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Abstract

Abstract
Cardiotoxicity is a common side-effect of drugs and a major cause of late-stage drug
rejections, costing the pharmaceutical companies massive amounts of money. A drug is
cardiotoxic when it has a negative influence on the heart. Often, it changes the
electrophysiological characteristics of the heart, resulting in arrhythmia. This can have
potentially fatal consequences. Thus, it would be desirable to have a reliable, early-stage
indicator of the cardiotoxicity of a drug. A stretchable microelectrode array probing the
electrophysiology of cardiomyocytes under influence of a drug could be a big improvement in
cardiotoxicity drug screening. It has two advantages over current systems employing human
embryonic stem cell (HESC)-derived cardiomyocytes. It allows anisotropic contraction of the
heart cells, mimicking a real heart more closely, and it could train the cardiomyocytes; both
primarily due to the stretchable nature of the device.
A prototype of a stretchable MEA was designed, using the silicone elastomer PDMS as
stretchable substrate and wavy gold tracks as stretchable conductors. The device consists of
the following basic parts:
- Support
- Patterned release layer
- Stretchable substrate
- Electrodes
- Interconnect
- Patterned insulation layer
- Container for nutritious solution
- Cell pattern
A process flow was developed to fabricate the device. The device could almost be fully
fabricated. The only problem that was not solved was the failure to contact the bond pads.
There was no time left to test and characterize the device.
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1 Introduction
1.1 Medical background
The title of this thesis is Prototyping of a stretchable microelectrode array for cardiotoxicity
drug screening. The title communicates two things: the research that was done for this thesis
project and the intended application of the final device. The outcome of the first part is the
subject of the remainder of this thesis report. The second part of the title will be treated in
this section. First, the concept of cardiotoxicity of medical drugs will be explained and
relevance of the issue will be motivated. Second, the potential advantages of screening drugs
with use of the to-be-developed stretchable microelectrode array will be discussed.
Cardiotoxicity is a general term denoting the fact that a substance is damaging to the heart
tissue. Drug-related cardiotoxicity is often associated with causing arrhythmia in the patient’s
heart. The suspected cause of many such cases is drug-induced QT-interval prolongation. [1]
In the ECG trace the QT-interval is the interval between the start of the Q-wave and the end
of the T-wave; it represents the duration of ventricular activation and recovery. (Fig. 1.1a)
The QT-interval also represents the duration of the ventricular action potential. (Fig. 1.1b) A
prolonged QT-interval has become associated with many arrhythmias, including potentially
deadly versions such as Torsade de Points [2], although scientists do not agree on its
reliability as a predictor. [3,4]

A

B
Fig. 1.1 Representations of the QT-interval in: a) an ECG trace [5];
b) the cardiac action potential [6]

Drug-induced cardiotoxicity arising from death of cardiac cells or the altering of their
electrophysiological behaviour (e.g. arrhythmia) is a major cause of late stage drug
rejections. Late stage withdrawals pose a large burden on the pharmaceutical industry,
because the costs of introducing a medicine to the market rise exponentially as development
goes on. The expenditures involved to take a new drug from primary screen to market are
estimated at $1.5 billion. [6] An early, reliable indication of the cardiotoxicity of new drugs
could safe pharmaceutical companies billions of dollars.
It is clear that it would be very desirable to have an effective method to predict the
cardiotoxicity at an early stage in drug development. However, no satisfactory preclinical in
vitro testing method is available at present. The test is either performed on (cells of) nonhuman animals or use human cardiomyocyte cell cultures. Results from studies performed on
non-human animals can not be easily projected to humans, due to the significant interspecies
variability of the repolarization process of the heart tisue. [2] The use of cardiomyocytes
derived from human embryonic stem cells (HESC) is solution for this. However, current
methods employing HESC-derived cardiomyocytes have two problems which limit the
predictive value of the outcome of the experiments: [7]
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•

The cell culture does not resemble the structure of cardiac tissue in a living human
and lacks the dynamism of a beating heart
The HESC-derived cardiomyocytes are relatively immature cells, not fully comparable
with mature cardiomyocytes in the beating heart

The development of a stretchable microelectrode array (MEA) would provide solutions to both
problems. First, because the device is stretchable, the heart cell culture is allowed to stretch
and contract, enabling the possibility to create a better model of a beating heart inside the
human body. Second, the HESC-derived cardiomyocytes can be matured on the device by
mechanical stimulation. [7]
To better mimic the human heart the cardiomyocyte culture has to be structured such that
the heart cells are aligned with each other; this will lead to anisotropic contractions. On the
current, rigid micro electrode arrays the cardiomyocytes are plated isotropically, i.e. they lie in
random directions. An individual cardiomyocyte does exhibit a contraction cycle, but because
they lie random the contractions are not synchronous and the direction of contraction is also
random; this results in no overall nett contraction. However, in a paper by Feinberg et al. [8]
it is demonstrated that cardiomyocytes that are patterned in narrow lines on a thin film of
silicone rubber, align to each other and exhibit anisotropic contractions. These so-called
muscular thin films where fabricated by patterning cardiac cells on a film of the stretchable
silicone rubber PDMS, which was deposited on a rigid glass substrate coated with a release
layer (consisting of the polymer PIPAAm). The narrow line pattern was created with a
stamping technique called micro-contact printing. After culturing the cardiomyocytes on the
PDMS, the silicone film was released. The aligned cardiomyocytes began contracting and the
PDMS film was deformed cyclically by the forces generated during the contraction-relaxation
cycle. This is shown in Fig. 1.2. If it where possible to measure on such contracting
cardiomyocytes, it would potentially open new possibilities to create better in vitro drug
screening systems.

Fig. 1.2 Muscular thin films created by Feinberg et al. Cardiomyocytes were patterned in narrow
lines across various axes of differently shaped PDMS films. Photographs of the relaxation
(diastole) and contraction (systole) phase are shown. The charts show the displacement in the x
and y direction. (Image cited from [9] – Fig. S4)
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1.2 Towards stretchable microelectrode arrays
A number of rigid microelectrode arrays already exist. The most popular amongst them are
the ones fabricated by Multi Channel Systems, like shown in Fig. 1.3. They offer MEA’s in
different shapes and sizes. They are usually fabricated on glass with titanium or indium tin
oxide conductors that are passivated by a silicon nitride layer. The electrodes are made from
titanium nitride (this is also reviewed in Section 2.4). Multi Channel Systems also have a
flexible MEA, called FlexMEA, which is made with gold conductors and electrodes on a
polyimide film. [10]

Fig. 1.3 A microelectrode fabricated by Multi Channel Systems (Image taken from [10])
In order to create a stretchable micro-electrode array a stretchable substrate needs to be
used. In literature several attempts of fabricating a stretchable MEA in this way have been
reported [11-15], the substrate of choice in all cases is PDMS and in all cases gold was used
as conductive material. The fabrication of stretchable interconnects and eventually MEA’s by
depositing gold on PDMS is most extensively studied by Stéphanie Lacour [11,16-21]. The
gold becomes stretchable on the PDMS by forming waves. This is extensively studied in
Chapter 5.
Coincidentally, PDMS, which is used as the substrate for the stretchable MEA’s is the same
silicone elastomer used by Feinberg et al. for their muscular thin films. [8] This leads us to
believe that the two concepts can be integrated to form a prototype of the stretchable drug
screening device. The idea of integrating the stretchable MEA with the muscular thin films
forms the heart of the project of which this thesis is a part.

1.3 Definition of the problem
As brought forward in the previous sections, a stretchable microelectrode array would be a
promising device to improve in vitro testing of the influences of pharmaceuticals on the heart
functions. In order to develop such a device Philips/TU Delft and the LUMC started the project
Living Chips. Philips/TU Delft would take account for the hardware aspect of the project,
whereas LUMC would focus on everything relating to the cells.
The major challenge to start with on the processing side was that there was no experience
with the materials used in the paper about the muscular thin films by Feinberg et al. [8] Thus,
there was a need to study the properties those materials and the impact of those properties
on the process flow. Moreover, there was also no experience with fabricating the gold-onPDMS stretchable conductors as presented by Lacour. [11,16-21]
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The goal of this thesis research was to replicate the results of the paper by Feinberg et al. [8]
and then to integrate stretchable conductors à la Lacour. Together, this would be the
simplest prototype of the drug screening device (without the training function).
The primary aim is to create in-house experience and know-how of processing the new
materials and to study their interactions with each other, standard photolithographic
processes and the cleanroom equipment. The result should be a detailed process flow which
would provide major guidance for processing the final device.

2 Design considerations

13

2 Design considerations
2.1 Overall design
2.1.1 Basic components
From the problem definition it follows that the muscular thin film from Feinberg et al.
(Fig. 2.1a) should be combined with the stretchable gold conductors as presented by Lacour
et al. (Fig. 2.1b). Figure 2.1c shows the result of directly combining the two technologies. The
combination consists of a release layer, flexible substrate, stretchable conductors and a cell
pattern. This device has two problems: after release the device would float free in the
nutritious solution for the cells and the different interconnects and electrodes are short
circuited, since they are not insulated from the liquid. The first problem is solved by
patterning the release layer. After release only a specific region of the layer is delaminated,
so that it is possible to leave one part attached to the support. The second problem can be
solved by adding an insulating layer to the device. It should be patterned to expose the
electrodes and the bond pads. Since this layer will be in contact with the cells it should meet
a number of requirements, which will be elaborated on later in this chapter.

PDMS

a) Anisotropic cardiac tissue on PDMS
by Feinberg et al…

b) …and stretchable gold conductors
on PDMS by Lacour et al…

c) …together form the basis of the technology
for the stretchable drug screening device

Cardiomyocyte
Gold
PDMS
PIPAAm
Glass

Fig. 2.1 The basic concepts presented by Feinberg et al. [9] and Lacour et al. [22] are combined to
form the basis of the technology to develop a stretchable MEA device for drug screening
To complete the device we have to add two other components: a support and a container for
the nutrious solution. We need a support as platform to process on and as an integral part of
the device, in order to handle it and mount it. The container is necessary, because the cells
need to be immersed in a nutritious solution in which they are conserved and from which
they can extract the energy to operate.
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Summing up, the stretchable MEA consists of the following eight basic parts:
- Support
- Release layer
- Stretchable substrate
- Electrodes
- Interconnect
- Insulation layer
- Container for solution
- Cell pattern
The composition of the stretchable MEA by its basic parts is schematically represented in Fig.
2.2.
In the next sections these components are further inspected. The requirements of each
component are reviewed and choices for materials or a specific design will be motivated. The
support and container which were mentioned before will be treated in the remainder of this
section.
Container for solution
Cell pattern
Electrodes
Insulation layer
Interconnect
Stretchable substrate
Release layer
Support

Fig. 2.2 A schematic of the stretchable MEA showing how it is made up out of its basic elements

2.1.2 Supporting substrate and container
There are to constraints for the support:
• it should be compatible with cleanroom processing
• it should be transparent
The first constraint is evident, since the device will be fabricated in a cleanroom. The second
constraint arises from the fact that the users of the device, the medical scientists, mainly use
back-illuminated microscopes. For these microscopes to be effective the device should be
transparent. Due to the transparency condition silicon wafers, the standard substrate in
cleanroom processing, can not be used. In stead, 6 inch AF45 glass substrates are used.
AF45 glass has high light transmission and is also used for making microscope slides. [23]
As a container for the nutritious solution a glass ring is bonded on top of the device.
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2.2 Base material and insulation layer
2.2.1 Material
Parylene

Polyimide

PDMS

PPS

Young’s Modulus

3.2 GPa [12]

1.3 – 4 GPa [12]

0.75–3 MPa [12]

370 MPa [24]

Biocompatibility

ISO 10993 [25]

ISO 10993 [26]

ISO 10993 [27]

Positive
indications [28]

Autofluorescence

Unknown

High [29]

Very low [28,30]

Very low [28]

Patternability
Good
Very good
Fair [13,31]
Table 2.1 Comparison of different potential base layer materials

Very good [24,28]

The base material and the insulation layer must meet similar requirements. Together they
form the bulk of the stretchable MEA. Table 2.1 shows a scoring card for four candidate
materials, namely parylene, polyimide, poly(dimethylsiloxane) (PDMS) and photopatternable
silicone (PPS). The materials made the short list either by being used in the research by
Feinberg et al. [8] or Lacour et al. [11] (PDMS and PPS) or by their prior application in flexible
electronics (polyimide and parylene). The properties on which the materials are scored follow
from the requirements to the device.

Young’s modulus
The device must be stretchable in order to follow the contraction cycle of the heart cells, thus
the most important requirement is a high degree of elasticity. Elasticity is the ability of a
material that is deformed under stress to return to its original shape. It can be represented
by various elastic moduli, one of the most common being Young’s modulus. Young’s modulus
is a measure of tensile elasticity and is defined as the ratio of tensile stress to tensile strain.
This is schematically represented in Fig. 2.3.
PDMS has the lowest Young’s modulus of the four materials. The difference with the other
materials is significant. The Young’s modulus of PDMS is three to four orders of magnitude
lower than that of parylene or polyimide and two to three orders of magnitude lower than
that of PPS.

Fig. 2.3 An illustrated explanation of Young’s modulus with its formula (Image cited from [32])
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Biocompatibility
The materials must not hamper the cells to develop on it. This is primarily a requirement for
the insulation layer, because this is the layer which will interface with the cells. The notion
associated with this is biocompatibility. In the scientific community there has been much
debate about the use of the term, since scientist in different fields seemed to mean different
things with biocompatibility. In 1986, during the Consensus Conference of the European
Society for Biomaterials, it was defined as the ability of a material to perform with an
appropriate host response in a specific situation. This very general definition was later
specified for tissue engineering purposes as: [33]

The biocompatibility of a scaffold or matrix for a tissue engineering product
refers to the ability to perform as a substrate that will support the appropriate
cellular activity, including the facilitation of molecular and mechanical signalling
systems, in order to optimise tissue regeneration, without eliciting any
undesirable local or systemic responses in the eventual host.
Standardized test for biocompatibility are included in the ISO 10993 ‘Biological evaluation of
medical devices’ standard. Because biocompatibility is such an ambiguous term, the only
criterion that will be used to compare the different materials is if they pass the ISO 10993
standard testing.
For PDMS, polyimide and parylene references were found stating that they passed ISO 10993
tests for biocompatibility. [25-27] None such reference was found for PPS. However, research
of Desai et al. [28] suggests that the biocompatibility of PPS matches that of PDMS. The
morphology of cells cultured on PPS matched closely with morphologies seen on PDMS and
tissue culture polystyrene (TCPS).

Autofluorescence
In the analysis of cell cultures the use of fluorescent markers is common practice. For
effective analysis a sufficient contrast is required. To achieve a good contrast the background
fluorescence needs to be minimized. The major source of this background signal can be the
autofluorescence of the substrate. Thus, to facilitate a good analysis of the sample
autofluorescence of both the base material and the insulation layer need to be low.
The autofluorescence of PDMS and PPS are comparable and very low. Both lower than that of
TCPS. [28] The high autofluorescence of polyimide was stated as a disadvantage in [29]. No
references were found to the autofluorescence of parylene.

Patternability
Patternability is a requirement for the insulation layer, since after deposition, the areas above
the electrodes and the bond pads must be opened.
PPS and polyimide are very easily patternable. PPS acts as a negative photoresist which can
be developed after exposure. [24] Polyimide can be either dry etched or wet etched with
resist as masking layer. [34] There are also many photosensitive polyimides. Parylene can be
etched only by oxygen plasma. The pattern has to be masked by thick photoresist or an
inorganic masking layer. [35] The patterning of PDMS is the most cumbersome of the four
materials. It can be etched by reactive ion etching in O2 + CF4 with a very slow etch rate.
This has to be masked by a metal layer which can introduce undesired wrinkles in the
surface. [13] Masking the pattern with thick photoresist is not advisable, because thick resist
tends to crack on PDMS.

Conclusion
The relatively high Young’s modulus of parylene and polyimide disqualify them as suitable
materials for a truly stretchable device. One can only imagine the use these materials in a
stretchable way if special ‘tricks’ were to be applied, like making a corrugated film which can

2 Design considerations

17

stretch out like an accordion (squeezebox). Fabricating such a film is not straightforward and
additional challenges would arise in patterning the cells on the corrugated surface.
The low Young’s modulus, biocompatibility and low autofluorescence makes PDMS the best
choice for the base material. As insulation layer PDMS has the disadvantage over PPS that it
is more difficult to pattern. However, the Young’s modulus of PDMS is much lower than that
of PPS. Because this requirement is more important than the impracticality of patterning
PDMS, PDMS is chosen as both base layer and insulating layer.

