to-noise ratio. The typical
electrode materials are TiN [1], Pt [2], Au [3], IrOx [4, 5] and more recently PEDOT:PSS-CNT [6], as well
as other carbon based materials graphene [19, 20], graphene oxide [21], CNTs and diamond. Impedance
magnitude at 1 kHz is often used as the quality control norm as the maximum neuronal activity (firing
rate) is reported around this frequency [22]. It is important to consider that the impedance is microelec-
trode dimension dependent and hence the value at only one frequency is not enough for realistic and
fair comparison. For a better overview, the specific impedance which is the product of impedance mag-
nitude at 1 kHz and electrode area is used here. The commercially available TiN electrodes, produced
by NMI TT GmbH and distributed by Multi Channel Systems GmbH, display a specific impedance of
1.4 Ω cm2 [23]. The specific impedances of carbon based microelectrodes are discussed in section 2.4.

2.2 Why transparent electrodes?

direction of observation

top view

side view

opaque
electrode

transparent 
electrode

side view
along this line

substrate

insulator

shadow
(no optical access)

maximum cell signal 
contribution limit

cells

Ø 30 µm Ø 30 µm

Figure 2.2 The cells closest to the opaque electrode (left) are shadowed. A transparent electrode (right) allows unobstructed optical
access to the cells and offers the possibility to optically stimulate these cells. [Modified from [24]]

During electrophysiological measurements, the optical access is possible only from the substrate side
as the cell culture medium is on top of the electrode (see figure 2.2). Conventional electrode materials
obstruct the field of view. This can be addressed by 3D imaging of the cell culture where the Z-stack
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2.3 Materials of interest

of the X-Y planes is collated offering a 3D view of the system. However, with opaque materials the
closest cells to the electrode are shadowed and this shadow is also visible in the 3D image. The extent
of the shadowing depends on the dimension of the electrode, the objective used for the optophysiology
and the numerical aperture. A typical 30 µm diameter electrode casts a ∼20 µm shadow through a 20x
objective with 0.8 numerical aperture and 1.35 refractive index (see figure 2.2). The distance of active
cells from the electrode is crucial as the signal amplitude diminishes with distance from the electrode.
For example, in the case of neurons the maximum recorded activity (>60 µV) is from the cells within a
∼50 µm [15] radius from the electrode (dashed semicircle in figure 2.2). This loss of information can be
countered by using transparent microelectrodes.

Electrophysiology coupled with optical investigation is an emerging field with optogenetics and cal-
cium imaging being recent examples. Optogenetics is an elegant approach where ’reverse engineering’
is applied in biology. Optics and genetic engineering come together to provide a deeper insight into the
information transfer and exchange among neurons [25–27]. Calcium imaging is a promising technique
for detailed understanding of the neuronal networks either in combination with MEAs or solo. Differ-
ent types of neurons have different activities in neuronal networks and hence for precise understanding
of the neuronal network, calcium imaging has been reported as a beneficial tool [28]. Both, optogenet-
ics [26] and calcium imaging [29] have revolutionized neuroscience by enabling systematic and precise
recordings in vivo and in vitro.

Transparent electrodes allow for simultaneous electrophysiology and optical imaging. This is essen-
tial for the advancement of the neural research field and opens up new possibilities for investigating
the brain functions which could further improve therapeutic neural interface applications [20]. Carbon
based materials such as carbon nanostructures and graphene are potential electrodes owing to the high
surface area of the former and optical transparency of the latter. The next section briefly introduces the
carbon materials used in this work.

2.3 Materials of interest

2.3.1 Carbon nanostructures

Electron microscopic images of helical microtubules of graphitic carbon were first published in 1991
[30], six years after the C60 fullerene synthesis was reported. These tubular carbon structures were
concluded to be formed by rolling up single hexagonal carbon sheets instead of the Bacon’s scroll model
[31] for tubular needle growth. These carbon nanostructures, popularly known as CNTs, created a new
wave of interest owing to their extraordinary mechanical, thermal and electrical properties. The Young’s
modulus and tensile strength of CNTs is five and fifty times higher than steel, respectively [32]. They
show excellent thermal conductivities and ballistic charge transport compared to most known materials.
It is important to note that these extraordinary properties are usually assosicated with purely single
walled CNTs (SWCNTs) while multi-walled CNTs (MWCNTs) display inferior properties [33].

CNTs are one-dimensional structures consisting of sp2 hybridized carbon atoms forming a hexagonal
network. Every carbon atom is covalently bound to three others with a 120° angle and a 1.42 Å bond
length. While three of the valence electrons are located in the three covalent bonds, the fourth one is
located in the π orbital orthogonal to the sp2 plane. The overlap of the π orbitals of the adjacent atoms
in a given plane leads to the electron bond network which results in high charge mobility and hence,
improved conductivity. Figure 2.3 shows tubular nanostructures grown at 600 ◦C and observed using
a helium ion microscope. SWCNTs have diameters in the range of few nanometres which increase for
MWCNTs depending on the number of rolled up carbon layers. Among other parameters like the base
substrate, catalyst and carbon source, the production of CNTs by catalytic chemical vapour deposition
demands temperatures over >600 ◦C. Below these temperatures, carbon tubular structures with thicker
diameters mixed with amorphous carbon are obtained.

These carbon nanostructures are reported to have a wide range of biological applications. [34, 35]
More details on the application of CNTs in the biomedical field and the interfacing with biology can
be found here [36]. The high surface area of the carbon nanostructures lowers the electrochemical
impedance which is essential for improved electrophysiology. However, the electrical properties of
the CNTs come at the cost of optical transparency. Hence, one of the main challenges of this work was
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Figure 2.3 Tubular carbon nanostructures produced at 600 ◦C and observed with helium ion microscope.

to balance the carbon nanostructure production parameters and optical transparency while maintaining
low impedance.

2.3.2 Graphene

Graphene is a two-dimensional hexagonal lattice of carbon atoms (see figure 2.4 (a)). Since its first iso-
lated preparation in 2004 [37], graphene is one the most extensively researched materials of the recent
decades. Ballistic electron transport [38, 39], exceptional thermal conductance [40], superior mechanical
properties [41], impermeability to gases [42] and supreme transparency (close to 98 % for monolayer
graphene [43]) are few of the superlatives associated with this wonder material. Chemical vapour de-
position (CVD) growth of graphene is a popularly used production method.

The entry of graphene into the field of biomedicine is only a decade old. The application of a deriva-
tive of graphene, nano graphene oxide, in drug delivery and cellular imaging has been reported in
2008 [45]. Since then, the application of different derivatives of graphene has been reported in the field
of biosensing [46]. A field effect transistor for sensing cellular signals from cardiomyocytes using me-
chanically exfoliated single layer graphene was reported in 2010 [47]. Recently, single layer graphene
was reported to tune the neuronal excitability [48].

Graphene synthesis and application is reviewed here [49]. The main advantage of using graphene
in the MEA technology is the optical transparency (∼97 % for monolayer graphene) which is an im-
provement over CNTs, although the electrochemical properties of graphene need in-depth investigation.
Graphene microelectrodes reported in the MEA technology are discussed in section 2.4.

2.3.3 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene), PEDOT, was developed and patented by the Bayer AG in the second
half of the1980s. Water soluble poly(styrene sulfonic acid), PSS, was subsequently used as the charge-
balancing dopant during the electropolymerization of EDOT into PEDOT:PSS. [50] The chemical struc-
ture of PEDOT:PSS is shown in figure 2.5. This combination has gathered increased interest from both
fundamental researchers and industry. PEDOT:PSS displays good thermal stability, the possibility of
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graphene

1 µm

carbon atom
bond length:1.42 Å 

(a) (b)

1 Å 1 Å 

(c)

Figure 2.4 (a) Hexagonal graphene with 1.42 Å bond length. (b) Scanning electron micrograph of graphene grown on Cu by
chemical vapour deposition. (c) One of the first transmission electron microscopic images of single layer graphene
(Reprinted with permission from [44]. Copyright 2018 American Chemical Society.)

transparency, adequate film-forming properties and tunable conductivity [51]. The commercially avail-
able PEDOT:PSS solution can be spincoated on the desirable substrates for a wide range of applications
ranging from organic light-emitting diodes, organic photovoltaic devices to transparent conductive ox-
ides [52]. Electropolymerization of EDOT into PEDOT in a PSS-containing electrolyte is another way of
producing PEDOT:PSS films. A controlled amount of current, necessary to initiate the polymerization
process is passed through the electrochemical cell. The electropolymerization mechanism is not com-
pletely understood. Following is the description adapted from [53] and the polymerization scheme is
shown in figure 2.6.

A resonance stabilized cation radical forms when the applied potential exceeds the oxidation potential
of the monomer (figure 2.6 (a)). The cation combines with a second radical to form a dimer which is
(thermodynamically) stabilized due to the loss of two protons (b). The larger delocalized system in the
dimers makes them susceptible to oxidation and hence forming the radicals at lower potential. The
same principle applies to trimers and oligomers. The radical formation from the monomers, dimers and
larger oligomers, and the recombination with one of their kind or reacting with a neutral monomer or
oligomers makes the electropolymerization a complex mechanism. Possible reactions are presented in
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Figure 2.5 Chemical structure of PEDOT (left) and PSS (right).

figure 2.6 (c,d). The positive charge remains at every third or fourth repeat unit and requires balance by
anions which diffuse into the polymer during polymerization.

In MEA technology, PEDOT:PSS is often used to reduce the impedance of the microelectrodes in in
vivo and in vitro applications [54–57]. In this work, the conducting polymer was used to combat high
impedance of graphene and develop microelectrodes for a wide range of applications.
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Figure 2.6 EDOT electropolymerization scheme. [Modified after [53]]
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2.4 Carbon materials in MEA technology

The entry of carbon based materials into the MEA technology is only a decade old. Opacity and light-
induced artefacts in the electrical recordings are the two main reasons behind exploring new MEA elec-
trode materials. As explained in section 2.2, conventional electrode materials are opaque and cast a
shadow while imaging the cells either in transmission mode or with the inverse microscope. The light
induced artefacts result from the photoelectric effect which is the emission of electrons from the metallic
surface in response to light. These artefacts can look like the local fAPs or a spike which are similar to the
electrical activity of the cells. This may lead to the artefacts being (mis)interpreted for cellular record-
ings. Moving the light away from the opaque electrodes or shielding them from the light by other means
can prevent the artefacts, but both are not possible in optogenetics where the cells are in close vicinity
or directly on top of the electrode. Graphene based materials are reported to show no light-induced
artefacts and hence are a step ahead of the conventional metal based electrode materials [58].

As previously mentioned, the impedance is used as the benchmark for a potential electrode mate-
rial, and the magnitude impedance at 1 kHz is reported as the neuronal activity appears on a length
scale of ∼1 ms [22]. The reported carbon based MEAs have different shapes and dimension. Hence
the specific impedance is calculated for the different materials for a better overview and comparison
between the materials (see table 2.1). The all-CNT microelectrode was reported to have ∼8 fold higher
specific impedance than the CNT grown on TiN to reduce the impedance. The focus was on electrical
properties and not on optical transparency. Graphene-based microelectrodes where chemical vapour
deposited graphene films were transferred on flexible substrates for in vivo electrophsiology combined
with optogenetics [20] and calcium imaging [19] were reported in 2014 .

The high surface area and the electronic properties are the main motivations behind using CNTs in
biological and biomedical applications. CNTs grown on TiN [59, 64] and flexible substrates [60, 65] are
reported to improve the electrical properties. In other cases, modified CNTs coated on tungsten and
steel wires were observed to improve the neuronal recording [66].

The same group, David- Pur et al., reported a flexible all-CNT MEA where the contact pads, conduc-
tion paths and electrodes were made of CNTs on a flexible substrate [60]. In both cases the focus was on
reducing the impedance and no transmittance studies were reported.

Four-graphene layers with 200 µm diameter electrodes displayed magnitude impedance of
(243 ± 6) kΩ at 1 kHz. The cell dimensions are in tens of µm and hence the large electrode records
contributions from more than one cell which is often not desirable. Here, the 3-D imaging of the cells
on top of TiN (opaque) and graphene (transparent) microelectrodes clearly showed the shadow-effect
of the former. 3-D imaging was thought to be an alternative for visualizing cells cultured on the opaque
electrode but the shadow effect hinders the imaging. This supports the need for transparent electrodes.

