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Abstract

This thesis describes an advancement in a new technique for measuring biological and elec-
tronic properties of individual cells on planar devices. The measuring principle of this tech-
nique is based on the impedance measurement of open-gate field-effect transistor (FET) de-
vices. Due to the fact that the size of the transistor gate is comparable with the size of individ-
ual cells, FET devices can achieve a real single cell analysis. Thus, the application of FET
devices for this technique can extend to cell cultures, which do not form confluent cell layers,

such as nerve cells, individual cells of the immune system, etc.

The aim of this work was to investigate the cell-substrate adhesion process at an individual
cell level using FET devices and to develop and elaborate a model explanation for the spectra,
since the cellular adhesion plays an important part for understanding cancer cell behaviour.
We further used this technique to proof effects of anticancer drugs to individual tumor cells.

In the context of this work, a new amplifier system was developed, which offered an in-
creased bandwidth of the readout system and enabled measuring of impedance spectra at
higher frequencies (up to 50 MHz). The impedance spectra recorded with this measurement
setup were interpreted with an electrically equivalent circuit (EEC) model, for which an ana-
Iytical expression was derived.

The measured impedance spectra with the developed amplifier system were fitted with the
derived analytical expression and cell-related parameters were extracted. The ability to extract
the biological relevant data from these complex spectra might be very important for the future
application of our novel technique in biological experiments. Moreover, we utilized this EEC
model to extract the device-related parameters and to fabricate a new generation of FET de-

vices with better performance in cell-substrate adhesion experiments.

However, the FET devices based on silicon are complex, expensive to manufacture, and have
the significant disadvantage in cell culture applications that they are not optically transparent.
Due to this fact, devices based on organic semiconductor material were developed and fabri-
cated in this work. The cellular adhesion experiments performed in this work eventually open
up commercial opportunities for the Electrical Cell-substrate Impedance Sensing using field-

effect transistors.
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Chapter 1

1 Introduction

Adhesion of cells to in vitro surfaces finds broad interest from medical technology and bio-
technology (Janshoff et al., 2010). Cell adhesion acts as an indicator for understanding cancer

cell behavior such as migration, proliferation and invasion (Hong et al., 2011).

Cell-substrate adhesion can be studied by optical methods. Using reflection interference con-
trast microscopy, the cell adhesion dynamic can be investigated (Michaelis et al., 2012)
(Curtis, 1964). With fluorescence interference contrast microscopy the exact cell-substrate
separation distance can be measured (Michaelis et al., 2012) (Braun and Fromherz, 1998)
(Lambacher and Fromherz, 1996). Total internal reflection fluorescence microscopy and total
internal reflection aqueous fluorescence microscopy can be used for visualizing the cell-

surface junction of living cells (Michaelis et al., 2012) (Geggier and Fuhr, 1999).

Moreover, cell-substrate adhesion can be recorded electronically by impedance spectroscopy.
The electric cell-substrate impedance sensing (ECIS) approach on gold electrodes is well-
known for decades and several commercial systems are applied in biomedical research (Ap-

pliedBiophysics, http://www.biophysics.com) (ACEA Biosciences, http://www.aceabio.com)

(Molecular Devices, http://www.moleculardevices.com). This technique is used to study can-

cer, wound healing, toxicology, asthma, and the blood brain barrier. However, due to the sizes
of the gold electrodes (typical 250 pum in diameter, AppliedBiophysics,
http://www.biophysics.com) the attainment of the single cell resolution is difficult realizable.



http://www.biophysics.com/
http://www.aceabio.com/
http://www.moleculardevices.com/
http://www.biophysics.com/
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The downscaling of metal electrodes for ECIS is limited, due to the fact that for a very small
geometry of the electrodes (50 pum or less) the high metal-liquid interface impedance is result-
ing in large electrode impedances, which dominate the overall system impedance (Pradhan et
al., 2012). In addition, cable impedance plays a decisive role in this case (Xiao et al., 2002).
The lower size of the gold electrodes is 50 pum in diameter (Abdurrahman et al., 2007). Never-
theless, with the ECIS approach changes in cell-cell junction, in membrane capacitance and
sealing resistance of the cell-substrate contact can be measured. However, these experiments
are always done on a colony of cells on larger electrodes. Then the ECIS data can be inter-
preted with an established circuit model (Giaever and Keese, 1993) (Giaever and Keese,
1991).

An alternative approach for ECIS, which will be elaborated in this work, is the investigation
of the cell-substrate adhesion with open-gate field-effect transistor (FET) devices. Transistors
benefit from their very high sensitivity to changes in surface potential at the liquid-solid inter-
face and their capability of miniaturization in size. In an impedance readout approach the in-
put impedance is largely reduced compared to ECIS electrodes. The gate size of the open-gate

transistor devices is comparable with the size of individual cells (Figure 1-1).

Figure 1-1  Colored scanning electron microscope image of a HEK293 cell, which is at-
tached to an open-gate transistor structure. Source (S) and drain (D) contacts
are indicated in the figure. The electrically sensitive part of the FET is marked
(G) and in this case measures 16x1.5 um?®. This image was adapted from

(Susloparova et al., 2013).
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Open-gate FET devices were applied for the detection of proteins (Bergveld, 2003), DNA
sequences (Uslu et al.,, 2004) (Souteyrand et al., 1997), action potentials of neuronal
(Fromherz et al., 1991) and cardiac cells (Ingebrandt et al., 2001) (Sprossler et al., 1999), and
enzyme attachment and activities (Katz and Willner, 2003) (Kharitonov et al., 2001). An
overview of FETs used in cell culture assays can be found by (Poghossian et al., 2009). Im-
pedance spectroscopy with FETs was applied for immunosensing assays (Schasfoort et al.,
1989), to test the encapsulation of ISFET devices (Chovelon et al., 1991), for protein detec-
tion (GhoshMoulick et al., 2009) (Kharitonov et al., 2001) (Kruise et al., 1992), for DNA de-
tection (Ingebrandt et al., 2007), and for impedimetric sensing of cell-substrate adhesion
(Schafer et al., 2009).

The main disadvantages of the silicon-based FET devices compared to metal microelectrodes
are the more complicated fabrication process and the opaque substrate, which interferes with
standard cell culture microscopy. Devices based on organic semiconductor materials may
provide low cost, easy fabrication and optical transparency (Lin and Yan, 2012) (Lin et al.,
2010b). Therefore they might be an alternative for further biosensor developments. These
devices were investigated as an alternative to the silicon FETs for transistor—based cell im-

pedance sensing.

In general, organic semiconductor materials showed excellent performance in different elec-
tronic devices such as organic light-emitting diodes, organic solar cells, and organic thin-film
transistors (OTFTs) (Lin and Yan, 2012). OTFTs can be divided into two types of transistors:
organic field-effect transistors (OFETs) and organic electrochemical transistors (OECTS).
Different conjugated polymers such as poly(3-hexylthiophene) (P3HT), poly(3-
methylthiophene), polyaniline (PANI), polypyrrole, polycarbazole, and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) were used as the active layers
for applications in chemical and biological sensing (Lin and Yan, 2012) (Lin et al., 2010b).
The organic semiconductor films can be deposited on the glass substrates by low cost manu-
facturing processes such as spin coating (Lin et al., 2010b), screen printing (Rogers et al.,
2001) and inkjet printing (Basirico et al., 2012) (Nikolou and Malliaras, 2008) (Sirringhaus et

al., 2000). Such devices were used in various chemical sensor systems:

e humidity sensor
o OFET: (Lietal., 2005) (Zhu et al., 2002)
o OECT: (Nilsson et al., 2002)
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e ions sensor
o OFET: (Scarpa et al., 2010b) (Ji et al., 2008)
o OECT: (Mousavi et al., 2009) (Bernards et al., 2006)
e pH sensor
o OFET: (Spijkman et al., 2010) (Caboni et al., 2009a) (Caboni et al., 2009b)
(Loi et al., 2005) (Bartic et al., 2002)
o OECT: (Paul et al., 1985) (Thackeray et al., 1985)

and biological sensor systems:

e antibody-antigen sensor
o OECT: (Kim et al., 2010) (Kanungo et al., 2002)
e glucose sensor
o OFET: (Liu et al., 2008) (Bartic et al., 2003) (Someya et al., 2002)
o OECT: (Tang et al., 2011) (Yang et al., 2010) (Yang et al., 2009) (Shim et al.,
2009)

e DNA sensor
o OFET: (Khan et al., 2010) (Stoliar et al., 2009) (Yan et al., 2009)
o OECT: (Linetal., 2011) (Krishnamoorthy et al., 2004)
e cell sensor
o OFET: (Scarpa et al., 2010a)
o OECT: (Linetal., 2010b) (Bolin et al., 2009).