2.2.2 Dimensioning
PDMS membranes with a wide array of thicknesses are used in literature, from 1mm in [16]
to membranes of 70 nm in [36]. Since it is hard at this stage to determine the exact
mechanical properties that are needed for the device, the paper by Feinberg et al. about the
muscular thin films is used as guidance. For their muscular thin films they used PDMS film
thicknesses of 13 µm to 60 µm. Also, they observed that films with thicknesses of above
~25 µm were not deformed by the heart muscle cells during the contraction cycle. Thus, the
total device thickness should stay under 25 µm.

2.3 Release layer
2.3.1 Material
In the paper by Feinberg et al. about muscular thin films [8] the release layer used was
poly-N-isopropylacrylamide (PIPAAm). PIPAAm is a thermoresponsive polymer with a lower
critical soluble temperature (LCST). Since the stretchable MEA device needs similar release
properties as the MTF’s, PIPAAm was chosen as the release layer for the device. In the next
chapter, the properties and use of PIPAAm will be discussed in more detail.

2.3.2 Topography
The stretchable membrane should always stay attached to the support, for this reason is it is
necessary for the release layer to be patterned. Patterning PIPAAm is challenging, because it
is soluble in cold water and common solvents. In chapter 3 a method will be presented how
PIPAAm can be patterned.
The release of the stretchable layer has to be confined within the inner radius of the glass
ring container mentioned in paragraph 2.1.2. The area that actually should be released is
most likely a rectangle encompassing the interconnects and electrodes. On the exposure
mask that defines the PIPAAm pattern two topographies were designed. One pattern is a disk
with one flat side (like the pattern seen in the process flow schematic in Chapter 9), the other
pattern is a rectangle. The disk allows full freedom to cut the desired piece to be released.
However, because eventually the whole disk will be released, loose flaps of PDMS might
interfere with the experiment. The rectangular pattern provides less freedom, but will ensure
that no unwanted parts of the membrane will be released.

2.4 Electrode design
2.4.1 Material
An electrode is an electrical conductor used to establish electrical contact with a non-metallic
part of a circuit. [37] In this case the electrodes should interface with the cell culture and
measure the action potential of the cardiomyocytes. Because the electrode is in contact with
the cells it has to be biocompatible. Also, it has to be inert to avoid chemical reactions
between the electrode and the solution. Moreover, the electrode material needs to have a low
impedance to allow the detection of small extracellular signals in the order of microvolts. [38]
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MEA’s were developed in the 1970’s and initially they used gold as electrode material.
However, planar gold electrodes have a high impedance. Later, the electrodes were plated
with porous platinum (‘platinum black’) to decrease the impedance. Platinum black has a
microstructured surface which significantly increases the effective contact area of the
electrode. This solution is not very durable and therefore not suited for long-term cell
culturing or MEA’s that should be reusable. Nowadays, the standard MEA electrode is made of
titanium-nitride (TiN), as shown in Fig. 2.4. TiN-electrodes are much more stable, and also
have a high degree of surface roughness, which results in a low impedance contact.
[10,38,39]
Due to time constraints extensive research into the electrodes was beyond the scope of the
project. Thus, we chose to make the electrodes gold via electroplating.

Fig. 2.4 Overview of MEA by Multi Channel Systems with details of an electrode; the rough
surface created by the TiN microstructure can be clearly seen (image taken from [10])

2.4.2 Topography
The layout of the electrodes was based on that of the MEA devices made by Multi Channel
Systems (Fig. 2.4), which are currently being used extensively to study cardiomyocyte
cultures. They use a electrode diameter of 30 µm and the interelectrode distance is 200 µm.
[10,40] The layout of the electrodes used for the device is shown in Fig. 2.5. In Fig. 2.5a the
layout of the openings for the electrodes in the insulation layer is shown. The eleven
openings have a diameter of 50 µm. The metal electrode areas have a diameter of 30 µm, as
shown in Fig. 2.5b, they will act as seeds for the gold plating of the electrodes.

A

B

Fig. 2.5 Electrode pattern a) Layout of the electrode openings in the passivation layer with
interelectrode distances and opening radius given; b) Close-up of the gold pattern with the
electrode plating seed electrodes, here also the different measures are inserted in the image
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2.5 Interconnect
2.5.1 Material
The interconnect is the part of the device which connects the electrodes with the bond pads
from which connection will be made to the data acquisition unit. The prime requirement for
the interconnect material is that it is a good electrical conductor in order to avoid signal
attenuation. The material also needs to be highly ductile, because it will be integrated in a
device that will roll up partly. Moreover, the interconnect material should be chemically stable
and a good plating base for the electrodes (see Chapter 6).
Gold was chosen as interconnect material because it is an excellent electrical conductor, inert
and highly ductile. [16] Moreover, gold is frequently used in research to stretchable
conductors on PDMS. [12,14-16,41]

2.5.2 Topography
The shortest distance between two points, by definition, is a straight line. Normally, this
would be the most logical topography for a piece of interconnect, because in this way the
signal loss is minimized. To avoid short circuiting additional care must be taken that two
interconnects in the same layer do not cross, resulting in the fact that not always the straight
line between two points is used. In this device, however, there is an additional requirement
that might warrant a different topography than the straight line: the interconnect needs to be
as stretchable as possible.
The optimal design for stretchable metal interconnects has been found to be a horse shoelike shape as shown in Fig. 2.6. [42] The parameters of the pattern are the line width, radius
and the joining angle. It is reported that to maximise stretchability the line width has to be
minimized, the radius has to be maximized and the joining angle should be 45°. [42,43]

Fig. 2.6 The horseshoe design for enhanced stretchability of interconnects. It is defined by the
track width (W), the inner radius (R) and the joining angle (θ) (Image cited from [42])
Since the goal of this project was to establish a working process flow. It was chosen to begin
with a quick and easy straight line design and to optimize the interconnect pattern in another
research effort.
The design to connect the electrode pattern given in Fig. 2.5 is shown in Fig. 2.7. An
overview of the interconnect layout is shown in Fig. 2.7a; it connects the eleven electrodes to
eleven bond pads from which the signal is interfaced to a data acquisition unit. The bond
pads are 600 µm by 400 µm, as indicated in Fig. 2.7c. The wires leading to the electrodes are
15 µm wide, as can be seen from Fig. 2.7d.
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A

B

C

D

Fig. 2.7 Interconnect layout a) Overview; b) Interconnect pattern connecting to the electrodes;
c) Close-up of bond pads; d) Close-up of interconnect line with an electrode at the end

2.6 Patterning cells
2.6.1 Motivation
The reason to develop a stretchable MEA is that this enables us to electrically probe a beating
cardiac cell culture, which mimics heart muscle tissue as it is present in the human body. In
the human heart the cardiomyocytes are all aligned with each other, so that all cells contract
in the same direction to create a significant overall contraction. Thus, to simulate the human
environment the cells need to be aligned on the stretchable MEA, too. If the cardiac cells
where to be uniformly plated on the device, the cells would have a random orientation.
Therefore, each cells contracts in a different direction. The contractions are isotropic and on a
macro scale there is no resulting contraction. This method of cell plating is used on the
common, rigid MEA devices. In order to create aligned cardiomyocytes an adhesive protein
pattern needs to be applied on the device. A relatively easy and successful method of
achieving this is via micro-contact printing, defining the pattern using PDMS stamps. [8] This
will be discussed in more detail in Chapter 7.

2.6.2 Pattern
The adhesive protein pattern used by Feinberg et al. [8] to create their muscle thin films
where narrow parallel lines of 20 µm wide at distance of 20 µm from each other. (Fig. 2.8a)
This pattern resulted in an anisotropic sheet of cardiomyocytes or separate lines of aligned
cells, depending on background treatment (more on this in Chapter 7). However, Feinberg et
al. used neonatal rat cardiomyocytes whereas our aim is to use HESC-derived
cardiomyocytes. The medical experts on the project saw no reason to deviate from this
pattern. Thus, it was chosen to fabricate a stamp with 20 µm/20 µm lines and spacings.
Additionally, on the same mask a 40 µm/40 µm line pattern (Fig. 2.8b) was designed to
investigate if there would be any noticeable difference between the two cell patterns.
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B

20 µm

40 µm

40 µm

Fig. 2.8 Two stamp designs: a) 20 µm wide lines, spacing 20 µm; b) 40 µm wide lines, spacing 40
µm
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3 Properties and patterning of PIPAAm
3.1 Properties of PIPAAm
Poly(N-isopropylacrylamide) (PIPAAm or PNIPAAm) is a thermoresponsive polymer, it
changes its behaviour under influence of temperature. PIPAAm dissolves in cold water, but it
is in soluble in hot water. It has a so-called lower critical solution temperature (LCST) that lies
between 30°C and 35°C. [44] Figure 3.1 shows the chemical structure of PIPAAm and depicts
schematically what happens with the structure of the polymer above and below the LCST.
Below the LCST, the polymer chains are well hydrated and occupy a relatively large volume;
in this state it is soluble in water. Above the LCST, the polymer chains take on a much more
compact configuration by sudden dehydration, making the PIPAAm insoluble in water.
Additionally, above the LCST the PIPAAm is hydrophobic, below the LCST it is hydrophilic.
[8,44-46] The fact that PIPAAm is biocompatible [45] and that the transition temperature is
close to the incubation temperature of 37°C make it highly suitable for the application.

Fig. 3.1Chemical structure of PIPAAm (Image cited from [47])

3.2 Processing
PIPAAm was ordered from Polysciences, Inc. It comes in solid powder form. To process it the
PIPAAm first is dissolved in 99.9% 1-butanol with a weight ratio of 1:9. The mixture is stirred
by a stirring magnet for at least 2 hours to achieve full dissolution.
A thin layer of PIPAAm can be deposited by spin coating. The PIPAAm-butanol solution is
dispensed on the wafer and by spinning it is spread uniformly. During spinning the butanol
evaporates and a dry PIPAAm layer remains. A post-bake step is optional to remove any
remaining solvent.
Table 3.1 represents the PIPAAm layer thickness achieved by spinning at different speeds.
Spinning was done with open lid. The measurements were done with a Dektak profilometer
at room temperature. Meaning the PIPAAm is in its hydrated, voluminous state. The thickness
was not measured above the LCST, so it could not be verified if the temperature change
would affect the measurement.
Spin speed

Thickness

3000 rpm

700 nm

4000 rpm

570 nm

Table 3.1 PIPAAm thicknesses for various spin speeds
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3.3 Methods of patterning PIPAAm
3.3.1 Challenges in patterning PIPAAm
The standard method of patterning thin films in microfabrication is by photolithography.
Either the material itself is photosensitive, like e.g. photoresist or photosensitive polyimide,
and can be patterned by exposure through a mask followed by a developing step. Or the
layer to be structured is masked by a photoresist pattern or a hard mask (e.g. aluminium)
and etched through the openings. After etching the resist or hard masked is removed and the
patterned layer remains. Unfortunately, PIPAAm is not compatible with these standard
patterning processes.
PIPAAm is, as mentioned in section 3.1, soluble in cold water. Moreover, it is dissolves in
many organic solvents, as long as they are capable of hydrogen bonding. Solvents reported
to dissolve PIPAAm include acetone, methyl ethyl ketone, chloroform, dioxane, ethanol,
methanol and tetrahydrofuran (THF). With these solvents no LCST was observed, the PIPAAm
is soluble up to the solvent’s boiling point. [44] Because of this, PIPAAm is not compatible
with photoresists, since it would either be dissolved by the solvents in the resist or by the
developer. Moreover, it would be very hard to remove the resist after patterning without
damaging or destroying the PIPAAm layer.
Thus, to pattern PIPAAm any use of solvents and cold water should be avoided. This makes
finding a practical method very challenging.

3.3.2 Methods found in literature
In literature, two methods of patterning PIPAAm were found:
• patterning with use of electron beam [45]
• dry etching through a shadow mask [48]

E-beam patterning
With this method a wafer is coated with the PIPAAm-polymer. The pattern that has to remain
on the wafer is exposed with an electron beam. The electron beam causes the PIPAAm
polymer to cross-link. The wafer is developed in cold water to remove the unexposed
PIPAAm. The PIPAAm thus acts like a negative electron resist. The problem with this method
is that the PIPAAm is in a different state making it unsuitable for the application. In this case,
the PIPAAm becomes a cross-linked hydrogel which is, as the process flow already suggests,
insoluble in (cold) water. Moreover, the method utilises an electron beam, making it very
expensive and time consuming. Also, in case of the stretchable MEA the geometries are
relatively large, in the order of millimetres. Therefore, an ultra high resolution piece of
equipment, like an e-beam (nanometre resolution), would be a bit of an overkill. [45]

Dry etching through shadow mask
This method of patterning PIPAAm is a completely dry process. PIPAAm, like most polymers,
can be etched in oxygen plasma. As etch mask a hard shadow mask is used. The shadow
mask is not specified, but usually it is a metal sheet, e.g. steel or beryllium copper, in which a
pattern is machined, laser cut or etched. This mask is then temporally bonded to the wafer.
After the process step the mask is removed again. In this case, the PIPAAm layer is etched by
oxygen plasma through the shadow mask. [48]
The disadvantage of this method is that, as consequence of the use of the shadow mask, not
every pattern can be translated to the PIPAAm. It is impossible to create ‘island’ pattern in
the layer, because those island can not be made in the shadow mask. All material of the
mask has to be connected to each other. Since PIPAAm islands are what is required for the
stretchable MEA, shadow masking is not suitable for the application.
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3.3.3 Proposed methods
For a process to pattern PIPAAm to be successful, cold water and organic solvents have to be
avoided. In this paragraph three methods are proposed to create a PIPAAm pattern on wafer.
All three meet those requirements. The processes where either completely dry after
deposition of PIPAAm or would only employ hot water-based liquids. The three methods to be
proposed are:
• Dry lift-off
• Hard mask with processing in hot etchants
• Inkjet printing

Dry lift-off
As the name suggests this is a dry process. After the PIPAAm is applied no liquids are used,
so there is no risk of dissolving the polymer. The inspiration for this method was found in
[49], but similar methods can also be found in [50] and [51].
A thin, sacrificial layer is deposited on the wafer and patterned. Typically, this layer is
parylene. The openings that are etched in the parylene are the features that remain in the
PIPAAm pattern. PIPAAm is spun on the wafer with the patterned parylene. Finally, the
parylene sheet is peeled off the wafer, leaving the PIPAAm pattern on the wafer through the
openings. Basically, the process flow of [49] is used, but in stead of cells PIPAAm is
deposited. Since this was the method which was fully implemented for the fabrication of the
prototype of the stretchable MEA a more elaborate review can be found in Section 3.4, where
also the results will be presented.

Hard mask with processing in hot etchants
The method is shown schematically in Fig. 3.2. The hypothesis on which this method is based
is that PIPAAm will not be affected by hot etchants. Etchants are usually acids, whose main
component is water.
A wafer is spincoated with PIPAAm (Fig. 3.2a). A metal layer, e.g. aluminium, is evaporated
on the PIPAAm (Fig. 3.2b). The metal layer is coated with photoresist, which is exposed
through a mask and developed. During development the PIPAAm is shielded from the
developer by the metal layer (Fig. 3.2c). The metal layer is etched in hot etchant (>40°C).
(Fig. 3.2d) Now, the PIPAAm is etched in oxygen plasma being masked by the metal layer. In
this step also all the photoresist has to be removed! (Fig. 3.2e) Finally, the rest of the metal
layer is etch in a hot etch bath and the PIPAAm pattern remains. (Fig. 3.2f) Naturally, all
rinsing should also be done with hot water.
Experiments with this method demonstrated that the idea did not work. At some stage during
the process, the PIPAAm properties changed. The result was that PIPAAm was not soluble
anymore in cold water. So, it had lost its functional property.

Inkjet printing
With this method the PIPAAm is applied by a robotically controlled inkjet print head. The
dissolved PIPAAm is shot in very small amounts through a nozzle onto the surface. The
solvent readily evaporates and the PIPAAm remains. The pattern is defined by the program
that controls the printing head. The area to be printed should be hydrophilic surrounded by a
hydrophobic border
A similar, alternative method is when the pattern is first etched in the wafer as shallow wells.
These wells are then filled by a robotic nozzle.
Because the process can be fully automated, inkjet printing probably is the most costeffective patterning method should the device be brought into production.
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A. Spin-coat glass wafer with PIPAAm

B. Deposit alumunium masking layer

C. Spin photoresist, expose and develop

D. Etch aluminium with hot etchant

E. Etch PIPAAm and resist with oxygen plasma

F. Remove remaining aluminium with hot etchant

Glass

Aluminium

PIPAAm

Photoresist

Fig. 3.2 Patterning PIPAAm by oxygen plasma etching

3.4 Patterning PIPAAm by dry lift-off
The process that proved to be successful and which was fully implemented was patterning
PIPAAm by dry lift-off. In this section, first the process flow will be discussed and in the
second paragraph the results of this patterning method are presented.