Nitrogen doped graphene microelectrodes of 50 × 50 µm2 with Au conduction paths [19] and
graphene coated Au microelectrodes [62] were reported to show 13 Ω cm2 ( 10 fold higher than the
commercially available TiN) specific impedance with the former being transparent. In another case,
recently platinum nanoparticles coated on graphene were reported to show specific impedances in the
range of 87–0.14 Ω cm2 [63].
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Electrode material
specific
impedance
(Ω*cm2)

optical
trans-
parency
(%)

publication

TiN 1.4 NA [23]
CNT (Ni) on TiN 0.5 NA Gabay et. al. [59]
CNT (Ni) on flexible substrate 4.3 NA David-Pur et. al. [60]
Nano crystalline diamond 2.1 50 Mcdonald et. al. [61]
CLEAR device (4 graphene lay-
ers)

76 90 Park et. al. [20]

doped graphene 13 80 Kuzum et. al. [19]
graphene on Au 13 NA Koerbitzer et. al. [62]
graphene on PET 96 80 Thunemann et. al. [58]
Pt nanoparticles on graphene 87 - 0.14 95-30 Lu et. al. [63]

Table 2.1 Table summarizes the electrode materials, specific impedance (product of impedance magnitude at 1 kHz and micro-
electrode area), optical transparency and the corresponding publication.
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3 Materials

3.1 Production of Carbon Based Materials

3.1.1 Catalyst and carbon deposition

In this work, carbon deposition was optimized and analysed on 1 mm thick float glass substrates
(5 × 1 cm2) sputter coated with a 200 nm indium tin oxide (ITO) layer. The catalysts, Fe and Ni, were
deposited using a Cressington sputter coating system in argon (Ar) atmosphere at 0.05 mbar with a
plasma power of 30 W for 8 s, corresponding to ∼5 nm layer thickness. For process optimization, the
influence of temperature on the carbon deposition was studied from 400 ◦C to 600 ◦C with 50 ◦C step.
The temperatures reported here were measured on the heating plate upon which the 1 mm thick float
glass substrates were placed. In a modified Leybold Z401 vacuum system, the target temperature was
ramped at ∼200 ◦C min−1 in presence of 200 sccm ammonia (NH3) and the substrates were held at the
target temperature for 10 min upon which 200 sccm acetylene (C2H2) was injected and the pressure was
set to 5 mbar. After 10 min process time the gas flows were shut and the heater was switched off. The
chamber was vented on reaching 200 ◦C by injecting nitrogen and the substrate removed. [67]

The carbon deposition on atomic layer deposited (ALD) Ni as catalyst was studied as part of the
Carbon4Health project which was a 3 yr project with the goal of producing transparent carbon-based
electrodes for in vitro and in vivo biomedical and life science applications. 200 nm ITO on float glass sub-
strates was covered with a photoresist (S1818, Shipley Corporation, US) and photolithography opened
squares in the resist. Ni was deposited at Plasma Electronic GmbH by means of plasma enhanced ALD
where Bis(ethylcyclopentadienyl) nickel (II) served as the precursor. The Ni precursor was subjected to
cycles of oxidation (water plasma) and reduction (hydrogen plasma) at 155 ◦C yielding a ∼3 nm layer.
ALD-Ni deposition was followed by resist lift off leaving squares of Ni on the ITO/glass substrate.
Carbon was deposited following the process described above with 550 ◦C as the process temperature.
[68]

3.1.2 Graphene production

Graphene was grown on commercially bought Cu foil from Alfa Aeaser GmbH (foil number 13380).
This particular foil was chosen based on results described in [69]. Cu was pre-treated with 1 M ammo-
nium persulfate (APS) in ultrasonic bath for 1 min, followed by de-ionized water cleaning (twice) and
isopropanol rinse. The Cu foil was then carefully dried with a nitrogen gun without bending it, placed
in the Black Magic (Aixtron) machine, and the chamber was pumped down to 20 mbar. The tempera-
ture was increased from room temperature to 800 ◦C with a 200 ◦C min−1 ramp in the presence of 200
sccm Ar. After the desired temperature was reached, Cu was held (annealing) for 5 min followed by the
introduction of 200 sccm H2 and 100 sccm CH4 for 5 min. The temperature was then lowered with a
200 ◦C min−1 ramp in the presence of 200 sccm Ar, and the chamber was vented upon reaching 200 ◦C.

3.2 Integration in the MEA technology

3.2.1 Carbon nanostructures MEA fabrication

1 mm thick 49 × 49 mm2 glass substrates were coated with 200 nm ITO followed by photolithography
with a S1818 resist mask and a dry etch process in H2/CH4 plasma producing ITO conduction paths
and contact pads. After resist removal, a 500 nm thick silicon oxide (SiOx) was deposited by plasma-
enhanced chemical vapour deposition (PECVD) followed by application of the second resist mask (AZ
3027 ECI). A dry etch CF4/O2 plasma opened the contact pads (purple squares along the edges of the
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MEA substrate was fabricated 

utilizing ITO conduction paths and 

SiO  insulator with established x

cleanroom processes.

30 µm diameter electrodes are 

opened in the resist by 

photolithography, SiO  removed by x

reactive ion etching and the resist 

was left on the insulator.

A thin catalyst layer of Ni or Fe (5 

nm) was deposited by physical 

vapour deposition.

Resist lift-off left catalyst layer on 

the electrodes. 

Carbon was deposited with 

acetylene as carbon source in 

ammonia atmosphere.

glass

ITO
SiOx

resist

30 µm

Figure 3.1 Carbon MEA fabrication scheme for producing 30 µm carbon nanostructure electrodes on ITO conduction paths with
SiOx as insulator on 1 mm thick glass base substrate.

14



3.2 Integration in the MEA technology

a b

c d

Au mask graphene mask

merged maskSU-8 mask

200 µm

Figure 3.2 Photolithography masks for different graphene MEA fabrication steps. Au (a) and graphene (b) are structured using
positive resist. SU-8 (c) is a negative resist. (d) Merged masks show the expected results, yellow being Au and grey
being graphene.

MEA substrate in figure 2.1) and the electrodes (see figure 3.1). The resist mask at this point was used for
catalyst lift off. The processes until this point were done by the clean room team at the NMI. Carbon de-
position catalyst, Ni or Fe, was sputter deposited as described in section 3.1.1 and carbon nanostructures
deposited at 550 ◦C or 600 ◦C.

3.2.2 Graphene MEA fabrication

200 nm Au was sputter deposited on glass substrate, and structured by photolithography using the mask
shown in figure 3.2 (a) by the clean room team at the NMI. A polymer-based transfer was implemented
to transfer graphene from Cu to Au conduction paths. For this purpose, Poly(methyl methacrylate),
PMMA, was spin coated on the Cu-graphene foils with 5 s at 500 rpm and 30 s at 3000 rpm, followed by
baking at 120 ◦C for 2 min. The assembly was cut into pieces of the desired dimensions with a scissor
which bent the Cu foil. The pieces were flattened by pressing between two cleaned microscopic glass
slides. 1 M Ammonium persulfate (APS) solution in de-ionised (DI) water was used for etching the Cu.
The flattened Cu pieces were carefully suspended on the surface of the Cu etchant. The top-side of the
Cu pieces was marked to make sure only the bottom is exposed to the APS solution. The mark is also
useful in locating the transparent PMMA-graphene membrane floating in the solution which turned
light blue from the dissolved Cu. The thin delicate membrane was fished out of the APS solution using
a clean glass slide and released in DI water twice where it floated on the surface. The membrane was
carefully placed on the target region (electrode field) making sure it overlaps with the Au conduction
paths. Water trapped between PMMA-graphene and the MEA substrate was carefully removed using
an air gun. The substrates were dried overnight and PMMA was removed in acetone (30 min) and
isopropanol (5 min) followed by air gun drying.

Figure 3.3 shows selected graphene MEA fabrication steps. The graphene transferred onto the Au con-
duction paths and the electrode field was examined with scanning electron microscope (SEM). Graphene
was structured into ∼40 µm diameter electrodes by the clean room team using the mask shown in figure
3.2 (b). The structuring was done by photo-lithography using S1818 resist and etching the unwanted
graphene with oxygen plasma (200 W, 100 mTorr, 3 min).

The SU-8 insulator deposition was done by Dr. Peter D. Jones. Prior to insulator deposition, the
substrates were baked for >1 h at 150 ◦C, then removed from the oven and cooled to room temperature
immediately before spin-coating. SU-8 3005 was spin-coated for 10 s at 500 rpm then 30 s at 4000 rpm,
soft baked for 5 min at 95 ◦C on a hotplate, exposed through a photomask (700 mJ cm−2, i-line, SÜSS
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Graphene+PMMA membrane 

transferred on the pulled back Au 

conduction paths.
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and oxygen reactive ion etching of 
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Figure 3.3 Graphene MEA fabrication scheme producing Au conduction paths leading up to 30 µm diameter graphene electrodes
with SU-8 insulator on 1 mm thick glass.

MA6, pattern in Figure 3.2 (c)) and post-exposure baked for 5 min at 95 ◦C. SU-8 was developed for
1 min in mr-Dev 600 and rinsed with isopropanol, then substrates were baked at 170 ◦C for 30 min in
an oven. The substrates were ramped from and to room temperature. The result was 40 µm diameter
graphene microelectrodes with Au conduction paths and SU-8 insulator with 30 µm openings.

3.2.3 Graphene/PEDOT:PSS MEA fabrication

Ethylenediethoxythiophene (EDOT, Aldrich USA) was mixed in 1 % poly (sodium p-styrenesulfonate)
(NaPSS, Mw ≈ 70 000 g mol−1, Acros organics USA) producing 0.02 M solution. The recipe was modified
from [53]. Electropolymerisation was achieved by passing 15 nA current through the graphene micro-
electrodes for controlled durations of 0.2 s, 0.5 s, 1 s, 2 s, 5 s and 10 s. The representative electrodeposition
cell is shown in figure 3.4 (a). Figure 3.4 (b) shows the recorded potential vs the deposition time for 1 s,
0.5 s and 0.2 s. Charge passing through the microelectrode can be calculated following the equation 3.1.
Furthermore, PEDOT:PSS film thickness can be estimated by extrapolating the thickness vs charge curve
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EDOT suspension in
NaPSS solution

potentiostat
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Pt mesh
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graphene
(working)

V

Ag/AgCl
(ref)

(a) (b)

Figure 3.4 (a) Representative PEDOT:PSS electrodeposition cell where graphene is the working electrode with Ag/AgCl as refer-
ence and a Pt mesh as the counter electrode in NaPSS+EDOT electrolyte. (b) Recorded voltage when 15 nA current was
applied for 1 s, 0.5 s and 0.2 s.

from the dissertation of Dr. Ramona Samba [53] (see figure 3.5).

Q = I ∗ t (3.1)

where Q is charge in Coulomb, I is current in Ampére and t is electrodeposition time in seconds. In this
work, 15 nA current was passed for controlled durations of time.

graphene/PEDOT:PSS

Figure 3.5 PEDOT:PSS film thickness vs the charge transferred during the electrodeposition. The red vertical lines indicate charge
transfer for the longest, 10 s (150 nC), and shortest, 0.2 s (3 nC), deposition times used in the present case. The graph is
modified from doctoral dissertation of Dr. Ramona Samba [53].

Electrochemical impedance spectroscopy and cyclic voltammetry were performed before and after
PEDOT:PSS deposition to understand and analyse the contribution of PEDOT:PSS on the graphene mi-
croelectrodes.
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3.3 Cardiac cell culture and retina slice

3.3.1 Cardiac cell culture on MEA

Cardiomyocytes were cultured on all three electrode types - carbon nanostructure, graphene and
graphene/PEDOT:PSS in the lab of Udo Kraushaar. The MEAs were sterilized in ethanol and subse-
quently coated with nitrocellulose (Roth, Germany, HP42.1) from methanol solution. MEAs were plated
with 20.000 cells/µl density and the cells, when healthy, began showing autorhymic activity from 3–4 d.
During this time the cells were maintained at 37 ◦C in 100 % humidity.

3.3.2 Cardiomyocytes-carbon interface ultrastructure

After recording the cardiomyocyte fAPs, the cells were chemically fixed on the carbon nanostructure
MEA in 3 % formaldehyde and 2.5 % glutaraldehyde in phosphate buffered saline (PBS), stained with
1 % osmium tetroxide and 1 % uranyl acetate and embedded in epoxy resin. After embedding, the
electrode field region was cleaved with a wire saw and ground down to ∼1 mm thickness and polished
to achieve a smooth surface. The goal behind this study was to visualize the carbon nanostructure -
biology interface and mechanical stability of the microelectrode. The analysis is detailed in section 4.2
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4.1 Scanning electron microscopy

secondary electron detector in-lens detector(a) (b)

2 µm 2 µm

Figure 4.1 SEM images of graphene on Cu with (a) secondary electron and (b) in-lens detector. The arrow indicates one of the
particles which are observed on the Cu foils after graphene production process.

Scanning electron microscopy (SEM) is popularly used for topological and elemental analysis. An
electron beam with an accelerating voltage in the range of 0.02–30 keV interacts with atoms in the sub-
strate producing a wide range of signals with topology and composition information. The secondary
electrons (SE) collected by the in-lens detector located inside the beam column, in addition to the sur-
face topography, show contrast corresponding to the work function of the substrate material. This is
especially important in characterizing few layers of graphene with SEM. The in-lens image contrast is
substantially better than that of the SE detector. As seen in figure 4.1 (a) the SE detector reveals the
topography of Cu after the CVD process wherein the metal catalyst is subjected to 800 ◦C. The same
region, when imaged with the in-lens detector, shows contrast between different layers of graphene
(darker regions).

In the present work, the substrates were investigated using a Crossbeam AURIGA 40 (Zeiss) and
Crossbeam X1540 (Leo) with 3 keV accelerating voltage.

4.2 Focused ion beam

Focused ion beam (FIB) milling is used in materials science and in biological fields to investigate layered
structures, deposition and ablation of the material. The FIB set ups are often coupled with SEMs and
use ion beams with high accelerating voltage. A focused beam of Ga+ ions penetrates the substrate with
currents in the range of 10 pA - 10 nA and can be used for cross-sectioning. A protection layer, e.g. Pt,
protects the surface from the high energy ions and maintains the topological information.

A Pt protection layer of ∼100 nm was deposited using the gas injection system in the respective SEM
chambers. FIB milling was started approximately in the center of the Pt layer making sure that the width
of the cross section is > 1.5 times the depth of the final section. This ratio is important for visualizing the
deepest substrate layer in the final FIB cross section. FIB milling was performed on ALD-Ni with and
without the carbon nanostructures. Carbon MEAs produced at 550 ◦C and 600 ◦C were investigated by
FIB cross sections. In vitro cultured cardiomyocytes on the carbon nanostructured microelectrodes were
fixed and stained as described in section 3.3.2 followed by FIB milling at the edge of the electrode.
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4.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is used for elemental analysis, and the X-ray detector is
usually coupled with SEM. High energy electrons upon hitting the atoms in the substrate eject an elec-
tron from the inner shell, creating an electron-hole. The hole is filled by an outer shell electron with
higher energy and the energy difference results in generation of X-rays which are detected. The collected
emission spectrum contains unique peaks corresponding to the chemical composition of the substrate.
The bright particle indicated in figure 4.1 and ALD-Ni substrates upon carbon deposition were analyzed
with EDX to identify the chemical composition. The beam energy used in both cases was 3 keV.