At the beginning of this thesis following tasks needed to be addressed:

e Improvement of an existing impedimetric readout system

Understanding and interpretation of the impedance spectra measured from cells

Optimization and fabrication of FET devices based on silicon

Development and fabrication of FET devices using organic semiconductor materials

Test the method towards different applications in cell culture monitoring

This work is divided in seven chapters.
After this introduction, chapter 2 will present the most important concepts of the cell mem-
brane and the cellular processes from a physical standpoint, the physical basics of inorganic

and organic semiconductor materials, the general working principle of field-effect transistor
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devices based on inorganic and organic semiconductor materials, and it will introduce the
methods to investigate the cell-substrate adhesion.

Chapter 3 will describe silicon-based as well as organic field-effect transistor devices, the
measurement setups for recording of the transfer functions (impedance spectra), the chip en-
capsulation and the chip cleaning protocols, as well as the cell types used in this work.
Chapter 4 will introduce an electrically equivalent circuit (EEC) model to interpret the record-
ed impedance spectra. Using this EEC model an analytical expression representing the trans-
fer functions will be derived, which can be used to fit the measured impedance spectra and to
extract the cell-related parameters of seal resistance and membrane capacitance. Moreover, it
was possible to use this EEC model to investigate the effect of the device-related parameters
on the impedance spectra, which was utilized to optimize the FET device performance.
Moreover, the usage of silicon-based FET devices to study individual adherent cells by im-
pedance spectroscopy will be discussed. Also time-dependent readout at several different fre-
quencies simultaneously will be described to follow the apoptosis event induced by a chemo-
therapeutic drug.

Chapter 5 will present the fabrication process of the organic-based FET devices. The typical
field-effect behavior of the fabricated organic electrochemical field-effect transistor (OECT)
devices, the biocompatible features of the devices as well as the cell adhesion measurements
with OECT devices will be discussed.

Chapter 6 will conclude the performed experiments and results and give an outlook for future

improvements and application of the introduced technique.
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Chapter 2

2 Theoretical principles

In this chapter, the most important concepts of the cell membrane and the cellular processes
from a physical standpoint, the physical basics of inorganic and organic semiconductor mate-
rials, the working principle of FET devices based on inorganic and organic semiconductor

materials, and various methods to investigate the cell-substrate adhesion will be introduced.

2.1 Cells and their principle mechanisms

The cell is the smallest living unit of all organisms. All living cells fall into two categories:
prokaryotic and eukaryotic. The distinction is based on whether or not the cell has a nucleus
(Hofmann, 2009). The cell consists of a cell membrane, nucleus, mitochondria, Golgi appa-
ratus, endoplasmic reticulum and ribosomes, lysosomes, cytoskeleton (Figure 2-1). They all
have dedicated functions in the body or in an organ. The cell membrane contains specific pro-
teins for the exchange of nutrients and other materials with the environment. The nucleus pre-
serves the genetic information encoded in DNA and organized into chromosomes. Mitochon-
dria are the power plants where carbohydrates, fats, and amino acids are oxidized to CO, and
H,0. The Golgi apparatus is involved in the processing and packaging of macromolecules for

secretion and for delivery to other cellular compartments. The endoplasmic reticulum (ER) is
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an organelle where both membrane proteins and lipids are synthesized. Proteins made by the
ribosomes of the rough ER pass through the outer ER membrane into the cisternae and can be
transported via the Golgi to the periphery of the cell. Lysosomes digest the materials entering

the cell via phagocytosis or pinocytosis. The cytoskeleton determines the shape of the cell.

Figure 2-1  Organization of a typical eukaryotic animal cell: 1 Nucleolus 2 Nucleus 3 Ri-
bosome 4 Vesicle 5 Rough endoplasmic reticulum 6 Golgi apparatus 7 Cyto-
skeleton 8 Smooth endoplasmic reticulum 9 Mitochondrion 10 Vacuole 11 Cy-
tosol 12 Lysosome 13 Centriole The figure was adapted from

(http://commons.wikimedia.org/wiki/File:Biological cell.svq).

From a physical standpoint the cell is a closed compartment filled with electrolyte solution of
certain composition and is sourrounded by an electrolyte solution with a different composi-

tion. These two compartments are separeted by a thin flexible membrane.

2.2 Cell membrane

Cell membranes are involved in a variety of cellular processes such as cell adhesion, ion con-
ductivity and cell signalling. The cell membrane consists of the phospholipid bilayer with

embedded proteins.


http://commons.wikimedia.org/wiki/File:Biological_cell.svg
http://en.wikipedia.org/wiki/Cell_adhesion
http://en.wikipedia.org/wiki/Ion_conductivity
http://en.wikipedia.org/wiki/Ion_conductivity
http://en.wikipedia.org/wiki/Cell_signalling
http://en.wikipedia.org/wiki/Phospholipid_bilayer
http://en.wikipedia.org/wiki/Protein
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The lipid bilayers of cell membranes can be electrically modeled as a sandwich consisting of
two layers of a conductor (the plane of the polar lipid heads) separated by a dielectric layer.
Surrounding a cell, the lipid bilayer provides a barrier to maintain a different internal envi-
ronment of ions and macromolecules from the extracellular bathing fluid. Certain types of
cells have evolved to respond to particular types of stimuli (electrical, chemical, or mechani-
cal) all with the same basic signal, a transient change in the membrane potential (depolariza-
tion of the membrane), followed by a restoration of the resting potential (repolarization).

The cell membrane can be electrically described by an equivalent circuit proposed by Hodg-
kin and Huxley (Figure 2-2). The lipid bilayer is represented as a capacitance Cy. The ion
channels are represented by electrical conductances G, in series with voltage sources E,
where n is the specific ion channel (Na" and K* channels dominate). The conductances G, can
vary with time, depending on whether the ion channels are opened or closed. Leak channels
are represented by linear conductances G.. The leak includes the current of calcium and other
ions (Sommerhage, 2011) (Newman, 2008).

Extracellular
Inat I+ I,
—— Cy Gat G+ Gy
_|_ ENa+—|— EK+ _|_ EL

Intracellular

Figure 2-2  The Hodgkin—Huxley equivalent circuit for a cell membrane to describe the

electrical behaviour.

2.3 Cell adhesion

There are two types of cellular adhesion, adhesion between adjacent cells (cell-cell adhesion)
and adhesion between cells and the extracellular matrix (ECM) (cell-matrix adhesion). Cell


https://en.wikipedia.org/wiki/Lipid_bilayer
https://en.wikipedia.org/wiki/Capacitance
https://en.wikipedia.org/wiki/Voltage-gated_ion_channel
https://en.wikipedia.org/wiki/Voltage-gated_ion_channel
https://en.wikipedia.org/wiki/Electrical_conductance
https://en.wikipedia.org/wiki/Voltage_source
https://en.wikipedia.org/wiki/Leak_channel
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adhesion involves specific biomolecules such as membrane anchors and receptors, extracellu-

lar ligands and cytoskeketal components.

Adhesion of the cells to the surfaces is realised through adhesion proteins (e.g. fibronectin,
collagen, laminin, vitronectin) using specific cell receptors, called integrins (Lotfi et al.,
2013). The cytoplasmic binds to the protein talin, which binds to vinculin. Vinculin associates

with a-actinin and is thereby linked to an actin filament.

Focal contacts can relay signals from the extracellular matrix to the cytoskeleton. Several pro-
tein kinases are localized to focal contacts and seem to change their activity with the type of
the substrate on which they rest. These kinases can regulate the survival, growth, morphology,

movement, and differentiation of cells in response to a new environment (Li, 2005).