3.4.1 Process flow
As mentioned before, this process flow is based on the flow presented in [49].The process is
graphically depicted in Fig. 3.3. The fully detailed process flow is part of Appendix I.
First a glass wafer is cleaned in a piranha solution (H2SO4:H2O2) to remove possible
contaminants. Parylene is vapour-deposited on the wafer. (Fig. 3.3a) Parylene is the
tradename of a variety of vapour deposited poly(p-xylene) polymers. The most common
variant is Parylene-C, which is also used in this case. Parylene is a pinhole-free, nearly inert
polymers, that once deposited resists solvents, acids and bases. It is very suitable for this
application due to its weak adhesion to numerous surfaces. [51] The parylene is then
patterned by spinning on thick resist, exposing it through the mask, developing the resist and
etching the parylene with oxygen reactive ion etching (RIE). (Fig. 3.3b) The remaining resist
is stripped with acetone. The PIPAAm dissolved in butanol can now be spincoated on the
wafer. (Fig. 3.3c) With a razor a perimeter is cut in the parylene along the edge of the wafer.
With tweezers the parylene sheet is gently peeled off. A PIPAAm pattern is what remains on
the wafer. (Fig. 3.3d)
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A. Vapour-deposition of parylene on glass wafer

B. Patterning of parylene

C. Spin coating with PIPAAm

D. PIPAAm pattern remains after lift-off parylene

Glass

Parylene-C

PIPAAm

Photoresist

Fig. 3.3 Process flow of dry lift-off PIPAAm patterning

3.4.2 Experimental
Numerous experiments were done on patterning PIPAAm by dry lift-off. On glass wafers the
experiments succeeded without exception. Experiments were also performed on silicon
wafers with a thermal oxide layer. To ensure release of the parylene film the silicon wafers
were dipped in 0.3% Triton X-100. A number of silicon wafers got damaged while etching the
parylene in the RIE etcher. The film delaminated and the resist on top became burnt.
Approximately one in two wafers was lost by this type of failure. Again, none of the problems
occurred with processing the glass wafers.
For the device, the PIPAAm pattern needed is relatively large: in the order of millimetres.
However, to test what feature sizes could practically be transferred to the PIPAAm, a matrix
was designed which consisted of rectangles of different sizes. The largest rectangle was
2 mm by 2 mm and smallest 25 µm by 25 µm.

A

B

Fig. 3.4 Micrographs of the feature size test array for PIPAAm , the PIPAAm was spin-coated at
4000 rpm a) An overview of a part of the array, the largest square displayed has the dimension
500 µm x 500 µm; b) Detail of the array consisting of the smallest patterns, the smallest square in
picture is 25 µm x 25 µm of size
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3.4.3 Results
The pictures shown in this paragraph were taken from silicon wafers.
Fig. 3.4 displays an overview of the array of different sized rectangles used to research the
patterning capabilities of the dry lift-off process. It can be seen that most rectangle patterns
are transferred faithfully to the wafer. The corners are a bit rounded and the edges seem a
bit soft, but overall the pattern is accurate.
Accuracy in patterning is lost at small dimensions. Figure 3.5 and Fig. 3.6 show examples of
PIPAAm structures with relatively small feature sizes. These dimensions are much smaller
than needed for the application. Figure 3.5 should have been 25 x 25 µm squares, but the
corners are severely rounded, up to the point that the structure looks more like a circle. Also,
the edges are jagged. The same issues also play a role in Fig. 3.6, but because the absolute
size of the structure is larger, the relative impact of the inaccuracies is far smaller. What also
can be observed is that the thickness of the structures seems fairly uniform over the whole
area and only looses this uniformity towards the edges. Profile measurements (Fig. 3.7)
confirm this observation. They show that the edges of the PIPAAm structure are up to six
times higher than the rest of the pattern; 30 µm at the edge against ~5 µm in the middle of
the structure. This can be explained intuitively: during spinning the edges of the parylene
pattern will also be covered with PIPAAm. After removing the parylene the PIPAAm that was
dammed up to the edges remains translating to a large edge bead. In practice, the profile will
look less impressive as in the graph. The effect is visually amplified because the Y-axis has a
much higher resolution than the X-axis.
It can be concluded that patterning PIPAAm with dry lift-off is well suited for this application.
Large feature sizes are faithfully transferred to the substrate and the method allows us to
make PIPAAm ‘islands’.

Fig. 3.5 Examples of PIPAAm structures, spin-coated at 4000 rpm, that should represent
25 x 25 µm squares. A high degree of corner rounding can be observed.
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Fig. 3.6 Examples of PIPAAm structures, spin-coated at 4000 rpm, that should represent
50 x 50 µm squares. The corners are still significantly rounded.
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Fig. 3.7 Profile of PIPAAm sqare (200 x 200 µm) spin-coated at 4000 rpm
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4 Properties and processing of PDMS
4.1 General
Polydimethylsiloxane is the most common of siloxane polymers or silicones. Siloxane polymers
are polymers that have a backbone of alternating atoms of silicon and oxygen ([Si-O]n). In
the case of PDMS, two methyl (-CH3) groups are attached to each silicon atom in the
backbone. [52] Fig. 4.1 shows the chemical structure and the space-filling model of linear
chain of PDMS.

B

A

Fig. 4.1 Linear PDMS chain a) Chemical structure [53]; b) Space-filling model [54]
PDMS occurs in a variety of forms, it can be a liquid, gel, elastomer or resin. The structure
depends on the amount of cross-linking that has occurred. Cross-linking occurs when the
linear polymer chains interconnect and forms bonds with another. In this project the PDMS is
used as a silicone elastomer or rubber. Elastomer stands for elastic polymer. This means it is
characterized by a relative low Young’s modulus and a great ability to return to its original
shape after deformation.
A wide range of advantageous properties has made it a very popular material in biomedical
applications (in general [27], as (conformal) cell substrate [8,55-57], cell culture patterning
(via soft lithography) [58-63] and microfluidics [64-68]) and in the field of stretchable
electronics [17,16,18-22,42,69-80] or a combination of both: stretchable electronics for
biomedical applications [11-14,41,15,81-85]. These advantages are:
•
•
•
•
•
•
•
•
•
•
•
•
•

Low-cost, rapid prototyping
Biocompatibility
Chemically stable
Great elasticity, low Young’s modulus
Processible in clean room
Low-temperature processing
Permeable to nonpolar gasses (e.g. oxygen)
Impermeable to water, does not swell when in contact with water
Mouldable to small feature sizes
Easy release from mould
Low autofluorescence
Easy modifiable surface energy
Good electric insulator
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4.2 Processing
4.2.1 Preparation
The PDMS that is used for the stretchable MEA is Sylgard 184 produced by the Dow Corning
Corporation. The kit consists of two parts: the base and the curing agent. The standard
mixing ratio given by the manufacturer is 10:1 (base:curing agent). [86] The base or prepolymer provides the bulk of the material. The curing agent initiates the cross-linking process,
transforming the mixture from a viscous liquid into an elastomer. To remove the air bubbles
formed during mixing the PDMS degassed in a vacuum desiccator.

4.2.2 Spin-coating
To fabricate thin, uniform layers of PDMS the material is spin-coated on a wafer. The
thickness of the resulting layer is mainly determined by two parameters: the maximum
rotational velocity used in the spinning recipe and the viscosity of the liquid. The spin time
also plays a role, though is of less importance.
The spin speed is controlled by the spin coater. However, there is a maximum spin speed that
can be used depending on the machine and the structural integrity of the substrate. The
maximum spin speed that could be used with the available hardware present in the MiPlaza
clean room was 4000 rpm at the beginning of the project, but was lowered to 3000 rpm at a
later stage for reasons of safety.
The second parameter that controls the layer thickness is the viscosity of the PDMS. This is a
tricky exercise, because as soon as the two components of Sylgard 184 are mixed, crosslinking of the polymer starts, slowly but surely increasing the viscosity reaching a fully cured
state in approximately 24 hours. Since the aim was to achieve thin layers, spinning was done
as soon as possible after mixing, the first wafer was spun about 10 minutes after adding the
curing agent to the base.
To achieve thinner layers at the same spin speed the viscosity could be further reduced by
lowering the mixing ratio or diluting the mixture with a low viscosity additive. However, both
methods influence the mechanical properties of the final PDMS elastomer. This is explained in
Section 4.3. By increasing the percentage of curing agent the viscosity was reduced because
the curing agent is much more fluid than the pre-polymer. Diluting the mixture can be done
with various liquids. For Sylgard 184, Dow Corning advises to lower the viscosity with low
viscosity silicone oil, 200 fluid (Dow Corning). [86] This silicone oil also consists of
polydimethylsiloxane polymers and is available in a wide range of viscosities. [87] The silicon
oil used in this project was Dow Corning 200 fluid, 50 centiStokes.
Alternative fluid additives to lower the viscosity of PDMS presented in literature, include
hexane [36] and tert-butyl alcohol (presented as a superior solution to hexane) [88]. Film
thicknesses as low as 70 nm have been reported. [36]
For spin coating wafers with PDMS the same spinning recipe as for the MTF’s by Feinberg et
al. was used [9,89]. This recipe is specified in Appendix I. To test how the layer thickness
changes with angular velocity, PDMS was spun at different speeds and the thickness was
measured using a DEKTAK profilometer (stylus force: 3 mg). The recipe was changed in such
a way that the maximum spin speed was reduced, but the total spin time remained the same.
Figure 4.2 shows the resulting spin curve which shows the film thickness as function of the
maximum spin speed of the recipe. The curve is based on four samples which were prepared
with a maximum angular velocity of 2000, 3000, 3500 and 4000 rpm. The line serves as a
guide to the eye.
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Caution must be taken with the use of the results presented in Fig. 4.2. Profilometry of soft
materials like PDMS is very inaccurate, since the stylus dents the material during the
measurement, causing an understatement of the thickness. In literature, cases can be found
where the actual PDMS layer thickness was 40% above that given by the profilometer. [90]
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Fig. 4.2 PDMS spin curve based on profilometer measurements

4.2.3 Curing
After spin coating, the PDMS films have to be cured to turn them into their elastomeric state.
Curing can be done at a whole range of temperatures, starting from room temperature to
about 150°C. The product information sheet of Sylgard 184 gives four different curing
schedules [86]:
• 24 hours at 23°C (room temperature)
• 4 hours at 65°C
• 1 hour at 100°C
• 15 minutes at 150°C
During this project the PDMS was mostly cured for 90 minutes at 90°C. The curing can be
done in an oven or on a hotplate. The preference was for the use of an oven, since this
would more uniformly heat the PDMS. Moreover, it prevents contamination of the hotplate.

4.3 Mechanical properties and process dependence
The product information sheet of Sylgard 184 provided by Dow Corning [86] only provides
two relevant mechanical characteristics for cured PDMS (cured for 4 hours at 65°C):
• Tensile strength of 7.1 MPa
• Elongation at break of 140%
This confirms that the PDMS elastomer is very stretchable. Several other independent studies
have been done on the mechanical properties of PDMS. [91-95] In these publications
different mechanical characteristics are investigated and their dependence on certain process
parameters. It follows that the mechanical behaviour of a PDMS sample is very dependent on
the process conditions.
Table 4.1 gives an overview of the values reported for the elastic modulus of PDMS. In Table
2.1 a reference was cited that found in literature values for the Young’s modulus of PDMS
ranging from 0.75 MPa to 3 MPa [12], depending on processing. The values presented in
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Table 4.1 are based on actual measurements by the authors of the paper. One can see in the
table that for the type of PDMS that is used for the stretchable MEA device, Sylgard 184 from
Dow Corning, the references agree on an elastic modulus of 1.8 MPa.
Reference

Elastic modulus

Type

[92]

1.820 ± 0.091 MPa

Sylgard 184 (Dow Corning)

[92]

1.528 ± 0.055 MPa

RTV 615 (Bayer)

[93]

750 kPa

PS851 (ABCR)

[94]

1.76 MPa

Sylgard 184 (Dow Corning)

[94]

1.54 MPa

RTV 615 (Bayer)

[95]

600 kPa

? (Dow Corning)

Comment

Derived

Thick layer

1.4 MPa
? (Dow Corning)
Thin layer
Table 4.1 Overview of values given for the elastic modulus of PDMS in different publications
[95]

The values of mechanical properties of PDMS, such as the elastic modulus, depend on a
number of process parameters, namely:
• Mixing ratio pre-polymer : curing agent [91]
• Curing temperature [92]
• Curing [92]
• Spin speed [36,95]
• Addition of thinner [36,92]

Mixing ratio
In [91] Sylgard 184 (Dow Corning) PDMS samples where tested that were prepared with fiver
different ratio’s of pre-polymer to curing agent, namely 5.7, 10.0, 14.3, 21.4 and 42.9 wt%
cross-linker. Unfortunately, the Young’s modulus was not measured, but only the storage
modulus and the ultimate tensile stress (UTS). However, the low frequency storage modulus
can be used as a proxy for the Young’s modulus. It was observed that both the storage
modulus and UTS increased from 5.7 to 14.3 wt% curing agent, but decreased from 14.3 to
42.9 wt%. In the article, no explanation was given for this phenomenon. It seems as if above
a certain percentage the additional curing agent does not contribute to additional crosslinking of the polymer and acts as a thinner in stead. In [96] the correlation between less
curing agent and a lower Young’s modulus is demonstrated. However, it was only done for
PDMS mixtures containing <9.1% curing agent.

Curing temperature and time
The dependency on these parameters was not extensively researched in any of the
references, but [92] gives one example where an elevated curing temperature and long
curing time has led to a higher elastic modulus (2.60 MPa vs. 1.91 MPa, exact conditions not
specified). Also, [96] observes the same effect, showing a 30% increase of Young’s modulus
by increasing the curing temperature from 70°C to 100°C.

Spin speed
Research presented in [95] shows that the speed with which the PDMS is spun on the wafer
has a considerable influence on the elasticity. The process behind this phenomenon is
explained in Fig. 4.3. Figure 4.4 shows a plot of the Young’s modulus vs. membrane
thickness. However, the explanation suggests that the effect on the elasticity is caused by the
spin speed rather than by the thickness itself, which is controlled by a combination of spin
speed and PDMS viscosity. Unfortunately, neither the PDMS type (only that it is a two
component kit from Dow Corning) nor the spin speeds are specified, which makes it hard to
compare the results with the Sylgard 184 case. We are only told that the ‘transitional
thickness’ (i.e. the thickness below which the Young’s modulus becomes thickness in stead of
bulk dependent) of 200 µm was achieved with 1200 rpm. This suggests that the PDMS used
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is much thicker than Sylgard 184 which implies that much higher angular velocities had to be
used to achieve the thin layers. Thus, for thin layers spun with Sylgard 184 (3000 to 4000
rpm) the rise in Young’s modulus should be less dramatic. However, since those speeds are
higher than the transitional angular velocity of 1200 rpm some increase in the elastic modulus
will occur.

Fig. 4.3 a) Sketch of the PDMS mixture dispensed onto a wafer substrate and tangled polymer
chain coils; b) when spinning is applied the PDMS is thinned and polymer chain coils are
stretched by shear stress which is a gradient along the thickness z-direction; c) when a greater
spin speed is applied the polymer chains are extensively reordered in the radial direction and the
PDMS membrane is thinned further; d) the PDMS membrane with a desired thickness and
reorder (alignment) is separated from the wafer substrate. (Image and caption cited from [95] –
Fig. 4)

Fig. 4.4 Young’s modulus vs. thickness of PDMS membranes
(Image cited from [95] – Fig. 3a)

Addition of thinner
If thin layers are required, thinners might be added to the original PDMS mixture in order to
reduce its viscosity and thus layer thickness (see Paragraph 4.2.2). After curing, the presence
of these thinners will affect the elasticity of the PDMS, as shown in
Table 4.2.
Thinner

Elastic modulus

0 wt%

1.820 ± 0.091 MPa

5 wt%

1.546 ± 0.018 MPa

10 wt%

1.407 ± 0.085 MPa

Table 4.2 Elastic modulus for Sylgard 184 for different amounts of thinner (not specified) [92]
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Results from [36] indicate that dilution with hexane has an opposite effect on the Young’s
modulus of spin-coated PDMS layers. Layers that were spun with an 1:15 PDMS:hexane
mixture had on average a 17% higher Young’s modulus than the undiluted ones, which were
coated at the same spin speed. The explanation that was proposed is that due to the lower
viscosity of the diluted mixture the polymer chains untangle more easily leading to a higher
degree of pre-stretching and thus a higher Young’s modulus.