4.4 Time of flight secondary ion mass spectrometry (ToF-SIMS)

A focused ion (Cs+ or Ga+) beam ablates the substrate surface producing secondary ions. The created
ions/particles are accelerated into a flight path towards the detector. Time between the ablation to de-
tection (time of flight) can be measured and hence this technique offers very high resolution mass spec-
trometry. The strong ion beam can mill through the substrate producing three-dimensional elemental
tomographs which offer comprehensive elemental information. This is especially important in charac-
terizing few nm thin films. In this work, 3D ToF-SIMS tomographs were obtained from the ALD-Ni
substrates to investigate the layer system before and after carbon nanostructure deposition.

4.5 Electrochemical Characterization

4.5.1 Electrochemical impedance spectroscopy

Impedance spectroscopy is a powerful technique used to examine the electrochemical processes in
solids. A sinusoidal voltage is applied, and the ability of the electrical circuit to resist the electrical
current is recorded. The resulting impedance (Z) is the contribution of a real (Z

′
) and imaginary (Z”)

part and the angle of the Cartesian is the phase (see figure 4.2). The magnitude impedance, calculated
following equation 4.1, is plotted against the logarithm of the measured frequency. This type of plot is
called Bode plot. The phase is often plotted on a second Y-axis. The shape and position of the resulting
curve indicates the electrochemical characteristic of the system. For pure resistors, only the real part
contributes to the magnitude impedance and for pure capacitors, only the imaginary part contributes.

Z =
√
Z ′2 + Z”2 (4.1)

For simple circuits the expected and observed impedance curves are straightforward. The analysis
becomes complicated when, for example, charge transfer resistance in the electrolyte, a constant phase
element corresponding to the Helmholtz double layer capacitance and Warburg impedance representing
the diffusion of the charge species are to be accounted for.

Z“

Z‘

θ

|Z|

Z“

Z‘

Z“

Z‘

Z“
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ZR ZC
ZR+C

(a) (b) (c) (d)

Figure 4.2 (a) Magnitude impedance includes the contribution of real and imaginary parts. Blue cross(es) indicates expected data
position for pure resistor (b), pure capacitor (c), and a resistor-capacitor in series (d) for different frequencies.
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4.5 Electrochemical Characterization

For microelectrodes, magnitude impedance at 1 kHz is often used as quality control while investigat-
ing new materials. This particular frequency is chosen as the neuron firing rate is around 1 ms [22].
Lower impedance values are desirable as they correspond to low thermal noise. The correlation of
impedance and noise is discussed in the next section. All three types of carbon materials were investi-
gated by electrochemical impedance spectroscopy to characterize the electrical behaviour and estimate
noise during biological recordings.

In the case of carbon nanostructure electrodes, electrochemical impedance spectroscopy was per-
formed in PBS using a Solartron SI 1260 system. The electrode field was covered with a drop of ethanol
to ensure good wetting of the hydrophobic carbon. Impedance spectra were obtained over the frequency
range 1 Hz-1 MHz at 10 points per decade with 1 V amplitude against the internal counter electrode on
the MEA substrate.

In the case of graphene and graphene/PEDOT:PSS microelectrodes, the impedance spectroscopy was
performed with the potentiostat (VMP and VSP Bio-logic SAS, France) in a two-electrode set up where
reference and counter electrodes were connected to the internal reference electrode of the MEA, which
has a large area compared to the microelectrode, with the respective microelectrode being the working
electrode in presence of PBS solution. The impedance and phase were recorded over the 1–10 000 Hz fre-
quency range with 10 mV amplitude. The impedance magnitude and real impedance plotted against the
measured frequency provide insights into the type of, capacitive or resistive, behaviour of the respective
carbon materials.

4.5.2 Noise recording

An electrophysiology recording consists of the electrogenic signal from the cell and the noise. The signal
detection is discussed in section 4.9. In a broad sense, the recorded noise is the combination of thermal
(from the electrode), instrumental (internal electronics of the measurement set-up) and biological (iso-
lation of the target cell by the surrounding cells) noise. The signal amplitude and noise are affected by
the recording bandwidth, electrode impedance (defined by the electrode dimensions) and the density
of the cells surrounding the recording electrode [70]. The total noise can be estimated following the
equation 4.2 where υt, υb and υi are the standard deviations of the thermal, biological and instrument
noise, respectively.

υ =
√
υ2t + υ2b + υ2i (4.2)

Biological noise is different for every system and its contribution is beyond the scope of the current
work. The precise instrument noise is unknown but can be estimated to be ∼2 µV. The current flowing
through the conductor is the result of the charge transfer which comes from the thermal agitation of the
charge carriers. This agitation inside the electrical conductor is termed Johnson-Nyquist noise and can
be quantified following the equation 4.3 where the thermal noise (υt) is the square root of the Boltzmann
constant (kB), measurement temperature (T), and the real impedance over the measured bandwidth
(∆f). Thermal noise levels are highly dependent on the electrode-tissue impedance (real impedance)
and the selected bandwidth (wider bandwidth will increase the thermal noise levels) [70]. Lempka
et al. reported that, theoretically, a wide recording bandwidth (100–10 000 Hz) resulted in 35 % and
25 % increase in the thermal noise and cell recording amplitude, respectively, compared to a narrow
bandwidth (450–5000 Hz).

υt =
√

4kBTZ
′
avg∆f (4.3)

Z
′

avg∆f =

∫ f=3500Hz

f=1Hz

Z ′df (4.4)

In the present work, the real impedance data extracted from the electrochemical impedance spec-
troscopy described in section 4.5.1 was integrated over the recording bandwidth 1–3500 Hz (shaded
region in figure 4.3) following the equation 4.4. The noise recordings were performed with the MEA
2100 (Multi Channel System MCS GmbH) system using PBS solution.
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Figure 4.3 Real impedance and phase plotted against frequency for 30 µm diameter TiN microelectrodes. The real impedance is
integrated over the shaded region which represents the noise measurement bandwidth (1–3500 Hz).

4.5.3 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique popularly used to investigate surface reac-
tions such as adsorption. CV can also be used for electrochemical cleaning of metal surfaces prior to
electroplating, electrodeposition, or evaluating the capacitance. The potential is varied between the
start potential, E1, and the end potential, E2, with a particular scan rate. E1-E2-E1 marks one ’cycle’ (see
figure 4.4 (a)). The potentiostat measures current resulting from the applied potential and produces a
plot between current and voltage (see figure 4.4 (b)). The system under investigation shows oxidation
and reduction peaks which provides information about electrochemical properties.

The number of cycles is decided based on the electrode material, electrolyte and expected informa-
tion. For example, when a certain material is under investigation for battery application, more than 500
cycles are applied. The amplitude of oxidation and reduction peaks (see figure 4.4 (b)) usually decreases
with increasing number of cycles. This indicates loss of battery capacity. The capacitance is calculated
following equation 4.5.

C =

∫ E2

E1
IdE

ν(E2 − E1)
(4.5)

where C is the capacitance, E1 and E2 are the potentials limits, I the recorded current, and ν is the scan
rate.

Graphene and graphene/PEDOT:PSS microelectrodes were investigated with CV using the same po-
tentiostat as the electrochemical impedance measurements described in section 4.5.1. The two-electrode
set up was identical to the impedance measurements. The voltage was swept from −0.8 V to 0.8 V with
200 mV s−1 scan rate. The capacitance was calculated following the equation 4.5 in the −0.5 - 0.5 V voltage
range. The goal was to compare the capacitance for different PEDOT:PSS deposition times.
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Figure 4.4 (a) One cyclic voltammetry (E1-E2-E1) cycle where the potential is increased at a certain scan rate. (b) CV curve shows
the oxidation and reduction peaks.

4.6 Confocal Raman spectroscopy
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Figure 4.5 Schematic showing Rayleigh and Raman scattering processes.

The Raman effect, since its first experimental observation in 1928 [71], is widely used in chemistry,
physics, materials science and biomedical research. Raman spectroscopy is a non-destructive and quick
technique requiring minimal or no sample preparation. A laser source with a wavelength in the vis-
ible range of the electromagnetic spectrum irradiates the sample and most of the interaction is elastic
(Rayleigh scattering), meaning the incident and scattered light have the same wavelength. A small per-
centage of the interaction is inelastic and the scattered light in this case is of different wavelength than
the incident light. Rayleigh scattering is when the electron in the ground state is excited by the incoming
light and falls back to the original ground level without any energy change (see figure 4.5). On the other
hand, in the case of Raman scattering the scattered light has either lower (Stokes) or higher (anti-Stokes)
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energy. Stokes is where the electron is excited from the ground state and falls to higher energy state
and hence the Raman scattered light has less energy (longer wavelength) than the incident light. On
the contrary, anti-Stokes is where the the electron is excited from higher energy state which falls back
to ground state and hence the Raman scattered light has more energy (shorter wavelength) than the
incident light. The Raman spectra contain Raman intensity plotted against the Raman shift calculated
following equation 4.6.

Ramanshift(cm−1) =
1

λ0
− 1

λ1
(4.6)

where λ0 and λ1 are the incident and measured wavelengths, respectively.
In this work, Raman spectroscopy was used to distinguish between different types of carbon materi-

als. The following sections describe the revealing of Raman spectroscopy in characterizing carbon based
materials.

4.6.1 Raman fingerprint of carbon materials

Raman spectroscopy is used to distinguish between different forms of carbon. The honeycomb lattice
of carbon atoms, either rolled up (carbon nanotubes) or a sheet (graphene), shows three major peaks –
D (∼1350 cm−1), G (∼1580 cm−1) and 2D (∼2700 cm−1). The location, width and intensity of the peaks
provide information about the quality (defects) and quantity of graphene layers. The details of the Ra-
man characterization of graphene are explained in detail here [72–75]. The D-peak results from two
scattering processes consisting of one elastic scattering event by defects of the crystal and one inelastic
scattering event by emitting or absorbing a phonon. For the 2D peak both processes are inelastic scat-
tering and two phonons are involved. The G band is the only band coming from a normal first order
Raman scattering process in graphene. In the case of bilayer graphene, both the electronic and phonon
bands split into two components with special symmetries. G- and 2D-peak positions change depending
on the base substrate [76].

Optical visualization of graphene on layers of varying SiO2 thickness was reported back in 2007.
∼90 nm and ∼280 nm were found to be ideal thicknesses with Si as base substrate [77]. Since then,
graphene exfoliation on ∼300 nm SiO2/Si wafers is a common practice. It is important to note that
the number of graphene layer determination, based on the refractive index controlled optical contrast
change, is merely indicative. This layer estimate must be confirmed by other characterization tools such
as Raman spectroscopy, transmission electron microscopy, low-energy electron microscopy, low-energy
electron diffraction or scanning tunneling microscopy. Among these techniques, Raman spectroscopy is
the quickest with minimal sample preparation requirement and non-destructive.

Figure 4.6 (a) shows individual Raman spectra obtained from substrate, mono-, and bi-layer of
graphene indicated in (b). In the case of a monolayer, the 2D peak intensity is more than twice as
high as the G-peak. With increasing number of layers (here 2) the 2D peak intensity decreases and G
peak intensity increases. The 2D/G ratio map shows a better comparison. The 2D peak originates from
the double resonance (DR) Raman process. The number of possible DR processes increases with the
number of graphene layers, for example 4 DR processes in bilayers, and hence the 2D peak widens and
the intensity decreases. On the contrary the G-peak results from first order Raman scattering processes
and it intensifies from mono- to bi-layer [73, 78]. The rectangle indicated in the optical image (b) was
mapped with a green laser (532 nm). The spot size of the laser and the resolution of the map were both
1 µm.

The G- and 2D-peaks were integrated over the shaded region in (a), normalized and plotted for every
pixel. It is important to note that the pixels towards the bottom right in (b) correspond to the substrate
(Si/SiO2). The histogram at the bottom of the 2D/G, 2D peak and G peak Raman maps shows the distri-
bution of the data. The dotted lines in the histogram correspond to the range of data forming the Raman
map and these lines were adjusted for better contrast of the maps while making sure that the Raman
spectroscopy information is not lost. Pixels corresponding to monolayer (right) have lower G-peak in-
tensity compared to bilayer (towards left). As explained before, the 2D peak intensity decreases and the
peak broadens with increasing number of layers. This is due to the increase in the DR contributions to
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Figure 4.6 (a) Raman point spectra of the substrate, mono- and bi-layer corresponding to the pixels indicated in (b). (b) Optical
image of the exfoliated graphene. The G and 2D peak intensities were integrated over the shaded regions in (a) and
the normalized values (with the maximum of the Raman intensity summation as 1) plotted producing Raman maps in
(b). The 2D/G ratio is obtained by dividing maximum peak intensities. (c) The G and 2D peak intensities over the lines
shown in the respective Raman maps in (b).

the 2D-peak - 1 for one and 4 for two layers. The G- and 2D-peak normalized intensities are plotted (c)
over the line indicated in the maps. The 2D/G ratio map is plotted by dividing the highest respective
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peak values in the shaded region. The linescans in (c) are the normalized peak values. Similar data
analysis was performed on all the Raman characterizations discussed in this work.