2.4 Cell apoptosis and necrosis

Apoptosis is the controlled and energy-dependent process of programmed cell death. Apopto-
sis occurs as a homeostatic mechanism to maintain cell populations in tissues and as a defense
mechanism such as in immune reactions or when cells are damaged by disease or noxious

agents.

During the apoptosis process, morphological changes including cell shrinkage, membrane
blebbing, chromatin condensation and nuclear fragmentation occur (Lowe and Lin, 2000),
which can be recognized by light or electron microscopy. The apoptosis process begins with
cell shrinkage, by which the cells get smaller in size. The cytoplasm is dense and the orga-
nelles are more tightly packed. Pyknosis results from chromatin condensation in the nucleus.
The cytoskeleton of the cell breaks up and causes plasma membrane blebbing. Pyknosis is
followed by karyorrhexis and separation of cell fragments into apoptotic bodies. Apoptotic
bodies consist of cytoplasm with tightly packed organelles with or without a nuclear frag-
ment. These bodies are subsequently phagocytosed and degraded within phagolysosomes
(Elmore, 2007). The apoptosis process affects single cells or small clusters of cells. The apop-
totic cell appears as a round or oval mass with dark eosinophilic cytoplasm and dense purple

nuclear chromatin fragments.


http://en.wikipedia.org/wiki/Programmed_cell_death

Theoretical principles 11

In contrast to apoptosis, necrosis is a toxic, uncontrolled, and passive process, which follows
an energy-independent mode of death. Necrosis usually affects large fields of cells. Necrotic
cell injury is mediated by two main mechanisms; interference with the energy supply of the
cell and direct damage to the cell membranes. Morphological changes that occur with necrosis
include cell swelling, formation of cytoplasmic vacuoles, distended endoplasmic reticulum,
formation of cytoplasmic blebs, condensed, swollen or ruptured mitochondria, disaggregation
and detachment of ribosomes, disrupted organelle membranes, swollen and ruptured lyso-

somes, and eventually disruption of the cell membrane (Elmore, 2007).

2.5 Methods for investigation of cell-substrate adhesion

Cell-substrate adhesion can be recorded electronically by a technique called Electric Cell-
substrate Impedance Sensing (ECIS) on gold electrodes (Lo et al., 1995) (Giaever and Keese,
1991) and by impedance spectroscopy with field-effect transistors (Schéfer et al., 2009). The
ECIS approach is well-known for decades and several commercial systems are applied in bi-

omedical research (AppliedBiophysics, http://www.biophysics.com) (ACEA Biosciences,

http://www.aceabio.com) (Molecular Devices, http://www.moleculardevices.com). However,

due to the sizes of the gold electrodes, a single cell resolution is difficult to realize. The small-
est size of the gold electrodes is 50 um in diameter (Abdurrahman et al., 2007), although 25
pm electrodes can be purchased from some distributors. The downscaling of the gold elec-
trodes is physically limited, due to the fact that the double layer capacitance, which is formed
at the metal-liquid interface, dominates the overall system impedance. The recorded currents
are so small that cable impedance plays a decisive role in this case (Xiao et al., 2002). An
alternative approach, which is intensively studied in this work, is the utilization of open-gate
field-effect transistor devices. Transistors benefit from their very high sensitivity to changes
in surface potential at the liquid-solid interface and their capability of miniaturization in size.
In the following, both methods will be described. Compared to metal microelectrodes FETS

have a much smaller capacitance.


http://www.biophysics.com/
http://www.aceabio.com/
http://www.moleculardevices.com/
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2.5.1 Electric Cell-substrate Impedance Sensing

The ECIS approach, which was invented by I. Giaever and R. C. Keese in 1991, is a real-time,
impedance-based method to investigate adhesion strength of cells. The ECIS approach has
been applied to measure the invasive nature of cancer cells, the barrier function of endothelial
cells, in vitro toxicity, and signal transduction involving G protein—coupled receptors for drug

discovery (AppliedBiophysics, http://www.biophysics.com).

The ECIS system (Figure 2-3) consists of an eight well cell culture dish, with a small working
electrode and a large counter electrode deposited on the bottom of each well, a lock-in ampli-
fier, relays to switch between the different wells, and a personal computer to control the
measurements and to store the data (Figure 2-4).

ECIS Z6 and 16W Array Station

ECISzo

Figure 2-3  a) The ECIS system is composed of a ZO system controller, 16 and/or 96 well
array station, and a computer with integrated software. The 16 well array sta-
tion provides electrical contact for two b) 8 well ECIS arrays. Each well con-
tains a single active electrode (250 um in diameter). The figures were adapted

from AppliedBiophysics (http://www.biophysics.com).

An alternating current signal of amplitude 1V and of frequency 4 kHz is applied through a
series 1 MQ resistor to the electrodes. The impedance is calculated from the change in the

voltage between the electrodes (Wegener et al., 2000) (Giaever and Keese, 1991).


http://www.biophysics.com/
http://www.biophysics.com/
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Cellculture medium

Smallgold 4 kHz Large gold

electrode :I—O counter electrode
i~

— Lock-in amplifier [—

Data acquisition

and processing

Figure 2-4  Schematic view of the ECIS measurement setup.

In order to calculate the specific impedance of a cell-covered electrode, a model based on the
measured specific impedance of a cell-free electrode Z,(v), the specific impedance through
the cell layer Z,(v), and the resistivity of the tissue culture medium p is used. The commonly
used model is based on an earlier publication (Giaever and Keese, 1991). The ionic current
flows in the space between the cell and the substratum can be described according to Kirch-

hoff’s law as:

d?v  1av
2_pP(L 1

L (zn + zm) (2.2)
—P(Vn  Vm

B=t(E+m) 2.3)

where V, is the potential of the electrode, Vy, the potential measured in the solution outside

the cell layer, and h the height of the space between the surface of the cell and the substratum.

The specific impedance for a cell-covered electrode is then given by:

Zn
1 _ 1 Zn Zn+Zm
Zc Zn <Zn+Zm t TreaGro, 2Rp(24-) (2.4)
2 I10ro) “TP\Zy Zm
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where Iy and |, are modified Bessel functions of the first kind of order 0 and 1, i = v—1, and

R, the resistance between the cells for a unit area.

For data interpretation the model can then be fitted and extracred.

1 1 1 1
e [FG ) —an &

For further study of this topic the interested reader should refer to the original publication
(Giaever and Keese, 1991) (Giaever and Keese, 1993).

2.5.2 Transistor transfer function

Another, much newer approach for cell adhesion detection is based on the recording of the
electronic transfer function of the ion-sensitive field-effect transistor (ISFET) devices. This
method was pioneered in the group of Bergveld in 1989 (Schasfoort et al., 1989) for detection
of protein layers and later was applied to other biomolecules (Kharitonov et al., 2001)
(Antonisse et al., 2000) used for testing of encapsulation integrity (Kruise et al., 1992). The
method was then firstly applied to cell-substrate arrays in our former group at the research
center Julich, Germany (Schafer et al., 2009). In this section a simple model is presented

based on (Kharitonov et al., 2001) (Antonisse et al., 2000) to explain the main effects.

The attached cell to the gate of the ISFET device can be represented by the electrically equiv-
alent circuit shown in Figure 2-5. This circuit consists of the ISFET device element, the mem-
brane element and the electrolyte solution resistance. The ISFET device element consists of
the silicon electrode resistance Rg;j, the space charge capacitance Cy, and the gate oxide ca-
pacitance Cox. The membrane element includes the bulk membrane properties (the bulk mem-
brane capacitance Cy and the bulk membrane resistance Ry) and the interfacial properties of
the membrane (the double-layer capacitance at the membrane interface Cq, the charge transfer

resistance at the membrane interface R and the Warburg impedance W).
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Figure 2-5 a) The equivalent circuit of the attached cell to the gate of the ISFET device.
All elements of the circuit are described in the text. b) Simplified equivalent

circuit of the attached cell to the gate of the ISFET device.