4.4 Wettability and bonding
4.4.1 Wettability
Wettability is the degree to which a surface can be wetted. It is related to the surface energy
and can be quantified by measuring the contact angle of water. PDMS is one of the lowest
surface energy polymers in common use [97], it is very hydrophobic. The contact angle of
PDMS was measured using a contact angle goniometer and was found to be 110°. This
corresponds well to references in literature which give contact angles between 105° and
110°. [69,97-100]

4.4.2 Modifying the wettability
Often it is desirable to change the wettability of a surface. The main reason to do this is to
modify the adhesive properties of the surface. Or it can be a pure wetting issue, like in the
case of PDMS stamps for micro-contact printing. [101] In microfabrication, the surface energy
is usually modified by treating the sample with a primer.
Fortunately, the surface energy of PDMS can be easily modified. It can be changed from very
hydrophobic to very hydrophilic by oxidizing the surface, which can be done with either
oxygen plasma or UV/ozone. [69,97-102] During treatment the non-polar methyl (-CH3)
groups which are attached to the silicon atoms in the siloxane backbone are oxidized, the
carbon reacts with oxygen to form volatile components, like carbon monoxide (CO) or carbon
dioxide (CO2), that will evaporate. Eventually, the methyl groups are replaced by hydroxyl (OH) groups, which in combination with the silicon atom form a silanol (-SiOH) group. The
silanol groups are polar in nature, making the surface (highly) hydrophilic, depending on their
concentration. This can be observed by a lower contact angle. [100]

UV/Ozone
With UV/ozone treatment, the oxidation is done by UV induced ozone (O3). It is used in
several papers to hydrophilize the surface of PDMS. [8,78,101,103] Contact angles of below
10° were achieved with long exposure times. [101] With the UV/O3 equipment available to
this project lowering the contact angle of PDMS was very time consuming and not very
effective. The contact angle was decreased to 65° after an exposure of 30 minutes.

Oxygen plasma
Oxygen plasma is a much more effective way to make PDMS hydrophilic than UV/ozone.
Short exposure times of under a minute are enough to make the contact angle almost
evanescent. In [100] a very extensive study is done on the contact angle of PDMS after a
great variety of oxygen plasma treatments, with different types of plasmas, chamber
pressures, powers and exposure times. The conclusion was that the lowest contact angle is
achieved at high pressure, low power and an exposure of about 25 – 30 seconds.
During this project two plasma barrels were used. One only had limited control over flow and
pressure and had an exposure time resolution of 6 seconds. With this machine the flow was
kept at the default level, the RF power was set to 40 W and the exposure time to 30 seconds.
The other barrel was far more sophisticated, here a recipe was used a power of 50W and an
exposure time of 30 seconds. Both treatments resulted in very low contact angles, too low to
be accurately measured with the available goniometer.
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Cracking
The first time PDMS was exposed to plasma it was at high power (270 W) and with a long
time of exposure (5 minutes). After the oxidation the surface was hydrophilic, but a great
degree of cracking was observed. Figure 4.5 shows a detail of one of the cracks made with a
scanning electron microscope (SEM). This cracking is also observed in literature after long
and/or high power exposures to oxygen plasma [97,98,100] or UV ozone [101]. The
explanation is that during oxidation of PDMS, next to the desired silanol groups, also silicalike (SiOx) compounds develop at the surface. These compounds are much harder than the
elastomer PDMS and during their creation volume reduction occurs. The combination of these
two processes leads to tensile stresses that cannot be sustained by the surface and are
released by the formation of (micro)cracks.

A

B

Fig. 4.5 Scanning electron microscopy (SEM) pictures of cracks in PDMS caused by a too long
exposure to oxidation; a) Overview; b) Detail

4.4.3 Hydrophobic recovery
It was observed that oxidized samples of PDMS gradually lose their hydrophilicity over time.
After several hours the surface regained almost full hydrophobicity. This phenomenon is also
observed and studied in literature. [69,97-101] The most likely cause of this are migrating
mobile, low molecular weight, hydrophobic siloxanes that accumulate at the air-surface
interface and replace the silanol groups there. Those free monomers are intrinsically present
in the PDMS and are created by chain scission during oxidation. [97-99,101]
The effect of hydrophobic recovery was beneficially used during this project to achieve the
preferred contact angle of 65°-70° prior to photoresist spin coating. It was discovered that
the recovery process can be significantly accelerated by heating the sample.
On the other hand, the hydrophobic recovery can be greatly retarded by storing the sample
under water. This is extensively studied and demonstrated in [99]. The logic behind this can
be seen when one looks at the energy states of the surface. When the oxidized PDMS is
stored in air, the migrating free siloxanes that reach the surface lower the surface energy.
Because matter seeks the lowest energy state, this is a more preferred equilibrium state for
the system. Thus, the siloxanes stay there and accumulate. However, when the sample is
immersed in a polar liquid, like water, this situation is changed. Now, the hydrophilic state is
optimal and siloxanes that reach the surface migrate back into the bulk. [97]
The water storage method was tested by oxidizing two samples of PDMS. One sample was
stored in air, the other in deionized water. After two days the contact angle of the samples
were measured. The air-stored sample had a contact angle of 95°; the contact angle of the
sample stored in water was only 20°.

38

Prototyping of a stretchable microelectrode array for cardiotoxicity drug screening

4.4.4 Bonding and adhesion
Oxidation of a PDMS surface allows it to be bonded to another surface, such as glass, silicon
dioxide or oxidized PDMS. When the two surfaces are brought into close contact, the two
silanol (-SiOH) groups form a very strong, irreversible –Si-O-Si- covalent bond under
elimination of a water (H2O) molecule. [64] This topic is elaborately studied in [100]. The
conclusion is that the lower the contact angle of the surfaces the stronger the bond strength.
When bonding PDMS to glass or silicon dioxide the bond can be made stronger by oxidizing
the glass or oxide as well. Experiments during this project qualitatively confirm these findings.
Also, this method was used to bond polished glass rings to PDMS. The seal was very strong,
durable and watertight.
When studying the adhesion of PDMS that is spin coated and cured on a substrate, many
analogies with bonding can be observed. Results of these experiments are presented in
Table 4.3. They show that, after curing, PDMS adhered extremely well to hydrophilic
substrates like silicon dioxide, oxidized glass and oxidized PDMS. It is plausible that during
curing the same -Si-O-Si- bonds are formed as with bonding.
Substrate

Contact angle

Adhesion

Silicon

45°

Moderate

Silicon dioxide*

Very low

Very strong

HMDS-primered silicon

75°

Weak

HMDS-primered silicon dioxide*

65°

Very weak

Oxidized glass

Very low

Very strong

Oxidized PDMS

Very low

Very strong

* Silicon wafer with ~500 µm thermally grown silicon dioxide

Table 4.3 Qualitative results from adhesion experiments

4.5 Patterning PDMS
PDMS will not only be used as the elastic substrate material of the device, but also as the
insulation layer. In this insulation layer openings have to be created so that the bond pads
and the sensing electrodes can perform their functions. To create these openings the PDMS
has to be patterned. In this section the methods found in literature will be discussed, as well
as the results of experiments using two of these methods.

4.5.1 Patterning strategies
In literature, five different basic strategies to pattern PDMS are demonstrated. An overview of
these methods is given in [31]. The possible methods are:
• Dry etching [13,31,104]
• Wet etching [31,104]
• Laser ablation [31,65-67]
• Photosensitizing the PDMS [93,105,106]
• Spin casting using tall photoresist structures [12,63]
A good overview of these methods is given in [31], except for the method of photodefinable
PDMS. Here they only refer to the photopatternable silicones provided by Dow Corning
(WL-XXXX) and failed to notice that standard types of PDMS can also be photosensitized. For
more detailed reviews of the patterning strategies the reader is directed to the given
references. Here the basic features of the methods along with their advantages and
disadvantages will be summed up in Table 4.4.
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Method

Minimum
feature size

Aspect
ratio

Suited for
pattern type

Advantages

Disadvantages

Dry etching

10 µm [31]

10 [31]

All

• Good resolution
• Anisotropic

• Potential damage to gold
layer
• Slow etch rate
• Hard mask necessary

Wet etching

>>100 µm [31]

0.2 [31]

All

• Does not damage gold

Laser ablation

0.5 µm [67]
100 µm [31]

800 [67]
5.3 [31]

Cavity

• No mask needed
• Extreme resolutions
possible

• Method of [67] not
practical for our device
• Potential damage to gold
layer

Photocuring1

100 µm [105]

---

All

• Easily patternable
• Does not damage gold

• Biocompatibility concerns
• PDMS is still liquid during
exposure, dirty process

Cavity

• Dimensioning purely
depended on the
photoresist used
• Quick and easy
• No tampering with PDMS
• Does not damage gold

• Limited versatility in
patterns
• Thick photoresist needed

Spin casting

1

39

50 µm [63]

10 2 [107]

• Practically useless for
patterning due to extreme
isotropy

Only modified PDMS is taken into account, no PPS; 2 If SU-8 is used

Table 4.4 Overview of PDMS patterning strategies
For structuring the electrode and bond pad openings the spin casting method was found to
be the most suitable, because of the ease of processing and there is no need for
biocompatibility concerns, since the PDMS surface, which later has to carry the sells, is left
unaltered. The experiments and results using this method are described in the next
paragraph.

4.5.2 Spin casting
The spin casting was done by using the process flow presented in Fig. 4.6. The resist columns
were made using AZ9260 (AZ Electronic Materials), a positive, thick photoresist. It was
deposited with a spin speed of 1000 rpm which resulted in a resist thickness of ~20 µm. The
layer of PDMS was about 15 µm thick.

A. Spin on thick photoresist, expose and develop

B. Spin on PDMS and cure

C. Etch back the PDMS with RIE

D. Remove photoresist with acetone

Glass

PDMS

Photoresist

Fig. 4.6 Process flow of patterning PDMS by spin casting
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After curing the PDMS the resist could not be directly removed by acetone. The resist
columns appeared to be protected by a thin layer of PDMS which was formed during spin
coating. To remove the PDMS it was etched back by RIE (Fig. 4.6c), on which will be
elaborated on in the next paragraph. Figure 4.7 shows two examples where the PDMS film
was not entirely etched away. The film is either almost intact, or part of the film is still
attached to rest of the PDMS.
Seen from the top, the openings in the PDMS perfectly follow the geometry of the resist
columns. However, the profile (Fig. 4.8) shows that, just like the PIPAAm in Fig. 3.7, the
PDMS is dammed up against the resist, which leads the thickness non-uniformities near the
edges of the pattern. All in all, it can be concluded that the openings of the electrodes and
bond pads can be created successfully by spin casting, under the condition that the RIE etch
step lasted long enough. Photographs of where this was done successfully can be found in
Section 8.1.

Fig. 4.7 Examples of what happens when the PDMS film is not etched enough
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Fig. 4.8 Profile of PDMS patterned by spin casting measured with a profilometer
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4.5.3 Reactive ion etching
Reactive ion etching of PDMS was done in a Shuttlelock system. Different recipes can be
found in literature. [13,31,104] The recipe that was used in this project was the one
presented by Garra et al. [104] and which was also used in [13] and [31]. The recipe is
specified in Table 4.5. The etch rate achieved was approximately 8 µm/h. This is significantly
less than the 20 µm/h reported by Garra et al. The reason for this is could be a difference in
machine geometry. Because only the thin layer of PDMS on top of the resist has to be etched
in this project, no effort was done to optimize the etch rate.
Recipe PDMS_etch
Gasses used

O2 and CF4

Flow rates

O2 : 10 sccm
CF4 : 30 sscm

Chamber pressure

47 mTorr

RF power
270 W
Table 4.5 RIE parameters used for etching PDMS
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Reference

Metal layer Adhesion layer

Thickness
Patterning method
PDMS

Strain1

Relative resistance
at strain2

Particulars

Maghribi et al. (2002) [108]

150 nm Au

20 nm Ti

70 µm

Lift-off

7%

∞

Lacour et al. (2003) [16]

100 nm Au

5 nm Cr

1 mm

Shadow masking

22%

10

Lacour et al. (2004) [109]

50 nm Au

5 nm Cr

1 mm

Unknown

8%

∞

Lacour et al. (2004) [80]

20 nm Au

5 nm Cr

1 mm

Dry resist lift-off

100%

1.25

25% pre-stretched PDMS

Lacour et al. (2004) [18]

25 nm Au

5 nm Cr

1 mm

Dry resist lift-off

25% – 100%

∞

15% pre-stretched PDMS; no explanation for
large spread in elongation at failure

Lacour et al. (2005) [81]

25 nm Au

5 nm Cr (x2)

1 mm

Shadow masking /
Dry resist lift-off

50%

56

Addition of PPS encapsulation did not
significantly change the electromechanics

Lacour et al. (2006) [20]

25 nm Au

5 nm Cr

1 mm

Shadow masking /
Dry resist lift-off

60%

∞

Lacour et al. (2006) [76]

25 nm Au

5 nm Cr

0.5 mm

Shadow masking

25%

1.8

PDMS surface nanostructured by casting

Lacour et al. (2006) [21]

25 nm Au

5 nm Cr

1 mm

Shadow masking

32%

6

Stretchability via microcracks instead of waves;
Very reproducible resistance vs. strain cycles

Meacham et al. (2007) [13]

500 nm Au

None

70 µm

Positive photoresist

3% / 8%

∞

8% with serpentine pattern;
encapsulated with PDMS

Baek et al. (2007) [15]

100 nm Au

20 nm Ti

150 µm

Positive photoresist

Unknown

Unknown

Metal adhesion improved by oxidizing the PDMS

Blundo et al. (2007) [14]

150 nm Au

10 nm Ti

50 µm

Shadow mask

Unknown

Unknown

Serpentine ‘horse shoe’ pattern used;
Device encapsulated with 6 µm PPS

Miller et al. (2008) [74]

100 nm Cu

Oxidized PDMS

Unknown

∞

103% achieved with 25% pre-stretched PDMS;
Electroless deposition of copper

Béfahy et al. (2008) [79]

80 nm Au

5 nm Ti

1 mm

1
2

Micro-contact printing 52% / 103%
Shadow masking

<18%

1

32%

∞

15% pre-stretched PDMS;
PDMS is oxidized to improve adhesion

The strains in this column can not be directly compared to each other, the relative resistance at the specified strain (given in the next column) has to be taken into account
Relative resistance at strain = Resistance at strain / Initial resistance (Strain specified in previous column; Relative resistance of ∞ indicates open circuit, i.e. failure)

Table 5.1 Overview of results found in literature on metal-on-PDMS stretchable interconnects
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5 Deposition and patterning of metals on PDMS
5.1 Theory and prior work
5.1.1 Overview
The fabrication of metal tracks on PDMS in order to create stretchable interconnects has been
reported in several papers. An overview of these papers is given in Table 5.1. It can be seen
that initially most of the research in this field was done by Lacour et al. [17,16,1821,11,22,76,81,109] However, more recently others have picked up the idea and publications
from a greater variety of sources is available. [13-15,74,79] Next to this, a similar, but
different concept is studied in [42,73,82,84,85,110,111].
When looking at the literature several modes of enhancing stretchability of the metal
interconnect can be identified:
• Strain delocalization by depositing metal on an elastomer
• Wrinkling of metal on PDMS
• Y-shaped microcracks in the metal
• Horseshoe-shaped meandering interconnect pattern
These concepts will be reviewed in the coming paragraphs.

5.1.2 Strain delocalization in metal thin films on polymer
A freestanding metal film normally fails at tensile strains of about 1%–2%. [21] However, it is
demonstrated that metal films which adhere to a polymer or elastomer substrate can sustain
strains far beyond these values; to several tens of percent. [21,109,112-115] This
phenomenon will be explained in this paragraph.
When a freestanding metal film is strained too far, rupturing is caused by strain localization
due to inhomogeneities in the material. Strain localization causes a large local elongation
(relative to thickness) in the metal film. Because the structure is freestanding this elongation
can be easily accommodated. [112] This situation is depicted in Fig. 5.1a.