4.6.2 PEDOT:PSS and SU-8 Raman fingerprint

In the case of PEDOT:PSS, thiophene ring stretching is reflected in the Raman spectrum at 1434 cm−1 with
the reported exictation wavelength as 514 nm [79]. The vibrational modes at 1429 cm−1 and 1509 cm−1

correspond to the symmetric and antisymmetric C=C stretching in-plane modes, respectively [80, 81].
SU-8, which is used as the insulator in this work, exhibits a Raman band at 1610 cm−1 upon annealing

[82].
The Raman characterization was done with the in via Reinshaw Raman spectrometer where a 532 nm

(green) laser was shone on the substrates with a certain duration and intensity. The rest of the parameters
are included in the respective sections and figures. To obtain the Raman map, the integration of the
Raman peak intensities is performed in the specified range and the normalized values are plotted for
every pixel. The range is specified in the corresponding Raman maps and the normalization was done
by considering the highest Raman peak summation value as 1. In some cases, the plotted range varies
from 0 - 1 and is specified accordingly. This analysis was performed for bare graphene, graphene+SU-8
and graphene/PEDOT:PSS Raman characterization.

4.7 Optical transparency analysis

In the case of carbon nanostructures, the optical transmission spectra were obtained on the test sub-
strates over the 300–1000 nm wavelength range with a binning of 0.5 nm and the measurement speed of
1000 nm min−1 with a Jasco V-630 UV-vis spectrometer.

In the case of graphene and graphene/PEDOT:PSS microelectrodes, the optical transparency was
analysed with the set up built by Simon Dickreuter at the University of Tuebingen in Prof. Dr. Monika
Fleischer’s group. Optical transmission was measured at 400 nm - 700 nm. Light from a halogen lamp
transmitted through the MEA was captured by a Zeiss Axio Scope A1 microscope with an EC Epiplan-
Neofluar 100x/0.90 HD objective. Spectra were obtained with an Andor Shamrock SR-303i spectrometer
with a slit width of 100 µm and an iDus DU416A-LDC-DD detector. This set-up achieved a spot size of
1 µm. The background dark signal of the spectrometer was subtracted from the measured spectra. Maps
with 1 µm resolution were acquired by scanning the MEA with a PI P-545.xR7 piezo stage [24].

The transmittance was calculated for every pixel according to:

T400−700 nm =

∑700
i=400

Ti − Tdark
Tlamp − Tdark

n(i)

where T400−700 nm is the relative transmittance over 400–700 nm, Ti is the value from the substrate under
investigation at the certain wavelength i, the Tdark value is obtained by switching off the lamp, Tlamp

value with lamp on and n(i) is the number of points in the wavelength range.

4.8 Biological methods

4.9 Electrophysiology of cardiomyocytes

Electrophysiology is where complex biological systems are studied by recording the electrical activity
(voltage) arising from the ion exchange through the ion-channels within the cell body. Na+, K+, Ca+ ion
conduction causes a potential difference between the inside and outside of the cell, which is recorded
when the cell comes in the vicinity of the microelectrode. Cardiomyocytes cultured from embryonic
chicken hearts, when healthy, begin showing autorhymthic contraction activity 2–3 d onwards. The ion
channel exchange driven activity is recorded on cells coming either in contact or in the vicinity of the
microelectrodes. The field action potential (fAP) depicted in figure 4.7 is the cellular equivalent of an
electrocardiogram (ECG). The beginning of the fAP is the depolarizing component mainly driven by the
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Na+ ions. The fAP lasts until the repolarization which is K+ driven. [83] The regularity of the fAP in-
dicates good health of the cells, and irregularity upon test-drug introduction to the cell-culture medium
shows the effect of the drug on the heart cells. In the current work, electrophysiology of cardiomyocytes
was performed to check the applicability of the carbon based microelectrodes.
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Figure 4.7 A typical action potential from in vitro cultured cardiomyocytes.

Upon optical investigation, recordings were performed after 5 d while maintaining the MEAs with
cells at 37 ◦C and 5 % CO2 using a MEA 2100 amplifier (Multi Channel Systems MCS GmbH, Reutlingen,
Germany) with a bandpass filter of 1 Hz to 3.5 kHz and sampling at 10 kHz.

4.10 Fluorescence microscopy

Genetic modification of mice, transgenic mouse technology, has revolutionized biology and genetics by
providing new genetic approaches to model many human diseases [84]. The ganglion cells in the mouse
retina are labelled with green fluorescent protein (GFP). Observation of the fluorescent cells through the
transparent microelectrode is one of the basic and main applications of the carbon based microelectrodes
developed in this work. To test the functioning of the transparent electrodes, a part of the mouse retina
was placed on the graphene microelectrode field and observed by confocal fluorescence microscope.
The imaging was performed with an Axio Observer Z1 microscope (Carl Zeiss AG, Germany).
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5 Development of carbon nanostructure MEA

5.1 Carbon deposition

The aim of the present work was to grow carbon nanostructures to increase the surface area of the micro-
electrode to decrease the impedance which is necessary for improved cell action potential recording. The
focus was on reducing the process temperature for two reasons. Firstly, the base substrate for the MEA
device was a 1 mm float glass which softens at > 600 ◦C. Secondly, the carbon material was deposited
on a indium-tin-oxide (ITO) conduction path which was found to decompose into indium and tin at
550 ◦C process temperature with atomic layer deposited Ni [68]. Here a correlative study of the carbon
deposition on the atomic layer deposited (ALD) Ni with focussed ion beam (FIB) coupled with SEM,
EDX and 3-dimensional tomographs from time of flight secondary-ion mass spectrometry (ToF-SIMS)
was performed. The ALD-Ni layers were deposited by Daniel Hähnel at Plasma Electronic GmbH. The
ToF-SIMS analysis was done by the advanced instrumentation for ion nano-analytics technology line
team at the Luxembourg Institute of Science and Technology (LIST). The FIB/SEM, EDX analysis and
carbon material deposition was performed at the NMI, Reutlingen. The work was performed within the
framework of the C4Health project. The results are summarized later in this section.

Figure 5.1 SEM images of carbon depositions with Ni and Fe as catalyst at different temperatures. The scale bar corresponds to
200 nm.

Carbon deposition on Fe and Ni as catalyst was studied for five temperatures in the range 400–600 ◦C
with 50 ◦C steps. Fibrous structures appear from 550 ◦C and 500 ◦C onwards for Ni and Fe, respectively.
It is important to note that the carbon depositions seen in figure 5.1 were performed on test substrates of
substantially larger sputtered catalyst area compared to microelectrodes. Ni was deposited, on similar
set of test substrates, following the ALD process to study the catalytic activity. The idea was to under-
stand and compare the effect of ALD and sputtered Ni on carbon nanostructure deposition. Owing to
the difficulties with handling the precursor, ALD deposition of Fe was not carried out.

ALD-Ni squares were obtained on ITO coated float-glass and carbon was deposited following the
process described in section 3.1.1 (figure 5.2 (a)). The appearance of the bead-like structures after car-
bon deposition was unexpected and hence analysed further with EDX. Appearance of fibre like carbon
structures (figure 5.2 (b)) confirmed the catalytic activity of the ALD-Ni. An EDX linescan was obtained
across the bead-like structure (figure 5.3). The increase in the In, Sn signals and decrease in the O signal
confirms that the bead is composed of In and Sn. The only source of In and Sn on the substrates and in
the carbon deposition chamber is the ITO layer between the float-glass and ALD-Ni. Hence, it is safe to
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Figure 5.2 (a) SEM image of four 50 µm x 50 µm ALD Ni squares after carbon deposition. (b) Higher magnification image shows
the fibre like carbon structures on one of the squares. (Ni was deposited by ALD process by and at Plasma Electronic
GmbH and the carbon deposition and further characterization was done at the NMI.)

speculate that the ITO underneath the ALD-Ni, during the carbon process, decomposed into the In and
Sn which migrated to the surface. FIB/SEM analysis was performed to inspect the ITO layer with and
without the carbon process.

A thin layer of Pt was deposited directly before the FIB milling to avoid damaging the top layer
which in this case was either Ni, ITO or carbon. ITO (bright, indicated) is distinctly visible in the FIB
cross section of the substrate without carbon process (see figure 5.4 (b)). The Ni layer is not visible as
the thickness (∼8–10 nm) is beyond the image resolution limit. The ToF-SIMS tomographs (figure 5.4
(c)) show Ni on top of In and O signal which is consistent with the layers in the FIB cross section. The
ToF-SIMS characterization depth changes from substrate to substrate and hence the Si+ signal in (c) and
(f) begins at different depths. After the carbon process, the ITO below ALD-Ni appears modified. The
ToF-SIMS tomographs show that Ni percolated through the substrate and In migrated to the surface.
These findings are consistent with the EDX results in figure 5.3 where the In and Sn were shown to form
the bead-like structure. The ITO under Ni + CNT is visibly damaged.

Owing to the ITO decomposition, another physical vapour deposition process, sputtering, was chosen
over ALD for Ni deposition. Microelectrodes were analysed with FIB/SEM upon carbon nanostructures
deposition with sputter coated Ni as catalyst and the results are discussed in section 5.3. The ITO dam-
age was minimal with sputtered Ni over the ALD Ni when the carbon deposition was carried out at
550 ◦C. The ALD process for Ni deposition consists of ∼999 cylces of hydrogen and water plasma which
might result in the ITO modification and subsequent decomposition during the carbon nanostructure
deposition. On the other hand, sputtering is expected to be less invasive than the ALD process and
hence, the method of choice for the present wok.
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Figure 5.3 (a) SEM image of a square with Ni after carbon deposition. (b) Higher magnification image on the square showing the
bead-like structure. (c) EDX linescan was obtained across the line (green) indicated in the image below the elemental
signal. Ni, Sn, O, C and In signals are plotted across the line. (Ni was deposited by ALD process by and at Plasma
Electronic GmbH and the carbon deposition and further characterization was done at the NMI.)
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Figure 5.4 SEM image of the FIB cross section after ALD-Ni deposition before (a, b) and after (d, e) carbon deposition. FIB cross
sections were done at the edge of one of the squares similar to the ones in figure 5.2. 3-dimensional ToF-SIMS tomo-
graphs of Ni+, O+, In+ and Si+. Upon carbon deposition, ITO underneath ALD-Ni (e) was decomposed in In and Sn
and migrated upwards as seen in (f). The 3-dimensional ToF-SIMS tomographs in (c) and (f) were obtained by one of
the four C4Health project partners - LIST.
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5.2 Raman spectroscopy and optical characterization
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Figure 5.5 Raman spectra collected from carbon deposition on Ni and Fe as the catalyst at varying temperatures [67].

The typical Raman bands for sp2 carbon appear around 1350 cm−1 (D-peak) and 1580 cm−1 (G-peak).
In the case of graphene and CNTs, these two peaks are sharp. However, for amorphous carbon the peaks
merge into a broad peak. The sp3 hybridized carbon displays a peak centered around 1500–1600 cm−1.
[72, 74, 75]

Raman spectroscopy was performed to investigate the carbon layers deposited on Ni and Fe at dif-
ferent processing temperatures. In the case of Ni, distinct D and G peaks appear for 550 ◦C and 600 ◦C
which is consistent with the SEM images in figure 5.1. In the case of Fe, the Raman peaks appear from
500 ◦C onwards which aligns with the SEM characterization. As previously mentioned, CNTs display
two sharp peaks. Here, the peaks are broad which indicates that some other kind of carbon is con-
tributing to the Raman peaks. Amorphous carbon shows broad peaks in the same region. This means
that the carbon nanostructures are surrounded by amorphous carbon. It is worthwhile to note that the
Raman spectra presented here are obtained from a ∼1 µm region on the substrate with carbon fibers of
∼50 nm diameter, hence they include contribution from several of the nanostructures and the surround-
ing amorphous carbon. The peaks are sharper for Fe compared to Ni. The broader D and G peaks in the
case of Ni are due to the large amorphous carbon contribution. The focus of the present work was on
the application of carbon microelectrodes and hence other characterization techniques took precedence
over in-depth Raman characterization of the carbon nanostructures.

Figure 5.6 Optical transparency of glass, ITO coated glass and carbon depositions on Ni and Fe at, both, 550 ◦C and 600 ◦C [67].

The optical characterization was performed on the test substrates seen in figure 5.1 and figure 5.5.
Based on the Raman spectroscopy results, optical transparency of carbon layers deposited on both cat-
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alysts at 550 ◦C and 600 ◦C was evaluated. For a complete overview, transparency of float-glass and
ITO coated glass was also checked. 1 mm float-glass shows transparency of about 90 % in the visible
range. The transparency reduced to about 80 % (for λ > 500 nm) after 200 nm ITO deposition and fur-
ther declined upon deposition of carbon layers. The carbon deposited on Fe displays roughly linearly
increasing transparency with wavelength of up to 40 % and 20 % (at 800 nm) for process temperatures
550 ◦C and 600 ◦C, respectively. Similar trends are observed for Ni where the value drops from 30 % to
10 % when the temperature is increased from 550 ◦C to 600 ◦C.

5.3 Fabrication of carbon microelectrodes

The production of vertically aligned CNTs requires high process temperatures which are typically
>600 ◦C. Carbon microelectrodes were fabricated following the processes detailed in section 3.2.1. Car-
bon structures were deposited on microelectrodes at 550 ◦C and 600 ◦C. FIB cuts were performed at the
edge of the microelectrodes to investigate the ITO decomposition based on results presented in the pre-
vious section 5.1. The ITO looks almost completely destroyed after the 600 ◦C process (Figure 5.7 c,d)
compared to the minimal morphology change upon a 550 ◦C process 5.7 a,b). The highest permissible
process temperature was sought because carbon tends to become amorphous for lower process temper-
atures. Hence 550 ◦C was found to be the most suited process temperature for carbon deposition on the
MEA devices. Carbon nanostructures at 550 ◦C are expected to have higher contribution of amorphous
carbon compared to higher process temperatures and the optical transparency was found to be 40 %.
Figure 5.8 shows a SEM image of a typical 30 µm diameter microelectrode after the carbon nanostruc-
tures deposition. The higher magnification image shows the carbon nanostructures are mostly vertically
oriented.