In the inversion regime, the space charge capacitance is smaller than the gate oxide capaci-
tance and can therefore be neglected. Also, the silicon electrode resistance as well as the re-
sistance of the electrolyte solution, which are small in comparison to the membrane re-
sistance, can be neglected. At higher frequencies (=5 Hz), the interfacial properties of the
membrane have no important contribution to the impedance features of the system. Hence, the
equivalent circuit shown in Figure 2-5a can be simplified to the equivalent circuit shown in

Figure 2-5b consisting of three elements only.

The voltage applied between the gate and the source of the ISFET Vgs device leads to a drain-

source current Ips. The output voltage Vo is related to the drain-source current as follows:
Vour = =RIps = —RgmVss (2.6)

where R is the electrical resistance in the measuring circuit and g, the transconductance of the
ISFET device.

When a cell membrane is attached to the gate of the ISFET device, the applied voltage be-
tween the gate and the source of the ISFET device Vgs is divided over the cell membrane and
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the gate oxide layer. Therefore, the effective potential difference between the gate and the
source is smaller than the applied voltage. The introduced transfer function H(jw) relates to
the applied voltage and the output voltage as follows:

Vour = _RgmH(jW)VGS (2-7)
. _ 1+ jwRpyCpm
H(Gw) = 1+ jwRy (Cp+Cox) (2.8)

The frequency-dependent transfer function is defined by the three elements of the simplified
equivalent circuit (Figure 2-5b). The theoretical dependence of the transfer function on the
frequency w as well as the method to extrat the time constants 7, and t, is shown in Figure
2-6.

0 4
Log(0.5)

Log|H|

T

Cm
(CM + Cox)

Log(1/t;) Log(1/zy)
—_—3 Logw

Figure 2-6  Theoretical transfer function and the graphical method to extract the time con-

stants.

At low frequencies, the gate oxide capacitance is higher than the membrane capacitance,
therefore the membrane capacitance can be neglected (equation (2.9)). At high frequencies,
because of the dominated contribution of the membrane resistance and the membrane capaci-

tance the gate oxide capacitance can be neglected (equation (2.10)):

71 = Ry (Cy + Cox) ~ Ry Cox (2.9)
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In this thesis (chapter 4) a much more detailed model was developed and it was shown, that in
reality the recorded spectra are not so simple and many other parameters are influencing the
recordings.

2.6 Transimpedance amplifier circuit

One central element influencing the recorded spectra is the choice of the first amplifier circuit.
It is well known that the current of the ISFET device is responsive to changes in the surface
potential of the electrolyte-exposed gate oxide. In order to measure this, a circuit is required,
which converts the drain-source current Ips of the transistor into a voltage, which can be fur-
ther amplified and digitized. A simple circuit, which fulfills this task, is the transimpedance
amplifier (Figure 2-7). The transimpedance amplifier is implemented by an operational ampli-
fier (OPA) and a feedback resistor Reeegback-

Rfeedback

| S |

Vout

o
o

Figure 2-7  The transimpedance amplifier is implemented by an operational amplifier, a

feedback resistor Rreednack aNd a voltage source.

The output voltage Vo of the circuit shown in Figure 2-7 is calculated by:

Vour = Vps + RfeedbackIDS (2.11)
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The frequency spectrum of this circuit is influenced by the choice of the OPA and the size of
Rieedback- It 1S kKnown that for such circuits a swing effect can occur, which can be observed
when recording of the transfer functions. This could be damped by a feedback capacitor in
parallel with the feedback resistor. However, in order to not loose too much information from

the spectra we refrained from this.

2.7 Point contact model

The point contact model was developed by (Regehr et al., 1989) and was later applied to de-
scribe the electrical contact between cell and transistor for recording of action potentials from
neurons and muscle cells. The schematic view of this model is shown in Figure 2-8. It in-
cludes a patch pipette, which is used to measure the intracellular voltage V. The patch pi-
pette is represented by the pipette capacitance Cp and series resistance of pipette Rs. The cell
is divided into the free membrane (FM) and the junction membrane (JM), each represented by
Hodgkin-Huxley elements (Hodgkin and Huxley, 1952). The cleft between cell and transistor
can in a first approach be represented by a seal resistor Rsq, respectively a junction conduct-
ance G;. In addition, the model contains the junction potential V; and the voltage applied to

the source and the ground in the electrolyte solution.
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Figure 2-8  The point contact model for a patch-clamp contacted cell on top of a field-

effect transistor device.

Such models were usually applied to explain fundamental experiments for cell-sensor con-
tacts. In such cases an individual cell was contacted by a patch-clamp electrode in whole cell

mode.

The junction potential for this particular configuration can be related to the intracellular mem-

brane potential by following Kirchhoff’s law in the point of contact:

av;(t) d(Vm@®)-Vv;(®) . _
Cox—gp— + GV (8) = Cpuy Wu®-V,®) —— )4 Y Gh (Vi (®) = V;(6) — Efy) (2.12)

where Cox is the gate oxide capacitance, G}M the conductivity for the ions of the junction

membrane, and E}O the reversal potential of the ions i in the cleft.

For modelling of recorded data this expression can be simplified (Ingebrandt et al., 2005). A

first approximation is that the capacitive current tends towards zero (Cox d‘;’t(t) ~ 0). This is

of course valid when dealing with small frequencies. The junction potential is small compared

to the membrane potential (V](t) 3¢ VM(t)) and can be neglected in the sum terms. The ion
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concentration differences between cleft and the electrolyte solution can be neglected as well

(Ejy = E{). Therefore, the equation (2.12) can be rewritten:

d . .
Vi) = Ry (Con P22 1 3, Gl (Ve () — EY)) (213)
This equation describes the junction potential in a first approximation (Ingebrandt et al.,
2005).

2.8 Basics of semiconductors

Solid-state microelectronic devices, e.g. transistors, are fabricated from semiconductors. The
two important semiconductors are silicon (Si) and germanium (Ge), while silicon is the most
widely used semiconductor material for fabrication of modern devices. In this chapter, the

fundamentals of conduction in semiconductors will be described.

A semiconductor is a material, which electrical conductivity lies between a conductor and an
insulator. Typically, semiconductors have four valence electrons, which can contribute to the
electrical conductivity of a material. When the valence electron gains sufficient energy from
some outside source such as thermal energy, it can break away from the parent atom and be-
come a free electron. When an electric field is applied to a material, the free electrons experi-
ence a net electrical force, which cause them to move. The movement of the electrons due to
the applied electric field is called the electric drift current. The electrons have a certain mobil-
ity in the material p.. In the linear regime of transistors this effect is dominating over diffu-

sion effects. This was the case for all experiments conducted in this thesis.

Semiconductors are mainly classified into two categories: intrinsic and extrinsic. An intrinsic
semiconductor is a pure semiconductor without any dopant molecules. When a semiconductor

is doped with impurities, the semiconductor becomes extrinsic.

When an electron in a semiconductor gets sufficient energy, it can go to the conduction band
and leave behind a hole. Like free electrons, holes have a mobility pu, and exhibit a drift velos-
ity vy, which produces a conduction current J under the influence of an applied eletric field E.
For this total current, unlike as in metals, both charge carrier types need to be taken in ac-

count:
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J=peve + prvi = Ni(He + WR)GE = oE (2.14)
The conductivity o of the intrinsic semiconductor is given by:

o=n;(Ke + Hp)q (2.15)

where n; is the intrinsic concentrations, |, the electron mobility and p, the hole mobility. Be-
cause of the small number of free electrons, the conductivity of an intrinsic semiconductor is
much lower than that of a metal. The conductivity can be increased by adding certain impuri-
ties. There are two classes of impurities: donor impurities (n-type semiconductor) and accep-

tor impurities (p-type semiconductor).