Fig. 5.1 When rupture is caused by strain localization, local thinning leads to local
elongation. a) For a freestanding metal film, the local elongation is accommodated
by rigid body motion of the ruptured halves; b) For a substrate-bonded film, the
local elongation may be suppressed by the substrate. (Image and caption cited from
[112] (Fig. 2))
The situation changes when the metal film is bonded to a polymer substrate. Local elongation
due to strain localization is not possible, because the elongation will not be accommodated by
the adherent polymer substrate. Instead, the strain will be delocalized, allowing the metal-
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polymer combination to sustain far greater strain than a freestanding metal fillm. [112] This
case is shown in Fig. 5.1b.
The effectiveness of this strain delocalization is dependent on two factors:
• the strength and quality of the bond between the metal and the polymer
[113,116]
• the stiffness of the polymer substrate [109]

Bond strength
The positive effect that the polymer substrate has on the stretchability of the thin metal film
is based on the fact the strain in the metal is delocalized through the bonded substrate. Of
course, if this bond fails in a certain region this delocalizing effect disappears and the metal
film is likely to rupture there if the strain increases. Li et al. [113] divide the tensile behaviour
of the metal-on-polymer into three regimes:
• Type I: Low interface strength and low interfacial stiffness1
The metal film debonds from the substrate and ruptures at small strain, because the
strain is localized at a single spot. This behaviour is similar to that of a freestanding
metal thin film.
• Type II: Intermediate interface strength and intermediate interfacial stiffness
The structure can withstand much larger strains than in the type I regime. The metal
film partially debonds at multiple locations and also the strain is localized at multiple
sites, each contributing to the extra elongation.
• Type III: High interface strength and high interfacial stiffness
In this case almost no debonding occurs and the metal film stretches uniformly to a
very large strain. The strain is delocalized by the polymer substrate

Stiffness
Li et al. demonstrate in another paper that the stiffness of the substrate is also of importance
for the amount of strain the thin metal layer can withstand. [109] The stiffness of a piece of
material is defined by its Young’s modulus and dimensions, as can be seen from (5.1). If we
assume that the planar geometries (width and length) of a device are fixed in the design,
then the stiffness of the substrate is determined by its thickness and Young’s modulus.

k=
k
A
E
L

:
:
:
:

AE
L

axial stiffness
cross-sectional area
Young’s modulus
length

(5.1)
[N/m]
[m2]
[Pa]
[m]

Fig. 5.2 shows a plot of the rupture strain as function of the substrate’s Young’s modulus.
The plot was generated with finite element simulations of the structure. The thickness of the
substrate was 1 µm. To force a non-trivial solution a defect was added in the form of a
triangular notch. It can be seen from the plot that the notch depth does not significantly
change the curve. The simulation demonstrates that the best stretchability (in terms of best
rupture strain, not ease of stretching) is achieved with a stiffer substrate.
The conclusion can be drawn that to enhance the rupture strain of a thin metal film on
polymer, the metal has to be well-bonded to the substrate and that substrate has to be
relatively stiff. The stiffness of the substrate can be increased by making it thicker or by using
a material with a higher Young’s modulus.

1
"Generally, the interfacial stiffness is defined as the ratio of the normal or transverse stress to the corresponding
interface opening displacement. The interfacial stiffness of a solid/solid interface is charasteric to the nature and
degree of interface imperfections, therefore it is a sensitive quantitative measure of bond quality." [123]
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In the case of PDMS the adhesion of the metal can be enhanced by oxidizing the PDMS
substrate just before metal deposition. [15] The Young’s modulus can be changed by altering
the process parameters as demonstrated in Section 4.2.

Fig. 5.2 Rupture strain as the function of Young’s modulus of the substrate.
Two notch depths are used in the simulations. (Image and caption cited from
[109] (Fig.4))

5.1.3 Wrinkling of gold on PDMS
When a thin metal is deposited on PDMS wrinkles are formed. In this project, this was
observed for titanium, gold and aluminium, as can be found in Section 5.2. In this paragraph
the theoretical explanation will be briefly reviewed.
The most likely cause for the formation of the wrinkles is the big difference in thermal
expansion coefficient between the metal and PDMS. [117,118] The thermal expansion
coefficient of PDMS is approximately 20 times larger than that of gold. [117] When gold is
deposited the temperature of (the surface of) the substrate rises, this is especially true for
sputter-coating, due to this increased temperature the PDMS expands. When the substrate
cools down after deposition, the PDMS will shrink more than the gold, inducing compressive
stress in the metal layer. To accommodate these stresses the wrinkles are formed. Bowden et
al. make this hypothesis plausible by depositing the gold on PDMS at different temperatures.
By increasing the deposition temperature, the amplitude of the wrinkles became larger.
Depositing the gold at 0°C resulted in no wrinkles at all. [117] This line of reasoning does not
fully explain the wrinkles that are formed when the gold is deposited by evaporation at room
temperature. The substrate surface should not appreciably heat up, because of the low
energy the gold atoms have with this method of deposition. Thus, other phenomena should
contribute to the formation of the wrinkles.
When a relatively large area of gold is deposited on PDMS the wrinkles are disordered.
However, when gold is deposited in stripes of <1 mm the wrinkles become ordered, forming
waves along the length of the wire. [20] These waves are likely to improve the stretchability
of the gold film. This ‘patterned’ deposition can be achieved masking parts of the PDMS
surface during the gold deposition. This is done by either using a shadow mask (Paragraph
5.3.2) or a lift-off process (Paragraph 5.3.3).
Another method to order the wrinkles or to enlarge the ordered wrinkles is depositing the
gold on a stretched substrate. This method is referred to as pre-stretching. If the PDMS is
pre-stretched in the x-direction and the stretch is released after gold deposition, the PDMS
contracts in the x-direction and expands in the y-direction. Thus, compressive stress is
induced in the gold film in the x-direction and tensile stress in the y-direction. This results in
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ordered wave and thus enhanced stretchability along the x-direction. The amplitude of the
waves can be increased by increasing the strain during deposition. [20]

5.1.4 Microcracks in gold thin films on PDMS
Lacour et al. report that the wrinkles described in Paragraph 5.1.3 are not always observed
after gold deposition. For gold evaporated on PDMS with the same process parameters, two
different structures were found. One with wrinkles as described above, but there were also
samples where the gold layer was flat. Closer inspection showed that the surface contained
an array of Y-shaped microcracks, resulting from apparent tensile stress in the gold film.
[19,21,22,76] These microcracks are illustrated in Fig. 5.3b. The microcracks provide
stretchability to the gold film either by bending in plane and opening the cracks (Fig. 5.3d), or
by twisting out of plain (Fig. 5.3e). In both cases the additional strain is accommodated by
the elastomer between the cracks. The gold track remains conductive because the cracks do
not propagate along the whole width. The resistance increases during stretching, but returns
to its lower value after relaxation. [21] In [76], it is demonstrated that the increase in
resistance during stretching can be greatly reduced by nanostructuring the PDMS surface with
nm-sized pyramids.

Fig. 5.3 b) Schematic of the film patterned with the tribranched cracks; c)
Simulation model (corresponding to the shaded part in b); Under a
relative elongation of 20%, the percolating ligaments d) bend in the plane,
leading to the openings of the cracks, or e) deflect and twist out of the
plane. The shades indicate the levels of the larger principal strain in the
film. (Image and caption cited from [21] – Fig. 3b-e)

5.1.5 Horseshoe-shaped interconnects
In [13] and [14] the stretchability of the interconnect is enhanced by using a serpentine
pattern consisting of repeating horseshoe-like elements (Fig. 2.6), instead of a straight line.
This concept was first presented by Gray et al. [110] and is extensively modelled and
researched in [42,73,82,84,85,111]. Here a thick (~5 µm), serpentine gold wire is embedded
in PDMS. With this strategy also elongations in the order of 100% have been achieved with
only little additional resistance. [73] However, the scale is in a completely different order than
what is needed in this project. For nanometre thicknesses only [13] and [14] were found. The
results are not very impressive, with a maximum reported rupture strain of only 8%.
However, this was a 166% improvement over the straight line version of the device, which
made with the same process flow. Thus, the concept is promising, but needs further research
for application in stretchable microelectrode arrays. Within our group this was the focus of
another research project. [119]
This is actually more a design issue than a processing issue. This is why this concept already
got some attention in Paragraph 2.5.2.
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5.1.6 Analysis of results in literature
When looking at Table 5.1 one can notice the great spread in the results: from failure at 3%
strain [13] to sustaining strains of 100% with only a 25% increase in resistance [80]. Some
of the differences will be explained in this paragraph. Also, a number of conclusions will be
drawn from the results and will be related to the device of this project.
The worst result in Table 5.1, failure at 3% strain [13], can easily be explained. Virtually al
the modes of enhanced stretchability are absent. There will hardly be any strain
delocalization, because the adhesion of the gold to the PDMS will be very poor, due to the
absence of an adhesion layer and because the thickness of the gold is relatively high
(500 nm), while the thickness of the PDMS (70 µm) is low compared to the other figures.
Furthermore, no perpendicular wrinkles will be formed because of the post-deposition
patterning of the gold. Thus, only minimal additional stretchability will be gained from the
random wrinkles. All in all, this leads to a rupture strain of just 3%, which is only marginally
higher than the ~2% of a freestanding film. Giving the interconnects a horseshoe design
almost triples the rupture strain, but even then it is comparatively low.
One can see by looking at the top of the order in terms of sustained strain, that prestretching the PDMS in combination with ‘pre-patterned’ deposition of the gold is the most
successful strategy to improve the stretchability of the interconnect. This approach leads to
high amplitude waves along the direction of the wire which will gradually flatten out when
strain is applied.
The author has the hypothesis that pre-stretching the substrate leads to minor (and probably
insignificant) additional stretchability in a second way. In Paragraph 5.1.2, it was
demonstrated that bonding the metal to a stiffer substrate would lead to a higher rupture
strain. In literature, it is shown that the Young’s modulus of PDMS increases when it is
stretched. [92,94] This is a very modest effect at low strains (2% increase in Young’s
modulus for 10% strain) [92], but it can still result in a 5% increase in elastic modulus for
25% of pre-stretching. This means that when the gold waves are flattened out, i.e. the strain
compensates the pre-stretching, and more strain is added, that this strain will be better
delocalized due to the stiffer substrate. Measurements in [94] show that for high strains
(>50%) the Young’s modulus of Sylgard 184 rapidly increases (from E =2 MPa at 50% strain
to E = 14 MPa at 100% strain).
Another property that the interconnects with good stretchability have in common, is the use
of a thick PDMS substrate (most have a thickness of 1 mm) combined with a very thin metal
layer (typically 25 nm to 50 nm). This is in line with the theory presented in Paragraph 5.1.2.
Besides pre-stretching three other techniques were used to try to improve the stretchability,
namely the use of serpentine interconnects [13,14], nanostructuring [76] and oxidizing the
PDMS before gold deposition [15,79]. The improvements they achieve look promising, but
based on these results no definite conclusions can be drawn.

5.1.7 Insights for stretchable MEA
By examining the papers concerning the fabrication of thin stretchable interconnects a
number of interesting insights were gained on how to improve their stretchability. The
stretchability can be enhanced by in several ways, being:
• The use of stiff substrate
• Creating a strong bond between metal and substrate
• ‘Pre-patterned’ deposition of metal (by lift-off or shadow masking)
• Pre-stretching of substrate
• Microcracks (assisted by nanostructuring)
• Horseshoe-like design of the interconnect
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Each concept will now be related to the stretchable MEA and judged on its expected
implementability in the device.

Stiff substrate
As mentioned the use of a stiffer substrate primarily increases the rupture strain of the metal
film. It does not make the device more stretchable in the sense that it will be harder to
stretch a stiffer substrate. The PDMS layer can be made stiffer by increasing the thickness or
by adjusting the process parameters to increase its Young’s modulus. However, there is a
maximum stiffness constraint due to the fact that the heart cell culture has to be given
mechanical freedom. Feinberg et al. [8] noticed that the cardiomyocytes were not able to
bend PDMS layer thicker than 20 µm. Thus, this method is not suitable to enhance the
stretchability of our device. In fact, the substrate that has to be used is probably far more
stretchable than desired for effective strain delocalization

Strong bonding
A stronger bond between metal and substrate increases the effectiveness of strain
delocalization. The bond between metal and PDMS can be improved by oxidizing the PDMS
just before metal deposition. This can certainly be done within the stretchable MEA
fabrication process. However, during oxidation a brittle silica-like layer forms at the surface of
the PDMS. So, it has to be investigated if the oxidation really does improve the stretchability.

‘Pre-patterned’ deposition of metal
By depositing only the metal pattern on the PDMS stretch-enhancing out-of-plane waves form
in the interconnect. This can be achieved by either lift-off or shadow masking. This should be
possible to use for the fabrication of the MEA device. Since the feature sizes are relatively
small, a lift-off process would be preferred.

Pre-stretching
By stretching the PDMS substrate during metal deposition large gains can be achieved in
terms of stretchability. Unfortunately, such a step is not compatible with the fabrication
process which is used for the stretchable MEA device, which is based on building the
structure on top of a carrier wafer. Implementing the pre-stretching concept would involve
debonding and bonding steps and the handling of a super-flimsy 15 µm thick PDMS sheet.
This makes the adoption of the process extremely cumbersome and would lead to very low
yields. However, it could be a last-resort solution.

Microcracks
Microcracks enhance the stretchability by releasing stress in the metal and letting the
elastomer do the work, while maintaining electrical conductivity. However, there are some
major drawbacks to the use of this concept in the stretchable MEA device. First of all, the
formation of the cracks is a random phenomenon that sometimes occurs when depositing
metal on PDMS and which cannot be controlled yet by process parameters. Second, when the
microcracks open during stretching the conductive channel that remains has a high resistance
which would deteriorate the signal-to-noise ratio of the measurement. This high resistance
might be avoided by nanostructuring the PDMS, but this process step can not easily be
integrated in the fabrication of the device. Finally, the structures used to study the
microcracks were much wider (~60x) than the line width used for the interconnect of the
stretchable MEA. It would require some research to demonstrate if the can be scaled down by
such a degree.

Horseshoe-like interconnects
This method might significantly increase the stretchability of the interconnect. Moreover, it
easily can be integrated in the process flow of the stretchable MEA. It only requires the
change of a mask design.
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5.2 Titanium-gold on PDMS
Titanium-gold was deposited on 6 inch silicon or glass substrates coated with a layer of PDMS
of ~15 µm thick. Almost all depositions were done by sputtering. Sputtering is a much faster
process than evaporation and it was hypothesized that the adhesion would be better; with
sputtering the metal ions have a high energy when they hit the surface and are thus more
likely to form bonds with the PDMS.
Gold does not adhere well to almost any materials, because it is very inert and will not form
chemical bonds. Therefore, an adhesion layer has to be used. This adhesion layer is made
from a reactive metal, in this case titanium was used. The gold then adheres to the titanium
through metallic bonding.
The first experiment was done by depositing a layer of 20 nm Ti and 100 nm Au by
evaporation and sputtering. Both layers were heavily cracked and not usable in any way.
To study the effect of the thicknesses of both layers on the structure, a deposition matrix was
devised, consisting of two Ti thicknesses, 5 nm and 15 nm, and three different Au
thicknesses, namely 30 nm, 60 nm and 90 nm, only sputtering was used. Optical micrographs
of the results are shown in Fig. 5.4.
When the wafers came back from sputtering, the first thing that was apparent was that all
metal layers with 15 nm Ti were heavily cracked, rendering them useless. The samples with
5 nm Ti were all intact. They did contain some small cracks near the edges of the wafer. The
amount that those cracks propagated inward from the edge was determined by the gold
thickness. The thinner the Au layer, the longer the cracks. However, these wafers were all in
a good-enough state to be processed further.
Fig. 5.4 shows that under a microscope a clear pattern of random wrinkles can be seen on all
layers. The wrinkle pattern is predominantly determined by the thickness of the titanium. The
patterns in Fig. 5.4a-c look very similar as do those of Fig. 5.4d-f. The amplitude of the
wrinkles and their wavelength increase when the Ti adhesive layer is thicker. The gold
thickness does not fundamentally change the pattern. It does have a visible smoothening
effect on the shallow wrinkles caused by the 5 nm Ti.
It was explained in Paragraph 5.1.3 that the wrinkles are formed by the release of
compressive stress in metal layer due to a large mismatch in thermal expansion coefficient.
The compressive stresses appear to become larger when the Ti thickness is increased,
because the amplitude of the wrinkles is larger. The hypothesis is that the release of the
compressive stress leads to tensile stress in parts of the layer, due to non-uniformities. When
the tensile stress becomes to large cracks form in the layer. In Fig. 5.5, a junction of two
such cracks is shown. It can be seen that the wrinkles become ordered near a crack. When a
layer cracks, stresses normal to the crack line are released. In this case, only the compressive
stress along the crack line remains, resulting in ordered wrinkles forming waves perpendicular
to the crack.
The deposition of metal on PDMS was more extensively researched by another member of
the group. [119]
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Thickness of titanium adhesive layer
5 nm

15 nm

Thickness of gold conductor layer

30 nm
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D
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C

F

60 nm

90 nm

Fig. 5.4 Micrographs of the wrinkle pattern of a Ti-Au layer on PDMS for different layer
thicknesses

Fig. 5.5 Cracks formed in a layer of 15 nm Ti and 90 nm Au
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5.3 Patterning metal on PDMS
Three methods of fabricating metal patterns on PDMS will be presented, namely etching,
shadow masking and lift-off. Only etching was integrated in the final process flow (see
Appendix I), because of practical reasons. Shadow masking was said not to be suitable for
the small feature sizes of the device (15 µm) and the lift-off process could not be
implemented successfully as explained in Paragraph 5.3.3.