2 µm

(a)
(b)

(c)
(d)

5
5
0
 °

C
6
0
0
 °

C

ITO

ITO

SiOx

SiOx
ed

ge

ed
ge

500 nm

2 µm
500 nm

Figure 5.7 SEM images of the FIB cuts for carbon deposition processes at 550 ◦C (a,b) and 600 ◦C (c,d). The ITO (bright) is com-
pletely damaged for 600 ◦C compared to 550 ◦C.
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(a) (b)(a) (b)
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Figure 5.8 (a) SEM image of a 30 µm diameter microelectrode after the uniform carbon deposition. (b) Higher magnification SEM
image of the region indicated in (a). Here the edge of the microelectrode is seen with mostly fibrous carbon structures.

5.4 Electrochemical characterization

Figure 5.9 Magnitude impedance and phase of the semitransparent carbon microelectrodes with Ni and Fe as catalyst.

Traditionally the magnitude impedance at 1 kHz is considered as the benchmark when investigat-
ing a potential new material as microelectrode. The aim was to produce semitransparent microelec-
trodes with <100 kΩ. The impedances were well below the target value ((45 ± 3) kΩ for Ni-carbon
and (57 ± 9) kΩ for Fe-carbon, see figure 5.9) and within the range of commercially available MEAs
[23]. The electrochemical impedance spectroscopy is usually performed with 10 mV amplitude. The
impedance decreases with the measurement amplitude. The impedance measurements reported here
were performed at 1 V which underestimates the electrode impedance. However, the suitability of these
microelectrodes was studied with the electrophysiological recordings. The phase appears to have more
features than expected. This might be the result of the 100 times higher measurement amplitude. When
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5 Development of carbon nanostructure MEA

going from high to low frequencies, the phase becomes resistive-capacitive-resistive again. Typically the
phase should be resistive for higher and capacitive for lower frequencies as the capacitive (imaginary
impedance) contribution dominates at low frequencies. Compared to the high imaginary contribution,
the real impedance is low for most of the frequencies in the range 1–3500 Hz and hence, lower thermal
noise during electrophysiology.

5.5 Application of carbon nanostructure MEA and
cardiomyocyte-carbon interface ultrastructure

2 mV

500 ms

100 µm100 µm
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Figure 5.10 Application of semitransparent carbon MEA. (a) Transmission mode optical microscopic image of the cultured chicken
heart cells through the semitransparent carbon microelectrodes with transparent ITO conduction paths. (b) Field
action potentials (fAP) of cardiomyocytes recorded in parallel from six carbon microelectrodes. Six depolarization
deflections at the beginning of the fAPs recorded from six microelectrodes over 3 s with peak-to-peak 3 mV amplitude
and 20 µV noise. (c) Magnified semitransparent carbon and opaque TiN microelectrodes where the cells are visible
through the former in contrast to the latter. (d) Comparative averaged fAPs (26 sweeps) measured with carbon and
standard TiN MEA. Here the amplitude is cut-off for better visualization of the repolarization voltage deflection. [67]

Embryonic chicken heart cells were cultivated for up to 5 d in vitro. The autorhythmic contraction was
visible after 2–3 d. The visualization of the cardiomyocytes through the carbon microelectrodes on, both,
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glass
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ITO

2 µmcarbon nanostructures

cells

Figure 5.11 SEM image of the FIB cross section of cardiomyocyte-carbon interface at the edge of an electrode. The layered system
of the carbon MEA and the close proximity of the cells indicates the biological acceptance of the carbon nanostructures.
[67]

Fe and Ni was possible owing to their optical semi-transparency. An example is seen in figure 5.10 (a)
where the heart cells on the ITO conduction paths leading to semitransparent microelectrodes are cap-
tured in the transmission mode. This is an improvement over the opaque TiN microelectrode where the
optical inspection is not possible (figure 5.10 (c)). Each carbon MEA is comprised of 54 microelectrodes
and the signals were recorded from all of them simultaneously. Figure 5.10 (b) shows six of the represen-
tative recordings where the synchronized depolarization deflection is visible. In addition to the optical
visualization, electrophysiological recordings were obtained at day 5 in vitro with peak-to-peak signal
amplitudes of up to 3 mV and less than 20 µV noise, which is comparable to the standard opaque TiN
electrodes. These results confirm the good adhesion and viability of the cells on the carbon deposited on
both the catalysts. The depolarizing, Na+ channel-mediated, peak-to-peak amplitude up to 3 mV and a
visible K+ channel-mediated repolarization after 200 ms are comparable to the signals measured with a
TiN MEA (figure 5.10 (d)). The carbon MEA could be reused after overnight immersion in a Tegazyame
solution prepared according to the manufacturer’s instructions (Alconox, Inc.).

The FIB milling of the cardiomyocytes stained and fixed on a carbon microelectrode revealed the
layered system (figure 5.11). The 200 nm ITO conduction path with 500 nm SiOx insulator and a rough
200–300 nm layer of carbon nanostructures on the ITO are visible. The ITO decomposition seen in figures
5.4 and 5.7 is not observed here. The carbon nanostructures survived cell culture, electrophysiology and
fixation indicating the stability of the ITO-carbon and support the use of this combination in biological
applications.

5.6 Chapter Summary

This chapter discussed the development of carbon nanostructure electrode MEAs. Carbon nanostruc-
tures were also deposited on ALD Ni (by C4Health project partners - Plasma Electronic GmbH) in which
case the ITO underneath was found to be destroyed after the 550 ◦C process. The ITO modification was
further analysed with ToF-SIMS (performed by and at C4Health project partners - LIST) where the In
and Sn was found to migrate to the surface and the ALD-Ni to percolate through the ITO layer. The
modified Sn and In upon migrating to the surface formed bead-like structures and the composition was
confirmed further by EDX.

To avoid ITO base degradation and softening of the float-glass substrate, the carbon deposition pro-
cess was optimised by studying the deposition at 5 different temperatures in the range 400–600 ◦C in
50 ◦C steps. The carbon deposition was visualized with SEM where the nanostructures appeared from
550 ◦C and 500 ◦C onwards for Ni and Fe, respectively. Catalytic activity of Ni and Fe was studied for all
the temperatures followed by detailed Raman spectroscopy and optical transparency characterization.
The characteristic carbon peaks appeared on both the catalysts and were consistent with the SEM char-
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acterization. The transparency being the aim of this work, the optical characterization was performed
where the 550 ◦C and 600 ◦C were found to display transparencies varying from ∼10 % near ∼400 nm to
∼40 % near ∼800 nm.

Based on the results obtained on the test substrates, carbon was deposited on electrodes opened in
the MEA substrate with ITO as conduction path. FIB milling in combination with SEM revealed the
modification of ITO underneath the carbon deposition for the 600 ◦C. On the other hand, for lower
temperature of 550 ◦C, the ITO was intact after the carbon nanostructure deposition. The main purpose
of ITO underneath was to provide electrical contact between the carbon microelectrode and the rest of
the conduction path leading to the opened contact pad at the edge of the MEA device and hence slight
ITO modification was acceptable. Carbon was deposited with Ni and Fe as catalysts on MEA substrates
at 550 ◦C and showed acceptable electrical impedance. The impedance at 1 kHz was lower than the
target value 100 kΩ when measured with 1 V amplitude.
υt =

√
4k BT (52.5 kΩ ∗ 3499 Hz) = 1.7 µV for Fe - carbon

υt =
√

4k BT (31.8 kΩ ∗ 3499 Hz) = 1.3 µV for Ni-carbon
The averaged real impedance integrated over the measured bandwidth was 52.5 kΩ for Fe and 31.8 kΩ

for Ni which translates to 1.7 µV and 1.3 µV thermal noise, respectively. Electrophysiology was per-
formed by culturing embryonic chicken heart cells on Fe-carbon (40 % transparent) and Ni-carbon (30 %
transparent) microelectrodes. Depolarization deflections with 3 mV peak-to-peak amplitude with 20 µV
noise were recorded. The cardiomyocyte-electrode ultrastructure was visualized by staining, and fixing
the cells atop carbon microelectrodes followed by FIB milling at the edge of the electrode. The SEM
revealed the carbon nanostructures on the unmodified ITO with cells on top. The close proximity of the
cells indicated the biological acceptance of the carbon nanostructures.
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6.1 Graphene Growth

CVD growth of graphene is extensively researched as this process is scalable for industries. Transition
metals like Cu, Pt, Ni or Co are annealed at >500 ◦C where the surface rearranges and the defects, such
as impurities and holes, are reduced. Following the annealing step, a carbon source (e.g. methane) is
introduced in the process chamber. The combination of high temperature and catalyst reduces the car-
bon source producing carbon which deposits on the catalyst surface. The carbon is deposited/dissolved
on/in the metal forming a hexagonal carbon lattice, graphene. Several theories have been proposed
about the graphene growth mechanism on the transition metal surfaces. Cu is reported to outperform
other catalysts in terms of cost-effective graphene growth. However, wrinkles and structural defects in
graphene are some of the drawbacks of using Cu as the CVD process catalyst [85].

The growth mechanisms depend on the catalyst in use [86, 87]. The dissolution of carbon in the transi-
tion metal and catalytic reduction of the carbon precursor at the metal surface are the two main growth
mechanisms. Cu and Ni are popularly used transition metals because of their favorable catalytic prop-
erties and low cost. In the case of Ni, graphene growth is solubility driven owing to the relatively high
solubility of carbon in Ni compared to Cu [88]. Carbon dissolves in Ni at the process temperature and
segregates upon cooling down. In the case of Cu, the catalytic activity dominates due to low solubility
of carbon in Cu. The mechanisms of growth on Cu and Ni were studied by carbon isotope labelling [89].
Here it was shown that more carbon atoms dissolving in Ni pose difficulty in controlling the density of
nucleation sites and, in turn, the number of graphene layers. In the case of Cu, the carbon comes from
the decomposed methane. The thermodynamic interaction between graphene and the two lattice planes
of Cu, Cu(111) Cu(100), is understood by employing density functional theory calculations [90]. Here
the atomic carbon was found to be energetically unstable on the surface of Cu and hence the graphene
growth is concluded to be nucleation driven. The difference in growth on oxygen free and deficient
copper foils was studied in [69]. Also, the pre-treatment of copper prior to annealing and growth was
optimised. In the current work, oxygen rich copper foil with the optimised Cu pre-treatment was used.

In the ideal case, single crystalline Cu would serve as a catalyst upon which a nucleation site can be
introduced for utmost control over the dimension and the number of graphene layers. In reality, Cu is
polycrystalline. The nucleation of graphene initiates at defect sites like holes or grain boundaries. Large
grain sizes ensure a lower number of grain boundaries and hence better control of uniform graphene
layers. Annealing, wherein metal is subjected to high temperatures to relieve internal stress and in turn
increase grain size, is popularly used as part of the Cu pre-treatment prior to graphene growth. The
main objective of Cu annealing is to increase the grain size in order to decrease the number of grain
boundaries, which in turn reduces the possible number of nucleation sites.

The Cu grain size increased with increasing annealing temperature (at 600 ◦C to 800 ◦C in Figure 6.1
(a)). The difference in the contrast among the grains in the SEM images results from the orientation of
Cu. At higher magnification, an evident difference in the number of nucleation sites between the two
temperatures is observed. In the case of 600 ◦C nucleation sites are substantially abundant compared
to 800 ◦C. In the case of 800 ◦C, a junction of three grain boundaries and the deformed hexagonal dark
regions of the second graphene layer in addition to the uniform monolayer are visible in figure 6.1. The
graphene appears deformed as it follows the copper surface which is soft at 800 ◦C and becomes wavy
upon cool down to room temperature. The bright spots (indicated), similar to the ones seen here, were
analysed with energy dispersive X-ray spectroscopy (EDX).

The nanoparticles appearing on Cu after the CVD process have been investigated by several groups.
The CVD chambers, which are made of quartz glass, are subjected to several cycles of high temperature
processes. Reaction of the quartz chamber with hot hydrogen, contamination within the Cu bulk and Cu
emissions hitting the quartz tube are some of the proposed origins of these particles [91]. Figure 6.2 (a)
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600 °C

2 µm

800 °C

2 µm

200 µm200 µm

Figure 6.1 SEM images of graphene grown on Cu at 600 ◦C and 800 ◦C. Graphene grown at 600 ◦C has smaller grains than at
800 ◦C. The number of nucleation sites (darker regions) decreases with increasing process temperature.

shows a SEM image of graphene on copper with several bilayers (dark spots). One of the bright spots
(indicated) was analysed with an EDX line scan. (b) Shows the line scan for oxygen, carbon, Cu and
silicon. The Cu signal drops on the particle and the oxygen and silicon signals shoot up on the particle
confirming the composition of the contaminant as SiOx. The Cu foils used in this work are commercially
available where the source claims 99.9 % purity. Hence, it is safe to assume that these contaminants arise
from the quartz processing chamber. For the purpose of this work, the current amount of contaminants
is acceptable.
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Figure 6.2 (a) SEM image of graphene on Cu. The dark lines (indicated by the arrows) are the graphene grain boundaries and the
hexagonal dark spots are the second / third graphene layers. The bright structure (circled) was analysed with EDX. (b)
Oxygen, carbon, silicon and Cu elemental scan over the green line indicated on the SEM image.