An intrinsic semiconductor doped with a donor impurity (in the case of silicon phosphorus (P)
or arsenic (As)) is called an n-type semiconductor. In Figure 2-9a it is shown that a silicon
atom in the crystal lattice is replaced by a phosphorus atom (donor). Each donor atom has five
valence electrons. The phosphorus atom forms covalent bonds with its four neighboring sili-
con atoms. The fifth valence electron becomes a free electron, which can easily get activated
into the conduction band. The number of free electrons donated by the donor atoms is much
greater than the number of free electrons and holes in the intrinsic semiconductor. Therefore,
the conductivity of the n-type semiconductor is greater that of the intrinsic semiconductor,
which can be precisely controlled by the doping concentration. The semiconductor is called n-

type because the majority carriers have a negative charge.

b)

conduction
electron

Figure 2-9  Schematic view of a) an n-type semiconductor and b) a p-type semiconductor.
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An intrinsic semiconductor doped with an acceptor impurity (in the case of silicon boron (B)
or aluminium (Al)) is called a p-type semiconductor. In Figure 2-9b it is shown that an atom
in the silicon crystal lattice is replaced by a boron atom (acceptor). Each acceptor atom has
three valence electrons. To form four covalent bonds around the boron, one of the electrons in
the silicon valence band can easily get captured to the valence shell of one of the acceptor
atoms, leaving a hole in the remaining silicon lattice behind. Again the number of holes creat-
ed by the acceptor atoms is much greater than the number of free electrons and holes in the
intrinsic semiconductor. Therefore, the conductivity of the p-type semiconductor is greater
that of the intrinsic semiconductor. The semiconductor is called p-type because the majority

carriers have a positive charge.

The conduction current density in a doped semiconductor is given by:

J= (npe + pup)qE = oE (2.16)
The conductivity o of the extrinsic semiconductor is given by:

o=(nWe + PHR)] (2.17)

where n and p are the electron concentration and the hole concentration, respectively.

2.8.1 Fermi-Dirac distribution function and Fermi level

The probability that an electronic state with energy E is occupied by an electron is given by
the Fermi-Dirac distribution function f(E) (Sze, 2002) (Sze, 1981):

1

f(E)= (2.18)

" 1+exp((E—Efp)/kT)

where k is the Boltzmann constant, T the absolute temperature, and E the Fermi energy. The
Fermi energy is the energy at which the probability of occupation by an electron is exactly
one half.

The electron density n (the number of electrons per unit volume) in the conduction band is
given by:

n = N; exp (— M) (2.19)

kT
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where Nc is the effective density of states in the conduction band and given by:

2mmukT 3/2
) (2.20)

NC = 2( h2
where m,, is the electron effective masse and h the Planck constant.
For silicon Nc is 2.8x10" cm™ at room temperature (300 K).

The hole density p in the valence band is given by:

p = Ny exp (- 22) (2.21)

where Ny is the effective density of states in the valence band and given by:

3
anka) /2

Ny =2 (2

(2.22)

where my, is the hole effective masse and h the Planck constant.
For silicon Ny is 1.04x10" cm™ at room temperature (300 K).

For an intrinsic semiconductor, the number of electrons in the conduction band is equal to the
number of holes in the valence band. Hence, the Fermi level of an intrinsic semiconductor lies
approximately in the middle of the bandgap. For an n-type semiconductor, there are more
electrons in the conduction band than there are holes in the valence band. As a result the
probability of finding an electron near the conduction band is larger than the probability of
finding a hole near the valence band. Therefore, the Fermi level lies closer to the conduction
band (Figure 2-10a). For a p-type semiconductor, there are more holes in the valence band
than there are electrons in the conduction band. This means that the probability of finding an
electron near the conduction band is smaller than the probability of finding a hole near the
valence band. Therefore, the Fermi level lies closer to the valence band (Figure 2-10b).
Hence, the Fermi-energy has an important influence on the electrical properties of a semicon-

ductor material.
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Figure 2-10 Fermi level Er lies closer a) to the conduction band Ec for an n-type semicon-

ductor and b) to the valence band Ey, for a p-type semiconductor.

2.9 Metal-oxide-semiconductor field-effect transistor

The field-effect transistor is a transistor that uses an electric field to control the conductivity
of a channel of one type of charge carrier in a semiconductor material. The most widely used
type of the field-effect transistors is the metal-oxide-semiconductor field-effect transistor
(MOSFET). The function of the transistor will be now discussed by considering the example
of a p-channel MOSFET. A schematical view of a p-channel MOSFET is shown in Figure
2-11. A p-type MOSFET is a three-terminal device, which consists of an n-type semiconduc-
tor substrate and two doped p-type semiconductor regions called source and drain. A thin lay-
er of oxide, called the gate oxide, is grown on top of the n-type substrate between source and
drain. The metal contact separated from the semiconductor by the insulating gate oxide is

called the gate.
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1

I

n-substrate

Figure 2-11 A p-type MOSFET is a three-terminal device, which consists of an n-type sem-
iconductor substrate and two doped p-type semiconductor regions (source (S)
and drain (D)). The metal contact is separated from the semiconductor by the
gate oxide (SiO,) and is called the gate (G).

When no voltage is applied to the gate, only a leakage current can flow from source to drain.
This current is driven by electron diffusion through the channel and this conduction region is
called subthreshold region of the transistor. When a negative voltage is applied to the gate, a
surface inversion layer (channel) will be formed between the two p-doped regions. The source
and drain are then connected by a conducting p-channel through which a large drift current
can flow (Figure 2-12). The conductance of this channel can be modulated by varying the gate

voltage.
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Figure 2-12 When a negative bias (Vgs) will be applied to the gate, an inversion channel

will be formed between the two p* regions.

When a small drain voltage (Vps) is applied, the charge carriers (holes) will flow from the
source to the drain through the conducting channel. The drain current (Ips) is proportional to

the drain voltage. This called the linear region of the transistor operation.

When the drain voltage increases, it reaches a point at which the width of the channel is re-

duced to zero. This point is called the pinch-off point (Figure 2-13).

VGS
1 hile
I I||.

Sio,

— — —— \"
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|
|

Figure 2-13  Schematic view of a p-channel MOSFET device in saturation region.
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The total charge induced in the semiconductor per unit area Qs at a distance x from the source
is given by (Sze, 2002) (Sze, 1981):

Qs(x) = —Cox[Vgs — Wo ()] (2.23)

where Wo(x) is the surface potential at x and Cox=gox/d is the gate capacitance per unit area.

The charge in the inversion layer Q, is given by:

Qn(x) = _Cox [VGS - llUO (x)] - QSC(X) (224)

where Qs is the charge in the surface depletion region, which is given by:

Qsc(x) = —y/2eqNy [V (x) + 2] (2.25)

where ¢ is the permittivity, g is the elementary charge, N, is the acceptor concentrations, V(X)
is the reverse bias between the point x and the source electrode, and ®¢ the potential differ-
ence between the actual Fermi level in the silicon between source and drain and the Fermi

level in the intrinsic silicon.

Substituting equation (2.25) in (2.24) and by assumption that ¥, (x) = V(x) + 2¢&; yields:

Qn(x) = _Cox [VGS - V(x) - Z(DF] + \/ZEQNA [V(x) + Z(DF] (226)
The channel conductance g is given by:

w
g = Qul (2.27)
where |Q,,| is the total charge per unit area in the inversion layer.

The channel resistance R of an elemental section dx is given by:

dx

AR = o (2.28)
and the voltage drop across the elemental section is given by:

_ — Ipsdx
dV = IpsdR TN (2.29)

where Ips is the drain-source current. Substituting equation (2.26) into equation (2.29) and

integrating from the source to the drain yields:

Ips = 0o Cox {(VGS — 205 = 75) Vps — 2XELA (15 + 20p) /2 — (2(DF)3/2]} (2.30)

Cox
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For the case of a small drain-source voltage Vps (Vps < (Vg5 — Vrp)) equation (2.30) reduces

to:
Ips = “%Cox(VGS = Vrn)Vps (2.31)
where V, is the threshold voltage given by:

V2eaNaQRPr) | 20, (2.32)

ox

Ve =

The transconductance g, is given by:

_ dIDS
m ™ Gves

= u%coxVDS (2.33)

For drain-source voltages larger than the drain-source voltage at the pinch-off point Vg we

have the saturation region:

2
Vosar = Vas — 205 + S22 (1 ~- 1+ M) (2.34)

0x gqN 4
In this saturation region the drain-source current Ipgy iS given by:
w 2
Ipsar = p—zcox(VGS - VTh) (2-35)
The transconductance in this region gn, is then:
w
Im = urcox(VGS - VTh) (2-36)

Throughout this thesis the sensors were always operated in this saturation region. Equations

(2.35) and (2.36) are therefore important for later modelling of the recordings.