5.3.1 Wet etching
The process flow of creating titanium-gold patterns on PDMS via wet etching is based on
standard photolithography. It is illustrated in Fig. 5.6 and the details of the recipe can be
found in Appendix I (Step 21 to 28). No problems were encountered.
Fig. 5.7b shows that the wrinkle pattern in the metal is not altered after etching. There is no
apparent redistribution of the stresses, as can be seen in Fig. 5.5. The wrinkle pattern
remains totally disordered.

A. Deposit titanium-gold on PDMS

B. Spin on photoresist, expose and develop

C. Wet etch the gold and titanium

D. Strip the photoresist in acetone

Glass

PDMS

Gold

Titanium

Photoresist

Fig. 5.6 Process flow of fabricating Ti-Au patterns on PDMS by wet etching

A

B

Fig. 5.7 Micrographs of the Ti-Au (5 nm/60 nm) patterning at different stages in the process: a)
Resist pattern on top of gold; b) Detail of gold pattern after completion of the process, notice the
wrinkle pattern
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5.3.2 Shadow masking
Shadow masking is one of the two methods of ‘pre-patterned’ deposition. Meaning that the
metal only reaches the parts of the PDMS surface that make up the pattern. The rest of the
metal is masked. The process flow is depicted in Fig. 5.8. A shadow mask is usually made out
of a hard metal compound, like steel, with a machined or laser-cut patterned. It can also be
made out of plastic foil.

A. Place shadow mask on PDMS

B. Deposit titanium-gold

C. Remove shadow mask

Glass

PDMS

Gold

Titanium

Shadow mask

Fig. 5.8 Process flow of fabricating Ti-Au patterns on PDMS by shadow masking
As expected the surface structure of the titanium-gold patterns was far more ordered than
those resulting from post-deposition patterning by etching. Figure 5.9 shows details of Ti–Au
structures of different thicknesses deposited through the two types of shadow masks. The
metal tracks deposited through the line pattern (Fig. 5.9a) form parallel wrinkles across the
line which form waves along the length of the line (Fig. 5.9b). The amplitude of the wrinkles
was larger for the patterns with 15 nm Ti than those with 5 nm Ti. However, the patterns
with 15 nm Ti were cracked (Fig. 5.9c). When comparing the structures created by wet
etching (Fig. 5.7b) to those deposited through a shadow mask (Fig. 5.9a,c–e), it can be seen
that the edge of the structure is far better defined with wet etching. The edges of the
shadow-masked patterns are rather jagged.
The circular patterns displays nicely how the compressive stresses propagate through the
structure. When looking at the circle through a low magnification three different regions can
be identified, the middle, a band along the edge and a band in between; the regions are
marked in Fig. 5.9d. Studying the structure in more detail (Fig. 5.9e–f) reveals the nature of
the regions. The middle region consists of random wrinkles and the band along the edge
consists of ordered, parallel wrinkles. The band between the two has an intermediate pattern,
it consists of parallel zig-zag lines. This evolution of patterns can be explained by reasoning
how the stresses will develop. Along the edge of the circle the stress normal to the edge are
very low, resulting in only wrinkles along the radial line of the circle. As those wrinkles
propagate towards the middle stress in other directions come into play, but due to relative
closeness of the edge there is still a certain preferential direction perpendicular to the edge.
Moving closer to the middle the effect of the edge diminishes and eventually the wrinkles
become random, like those seen in Fig. 5.4.
Also, the patterns of metal on PDMS have been more extensively researched by another
member of the group. [119]
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Fig. 5.9 Optical micrographs of Ti-Au structures on PDMS. a) Metal pattern deposited through
shadow mask with line patterns, no cracks [5 nm Ti + 60 nm Au]; b) Detail of metal track, the waves
along the length are clearly visible [15 nm Ti + 60 nm Au]; c) Cracked line of metal with the thicker Ti
adhesive layer. Ordered wrinkles visible [15 nm Ti + 90 nm Au]; d) Ti-Au deposited through circular
pattern of mask, the structure contains different ‘bands’ which are marked [5 nm Ti + 60 nm Au]; e)
More detailed view of circle pattern, the wrinkles are ordered near the edge, but disordered in the
middle [15 nm Ti + 90 nm Au]; f) A detail of e, approximately marked by the rectangle. The ordered,
parallel wrinkles near the edge transition to a zig-zag pattern as they propagate towards the middle of
the circle. In the upper right corner an increasing amount of disorder can be observed [15 nm Ti +
90 nm Au]
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5.3.3 Lift-off
The process flow fo lift-off is similar to that of shadow-masking as shown in Fig. 5.8. The
difference is that instead of a hard mask, photoresist is used as masking layer. The detailed
process flow with the specified chemicals can be found in Appendix II. Unfortunately, this
recipe was not successful. The photoresist on top of the PDMS was heavily cracked, as
depicted in Fig. 5.10a. The cracks propagated through to the PDMS, damaging its surface.
Moreover, the cracks did not shadow the metal, leading to short-circuits between the
different electrodes as shown in Fig. 5.10b. Trying to avoid the cracks by changing the
process parameters or by letting the wafer cool down very slowly did not help, because of
this, the lift-off process could not be used for the device.
The metal patterns resulting from lift-off have the same structure as those created by shadow
masking.

A

B

Fig. 5.10 Lift-off problems a) Cracked photoresist on PDMS; b) Resulting metal pattern

5.4 Adhesion testing of titanium-gold on PDMS
As was demonstrated in Paragraph 5.1.2 the adhesion of the metal to PDMS is not only
important for the structural integrity of device, but also for the stretchability. The adhesion
was tested with the so-called Scotch Tape test. For this test a stripe of frosted Scotch Tape is
applied to the surface, with gentle pressure all the air pockets between the tape and the
tested layer are removed to ensure good adhesion. To test the adhesion the Scotch Tape is
removed. The adhesion is concluded to be sufficient if no material is stuck to the Scotch
Tape.
The Scotch Tape test was performed on all samples pictured in Fig. 5.4, these consist of
wafers with PDMS sputter-coated with different thicknesses of Ti and Au. The tape was
applied to the non-patterned surface, thus it adhered only to the gold top layer. In this state
all samples failed completely. All the gold was transferred from the PDMS to the Scotch Tape.
The same test was performed on two wafers with PDMS covered by 20 nm of Ti and 100 nm
of Au, one was coated by sputtering, the other by evaporation; both test resulted in complete
failure of the adhesion. However, microscopic inspection of the edge of the test area led to an
interesting conclusion. Figure 5.11 shows both edges, with the sputter-coated metal in Fig.
5.11a all wrinkles have disappeared in the area where the metal was removed by the tape.
This is in contrast to the evaporation-coated wafer, here the wrinkle pattern can still be
clearly seen, as illustrated by Fig. 5.11b. This might indicate that the adhesion fails at the
PDMS-titanium interface for sputter-coated layers and at the titanium-gold interface for
evaporated layers. However, the exposed wrinkled surface was not affected by Ti-etch and it
was hydrophobic, whereas experience learns that Ti-covered PDMS is hydrophilic. Thus, it is
unlikely that a layer of titanium has remained. No explanation was found for the wrinkles in
the exposed PDMS surface.
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Fig. 5.11 Edges of Scotch Tape tested areas a) Sputter-coated layer of 20 nm Ti and 100 nm Au:
the wrinkles have disappeared in the exposed area; b) Evaporated layer of 20 nm Ti and 100 nm
Au: the wrinkles can still be clearly seen
Scotch Tape tests were also performed on patterned layers of Ti-Au on PDMS. As can be seen
in Fig. 5.12, the results are much better than of the tests performed on whole sheet of
titanium-gold on PDMS. The metal layers are cracked and deformed; this is caused by the
pressure needed to apply the Scotch Tape. Almost all material stayed bonded to the PDMS,
only some material along the edges of structures failed to adhere well enough. Apparently,
the amount of contact area between the metal and the tape can change the outcome of the
test. Thus, it remains unclear if the bond between the Ti-Au and PDMS can be judged as
being sufficient.

A

B

Fig. 5.12 Titanium-gold structures after Scotch Tape testing [5 nm Ti + 60 nm]
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6 Electroplating of gold
6.1 Experimental set-up
Electroplating can be used to deposit a layer of gold on a conductive material. The principle
of the method is analogous to that of a galvanic cell. The sample to be plated is immersed in
an electrolyte that contains gold ions. A counter-electrode is also put in the electrolyte
solution. The sample will serve as the cathode (negative electrode) and the counter-electrode
will be the anode (positive). When an external voltage is applied across the sample and the
counter-electrode a current will flow through the electrolyte by ion transport. The gold cations
(positively charged ions) will flow to the sample cathode and are reduced, thereby plating the
sample. The plating rate can be controlled by the current density.
For the experiments with gold electroplating the electrolyte Aurofab BP RTU-1 (Rohm & Haas)
was used, because it was available. According to the manufacturer it has the following
advantages: [120]
• Environmentally friendly, non-cyanide process
• Purity of 99.99%
• Good solderability
• Achievable thickness of more than 25 µm
• Uniform deposit appearance
• Very stable solution
• Easy analysis and maintenance
The process engineer provided the following parameters:
• Temperature: 50°C
• Current density: 0.5 A/dm2
• Pt-counter-electrode
• Plating rate: ca. 0.2 µm/min
The experimental set-up consisted of the sample, a container filled with Aurofab, the Ptcounter-electrode, a heater controlled by a thermometer in the plating solution, a voltage
source and a current meter. The sample, Pt-counter-electrode and thermometer were
immersed in the Aurofab. For the device prototype this meant that only the part containing
the electrodes was immersed, while the bond pads stayed above the surface of the
electrolyte. The sample was connected through the bond pads to the negative pole of the
voltage source and the counter-electrode to the positive pole. The container was placed on a
heater that heated the solution to 50°C, this was controlled by the thermometer. The current
flowing through the system was monitored by the current meter.
For the stretchable MEA prototype the initial area to be plated consisted of eleven electrodes
with a diameter of 30 µm; this is a total area of 7775 µm2 or 7.775*10-7 dm2. Thus, to
achieve a current density of 0.5 A/dm2 the current had to be kept at 0.4 µA.

6.2 Results
The electroplating of the stretchable MEA samples was not successful. The main reason for
this was that it was not possible to establish a reliable electrical contact to the bond pads
(this problem is reviewed and solutions are proposed in Section 8.2). The consequence was
that the number of electrodes which were actually being plated was highly unpredictable. In
none of the cases all electrodes were being plated. This meant that the plating rate was very
difficult to control.
Figure 6.1 shows pictures of electrodes after plating. It can be seen that the surface of the
plated electrodes is rough. This might actually have an advantage, because surface
roughness can improve the signal-to-noise ratio of the potential measurements on the
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cardiomyocytes due to the higher effective contact area. Figure 6.1a illustrates what happens
when the plating lasts too long: the gold mushrooms out the electrode opening and creates
cauliflower-like structures. Both Fig. 6.1a and Fig. 6.1b show that not all electrodes were
plated. Figure 6.1b show an overview of a sample with which the best results were achieved
in terms of electrode structure. In Fig. 6.2c and d micrographs of one of the electrodes are
shown at higher magnifications.
Figure 6.2 shows the profile of two of the electrodes of Fig. 6.1b represented as cross-section
of the top insulation layer of PDMS. The electrode rises about 2 µm above the PDMS surface.
The profile confirms that the electrode have a relatively rough surface.

A

B

C

D

Fig. 6.1 Micrographs of electrode after gold plating; a) Cauliflower-like gold structures caused by
plating too long; b) Overview of plated sample, note that not all electrodes were plated; c) A
closer look at the electrode marked in b; d) The same electrode at a higher magnification
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Fig. 6.2 Profile of the electroplated sample measured with the DEKTAK profilometer
approximately along the trajectory indicated in Fig. 6.1b. The trajectory includes a gold-plated
electrode and an electrode that did not get plated. For illustrative purposes the whole profile has
been offset by the maximum depth and the area that corresponds with the electrode has been
highlighted.
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7 Patterning cells
7.1 Micro-contact printing for patterning cells
7.1.1 Introduction
As has been motivated in Paragraph 2.6.2 the cardiomyocytes on the stretchable MEA have to
be patterned to simulate the condition in the human body. The structuring is done by use of
an adhesive protein pattern that is printed on the PDMS surface. A common and relatively
easy way to create such a protein pattern is by stamping. This technique is called microcontact printing and is extensively reviewed by Whitesides et al. in [63]. Micro-contact
printing was also used by Feinberg et al. [8] to create the cardiomycocyte structures for the
muscular thin films. The basic flow is illustrated in Fig. 7.1. In this case the adhesive protein
used is fibronectin which is stamped in a simple line pattern, like in [8]. When the cell
solution is applied and incubated, the cells adhere very well to the fibronectin and not or less
to the area in between, depending on the background treatment. The fact that the cells are
only able to adhere to the narrow line pattern (e.g. 20 µm wide and spaced) causes the
cardiomyocytes to align, creating the desired anisotropic structure. [8]
A. Oxidize
PDMS stamp

E. Top view of FN
pattern on PDMS

B. Apply drop of
fibronectin (FN)

C. Remove
excess FN by
N2 drying

D. Stamp FN on
PDMS substrate

F. Apply cell solution

G. Incubate cells

H. Wash off excess
cells

2

Fig. 7.1 Patterning cells with micro-contact printing
Patterning the cardiomyocytes is primarily a task of the cell biologists in the project team.
However, it can not be done without microfabrication. As can be seen in Fig. 7.1 the pattern
is defined by a PDMS stamp. The stamps are fabricated in the MiPlaza cleanroom, this will be
reviewed in Section 7.2.2

7.1.2 Effect of surface treatment
In the case of cardiomyocytes two different types of cell culture structure can be created with
the same stamped fibronectin pattern depending on the treatment of rest of the surface. The
structures that can be achieved are anisotropic, isolated lines of cardiomyocytes or an
anisotropic sheet of myocardium. [8]
To create the discrete lines cell adhesion in between the lines has to be prevented. This can
be done by applying an adhesion blocker like Pluronics to the PDMS surface, after FN
stamping. A study by Tan et al. [103] shows that to get a good result the substrate has to
2

Feinberg et al. [8] do not oxidize the PDMS stamp before the application of the aqueous FN-solution. However, it
would be logical to do so, to be able better wet the stamp and have a uniform coating. Others do include this step
for printing fibronectin [59]
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have ‘intermediate’ wettability (i.e. a contact angle of 90° according to Tan et al.). The
reason for this is that Pluronics is absorbed well by hydrophobic surfaces, but fibronectin is
better absorbed by hydrophilic surfaces. ‘Intermediate’ wettability is a compromise between
the two that leads to the best result.
The confluent sheet of anisotropic myocardium is created by coating the substrate with a low
concentration of fibronectin, after having printed the high concentration fibronectin lines. For
this strategy to be effective the PDMS substrate has to be hydrophilic. [8,121]

7.2 PDMS stamp fabrication
To define the pattern micro-contact printing a PDMS stamp is used. The stamp can be made
using replica moulding and standard microfabrication processes. Usually, the replica mould
for the stamp is made by creating photoresist structures, preferably SU-8, because of its high
anisotropy. The reason for this is that it is relatively cost effective and requires a minimum of
equipment. However, at MiPlaza most microfabrication equipment is readily available, thus it
was decided to create a durable silicon mask. The process flow which was used to create this
mould is illustrated in Fig. 7.2a–d. The full details of the process are provided in Appendix III.
A. Spin on photoresist,
expose and develop

D. Primer with
HMDS

B. Etch the silicon
and strip resist

C. Grow thermal
oxide layer

E. Cast PDMS and
cure in vacuum
oven

F. Peel off PDMS
stamp

Fig. 7.2 Process flow for the fabrication of the mould and PDMS stamp
The major concern in fabricating the stamp was to ensure the PDMS stamp would properly
release from the mould without damaging the structures on it. To facilitate the release, the
surface of the mould was processed in the way that experimentally proved to have the
weakest adhesion to PDMS; following from Table 4.2 this is HMDS-treated silicon dioxide.
This is implemented in Fig. 7.2c-d. However, there were still some doubts if this were to be
enough for perfect release from the narrow trenches, created with reactive ion etching.
Therefore, it was decided to implemented step Fig. 7.2b in two different ways: by RIE and by
KOH etching. RIE would provide the best stamping pattern because it can etch nice trenches,
but this might cause problems with releasing the PDMS, as just mentioned. With KOH-etching
it is a different story. When etching silicon with KOH from the (100)-plane (as is done here)
the (111)-plane acts as etch stop, because of this the walls of the structures are not vertical
but sloped. The slope makes an angle of 54.7° relative to the surface. [122] The hypothesis
is that this slope will improve the release of the stamps, with the loss of some dimensional
control.
The actual stamps were made by placing the mould in a container and pouring uncured PDMS
(Sylgard 184, Dow Corning) over the mould. (Fig. 7.2e) The PDMS was cured in a vacuum
oven for 4 hours at 65°C. After curing the PDMS stamps were cut out with a razor and peeled
off of the mould.
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7.3 Results
7.3.1 Moulds and stamps
Four moulds were fabricated using different processes and parameters. This resulted into two
differences: the trenches which made up the pattern had either vertical or sloped sidewalls
and the trenches had different depths. This is schematically represented in Table 7.1. Both
stamps easily released from the mould without any defects. The stamps released marginally
better from the KOH-etched moulds, but the end results were the same. Figure 7.3 shows
optical micrographs of both types of stamps. It can be clear seen that the duty cycle of the
final stamp patterns can be poorly controlled using KOH etching. The slope of the KOH
trenches translates in an out-of-focus perimeter around the pattern in the micrographs.
Etch method

Active chemicals

Etch time

Sidewall

Trench depth

RIE

CF4:CHF3:Ar

10 min.