6.2 Fabrication of graphene MEA

Graphene MEAs were fabricated following the steps mentioned in 3.2.2 and the SEM analysis was per-
formed after different processing steps (Figure 6.3). The CVD grown graphene on Cu (a) is transferred
onto the Au conduction paths (b) using a polymer-based transfer technique. The dark hexagons are
second and third (darker) layers of graphene. The graphene here is polycrystalline with the dark lines
being the grain boundaries. It is important to note that graphene is also on the Au conduction paths
(bright). The transferred graphene was structured into 40 µm diameter graphene microelectrodes (dark
discs in Figure (c)) followed by the application of an insulator (SU-8) (d). At stage (c), the electrodes are
10 µm larger than the final microelectrodes to compensate for the possible misalignment in the photo-
lithography process. The SU-8 was opened by photolithography yielding microelectrodes of 30 µm di-
ameter. (e) shows an overview of the MEA with a glued cell-culture chamber. At this stage the graphene
MEA is ready for electrophysiology.
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200 µm200 µm5 µm

(a) (b) (c)

(d) (e)

500 µm

Figure 6.3 (a) SEM image of polycrystalline graphene grown on Cu. (b) Graphene transferred from Cu to Au conduction paths
following a polymer-based transfer method. (c) Graphene structured by photolithography. The dark discs are 40 µm
diameter graphene microelectrodes. (d) Optical image of a finished graphene-MEA with Au conduction paths leading
to the transparent graphene electrodes of 30 µm diameter. The image was acquired after the SU-8 deposition. (e) A
graphene 6-well MEA with cell culture chamber.

6.3 Raman characterization

The signature graphene peaks, G and 2D, appear around 1580 cm−1 and 2700 cm−1, respectively. Fig 6.4
shows correlative SEM and Raman spectroscopy of a graphene conduction path and microelectrode.
Here, the graphene conduction path (65 µm in length) and microelectrode (40 µm diameter) are imaged
with SEM. The microelectrode diameter is larger to compensate for the possible misalignment in the
SU-8 photolighography. CVD graphene is polycrystalline, and the grain boundaries can be seen in the
SEM image. The number of graphene layers can be estimated based on the contrast in the SEM image.
The dark spots on the rather uniform monolayer (grey) graphene are the second or third hexagonal
carbon layer. It should be noted that this quantification is only contrast based and hence only indicative.
The exact number of layers should always be confirmed with Raman spectroscopy. Part of the Au
conduction path (bright) overlapped with the graphene is visible (indicated) on the left side of the SEM
image. From the electrical contact point of view, damaged graphene is acceptable as long as some
overlap exists between graphene and Au which ensures charge flow.

Raman spectra were obtained over a 100 µm x 40 µm area with 300 nm pixel spacing. The G (red) and
2D (green) peak intensities were integrated and plotted for each point resulting in the Raman maps (fig-
ure 6.4 (b)). The 2D/G ratio map shows the data plotted in the range between 1 and 2.5. As previously
mentioned, a ratio of 2 and higher means the graphene is single layer. Based on this one can conclude
that most of the graphene seen here is monolayer with patches of bi and/or multilayer. The defects
seen in the SEM image are reflected in the G and 2D maps. Graphene on Au has lower signal intensity
compared to graphene on glass. The Raman activity is substrate governed, with conducting substrates
exhibiting stronger interaction with graphene compared to insulating substrates. The electron transfer
between SiC, Ni, Co and graphene dampens the Raman signal. In the case of Au and Ag, lattice strain
is more dominating than the electron transfer effect [76, 92].

Raman spectroscopy was performed upon SU-8 application to inspect possible contamination of
graphene microelectrodes. SU-8 annealed at 200 ◦C exhibits a Raman band at ∼1610 cm−1 [82]. Fig-
ure 6.5 shows a SEM image of an electrode and conduction path made of graphene before applying
the SU-8 insulator. A Raman map was obtained after the SU-8 application over the indicated rectangle
with 1 µm spacing. The graphene, SU-8 and graphene covered with SU-8 point spectra are offset and
shown in (a) corresponding to the indicated pixels in the Raman map. In the case of graphene + SU-8
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Figure 6.4 (a) Raman point spectra obtained from the glass substrate, graphene mono- and bi-layers from the regions indicated in
the Raman map (b). (b) SEM image, obtained after the graphene structuring, shows the end of the graphene covered
Au (bright) and graphene only conduction path (dark). The electrode at this point is ∼40 µm diameter to compensate
for the possible misalignment in the SU-8 lithography step. The graphene peaks, G and 2D, were integrated over
the shaded region indicated in (a) and the normalized values plotted as the Raman map. The 2D/G ratio map was
obtained from the highest peak intensities for both 2D and G. (c) The graphene peak intensities over the line indicated
in the maps.
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the graphene peaks appear and, in addition, the epoxy groups in SU-8 lead to a peak at 1610 cm−1. The
lower intensity of the 2D in the case of graphene + SU-8 compared to pure graphene can be explained in
two ways. Either 5 µm thick SU-8 dampens the signal or the contribution of SU-8 is substantially larger
than graphene. The intensified left shoulder of the SU-8 peak includes the graphene (G-peak) contri-
bution. The superposition of the 2D and SU-8 peak provides detailed analysis of the finished graphene
microelectrode. The 2D peak was selected instead of G because the intensity of the latter might include
contribution from the SU-8 peak. In conclusion, Raman spectroscopy showed no SU-8 contamination of
the graphene microelectrodes.
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Figure 6.5 (a) Raman point spectra for SU-8, graphene and SU8+graphene. (b) SEM image and Raman maps of the indicated
graphene microelectrode obtained with 532 nm laser at 7.6 mW, 1 s exposure and 1 µm resolution. The SU-8 and
graphene (2D) peaks were integrated over the shaded region indicated in (a) and normalized. (c) Peak intensities
over the indicated line (across the electrode).
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6.4 Electrical characterization

Figure 6.6 Impedance and phase curves over the 1 Hz-100 kHz frequency range for uniform (bottom) and non-uniform (top) CVD
graphene microelectrode.

100 101 102 103 104 105

Frequency (Hz)

102

103

104

105

106

m
ag

ni
tu

de
 im

pe
da

nc
e 

(k
)

n=194

100

80

60

40

20

0

ph
as

e 
(th

et
a)

Figure 6.7 Impedance magnitude and phase curves over the 1 Hz-100 kHz frequency range averaged over 194 transparent
graphene microelectrodes of 30 µm diameter. The non-uniform graphene coverage explains the large standard de-
viation.

Graphene microelectrodes are reported to display specific impedances (multiplication of impedance
magnitude at 1 kHz and electrode area) 31–150 Ω cm2 [19, 20, 58, 62] which translate to 4.4–2.1 MΩ
impedance at 1 kHz for microelectrodes of 30 µm diameter. The presence of 1 % defects in highly ori-
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ented pyrolytic graphene is estimated to result in a 103 factor increase in the heterogenous electron
transfer rate constant [93, 94]. The effect of defects on the charge transfer is more pronounced in the case
of graphite and minimal in the case of mono or bilayer graphene [95]. In the case of microelectrodes,
the magnitude impedance of <100 kΩ at 1 kHz is usually used as the proxy and as mentioned in sec-
tion 4.5.2, the integration of real impedance over the measured bandwidth provides estimations of the
thermal noise following the Johnson Nyquist equation. The uniform and non-uniform graphene micro-
electrodes showed similar real impedance curves with the non-uniform electrode displaying a slightly
steeper slope (see figure 6.6). The phase for both, on the other hand, was largely capacitive in the high
frequency range and becomes Warburg dominant for the lower frequencies. The non-uniform graphene,
as seen from the values in figure 6.6, displays 1.6 fold higher RMS noise than the uniform graphene.

Figure 6.7 shows the averaged impedance and phase curves for 194 graphene microelectrodes. The
average impedance magnitude at 1 kHz was found to be (2.9 ± 0.3) MΩ. Graphene displays poor
impedance values which is expected to be reflected in the signal-to-noise ratio of the electrophysiological
recordings. High impedance values mean high real impedance in the recording bandwidth (1–3500 Hz)
which leads to higher thermal noise of graphene. The high thermal noise shadows the electrogenic sig-
nals from the cells which is undesirable. Another disadvantage of high impedance, especially in the
lower frequencies is, the cellular signals not picked up leading to information loss. The low signal-
to-noise ratio mainly comes from higher noise levels. The low signal-to-noise ratio can be acceptable
for basic cellular recordings but poses hurdles when the cellular activity is in the smaller frequency
ranges. The standard deviation increased for lower frequencies. For lower frequencies, the impedance
reached values close to the sensitivity of the measuring device hence the large deviations. The defective
graphene showed higher impedance values which increases the standard deviation of the curves.

6.5 Optical characterization

Optical transparency of exfoliated graphene reportedly decreases with increasing number of layers with
that of mono- and bi-layers being (in air) 98 % and 94 %, respectively. [43] The 1 mm glass substrate is re-
ported to be 90 % transparent and hence limits the optical properties of the CVD grown graphene mono-
and bi-layers. The CVD graphene, as mentioned before, is wrinkled and might carry PMMA residues
from the transfer process. Hence for thorough optical analysis, transmittance maps were obtained over
the 30 µm microelectrode and SU-8 covered glass region (figure 6.8). The bright-dark-bright outline of
the microelectrode results from the scattering of light at the edge between the graphene and the 5 µm
higher SU-8. The photolithography of SU-8 results in a sharp edge between the electrode and the rest
of the substrate. The scattering can be better visualized in the linescans across the microelectrode (red)
where the normalized transmittance value goes above 1. Graphene and SU-8 on glass show almost con-
sistent 90 % transparency in the visible range. The transmittance was found to reduce by ∼3 % when
the average data over the glass+SU-8 (upper line on the map) is deducted from the linescan over the
graphene electrode (middle). The uniform transparency over the visible range allows for the flexibility
in the application.
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Figure 6.8 Optical microscopy image (a) and optical transmittance map (b) of 30 µm graphene microelectrode with Au conduction
path (bright in (a) and dark in (b)). At this stage the entire MEA is covered in 5 µm SU-8 insulator except the electrode.
(c) The linescans along the lines in (b) show light scattering at the edge of the electrode where the transmittance drops
and jumps at the graphene - SU 8 edge.
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6.6 Application of graphene MEA

Chicken heart cells were cultured on graphene microelectrodes by Sandra Buckenmaier and inspected in
the transmission mode of the optical microscope where the cells directly on the transparent electrodes
are visible (see figure 6.9 (a)). The electrophysiological recordings obtained at day 5 showed signal
amplitudes of up to 2 mV peak-to-peak and noise below 50 µV. The fAPs, seen in figure 6.9 (b), are in
synch for all the nine electrodes, which is expected in the case of cardiac cells that tend to grow next to
each other forming a carpet of cells atop the electrode field. However, the lower amplitude on the right
bottom electrodes can be attributed to the distance of the active cell area from the sensing electrode. The
signal-to-noise ratio in the case of graphene microelectrodes was 40 with the noise peak-to-peak being
<50 µV (d). The noise can be directly correlated to the real part of the magnitude impedance. Figure 6.9
(e) compares the magnitude and real impedance of standard TiN and graphene microelectrodes of the
same size (30 µm). At 1 kHz, graphene (3 MΩ) displays 15-times larger magnitude impedance compared
to TiN (200 kΩ).

The averaged real impedance, over the 1 Hz-3.5 kHz frequency range, is 7.7 MΩ for graphene and
370 kΩ for TiN. From these values and the equation 4.2, the thermal noise of graphene (21 µV) is ∼ 5
times higher than TiN (4 µV). The real noise during electrophysiology is a combination of thermal and
biological noise. Hence the real noise is several times larger than the theoretically calculated thermal
noise as seen in figure 6.9 (d). The repolarization at the end of the fAP, which is driven by the K+/Ca+

ions, is barely visible in the case of transparent graphene microelectrodes.
Fluorescence microscopy of transgenic mouse retina with EYP-labelled ganglion cells through the

graphene MEA demonstrated imaging of neurons directly through the transparent microelectrodes (fig-
ure 6.10). The experiment was performed by Meng-Jung Lee at the NMI. The non-transparent Au con-
duction paths were terminated 65 µm before the invisible microelectrodes. The opaque conduction paths
are visible and so is the autofluorescent SU-8 (insulator). The electrodes are visible through the aut-
ofluroscent insulator.

49



6 Development of graphene MEA

graphene

TiN

Figure 6.9 (a) Optical image, obtained with an inverted microscope, of a graphene microelectrode field with 9 electrodes where
cardiac cells from chicken heart were cultivated. (b) The electrophysiological recordings of the cardiomyocytes on day 5
in vitro obtained with the electrodes seen in (a). The fAPs have up to ∼2 mV amplitude which confirms the functionality
of graphene microelectrodes. (c) The cells are visible through the graphene electrode as compared to the commercially
available TiN microelectrode. (d) One of the fAPs recorded with a graphene (grey) and TiN (blue) microelectrode. The
"bump", which indicates the end of fAP, is missing in case of graphene. This can either be due to the cell-preparation or
because of the high noise of graphene microelectrodes compared to TiN. (e) Impedance magnitude and real impedance
of the graphene (grey) and TiN (blue) microelectrodes plotted against logarithm of frequency. The high impedance
values of graphene compared to TiN explain the high noise levels seen in (d).
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Figure 6.10 Fluorescent retina ganglion cells in the transgenic mouse retina observed through the graphene microelectrode field.
The retina slicing and fluorescence microscopy was performed by Meng-Jung Lee.
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6.7 Chapter summary

Graphene was produced by CVD at 800 ◦C, using commercially bought Cu foil as catalyst, and methane
as the carbon source in argon and hydrogen atmosphere. The CVD process can be divided into three
parts - Cu pretreament, annealing and graphene growth. The Cu was pretreated for 1 min in APS which
is the Cu etchant, followed by annealing in the presence of argon. Graphene nucleation initiates at
the (thermodynamically favourable) defect sites which are mainly the grain boundaries. Annealing at
>700 ◦C increased the Cu grain size, reducing the grain boundaries which in turn reduced the nucleation
density. The graphene grown on Cu was transferred onto the Au conduction paths following the poly-
mer based transfer method where a thin layer of PMMA was spincoated onto the Cu with graphene, the
Cu etched and the PMMA-graphene membrane fished out on the target region. Graphene was struc-
tured into ∼40 µm microelectrodes followed by SU-8 insulation of the Au conduction paths with ∼30 µm
openings.