2.10 lon-sensitive field-effect transistor

The ion-sensitive field-effect transistor (ISFET) was developed from the MOSFET by replac-
ing the metal gate electrode with a liquid solution and a reference electrode (Figure 2-14)
(Bergveld, 2003). Therefore, a very good and dense passivation layer on the source and drain
contact lines is required for a reliable operation of the devices in the different electrolyte solu-

tions.
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Figure 2-14 Schematic view of a p-channel ISFET device in saturation region. The metal
gate electrode is replaced by a liquid solution (electrolyte) and a reference elec-

trode immersed in the electrolyte.

The drain-source current Ips in the unsaturated region is given by:

w Yg Qgst0Q,, @ 1
Ips =1 Cox {(VGS - (Eref — Vot Xgo1 — i SSCT - C_i + 2¢F)> Vps — EVDZS}

(2.37)

where 1 is the average electron mobiliy in the channel, W the width of the gate, L the length
of the gate, C,4 the capacitance of the gate oxide, Ers the contribution of the reference elec-
trode, W, the electrostatic potential at the surface, x,; the surface dipole potential of the solu-
tion, Wg; the silicon electron work function, g the elementary charge, Qss the charges located
in surface states and interface states, Q. the charges located in the oxide, Qg the depletion
charge, and @ the potential difference between the Fermi levels of the doped and the intrin-
sic silicon. All parameters are constant except the electrostatic potential ¥, at the surface.
Therefore, changes in the drain-source current Ips are attributed to changes in the electrostatic
potential (van Hal et al., 1995).

The threshold voltage of a MOSFET is determined by material properties such as the work-

function and charge accumulation. It is therefore composed of much less parameters. The
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threshold voltage of an ISFET contains terms which reflect the interfaces between the liquid

and the gate oxide on the one side and the liquid and the reference electrode at the other side.

¥si Qss+Qox Q
Vrn = Eref — Yo + Xso1 — TS —=SStex B 4 2Pp (2.38)

COX COX

Compared to equation (2.32) this is a more complicated expression. For ISFETSs, however,
these interface effects are explained for sensing purposes.

2.10.1 The oxide-electrolyte interface

The surface of silicon dioxide contains SiOH groups, which may donate or accept a proton
from the solution, leaving a negatively charged or a positively charged surface group respec-
tively. The site-binding model describes the equilibrium between the amphoteric SiOH sur-

face sites and the H" ions in the solution (Bergveld, 2003).

SiOH < SiO™ + H}

SiOHS < SiOH + H}

where HZ are the protons in the bulk solution (van Hal et al., 1995) (Bergveld, 2003).

The activity of the bulk protons a,,+ is related to the activity of the protons in the direct vi-

cinity of the oxide surface a;;:

b4
Ay = Apgexp <_ 1 O/kT> (2.39)

The relation between the activity of the protons at the oxide surface Ayt and the surface

charge density g is given in terms of the total number of available sites Ns and the intrinsic

dissociation constants K, and Kj:

a12_1+—KaKb
0o = qNg <Ka S ) (2.40)

Kp+Kpa ++a2
HS H}'
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The effect of a small change in the surface proton activity on the surface charge density is

given by:
dO'O _ dB _ )
apHs dpHs qPBint (2.41)

where the change in Ayt Is expressed in its corresponding pHs the resulting change in g, in

the change in the net number B of basic groups and S;,; is the buffer capacity of the oxide

surface.

The two opposite charges, the surface charge g, and the charge in the electrolyte a,;, form the

integral double-layer capacitance Cyj ;:
Oy = —0g = —Cq1,;¥ (2.42)

The integral double-layer capacitance Cq i can be calculated using the Gouy-Chapman-Stern
model (van Hal et al., 1995) (Bergveld, 2003). In this model, the double-layer capacitance
comprises a series network of a Helmholtz-layer capacitance (the Stern capacitance) and a
diffuse—layer capacitance.

The charge in the diffuse layer o; is given by:

04 = —+/8kTe,eun® sinh (%) (2.43)

where ¥ is the potential at the distance xy, a plane of closest approach for the centres of the
ions, n® the concentrations of each ion in the bulk solution in number, z the valence of the

ions.

The difference between the potential ¥; at x4 and the surface potential ¥, is the potential

difference across the Stern capacitance Csterm:

Wy =W — oo =W -t (2.44)

Cstern Eréo

With equations (2.43) and (2.44), the integral double-layer capacitance can be calculated as a

function of ¥, and the electrolyte concentration:

dw, dw,

where Cgis is the differential double-layer capacitance.
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1 _d¥ 1 1

Cair dog Cstern \/251’5022412710 osh(qupl)
kT 2kT

(2.46)

Combining equations (2.41) and (2.45) shows the effect of a small change in the surface pH
(pHs) on the change in the surface potential:

d% — d¥ . dog — —qBint (2 47)
dpHg dog dpHs Cair '

The general expression for the pH sensitivity of an ISFET is given by:

d¥, kT

o= —23% (2.48)
with
1
A= —53wreg; (2.49)
14—
9“Bint

where « is a dimensionless sensitivity parameter that varies between 0 and 1. If a=1 meaning
an ideal pH sensor, the ISFET has a sensitivity of — 59.2 mV/pH at 298 K, which is the max-
imum achievable sensitivity (Bergveld, 2003).

For the experiments done in this thesis always physiological buffer solutions were used. In
this case the double layer capacitance becomes large compared to the capacitance of the gate
oxide. Therefore the double layer capacitance could be excluded for the modelling of the

spectra in chapter 4.

2.11 Organic semiconductor materials

Organic semiconductors are generally divided into semiconducting small molecules and or-
ganic polymers (Britting and Rief3, 2008) (Britting, 2005). Both have a conjugated n-electron
system. This exists if in a hydrocarbon double or triple bonds between the carbon atoms oc-
cur. The simplest instance is the ethylene molecule, which has a double bond between the
carbons. A double bond consists of one ¢ bond and one = bond. In ethylene each carbon atom
has three sp? orbitals, which is the combination of one s-orbitals with only two p-orbitals (py
and py), and one p orbital. The three sp? orbitals lie in a plane with an angle of 120°. By over-

lapping of two of the sp? orbitals forms a ¢ bond while two p, orbitals together form a = bond.


https://en.wikipedia.org/wiki/Ethylene
https://en.wikipedia.org/wiki/Orbital_hybridization#sp2_hybrids
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The = bond is significantly weaker than the o bond. Consequently, for unsaturated hydrocar-
bons the energy gap between the Highest Occupied Molecular Orbital (HOMO) and the Low-
est Unoccupied Molecular Orbital (LUMO) is significantly smaller than for saturated bonds.
Typical values of this energy gap lie in the range from 1.5 to 3 eV. Organic semiconductors
are van-der-Waals bonded in comparison to covalently bonded inorganic semiconductors.
Usually, the electronic excited states are located on one molecule, what leads to peculiarities
in optical features and charge carrier transport. The lowest optical transition is the excitation
of an electron from the occupied = orbital into an unoccupied =n* orbital (Figure 2-15). As a
result, the emerged electron-hole pair is strongly bound and is located on one and the same

molecule, which is denoted as Frenkel exciton.

o°- orbital
} antibonding orbitals
1"~ orbital
. )
= I
h - - -
Q optical excitation
= I
w
ﬂf I - orbital
} bonding orbitals
Al - i
¥ o- orbital

Figure 2-15 Energy level scheme of a © conjugated molecule. The lowest electronic excita-
tion is between the bonding = orbital and the antibonding x* orbital.

The binding energy of this exciton is typically 0.5 eV. This value is large in contrast to the
thermal energy at room temperature so that the absorption of light in organic semiconductors
leads initially to Frenkel exciton. In order to separate the excitons, an electric field must re-
move the positive and negative charges as far from each other that the Coulomb force will be
smaller than the thermal energy. Beside excitons in organic semiconductors there are also
charged states, which are movable and thus allow electrical current flow. However, this

charge carrier transport is by many orders smaller compared to inorganic semiconductors.