Vertical

5.1 µm

RIE

CF4:CHF3:Ar

18 min.

Vertical

9.8 µm

Wet etching

KOH

11 min.

Sloped (54,7°)

7.6 µm

Wet etching

KOH
15 min.
Sloped (54,7°)
Table 7.1 Characteristics of the fabricated moulds for stamps

10.1 µm

Etching process
KOH

A

B

C

D

40 µm

Line width

20 µm

RIE

Fig. 7.3 Optical micrographs taken from PDMS stamps of differently etched moulds with
different line pitches. In all cases the deeper mould was used (9.8 µm resp. 10.1 µm deep). (Note
for d: for this picture the analysis software was in the wrong setting all distance values have to be
multiplied by 2!)
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7.3.2 Micro-contact printing
Some rough experiments with patterning cells were done at Leiden University Medical Center,
but they were unsuccessful. No single cause for the failure could be identified, as yet.
In order to test if the stamps were able to transfer a pattern, separate experiments were
done using fluorescein, a chemical compound that lights up under the influence of UV. The
experiments were performed by following the steps from Fig. 7.1a–d, but instead of
fibronectin an aqueous solution of fluorescein was used. The pattern was stamped on an
oxidized PDMS surface. The results were inspecting using a optical microscope in fluorescent
mode. Two images of the result are shown in Fig. 7.4. The patterns were created with a
stamp casted in the 9.8 µm deep RIE-etched mould. The rulers show that the fluorescent
lines are close to the 20 µm pattern it should be. However, since the edges are not very
sharp no exact measurement can be taken.

A

B

Fig. 7.4 Fluorescein patterns on PDMS created by micro-contact printing
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8 Process integration challenges
In Chapter 2 to 7 all the different components of the devices have been reviewed in theory
and in practice. Fabricating the complete device is a matter of putting those different parts
together. The resulting process flow will be shown in Chapter 9 and is fully detailed in
Appendix I. However, during processing it turned out that not all the parts of the fabrication
could trivially merged. Interaction between two separately working processes resulted in
failure of the combination. Three such cases are presented in this chapter. Section 8.1 deals
with an adhesion problem between the PIPAAM and PDMS. The problems put forward in
Sections 8.2 and 8.3 are inherent to the very soft nature of the PDMS elastomer.

8.1 Fabrication of electrode and bond pad openings in
PDMS
In Paragraph 4.4.2 it was concluded that the spin-casting method presented in that
paragraph was suitable to create the openings to the electrode and bond pads in the PDMS.
This was based on experiments done directly on a silicon wafer. For fabricating the openings
the process flow as illustrated in Fig. 4.5 was followed. As this method was performed on the
PDMS layer with the PIPAAm pattern underneath, two problems were encountered that did
not occur on the rigid substrate. The first problem was that the thick photoresist layer that
was needed to create the columns for the spin casting cracked when applied on a PDMS
underground. The second problem occurred on the area of the device with the PIPAAm
pattern underneath. During the processing of the photoresist, the PDMS on top of the
PIPAAm delaminated and bulged under influence of the stress caused by the resist layer.
Fortunately, both complications were eventually resolved by changing some aspects of the
process.

8.1.1 Cracking of thick resist on PDMS
To create the resist columns for the spin casting mould, AZ9260 (AZ Electronic Materials) was
used. This is a thick, positive photoresist which produces a layer with a thickness of 17.6 µm
to 20 µm when spin coated at 1000 rpm. However, after the resist was baked on a hotplate
at 110°C for 10 minutes cracks were present in the layer. The cracks were mostly observed
during the cooling down of the substrate. The heaviest cracking occurred when the sample
was ‘shock-cooled’ by placing the wafer on a cooling plate after baking. The hypothesis was
that the cracks might be avoided if the wafer cooled down very slowly, so that stresses have
time to distribute themselves evenly over the layer. Also, lower baking temperatures were
tried. The results of these trials are shown in Table 8.1. Slow cooling definitely mitigated the
formation of cracks. The combination of a lower baking temperature with a slow cool down
resulted in an undamaged layer. Also, the resulting resist pattern was very good.

Spin speed

Post-bake temp. Post-bake time

Cooling speed

Cracking

1000 rpm

110°C

10 min.

Fast

Heavy

1000 rpm

110°C

10 min.

Slow

Moderate

1000 rpm

100°C

10 min.

Fast

Moderate

1000 rpm

90°C

10 min.

Fast

Moderate

1000 rpm
90°C
10 min.
Slow
No cracks
Table 8.1 Overview of the tuning of process parameters to prevent cracking of AZ9260 on PDMS
The slow cooling down was performed in to ways. The easiest method is just turning off the
hotplate and wait until has cooled down to room temperature. This method is effective, but
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frustratingly slow. A faster, but effective method was heating up a metal cooling plate in
parallel to baking the wafer. When the hardening was completed, the wafer was placed on
the hot cooling plate and together they were put on a cold cooling plate. This way the wafer
cooled slowly, but steady, with good results.

8.1.2 Adhesion PIPAAm-PDMS
The second problem that was encountered during the creation of the openings for the
electrical contacts was that, during application of the photoresist, the PDMS on top of the
PIPAAm seemed to bulge. The hypothesis was that the adhesion between the PDMS and the
PIPAAm was very poor. This was confirmed by cutting out a square piece of PDMS on top of
PIPAAm which could be easily peeled off without any damage. The poor adhesion did not
attract any attention until that moment. Apparently, the stresses induced by the thick resist
layer caused the PDMS to delaminate from the PIPAAm, as can be seen in Fig. 8.1a. The
delamination of the PDMS from the PIPAAm also caused the metal tracks to delaminate
partially during processing. This phenomenon was not seen on wafers which did not have the
PDMS-PIPAAm adhesion problems.
The experience was that PDMS adhered well to hydrophilic surfaces, like silicon dioxide and
(oxidized) glass, but very poorly to hydrophobic surfaces, like those treated with HMDS. This
is described in Paragraph 4.3.4. As can be read in Chapter 3, PIPAAm is hydrophobic or
hydrophilic depending on temperature. Below its LCST it is hydrophilic and above it became
hydrophobic. The PDMS on top of the PIPAAm was cured at 90°C, well above the LCST,
which meant the PIPAAm was hydrophobic. The hypothesis is that this caused the poor
adhesion. The obvious solution was to cure the PDMS at room temperature, below the LSCT
of 34°C. However, it was already known through research in the group, that metal deposited
on RT-cured PDMS was very likely to crack. [119] To have it both ways, a two step solution
was put to the test. First, a thin PDMS layer was spin coated on a wafer with PIPAAm pattern
and cured at room temperature for at least 24 hours. On top of this, a second, thicker PDMS
layer was spun on, which was cured at 90°C for 90 minutes. The next step was titanium-gold
deposition.

Fig. 8.1 Problems due to poor adhesion between PIPAAm and PDMS a) PDMS is partly
delaminated from the PIPAAm pattern; b) the delamination of the PDMS from the PIPAAm also
causes the metal tracks to fail. This is not seen wafers which did not have the delamination
problems.

8 Process integration challenges

67

The result of the experiment was successful. Now, the adhesion between the PIPAAm and
PDMS was very strong and there were no cracks in the metal layer after deposition.
Moreover, when applying the photoresist for the spin casting process, no bulging of PDMS
was observed on top of the PIPAAm.

8.1.3 Results
Despite the problems that were encountered during the numerous attempts to create the
openings for the electrodes and bond pads in PDMS, the final result was good. Figure 8.2a-b
show the photoresist structures on the PDMS/metal. Figure 8.2c-d depict micrographs of the
end result, namely to openings in the PDMS insulating layer. It can be seen that the opening
have the desired geometry.

A

B

C

D

Fig. 8.2 Optical micrographs at different stage of the process to create the openings for the
electrical contacts in PDMS a) Photoresist structures to define the openings for the bond pads
(thickness: 19.1 µm); b) Resist columns on top of the electrodes (thickness: 19.1 µm); c) Opened
bondpads; d) Opening for electrode in PDMS

8.2 Contacting the bond pads
8.2.1 Wire bonding
Integrated circuits commonly have bond pads from which the IC is electrically connected to a
circuit board or the conducting leads of the package. The actual wiring is done by a machine
called a wire bonder. It pulls a thin wire from the bond pad on the IC to the bond pad on the
PCB or the package lead. The method that is used at MiPlaza is ball-wedge bonding; the
result of which is schematically depicted in Fig. 8.3. On one side the wire bonder makes a
connection by placing a gold ball, which is formed by melting the tip of a gold wire, to the
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bond pad and establishes a bond by thermosonic welding. It then draws a wire from the ball
to the other bond pad, where it is welded to the second bond pad. The latter connection is
known as the wedge bond.

Ball bond

Wedge bond
Fig. 8.3 Ball-wedge bonding

Experiments were performed with wire bonding on the stretchable MEA device. As can be
seen in Fig. 8.4 the result was not good. Neither the ball bond nor wedge bond could be
created on the titanium-gold bond pads on PDMS. The most plausible causes for the failure
are the softness of the PDMS and the relatively poor adhesion. When the wire bonder applies
the pressure on the bond pad needed to weld the wire, it presses the metal layer down into
the PDMS, thereby destroying the structure. This applies to both the ball and the wedge
connection. For the ball bond, the bonding machine also applies force to the ball when it pulls
the wire, this pulling force is too strong for the PDMS-metal bond. The bond fails and the ball
is pulled from the substrate. The process engineer experimented with various different
parameters, but no successful connection was achieved.

A

B

Fig. 8.4 Failed wire bonding to gold on PDMS a) A failed ball bond; b) A failed wedge bond
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8.2.2 Alternative bonding attempts
As an alternative to the wire bonding technique two other methods of making electrical
contact were tested, namely:
• Conductive epoxy
• Indium pellets

Conductive epoxy
The first method that was tested was to connect the wires to the bond pads using E-Solder
(Von Roll), a conductive epoxy. It consists of two components that have to be mixed. This
mixture is then applied on the bond pad and the connecting wire is inserted. The epoxy is
hardened in an oven at 90°C for 2 hours.
This process was very cumbersome to use, because the sticky, uncured epoxy had to be
applied manually on the 300 µm wide bond pad under a work microscope. Also, it was
difficult to maintain the wires in the epoxy bump.
Once the epoxy was cured the connections were tested on conductivity using a probe station.
The results were disappointing. It was not possible to create a reliable connection. The failure
rate was about 50%. Additional treatment of the bond pad surfaces to ensure that no scum
of the photoresist columns could remain, did not noticeably improve the rate of success. It
was also attempted to improve the contact by scratching the bond pad surface prior to
application of the epoxy. The rougher surface might improve the chances of getting a good
connection. However, this did not lead to significantly better results.

Indium pellets
The second method to be tested was the use of Indium pellets. The small Indium balls had a
diameter 300 µm. Indium is a soft metal with a low melting point of just 157°C. Under the
microscope an Indium pellet was placed on each bond pad and the sample was then placed
on a hotplate at 180°C for an hour. The theory was that the Indium would reflow and make
proper contact to the gold. Moreover, it would act as a solder for the wire.
It could be concluded from the experiments that this method was not suitable for this
application, because the indium did not bond to the gold.

8.2.3 Proposed solution
The problems with the bond pads are inherent to the design of the device; at that stage
however, these problems were not anticipated. The methods presented in Paragraph 8.1.3
are attempts to work around a problem that should actually be solved at the core. The bond
pads should not be placed on the soft PDMS, but on a rigid support with the same height as
the first PDMS layer. This rigid support could for instance be made from a metal such as gold
or copper. A cross-section of the unfinished device with such a support is shown in Fig. 8.5
(compare with Chapter 9, Step 14). To add this step to the process would require the
addition of an extra exposure mask. Unfortunately, at the moment that the trouble of
contacting the bond pads was observed, it was too late to implement such a re-design.

Gold

PDMS

Glass

Titanium

PIPAAm

Fig. 8.5 Cross-section of unfinished device with a rigid support for the bond pad
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9 Process flow
In Chapters 2-7 the fabrication methods of all the different components of the stretchable
MEA device were presented. Chapter 8 reviewed the challenges that arose from combining
the different process steps; all could be resolved, except for problems associated with
connecting the bond pads of the device. In this chapter the full process flow of the
stretchable MEA prototype is presented schematically with cross-sections and top-views of the
device at each single step. Only the major steps are shown and not all details are given. The
complete process flow, where each single step is specified and where the details about all the
parameters, chemicals and equipment are specified, can be found in Appendix I. The crosssection and top-views do not represent the actual device, but a simplified sketch for
illustrative purposes.

Step 1:

A glass wafer is first cleaned in piranha and is then vapour-coated with
parylene-C.

Step 2:

AZ9260 photoresist is spin-coated on the parylene. After baking, the photoresist
is exposed through a mask and developed.

Step 3:

The parylene is etched by RIE with an oxygen plasma. After etching, the
remaining resist stripped with acetone.

Step 4:

A solution of PIPAAm in butanol is spun on the wafer with the patterned
parylene.
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Step 5:

After peeling off the parylene, the PIPAAM pattern remains.

Step 6:

A thin layer of PDMS is spun on and cured at room temperature for at least 24
hours; this ensures good adhesion of the PDMS to the PIPAAm.

Step 7:

A second layer of PDMS is spin-coated and cured at 90°C for 90 minutes; this is
done to prevent the Ti-Au layer from cracking.

Step 8:

A layer of 60 nm gold with an adhesion layer of 5 nm titanium is sputtercoated
on the PDMS.

Step 9:

A thin layer of HPR504 positive photoresist is spun on the gold; it is exposed
through a mask and developed. The pattern is aligned to the alignment marks
which were also created in the PIPAAm layer.

Step 10: The gold and titanium are wet etched in separate steps. Afterwards, the resist
is stripped with acetone. The resist stripping can also be done prior to the Tietching to prevent the acetone from swelling the PDMS. However, no difference
was observed between the respective results.

9 Process flow

Step 11: Thick photoresist columns (AZ9260) are created by photolithography to define
the openings for the bond pads and electrodes. These columns form the mould
for the spin casting process.

Step 12: PDMS is spun on the wafer and between the resist columns and is cured at
90°C for 90 minutes. However, a thin layer of PDMS is also deposited on top of
the columns, preventing access to the resist.

Step 13: To enable the resist to be removed, the thin layer of PDMS covering it is
removed by RIE with an O2:CF4 plasma.

Step 14: The resist columns are removed in an acetone bath; the openings in the PDMS
remain and the bond pads and electrodes are exposed.

Step 15: Gold is grown on the electrodes by electroplating in order to planarize the
electrodes with the PDMS surface. The voltage need for the electroplating is
applied trough the bond pad connections.

Step 16: A glass ring is bonded to the PDMS to act as container for the nutritious
solution. If the glass ring is polished this can be done by mutual oxidation and
pressing the to components together. If the ring is still rough, uncured PDMS
can be used as glue. The hardware of the device is now finished.
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Step 17: To partially release the stretchable MEA from the wafer (after patterning and
plating the cells as in Fig. 7.1) a U-shaped incision is made in the PDMS to
allow the water to access the PIPAAm underneath.