The graphene electrodes were investigated with Raman spectroscopy to check for SU-8 contamination
where no SU-8 peaks were observed, hence contamination-free electrodes were confirmed. The defects,
2nd/3rd layer of graphene and wrinkles were reflected well in the Raman maps. Combination of Raman
and SEM provides comprehensive information about the graphene quality.

The graphene microelectrodes were electrochemically characterized by performing electrochemical
impedance spectroscopy. The impedance spectroscopy revealed (2.9 ± 0.3) MΩ magnitude impedance
at 1 kHz. This value is more than 10 fold higher than that for the commercially available TiN micro-
electrodes and in synch with the theoretically calculated and the reported literature values. The thermal
noise, calculated based on the electrochemical impedance results, of the graphene electrodes is 21 µV,
about 5 fold larger than for the TiN electrodes. In addition, the measurement set-up has a noise in the
range of 1.5–2 µV.

This magnitude of noise can be acceptable for recording the cardiac activity of the embryonic chicken
heart cells. But in the case of neurons, where the activity can be as small as 50 µV, the noise can be
an issue as it can be misinterpreted for activity. The optical transparency of graphene microelectrodes
on 1 mm float-glass was 90 %. This enabled the optical inspection of cells through the graphene micro-
electrodes which was the aim of this work. However, the relatively poor electrical impedance of bare
graphene makes it unsuitable for neuronal recordings.

The functionality of the graphene microelectrodes was confirmed by recording beating cardiomyocyte
activity from chicken heart cells cultured in vitro. The confocal fluorescence imaging of transgenic mouse
retina revealed the advantage of the transparent electrodes where the neurons directly on top of the
electrodes were visible while the opaque Au conduction paths blocked the optical access.
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Graphene microelectrodes were coated with the conducting polymer, PEDOT:PSS, essentially to lower
the impedance while maintaining the optical transparency. The graphene/PEDOT:PSS microelectrodes
were critically analysed by correlative Raman spectroscopy, optical and SEM imaging. Electrochemical
analysis included impedance spectroscopy and cyclic voltammetry before and after PEDOT:PSS depo-
sition. Optical transmittance was performed and correlated with specific impedance of the different
electrodes. This chapter includes the fabrication details, optical transparency investigation, detailed Ra-
man spectroscopy, electrochemical characterization and the electrophysiological recordings. This work
was published in [24].

7.1 Fabrication of graphene/PEDOT:PSS microelectrodes

Spincoating PEDOT:PSS solutions (with or without other chemicals) and electropolymerization of EDOT
in NaPSS solution are the most common methods of fabricating substrates with this conducting polymer.
PEDOT:PSS is mixed with graphene oxide for applications such as supercapacitors [96, 97], thermoelec-
trical nanogenerators [98] and solar cells [99]. In other cases, graphene nano-platelets combined with
PEDOT:PSS solution were spin coated for organic solar cells [100] and solid state capacitors [101]. Op-
tical transparency was not a limitation for any of these applications and hence the values are seldom
reported.

Reducing the electrochemical impedance was the main motivation for coating graphene microelec-
trodes. Electrodeposition of PEDOT:PSS has been reported on Iridium oxide [102], Au [6, 103, 104],
alginate hydrogel with dispersed CNTs [105], or Au and Au/IrOx-meshes [106] to record cellular elec-
trical activity, both, in vivo and in vitro. Improved transparency (70 %), together with reduced impedance
(0.64 Ω cm2 for Au and 1.92 Ω cm2 for Au/IrOx), was reached with the aim of in vivo brain mapping by
concurrent optical imaging and optogenetic interventions. [106]

Electrochemical deposition can be carried out galvanostatically (constant current) [6, 107, 108], poten-
tiostatically (constant potential) [109] or by changing current and potential (cyclic voltammetry) [110,
111]. Morphology and electrochemical properties of the polymer are mainly governed by the deposi-
tion method and quality of the electrode surface. Scratches on the Au surfaces were reported to be the
favorable nucleation sites during PEDOT:PSS deposition [112]. In the case of galvanostatic deposition,
the thickness of PEDOT:PSS can be controlled by the current flown through the working electrode and
the time of deposition. Slowly ramped current ensures uniform and well defined electropolymerization,
in contrast to the fluffy structures resulting from the rapid current pulses. The nucleation and growth
mechanism of the EDOT polymerization in NaPSS solution is under investigation, and the generally
accepted mechanism is summarized below [110, 112].

The classical nucleation consists of induction periods and steady (or stationary) periods. During the
induction periods, the monomer (EDOT) diffuses from the solution to the electrode surface followed by
oxidation and coupling with the radical cation. The saturation of these oligomers (coupled monomer
cations) in front of the electrode leads to precipitation of the oligomer clusters generating the polymer
nuclei. At this point, the process is (monomer) diffusion controlled. Progressive nucleation is defined as
activation of new nucleation sites over the course of the electrochemical deposition, in addition to the
nuclei formed at the beginning. The combination of different nucleation processes leads to the inhomo-
geneously grown PEDOT:PSS films. At the end, the different nuclei combine together and form polymer
globules. The expansion of the polymer chains and growth of the globules on the electrode surface are
the significant processes. When the oxidation potential is applied for a certain amount of time, the glob-
ules start overlapping and a second layer of much bigger polymer globules is formed. This observation
was supported by optical and atomic force microscopy [112].
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Figure 7.1 SEM and optical microscopy analysis of microelectrodes with different PEDOT:PSS electrodeposition times. The SEM
was performed prior to insulator deposition and optical imaging upon electrodeposition. The PEDOT:PSS showed
continuous coverage for 10 s, 5 s and 2 s and followed the graphene structure.
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Figure 7.2 SEM and optical microscopy analysis of microelectrodes with different PEDOT:PSS electrodeposition times. The SEM
was performed prior to insulator deposition and optical imaging upon electrodeposition. The PEDOT:PSS showed
uniform coverage for 10 s, 5 s, and 2 s and selective coverage for 1 s, 0.5 s, and 0.2 s.

PEDOT:PSS was galvanostatically deposited on graphene microelectrodes following the details men-
tioned in section 3.2.3. The structured graphene electrode field was investigated with SEM prior to
application of the SU-8 insulator. As mentioned before, the SEM in-lens detector offers strong contrast
between the graphene covered Au conduction paths (bright) and graphene (dark) (see figure 7.1) reveal-
ing electrically active CVD graphene. PEDOT:PSS was found to change from light brown (2 s) to dark
blue (10 s). The conducting polymer was observed to follow the graphene surface which confirmed the
success of electrodeposition and ruled out the possibility of any other kind of deposition.
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7.2 Qualitative analysis - Raman spectroscopy, SEM and optical imaging

The amount of PEDOT:PSS increases with increasing electrodeposition time, which in turn is expected
to lower the electrochemical impedance. Keeping the impedance and optical transparency in mind, the
electrodeposition time was further reduced down to 0.2 s. The PEDOT:PSS globules became sparse with
decreasing electrodeposition time (see figure 7.2). The short deposition times reduced the contribu-
tion of progressive nucleation, which means the activation of new nucleation sites over the course of
the electrodeposition process is controlled. This argument is supported by the absence of a continuous
PEDOT:PSS layer optically for 1 s, 0.5 s and 0.2 s. The graphene/PEDOT:PSS microelectrodes were fur-
ther analysed by Raman spectroscopy and the results were correlated with SEM and optical images. The
electrochemical impedance effect of the graphene quality is discussed in section 7.3.

7.2 Qualitative analysis - Raman spectroscopy, SEM and optical
imaging

30 µm

Figure 7.3 Raman point spectra obtained from three different microelectrodes using 532 nm (green) laser with 6.5 mW power and
10 s integration time after baseline subtraction. The black circle in the optical images indicates the Raman acquisition
region. The PEDOT, PSS and the graphene (2D) peaks are highlighted. The PEDOT:PSS layer damps the graphene
intensity and the polymer peaks are stronger with increasing electrodeposition times. The curves are vertically offset
for clarity

The symmetric and antisymmetric C=C in-plane stretching modes in PEDOT:PSS appear at 1429 cm−1

and 1509 cm−1, respectively. Thiophene ring stretching is seen at 1434 cm−1 and the π-π stacking inter-
action between PEDOT:PSS chains and graphene leads to a 2D peak shift. This peak shift is concrete
evidence for the interaction between graphene and the conducting polymer. [79, 80, 98, 110, 113]

For longer (>2 s) electrodeposition times, PEDOT:PSS optically appeared to uniformly cover the
graphene microelectrode. On the other hand, for shorter (<2 s) durations, brown clumps were observed
along the cracks, wrinkles in graphene. Raman spectroscopy revealed the characteristic PEDOT:PSS
peaks, around 1434 cm−1 and 1505 cm−1, and the graphene peaks, G at 1590 cm−1 and 2D at 2700 cm−1

(see figure 7.3). PEDOT and PSS peak intensities increased with increasing thickness and damped the
graphene signals. The spectrum from the brown clumps was expected to show stronger PEDOT and
PSS signals and the spectra were acquired from regions which appeared transparent (circled in figure
7.3). In addition, the individual spectra are obtained from a ∼1 µm (∼0.785 µm2) region on the sample
which is very small compared to the microelectrode with 30 µm diameter (∼707 µm2). Hence, a collec-
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7 Development of graphene/PEDOT:PSS MEA

tive Raman spectra - Raman map was obtained from 2 s (figure 7.4), 0.5 s (figure 7.5) and 0.2 s (figure 7.6)
electrodeposition to investigate the PEDOT:PSS coverage of the 30 µm graphene electrode. The Raman
spectroscopy parameters such as the laser, power, exposure time and Raman map resolution are given
in the respective figure captions.
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Figure 7.4 Qualitative analysis of the graphene/PEDOT:PSS electrodes with 2 s electrodeposition. Raman specta were obtained
with 0.5 µm resolution using 532 nm laser with ∼33 mW and 0.5 s acquisition time.

Graphene (2D) and PEDOT:PSS peaks were integrated, normalized and plotted producing the re-
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7.2 Qualitative analysis - Raman spectroscopy, SEM and optical imaging
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Figure 7.5 Qualitative analysis of the graphene/PEDOT:PSS electrodes with 0.5 s electrodeposition. Raman spectra were obtained
with 0.5 µm resolution using a 532 nm laser with ∼33 mW and 0.5 s acquisition time.

spective Raman maps. 2D was chosen over the G peak as the latter is closer to the PEDOT:PSS peaks
and hence the integration might contain conducting polymer contribution. Graphene and PEDOT:PSS
maps were merged for better understanding of the microelectrode. SEM images in all three cases were
obtained prior to SU-8 deposition. Optical images and Raman maps were acquired after PEDOT:PSS
electrodeposition. The point spectra are vertically offset for clarity. Windowing ranges are shown in the
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Figure 7.6 Qualitative analysis of the graphene/PEDOT:PSS electrodes wit 0.2 s electrodeposition. Raman spectra were obtained
with 0.5 µm resolution using a 532 nm laser with ∼33 mW and 0.5 s acquisition time.

histograms of the maps.
The PEDOT and PSS peaks were observed in the regions which optically appeared transparent with

the peak intensity being smaller than that of the darker regions. Raman spectroscopy offered insights in
the PEDOT:PSS coverage of the transparent graphene microelectrodes. The SEM, optical imaging and
Raman spectroscopy altogether offered a comprehensive analysis of the graphene/PEDOT:PSS micro-
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Figure 7.7 Impedance magnitude and phase plotted against frequency for different PEDOT:PSS electrodeposition times. The
impedance was found to decrease with increasing deposition time.

The PEDOT:PSS deposition brought down the magnitude impedance (at 1 kHz) from (2.9 ± 0.4) MΩ
(21 Ω cm2 for pure graphene) to (42 ± 2) kΩ (0.3 Ω cm2, for graphene with 10 s PEDOT:PSS). The
dashed line in figure 7.7 shows the drop of impedance magnitude at 1 kHz with increasing amount of
PEDOT:PSS which aligns with the expectation. The phase curve reveals that the graphene/PEDOT:PSS
microelectrodes are predominantly capacitive for lower and resistive for higher frequencies. This is dif-
ferent from pure graphene microelectrodes where the phase showed capacitive behaviour for most of
the frequency range. Capacitance dominates for lower frequencies as the imaginary impedance con-
tribution, which is inversely proportional to the frequency, increases. Hence, from the electrochemical
impedance point of view, the capacitive behaviour should begin as late as possible while going from
higher to lower frequency. The phase begins transitioning from capacitive to resistive around ∼100 Hz
for 10 s and ∼1000 Hz for 0.2 s.

The frequency range of the flat region in the real impedance curves (figure 7.8) increases with increas-
ing PEDOT:PSS amounts. This is because, while going from higher to lower frequency, the electrodes
are resistive for a larger frequency range. The large noise in the lower frequencies can be background or
instrument noise.