Organic semiconductors show lattice vibrations at relatively small energy levels, which are
excited much stronger as in inorganic semiconductors and contribute to the distribution of the

charge carriers.
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In addition, there are well-defined spin states in organic semiconductors. The ground state is a
singlet state with total spin O, while in the first electronic excited state the total spin could be 0
(singlet S;) or 1 with the multiplicity 3 (triplet T;). Because of the Pauli exclusion principle
the energy of the T, state is usually less as the energy of the S; state (Figure 2-16). The transi-
tion from the singlet state S; to the triplet state T, by intersystem crossing is spin forbidden,
equally the transition from the triplet state T, into the ground state So. Therefore, optical tran-
sitions are possible only within the singlet systems. The absorption factor for the transition
So—3S; is large and the fluorescence period for the reverse process S;—Sy is very short and
lies in the nanosecond range. If a molecule is located in the triplet state, the transition to the
ground state, also called the phosphorescence, is normally not allowed. The lifetime of this
state is essential longer (in the millisecond range).
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Figure 2-16 Energy level scheme for singlet and triplet states in an organic molecule with
the respective optical transitions. The scheme contains absorption (blue), fluo-

rescence (green) and phosphorescence (red) energy levels.

Generally, organic semiconductors are low-molecular weight organic materials and polymers
with a conjugated n-electron system. This exists if in one hydrocarbon element between the C
atoms a double or triple bond occurs. Organic semiconductor materials differ from inorganic

materials in optical, charge carrier transport, electronic, chemical and structural properties.

The fundamental difference between inorganic and organic semiconductor materials is the
bonding. In organic semiconductors, the bonding is van der Waals, which is considerably
weaker as compared to the covalent bonding prevailing in inorganic semiconductors. As a
consequence, organic semiconductors differ from inorganic in optical properties and charge

carrier transport. In comparison to inorganic semiconductor materials, organic semiconductors
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have two important characteristics. One of the differences is the existence of the spin states
(singlet and triplet) and another one is that optical excitations are localized on one molecule.
As a result they have a considerable binding energy. Band transport will be observed in mo-
lecular solids at low temperatures. Because the bandwidth is small, the mobility values are in
the range 1 to 10 cm?/V-s. For amorphous organic solids hopping transport prevails, which

leads to even smaller mobility values of 10 cm?/Vs.

2.12 Transistor devices based on organic semiconductor

materials

The use of organic semiconductors for sensors fabrication is a very interesting option because
of the potential for much cheaper processing as printed electronic devices. They showed ex-
cellent performance in different electronic devices, including organic light-emitting diodes
(OLEDs), organic solar cells, and organic thin-film transistors (OTFTs) (Lin and Yan, 2012).
OTFTs can be divided into two types of transistors: organic field-effect transistors (OFET)

and organic electrochemical transistors (OECT).

2.12.1 Organic field-effect transistor devices

An organic field-effect transistor (OFET) device is composed of source, drain and gate elec-
trodes, a gate dielectric and an organic semiconductor. This is very similar to the previously
discussed MOSFET. By application of the drain-source voltage Vps the channel current Ips of
an OFET device flows through the organic semiconductor due to the charge carrier transport.
The channel current Ips of an OFET can be modulated by the gate voltage due to the field-

effect doping and is given by (Lin and Yan, 2012):

w
Ips = HTCi(VGs — Vrn)Vps when Vpg K Vg — Vrp (2.50)

and

w
Ips = HZCL'(VGS ~ Vrn)? when Vps > Vs — Vg (2.51)
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where p is the carrier mobility, W the width and L the length of the channel, C; the capaci-
tance of the gate insulator, Vs the gate-source voltage, and V1, the threshold voltage, which
is related to the dopping level of the channel. The threshold voltage is changed due to doping
effect of the analytes. The carrier mobilityof the OFET can be changed due to the diffusion of
analyte through the semiconductor grain boundaries (Lin and Yan, 2012) (Roberts et al.,
2008).

2.12.2 Organic electrochemical transistor devices

An organic electrochemical transistor (OECT) device is composed of source and drain elec-
trodes, which are connected via an organic polymer. The third electrode, the gate, is in contact
with the organic polymer by an electrolyte (Kergoat et al., 2012). OECT devices operate at
low voltages (below 1 V). The channel current Ips of an OECT device can be modulated by
the gate voltage due to the electrochemical doping and de-doping of the organic polymer by
the electrolyte (Lin and Yan, 2012). The channel current Ips is given by:

Ips = %(Vp — VI + 228) v when [Vps| < [V, = V7| (2.52)

where q is the electronic charge, p the hole mobility, po the initial hole density in the organic
semiconductor when gate voltage is zero, W the width and L the length of the channel, t the
thickness of the active layer, V, the pinch-off voltage, which is given by:

t
v, =12 (2.53)

Ci
where C; is the effective gate capacitance of the transistor.
The effective voltage Vg‘*ff in equation (2.52) is given by:
Vil = Vo 4 Vogpeer (2.54)

where Vst 1S the offset voltage related to potential drop at the gate/electrolyte interface and

the electrolyte/channel interface.
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2.13 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) is the mostly used
organic polymer for biological and chemical sensing applications (Kergoat et al., 2012). PE-
DOT:PSS is composed of two components: polystyrene sulfonate, which carries a negative
charge, and poly(3,4-ethylenedioxythiophene), which is based on polythiophene and carries a

positive charges (Figure 2-17).

I\

SO,

Figure 2-17 The schemical structure of PEDOT:PSS.

2.13.1 The operation principle of the PEDOT:PSS based tran-

sistors

PEDOT:PSS is able to conduct both electrons and ions (Basiric, 2012). When the PE-
DOT:PSS film is in contact with an electrolyte, the ions (predominantly cations) from this
electrolyte enter the PEDOT:PSS film and the conduction of the material increases.

By application of a small positive gate voltage, cations from the electrolyte enter the PE-
DOT:PSS film and reduce the PEDOT component to its neutral state (equation (2.55), direc-
tion from left to right). This results in the electrochemical de-doping of the PEDOT:PSS film,
thus in the decrease of the channel current. In this thesis, an electronic circuit in conjunction
with an ionic circuit was used to describe the device behavior. The density and mobility of the
holes have an influence on the electronic transport. The ions in the electrolyte determine the

ionic transport.


http://en.wikipedia.org/wiki/Sodium_polystyrene_sulfonate
http://en.wikipedia.org/wiki/Poly%283,4-ethylenedioxythiophene%29
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The reduction of the highly conducting form of PEDOT" to the less conducting form of PE-
DOT? is reversible and given by (Nikolou and Malliaras, 2008):

PEDOT* : PPS™ + M* + e~ & PEDOT? + M*: PSS~ (2.55)

where M™ is a cation in the electrolyte and €™ is an electron (Nikolou and Malliaras, 2008).
The reduction of the PEDOT:PSS film is operated by the migration of cations into the chan-
nel. When a small positive gate voltage will be removed, the cations diffuse back into the

electrolyte (equation (2.55), direction from right to left).

2.13.2 Conductivity of PEDOT:PSS

PEDOT:PSS is a water-soluble, conductive polymer. Therefore its usage for ISFET applica-
tions is delicate. Some studies showed that treatment of a PEDOT:PSS film with organic sol-
vents, such as ethylene glycol (Ouyang et al., 2004) (Basirico et al., 2012) (Basiric, 2012) or
glycerol (Tsukada et al., 2012), leads to its insolubility in water. (Ouyang et al., 2004) ex-
plained the solubiliy change of the PEDOT:PSS film after treatment with ethylene glycol
(EG) by an increase of the interchain interaction. By means of Raman spectroscopy it was
shown that a change of the PEDOT chains from the coil to linear structure occurs. Figure 2-18
shows the changes of the structure of the PEDOT chains from a benzoid to a quinoid struc-
ture, where the benzoid structure is favorable for a coil conformation and the quinoid structure

is favorable for a linear structure, respectively.

The benzoid structure is favored for a coil conformation of the PEDOT chain, while the quin-
oid structure is favored for a linear or expanded-coil conformation. Since the interaction forc-
es among the PEDOT chains in the linear structure are stronger than those in the coil struc-
ture, such transformation leads to an increase of the interchain interaction, resulting in both

conductivity enhancement and insolubility of PEDOT:PSS film coated with EG.
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Figure 2-18 Scheme of transformation of the PEDOT chain from the benzoid to the quinoid

structure. The ‘dot’ and ‘plus’ represents the unpaired electron and positive

charge on the PEDOT chain, respectively.