Step 18: When water is placed in the container that is colder than 34°C, the PIPAAm will
gradually dissolve and will allow the PDMS to release.

Glass

PDMS

PIPAAm

Parylene

Gold

Titanium

Photoresist
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10 Results
Unfortunately, the time that was available for this project was not enough to develop a
functioning device that could be measured and characterized. Thus, no test results of the
device can be published in this chapter. However, a detailed process flow could be
established (see Chapter 9 and Appendices I-IV) and it was demonstrated that the process
flow could be implemented except for Step 15 (Chapter 9). The failure to connect to the bond
pads was a hurdle that could not be cleared in time for this project. Because of this, there are
still a lot of open ends. The results from this project can be summed up as:
• An overview of theory of processing PDMS and creating metal patterns on it to create
stretchable microelectrode arrays
• A novel process to pattern PIPAAm
• A working process flow to fabricate a prototype of a stretchable MEA, except the
electroplated electrodes
• A working process flow to fabricate PDMS stamps
• The stretchable MEA prototypes that were created with the developed processes
All results are already covered in this report or can be found in one of the appendices, except
for the last one. The stretchable MEA prototype that was fabricated is presented in Fig. 10.1.

Fig. 10.1 Pictures of the fabricated prototype of the stretchable MEA a) Optical micrograph of
the device. The gold pattern embedded in the PDMS and the PIPAAm pattern underneath can be
clearly seen; b) Overview of device with the glass ring attached; c) To delaminate the PDMS film
a U-shaped incision was made and the device was immersed in cold water for about 20 minutes;
d) As can be seen the PDMS film can be easily delaminated
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The PDMS film has a total thickness of about 28 µm, because of this the film is very fragile.
When handled with e.g. tweezers the film easily ruptures. When used for the intended
application this problem is avoided. The film does not need to be handled for the
delamination. When the PIPAAm dissolves, the force induced from the contracting
cardiomyocytes will lift the PDMS film from the substrates. [8]
Figure 10.2 and Fig. 10.3 show the pictures of a coarse stretching experiment. The PDMS film
was stretched using a pair of tweezers. As can be seen this damaged the film severely; the
fact that old, bended tweezers were used could have contributed to this. The strain applied
was relatively large. After stretching the metal pattern was visibly damaged. The damage
occurred at the corners of the pattern, as can be seen in Fig. 10.3.

Fig. 10.2 The stretchable MEA is stretched with some tweezers

Fig. 10.3 A close-up of the metal film after stretching; damage to the metal tracks
can be clearly seen, especially in the corner areas of the pattern
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11 Conclusions and recommendations
The previous ten chapters have represented the outcome of the literature study and the
practical research. From both, valuable insights have been gained and a lot has been learned;
from this several conclusions can be drawn. Throughout the chapters these conclusions were
already presented, the main conclusions will be summed up in Section 11.1. On the basis of
the conclusions and the whole body of experience, a number of recommendations can be
made, which will be given in Section 11.2.

11.1 Conclusions
In this section the main conclusions from the project are summed up. The conclusions are:
•
•
•
•

•
•
•

Working with a soft material like PDMS gives rise to additional challenges over
processing rigid layers
Patterning PIPAAm is not straightforward, but can be done using dry lift-off
The mechanical properties of PDMS depend on the processing parameters
Metal on PDMS can be made more stretchable by
o ‘pre-patterned’ deposition of the metal
o pre-stretching the substrate during deposition
o using a stiffer substrate
o ensuring a strong bond between the metal and PDMS
o nanostructuring the PDMS surface
o using horseshoe-like interconnect patterns
When Ti-Au is deposited on PDMS, the thickness of the titanium adhesive layer
determines the amount of cracking and the amplitude of the wrinkles in the
combined Ti-Au layer
Reliable wire bonding to gold bond pads on PDMS is not possible
Fabricating the device that was designed is possible, but it is not clear if it will
produce the desired results

11.2 Recommendations
•
•
•
•
•
•
•

Fabricate the device with rigid support for bond pads (Fig. 8.4)
Characterize electrical and mechanical properties of the device
Use horseshoe-patterned interconnect for enhanced stretchability
Study the effect of oxidation of the PDMS, prior to metal deposition, on the bond
strength and the stretchability
Investigate which material is best suited for making the electrodes
Continue experiments for cell patterning in Leiden
o It is important to control wettability of the PDMS
o Samples probably need to be cleaner after dicing
Sharp corners in the interconnect pattern are to be avoided
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Appendix I: Full detail process flow for device
Fabrication of the core of the device in the cleanroom
1.
2.
3.
4.
5.

6.
7.
8.
9.

10.
11.

12.
13.

14.

15.

16.
17.

18.

Take a 6 inch glass (AF45) wafer
Clean the wafer in piranha for 10 minutes at 60°C
Deposit parylene-C
Measure thickness of parylene layer
Spin on AZ9260 (AZ Electronic Materials)
a. Dispense
500 rpm
50 rpm/s
15 seconds
open lid
b. Spin
1000 rpm
100 rpm/s
30 seconds
open lid
Bake on hotplate for 10 minutes at 110°C
Expose with mask “PIPAAm” for 45 seconds with Karl Süss Mask Aligner MA-8 with
1000W high pressure mercury arc lamp (6.5 mW/cm2)
Develop the AZ9260 in AZ400K (AZ Electronic Materials) 1:3 DI water for 13 minutes
Etch the parylene-C in the Plasma-Therm Shuttlelock Ready Series Plasma Processing
System with recipe:
a. Recipe name
: parylene
b. Gas flow
: 50 sccm O2
c. Pressure
: 100 mtorr
d. RF Power
: 400 W
e. Time
: thickness parylene [µm]/0.2 + 5 minutes
Strip the remaining resist in acetone for at least 20 seconds
Spin on poly(N-isopropylacrylamide) (from Polysciences, dissolved 10 wt% in 99% 1butanol)
a. Dispense
500 rpm
50 rpm/s
10 seconds
open lid
b. Spin
3000 rpm
100 rpm/s
60 seconds
open lid
Cut the parylene-C with a razorblade along the edge of the wafer and gently peel off
the film using tweezers. Remove the parylene-C from the backside of the wafer, too.
Prepare diluted PDMS (Sylgard 184, Dow Corning)
a. Mix pre-polymer : curing agent : silicon oil (200 Fluid, Dow Corning) at a
5:1:2 ratio
b. Degas the mixture in a vacuum desiccator to remove the bubbles
c. Proceed with the spinning as soon as possible to reduce the layer thickness
Treat wafer with O2-plasma in the IPC 9200 with recipe:
a. Recipe name
: “Descum_25C_50W_30SEC”
b. Power
: 50 W
c. Temperature
: 25°C
d. Time
: 30 s
Spin on PDMS (See Note)
a. Step 1
500 rpm
50 rpm/s
5 seconds
closed lid
b. Step 2
1000 rpm
50 rpm/s
5 seconds
closed lid
c. Step 3
3000 rpm
100 rpm/s
70 seconds
closed lid
d. Step 4
2000 rpm
100 rpm/s
15 seconds
closed lid
e. Step 5
1000 rpm
100 rpm/s
10 seconds
closed lid
f. Step 6
500 rpm
50 rpm/s
5 seconds
closed lid
Cure PDMS at room temperature for 24 hours
Prepare PDMS (Sylgard 184, Dow Corning)
a. Mix the pre-polymer with the curing agent at a 10:1 ratio
b. Degas the mixture in a vacuum desiccator to remove the bubbles
c. Proceed with the spinning as soon as possible to reduce the layer thickness
Treat wafer with O2-plasma in the IPC 9200 with recipe:
a. Recipe name
: “Descum_25C_50W_30SEC”
b. Power
: 50 W
c. Temperature
: 25°C
d. Time
: 30 s
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19. Spin on PDMS
a. Step 1
500 rpm
50 rpm/s
5 seconds
closed lid
b. Step 2
1000 rpm
50 rpm/s
5 seconds
closed lid
c. Step 3
3000 rpm
100 rpm/s
70 seconds
closed lid
d. Step 4
2000 rpm
100 rpm/s
15 seconds
closed lid
e. Step 5
1000 rpm
100 rpm/s
10 seconds
closed lid
f. Step 6
500 rpm
50 rpm/s
5 seconds
closed lid
20. Cure PDMS at 90°C for 90 minutes
21. Sputter 5 nm titanium and 60 nm gold, ask for low power and no sputter etch
22. Spin on HPR504 (FujiFilm Electronic Materials)
a. Dispense
500 rpm
50 rpm/s
10 seconds
open lid
b. Spin
3000 rpm
100 rpm/s
30 seconds
open lid
23. Bake on hotplate for 10 minutes at 90°C
24. Align and expose with mask “IN” with Karl Süss Mask Aligner MA-8 with 1000W high
pressure mercury arc lamp (6.5 mW/cm2)
a. Exposure time
:6s
b. Contact mode
: Hard contact
c. Contact distance : 25 µm
25. Develop the HPR504 in PLSI (FujiFilm Electronic Materials) for 60 seconds
26. Etch the gold in potassium iodide-iodine for 60 seconds
27. Strip the resist in acetone
28. Etch the titanium in H2O:HNO3 (70%):HF (50%) (165:5:1) until the wafer becomes
hydrophobic (~75 seconds)
29. Spin on AZ9260
a. Dispense
500 rpm
50 rpm/s
15 seconds
open lid
b. Spin
1000 rpm
100 rpm/s
30 seconds
open lid
30. Bake on hotplate for 10 minutes at 90°C
31. Let the wafer cool down slowly by placing it on a metal cooling plate that was heated
to 90°C, do not remove it until it has reach approximately room temperature
32. Align and expose with mask “CB” with Karl Süss Mask Aligner MA-8 with 1000W high
pressure mercury arc lamp (6.5 mW/cm2)
a. Exposure time
: 40 s
b. Contact mode
: Hard contact
c. Contact distance : 25 µm
33. Develop the AZ9260 in AZ400K 1:3 DI water for 8 minutes
34. Prepare diluted PDMS (Sylgard 184, Dow Corning)
a. Mix pre-polymer : curing agent : silicon oil (200 Fluid, Dow Corning) at a
10:1:1.5 ratio
b. Degas the mixture in a vacuum desiccator to remove the bubbles
c. Proceed with the spinning as soon as possible to reduce the layer thickness
35. Treat wafer with O2-plasma in the IPC 9200 with recipe:
a. Recipe name
: “Descum_25C_50W_30SEC”
b. Power
: 50 W
c. Temperature
: 25°C
d. Time
: 30 s
36. Spin on PDMS
a. Step 1
500 rpm
50 rpm/s
5 seconds
closed lid
b. Step 2
1000 rpm
50 rpm/s
5 seconds
closed lid
c. Step 3
3000 rpm
100 rpm/s
70 seconds
closed lid
d. Step 4
2000 rpm
100 rpm/s
15 seconds
closed lid
e. Step 5
1000 rpm
100 rpm/s
10 seconds
closed lid
f. Step 6
500 rpm
50 rpm/s
5 seconds
closed lid
37. Cure PDMS at 90°C for 90 minutes

Appendix I: Full detail process flow for device
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38. Etch back the PDMS in the Plasma-Therm Shuttlelock Ready Series Plasma Processing
System with recipe:
a. Recipe name
: pdmsetch
b. Gas flow
: 10 sccm O2 + 30 sccm CF4
c. Pressure
: 47 mtorr
d. RF Power
: 270 W
e. Time
: 30-40 minutes
39. Strip the resist in acetone for at least 30 seconds
40. The wafer is now ready for dicing

Electroplating
41. Connect wires to the bond pads (no reliable method was found to do this)
42. Fill a laboratory beaker with Aurofab (Rohm & Haas) and place it on a heater with a
stirring magnet. Place the thermometer and set the temperature to 50°C. Also,
immerse the platinum counter-electrode in the solution
43. Oxidize the dies that have to be plated in the plasma barrel (default O2-flow, 40 W,
30 s)
44. Tape one or more dies to a microscope slide for easier handling and immerse the
samples for about two-thirds in the solution. Make sure that the electrodes are
immersed and that the bond pads are not in contact with the electrolyte
45. Establish a series circuit of power supply – sample – electrolyte – counter-electrode –
current meter – back to powersupply
46. Theoretically, to achieve a plating rate of ca. 0.2 µm/min the power supply has to be
set as such that the current in the circuit is #dies * 0.4 µA (see Chapter 6). A higher
current will result in a higher plating rate.

Bonding the glass ring
47. Oxidize the die and the glass ring in the plasma barrel (default O2-flow, 40 W, 30 s)
48. The following step depends on the finishing of the glass ring:
a. Polished If the glass ring is polished the ring can be bonded to the PDMS by
gentle pressure. The bond can be made even stronger by placing the sample
with the glass ring on top on a hotplate (90°C) with a small weight on the
ring.
b. Unpolished With an unpolished glass ring the surface is too rough to
achieve a reliable bond to the PDMS just by oxidation. The glass has to be
glued to the device by using a small amount of uncured PDMS. Prepare the
PDMS as in Step 17. Apply a thin layer of PDMS on one side of the ring and
place it on the die. Cure the PDMS glue in an oven at 90°C for 90 minutes.

Note: The spinning recipe used in this process flow is a modified version of the recipe used
for the fabrication of the MTF’s by Feinberg et al. [8]. The original recipe is: [89]
a.
b.
c.
d.
e.
f.
g.

Step
Step
Step
Step
Step
Step
Step

1
2
3
4
4
5
6

500 rpm
1000 rpm
3000 rpm
4000 rpm
2000 rpm
1000 rpm
500 rpm

50 rpm/s
50 rpm/s
100 rpm/s
100 rpm/s
100 rpm/s
100 rpm/s
50 rpm/s

5 seconds
5 seconds
10 seconds
60 seconds
15 seconds
10 seconds
5 seconds
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Appendix II: Process flow for lift-off
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Appendix II: Process flow for lift-off
1. Spin on LOR5B (MicroChem)
a. Dispense
500 rpm
50 rpm/s
15 seconds
open lid
b. Spin
4000 rpm
100 rpm/s
30 seconds
open lid
2. Bake in oven for 30 minutes at 180°C or on a hotplate for 5 minutes at 180°C
3. Spin on NFR016D4 (JSR Micro)
a. Dispense
500 rpm
50 rpm/s
15 seconds
open lid
b. Spin
3000 rpm
100 rpm/s
30 seconds
closed lid
4. Bake in oven for 30 minutes at 90°C or on a hotplate for 2 minutes at 90°C
5. Align and expose with mask “IN” with Karl Süss Mask Aligner MA-8 with 1000W high
pressure mercury arc lamp (6.5 mW/cm2)
a. Exposure time
: 20 s
b. Contact mode
: Hard contact
c. Contact distance : 25 µm
6. Bake in oven for 30 minutes at 95°C or on a hotplate for 2 minutes at 95°C
7. Develop in TWA238WA (JSR Micro) for 1 to 2 minutes
8. Deposit metal
9. Lift-off in acetone

94

Prototyping of a stretchable microelectrode array for cardiotoxicity drug screening

Appendix III: Process flow for PDMS stamp fabrication
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Appendix III: Process flow for PDMS stamp
fabrication
Fabrication of the mould:
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.

Take a 6 inch <100> silicon monitor wafer
Grow 500 nm thermal oxide at 1000°C
Clean the wafer in piranha for 10 minutes at 90°C
Primer with TMSDEA
Spin on HPR504 (FujiFilm Electronic Materials) at 4000 rpm
Expose with mask “STAMP1” with Karl Süss Mask Aligner MA-8 with 1000W high
pressure mercury arc lamp (6.5 mW/cm2)
a. Exposure time
:6s
b. Contact mode
: Vacuum contact
Bake on hotplate for 2 minutes at 90°C
Develop in PLSI (FujiFilm Electronic Materials)
RIE etch with CF4:CHF3:Ar for ~1000 s
Remove the resist by fusion ashing
Etch in BOE 7:1 for 10 minutes
Clean the wafer in fuming and boiling nitric acid (HNO3)
Grow 100 nm thermal oxide at 950°C
Primer with HMDS

Fabricating the stamp:
15. Prepare PDMS (Sylgard 184, Dow Corning)
a. Mix the pre-polymer with the curing agent at a 10:1 ratio
b. Degas the mixture in a vacuum desiccator to remove the bubbles
16. Place the mould in a container wrapped in aluminium foil, so the PDMS can be easily
removed
17. Pour the PDMS on the mould and led is spread out
18. Cure the PDMS in a vacuum oven for 4 hours at 65°C