Improved signal-to-noise ratio is the main reason behind reducing the electrode impedance. Thermal,
measurement set-up and biological are the three main sources of noise during electrophysiology. Ther-
mal noise is generated by the charge carriers inside the electrical conductor and can be accounted for
following the Johnson-Nyquist equation:
υ =

√
4k BTR∆f

where T is temperature and R ∆ f is the integration of the real impedance over the measured bandwidth,
which in this case was 0.1 Hz-3.5 kHz. The average real impedance was calculated over this bandwidth.
The calculated rms noise values are listed in table 7.1. The expected thermal noise decreased ∼ 2-fold
with ∼ 4-fold decrease in the average real impedance (117 ± 37) kΩ (0.2 s) to (28 ± 3) kΩ (10 s).
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Figure 7.8 Real impedance and phase plotted against frequency for different PEDOT:PSS electrodeposition times. The impedance
was found to decrease with increasing deposition time. The large standard deviation in lower frequencies results from
the measurement noise.

PEDOT:PSS deposition time avg real impedance thermal noise (rms)
10 s (28 ± 3) kΩ 1.27 µV
5 s (24.0 ± 0.3) kΩ 1.18 µV
2 s (28.0 ± 2.5) kΩ 1.27 µV
1 s (51 ± 20) kΩ 1.71 µV

0.5 s (75 ± 19) kΩ 2.01 µV
0.2 s (117 ± 37) kΩ 2.60 µV

Table 7.1 Average real impedance over 0.1 Hz-3.5 kHz and the calculated Johnson-Nyquist noise of graphene microelectrodes of
PEDOT:PSS electrodeposited for different times.

7.3.1 Effect of non-uniform graphene

electrode avg real impedance thermal noise (rms)
uniform graphene 461 kΩ 5.15 µV

non-uniform graphene 1209 kΩ 8.35 µV
uniform graphene + 0.5 s PEDOT:PSS 62 kΩ 1.89 µV

non-uniform graphene + 0.5 s PEDOT:PSS 135 kΩ 2.79 µV

Table 7.2 Average real impedance and calculated thermal noise for uniform and non-uniform graphene microelectrodes shown in
figure 7.9 before and after 0.5 s PEDOT:PSS deposition.

Non-uniformity of pure graphene was found to cause ∼ 1.6 fold higher thermal noise compared to
uniform polycrystalline graphene (see section 6.4). The disparity in the thermal noise is dependent
on the extent of non-uniformity. The real impedances of the same electrodes upon 0.5 s PEDOT:PSS
electrodeposition are plotted in figure 7.9. As expected, the thermal noise reduced ∼ 3 fold after the
PEDOT:PSS coating. However, PEDOT:PSS deposited on the non-uniform graphene displayed ∼ 1.5
fold higher thermal noise.

The magnitude impedance at 1 kHz for both graphene/PEDOT:PSS microelectrodes was ∼300 kΩ.
This is because, the PEDOT:PSS preferentially nucleates on the defect sites and in the case of non-
uniform graphene there are more defects, such as edges, than in the uniform graphene. Based on this
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Figure 7.9 Real impedance vs frequency for uniform and non-uniform graphene before and after 0.5 s PEDOT:PSS electrodeposi-
tion time. The SEM images show the corresponding graphene microelectrodes before SU-8 and PEDOT:PSS deposition.
Optical images were obtained after the PEDOT:PSS electrodeposition. The average real impedance and thermal noise
values are in table 7.2.

value only, both the electrodes could pass the quality test. A closer look at the impedance magnitude
curve meant extracting the real impedance which is plotted in figure 7.9. The average real impedance
was found to be about twice as high which results in the non-uniform electrode showing ∼ 1.5 fold
higher noise than the uniform graphene electrode with the same duration of PEDOT:PSS electrodeposi-
tion. This stresses the fact that the current method of using magnitude impedance at 1 kHz is therefore
an incomplete indicator in the production of low-noise microelectrodes.

7.3.2 Cyclic voltammetry

C =

∫ E2

E1
IdE

ν(E2 − E1)
=

∫ 0.5V

−0.5V IdE

(0.2V/s)(0.5V − (−0.5V ))
(7.1)

The flat region in the CV curves indicates the capacitance of the electrode. The specific charge storage
capacitance can be calculated by dividing the integrated current density of the capacitive region of the
CV by the scan rate. The mostly rectangular shape shows that the graphene/PEDOT:PSS electrodes
have higher capacitance than the bare graphene. The increases in the current density with increasing
thickness of the PEDOT:PSS support the decrease in the impedance magnitude. Capacitance, calculated
following the equation 7.1, increased with the amount of PEDOT:PSS. This is due to the higher surface
area, owing to the porous nature of PEDOT:PSS, available for charge transfer. The capacitance of pure
graphene was 0.65 nF, which increased up to 9.41 nF with the highest deposition time 10 s.
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Figure 7.10 CV is measured as a curve between voltage (x-axis) and current (y-axis). The area under the curve is the specific
capacitance which increases with increasing PEDOT:PSS amount (deposition time). The capacitance values in nF were
calculated following equation 7.1. The impedance magnitude reduces (evident in figure 7.7) with increasing specific
capacitance.

7.4 Optical characterization

PEDOT:PSS coated on a Au nanomesh was reported to display upto 65 % transparency for electrophys-
iology [106]. Here the optical characterization was performed following the details given in section 4.7.
Graphene microelectrodes covered with different amounts of PEDOT:PSS were mapped with ∼1 µm
resolution (see figure 7.11 (a)). Each pixel in the transmittance map corresponds to the normalized value
of the data averaged over 400–700 nm wavelength. The linescans across the microelectrodes with 0.5 s,
2 s and 5 s PEDOT:PSS were obtained separately with the same resolution of ∼1 µm. The linescans for
pure graphene and graphene with 0.2 s, 1 s and 10 s were extracted from the transmittance map along
the lines indicated in figure 7.11 (a). Light scattering at the electrode-insulator edge leads to drastic
changes which is evident in the line-scans (see figure 7.11 (b)) around 10 µm and 40 µm where the trans-
mittance is observed to go above 1.0. The scattering results in the white-dark-white rings around the
microelectrodes. The microelectrode spans between these two scatterings and the transmittance was
further averaged over the electrode. Graphene microelectrodes had transmittance values of about 90 %
which lowered with increasing amount of PEDOT:PSS with the lowest being 50 % for 10 s electrodepo-
sition (see figure 7.12). The decrease in transmittance was in favour of the electrochemical impedance
which decreased 14 fold compared to 0.2 s electrodeposition and 65 fold compared to graphene only
microelectrodes.

62



7.4 Optical characterization

0 10 20 30 40 50
x ( m)

0.2

0.4

0.6

0.8

1.0

no
rm

al
ize

d 
op

tic
al

 tr
an

sm
itt

an
ce

cccc (b)

0.0s
0.2s
0.5s
1s
5s
10s

op
tic

al
 im

ag
e

graphene 0.2 s PEDOT:PSS 1 s PEDOT:PSS 10 s PEDOT:PSS

0

1

T 4
00

70
0n

m

tra
ns

m
itt

an
ce

 m
ap

(a)

Figure 7.11 (a) Optical images and corresponding transmittance maps of (left to right) only graphene, graphene with 0.2 s, 1 s and
10 s plotted by averaging over the visible range (400 nm to 700 nm). The dark circle results from scattering of light
at the edge between electrode and approximately 5 µm high SU-8 insulator. The scale bar corresponds to 20 µm. (b)
Averaged transmittance value plotted across the electrode along the black lines indicated in (a). The electrode extends
approximately between 10 µm and 40 µm on the x-axis.
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Figure 7.12 Transmittance averaged over the microelectrodes with different PEDOT:PSS amounts plotted against impedance mag-
nitude at 1 kHz. The transmittance decreased from 90 % (pure graphene) to 50 % (graphene with 10 s PEDOT:PSS
electrodeposition) with the advantage of a reduction in impedance magnitude that is 14 fold compared to 0.2 s elec-
trodeposition and 65 fold compared to graphene only microelectrodes.
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Figure 7.13 Optical microscopy and electrophysiology with graphene/PEDOT:PSS and TiN electrodes. Cardiomyocytes are vis-
ible through the transparent graphene/PEODT:PSS electrodes and the optical access is lost in the case of the TiN
electrode. The single fAP signal amplitude is comparable in all cases. The noise, on the other hand, is observed to
increase with decreasing amounts of PEDOT:PSS, namely for 0.5 s and 0.2 s depositions. The RMS noise for 0.2 s and
standard TiN is comparable and about ∼2.5 µV.
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The applicability of the graphene/PEDOT:PSS microelectrodes was accessed by culturing embryonic
chicken heart cells. The field action potentials were recorded from the graphene microelectrodes with 1 s,
0.5 s and 0.2 s PEDOT:PSS (see figure 7.13). These microelectrodes were selected over the longer electro-
deposition times as they displayed higher electrochemical impedance values and hence higher thermal
noise values among the graphene/PEDOT:PSS microelectrodes. Graphene microelectrodes with 10 s, 5 s
and 2 s showed lower electrochemical impedance values, hence lower thermal noise which is expected
to result in better electrophysiological recordings. According to table 7.2, the thermal noise for 1 s,
0.5 s and 0.2 s is 1.71 µV, 2.01 µV and 2.6 µV, respectively. The thermal noise decreases with decreasing
electrochemical impedance, which decreases with increasing PEDOT:PSS electrodeposition time. The
depolarization component which is mainly driven by Na+ was recorded for all three electrodes. How-
ever, the end of the fAP repolarization which is driven by K+ was not observed. Electrophysiological
recordings are heavily dependent on the health of the biological cells, which is different from culture to
culture. The fAP repolarization was also missing in the control cell culture performed in parallel to these
graphene/PEDOT:PSS microelectrodes on TiN microelectrodes. The recording and the optical image in
the last row of figure 7.13 is from a different cell culture experiment performed on a different day.

Optical observation was possible with the inverted microscope with the cells atop. Similar to the
Au conduction paths in case of the graphene/PEDOT:PSS electrodes, the conventional TiN electrodes
blocked the view of the cells. This is especially critical in case of neurons as they grow more sparsely
than the cardiomyocytes here.

7.6 Chapter Summary

PEDOT:PSS was electrochemically deposited on graphene microelectrodes, mainly to lower the
impedance, which in turn would improve the signal-to-noise ratio of the electrophysiological record-
ings. The electrodeposition time was varied from 0.2 s to 10 s. The conducting polymer appeared to fol-
low the graphene geometry with preference to defect sites such as edges. PEDOT:PSS thickness increases
with the electrodeposition time, and the coverage was optically evident from 2 s onwards. Raman spec-
troscopy was performed to investigate the shorter deposition times where darker clumps were seen
optically. Raman maps of graphene with 0.5 s and 0.2 s PEDOT:PSS confirmed the presence of PEDOT
and PSS in the regions which appeared transparent optically. Raman spectroscopy, SEM and optical
imaging results altogether provided comprehensive qualitative analysis of the graphene/PEDOT:PSS
electrodes.

The magnitude impedance decreased with increasing PEDOT:PSS thickness at the cost of optical
transparency over the visible range. The graphene/PEDOT:PSS microelectrodes displayed transparen-
cies in the range of 50–90 % with 42–700 kΩ impedance at 1 kHz. The theoretical thermal noise de-
creased to half with the average real impedance decreasing ∼ 4-fold over 0.1 Hz-3.5 kHz. CV revealed
that the capacitance increased with increasing PEDOT:PSS amounts. An optimum balance between
transparency and impedance was obtained by keeping in mind the wide scope of the MEA devices.
Recording of the beating chicken cardiomyocytes showed excellent functionality of the transparent
graphene/PEDOT:PSS microelectrodes, low noise during electrophysiology and simultaneous optical
access.
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8 Conclusion and Outlook

The goal of this work, to produce and investigate carbon based transparent electrodes for electrophysiol-
ogy coupled with optical investigation, was reached. Three different carbon based microelectrodes were
fabricated using - carbon nanostructures, graphene and graphene/PEDOT:PSS. The functionality of the
different electrodes was proven by recording the electrogenic activity of cardiomyocytes. Optical trans-
parency offered the possibility to combine electro- and opto-physiology. The improved electrochemical
impedance lowered the thermal noise, which is crucial in order to obtain refined electrical recordings.

Carbon nanostructures showed excellent electrical properties which was further confirmed by elec-
trophysiological recordings which were as good as the commercially available TiN electrodes. The
optical transparency values were upto ∼40 % and had room for improvement. Graphene microelec-
trodes showed superior optical transmittance (90 %) but were limited on the electrochemical impedance
((2.9 ± 0.3) MΩ) front. This limitation was overcome by combining graphene with the conducting poly-
mer - PEDOT:PSS. The resulting graphene/PEDOT:PSS microelectrodes displayed excellent electro-
chemical impedance (42–700 kΩ) with very little optical transmittance (50–90 %) compromise.

This work also offered insights useful for materials science. A qualitative analysis protocol for
graphene based microelectrodes was developed and includes a combination of Raman spectroscopy,
scanning electron and optical microscopy. The results in this work open up new possibilities in the
fields of biology and materials science. In biology, the transparent electrodes can be used for novel ap-
plications like optogentics and calcium imaging. A correlative electro- and opto-physiology offers better
understanding of neuronal networks and other cell types. Further research needs to be carried out re-
garding the long-term stability of the graphene-based microelectrodes for in vivo and in vitro recording
of cellular signals.

The transparency of graphene makes it a promising candidate for replacement of the conduction paths
which currently are made of Au or ITO. For going in the direction of an all-transparent MEA experiments
can be performed with graphene conduction paths pulled further back than in this work (65 µm). Other
materials derived from graphene such as graphene oxide, reduced graphene oxide, graphene inks, dyes,
nanoplatelets and other forms can be investigated as either the conduction path or microelectrode ma-
terial.
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