(Yamashita et al., 2011) explained the influence of the organic solvent (ethylene glycol) on

the carrier density and mobility in the PEDOT:PSS film through the combination of terahertz

time-domain spectroscopy and the broadband reflectance spectroscopy.
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Chapter 3

3 Materials and methods

In this chapter, the silicon-based as well as the organic field-effect transistor devices, the
measurement setups for recording of the transfer functions (impedance spectra) of the indi-
vidual cells adhered on top of the FET devices, the chip encapsulation and the chip cleaning

protocols, as well as the cell types used in this work will be introduced.

3.1 Design of the silicon-based field-effect transistor

devices

In this section, two generations of silicon-based p-channel open-gate field-effect transistor
devices used to study the single cell-substrate adhesion will be presented. During the period of
implementation of this thesis a new generation of the FET devices was designed and fabricat-
ed in due consideration of the results, which were obtained from the simulations performed
for optimization of the device performance. These simulations will be presented in chapter 4
(section 4.4). For optimized device performance the ratio of gate width to gate length was
increased, the thickness of the gate silicon dioxide was downscaled, as well as the thickness of
the silicon oxide passivation layer on the contact lines was decreased. This enabled an almost

flat surface of the FET devices for single cell adhesion experiments and for single cell migra-
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tion studies. The topography of the gate areas in both FET designs will be compared by atom-
ic force microscopy measurements (Dimension 3100, Digital Instruments Veeco Metrology,
Santa Barbara, USA) and scanning electron microscopy measurements (Carl Zeiss AG, Supra
40, Germany). The measurements were carried out in tapping mode with a scanned area of
about 50x50 pm?. The detailed fabrication process of these devices can be found in the ap-

pendix.

3.1.1 Previous generation of the FET devices

The previous generation of the FET devices was fabricated at the Max-Planck Institute for
Polymer Research Mainz, Germany in an earlier project. The FETs were arranged in a 4x4
array with a distance of 200 um between individual transistors (pitch) in the center of a 5x5
um? silicon chip. The gate dimensions were 5 um in length, 16 pm in width, and the thickness
of the gate silicon dioxide was 8 nm (Krause, 2000). In Figure 3-1 the colored scanning elec-

tron microscope (SEM) image of a single gate structure of this chip design is presented.

Figure 3-1  Colored scanning electron microscope image of a single gate structure of the
previous chip design. The gate dimension of this layout is 5x16 pm?.

In Figure 3-2 the atomic force microscopy (AFM) image of the gate structure of the previous
FET device and the line scans along (blue line) and across (green line) the gate structure are

shown. The line scan along the gate structure gives the information about the edge heights
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between the field oxide layer (pale blue area on Figure 3-1), the ONO (silicon oxide layer -
silicon nitride layer - silicon oxide layer) passivation layer (the green area on Figure 3-1 is the
opening of this ONO stack) and the gate oxide layer (pale green area on Figure 3-1). Thus, the
thickness of the field oxide layer amounts to 1.3 um and the thickness of the passivation layer
290 nm in the measurement. This step height is a combination of the remaining field oxide
layer and the deposited nitride and oxide layers. Details can be found elsewhere (Krause,
2000). The line scan across the gate structure gives the information about the edge heights
between the conducting lines for source and drain (dark blue area on Figure 3-1), the ONO-
stack passivation layer (green area on Figure 3-1) and the gate oxide layer (pale green area on
Figure 3-1). Thus, the height of the conducting lines for source and drain amounts to 480 nm.
The values achieved by these AFM measurements correspond the proposed values for fabrica-
tion process (appendix). This results in a quite large topography on the chip surface. There-

fore, cells preferentially adhered to edges and grooves of this chip design (Figure 4-36a).
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Figure 3-2  Atomic force microscopy image of the gate area of the previous FET design.
The scanning area was about 50x50 um?. The thickness of the field oxide layer
amounts to 1.3 um and the thickness of the passivation layer 290 nm (the val-
ues were achieved from the scan along the gate structure (blue line)). The
height of the conducting lines for source and drain amounts to 480 nm (the val-

ue was achieved from the scan across the gate structure (green line)).
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3.1.2 New generation of the FET devices

The new generation of the FET devices was fabricated at the University of Applied Sciences
Kaiserslautern in Zweibrticken, Germany during the time of this thesis. The FETs were ar-
ranged in a 4x4 array with a distance of 200 um between individual transistors (pitch) in the
center of a 7x7 um? chip. The gate dimensions were 5 pm in length, 25 pm in width, and the
thickness of the gate silicon oxide was reduced to 6 nm. In Figure 3-3 the colored SEM image

of a single gate structure of the new chip design is shown.
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Figure 3-3  Colored scanning electron microscope image of a single gate structure of the

new chip design. The gate dimension is 5x25 pm?.

Also, for the new FET device design AFM measurements were performed (Figure 3-4). The
line scan along the gate structure gives the information about the passivation layer (pale blue
area on Figure 3-3) and the gate oxide layer (green area on Figure 3-3). Thus, the thickness of
the passivation layer amounts to 220 nm. The line scan across the gate structure gives the in-
formation about the edge heights between the conducting lines for source and drain (dark blue
area on Figure 3-3) and the gate oxide layer (green area on Figure 3-3). Thus, the height of the
conducting lines for source and drain amounts to about 200 nm as well. The values achieved
by AFM measurement correspond the proposed values for the fabrication process (appendix).
As it can be seen, a much flatter chip surface for the new FET devices was achieved in this
process. Therefore, cells adhered uniformly on the whole surface of these devices (Figure
4-36b).
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For cell-substrate adhesion and migration experiments, the surface topography is very im-
portant because it has an influence on the general cell morphology and thus the seal resistance
Rseal- The flatter the transistor surface the stronger is the electronic coupling strength as well

(Voelker and Fromherz, 2006).
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Atomic force microscopy image of the gate area of the new FET design. A

Figure 3-4
scanning area is about 50x50 pm?. The thickness of the passivation layer is 220

nm (the value was achieved from the scan along the gate structure (blue line)),
the height of the conducting lines for source and drain about 200 nm (the value

was achieved from the scan across the gate structure (green line)).
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3.2 Design of the organic electrochemical transistor

devices

The organic electrochemical transistor (OECT) devices were fabricated at the University of

Applied Sciences Kaiserslautern in Zweibrticken, Germany.

Due to the fact that the carrier mobility and respective the conductivity (equation (2.15)) of
the organic semiconductor materials is essentially smaller than the carrier mobility of inorgan-
ic semiconductor materials (for comparison ps; = 450 cm?/V-s and ppepotpss = 0.15 cm?/V-s
and after treatment with ethylene glycol (EG) Weepotess = 3.6 cm?/V-s (Yamashita et al.,
2011)), the drain and source electrodes were designed in form of interdigitated electrodes
(IDEs) in order to increase the transconductance and respectively to improve the bandwidth of
the devices.

The interdigitated sensor structure is explained in Figure 3-5 by taking the example of a multi-
finger design (two interdigitated electrodes on each side). The distance between the drain and
source electrodes was denoted as gap, the width on which the drain and source electrodes are
opposing each other is denoted as W (the finger width) and the width of the interdigitated
electrode is denoted as L (the finger length). For such multi-finger design, the finger width W

is the sum about each individual channel.

source
gate area
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Figure 3-5  The interdigitated sensor structure of two interdigitated source and drain elec-

trodes with defining channel length L and width W dimensions.
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The interdigitated sensor structures were arranged in a 4x4 array with a distance of 500 um
between individual IDEs (pitch) in the center of a 7x7 um? glass chip. Different designs of the
IDEs (single- and multi-finger designs) were used to find out the optimal structure for cell
adhesion measurements. In Figure 3-6 the layout of the OECT devices with the finger length

of 5 um, the gap of 6 um, different number of IDEs, and different gate areas are presented.

3.3 New design of the organic electrochemical transistor

devices

In due consideration of the results obtained from the performed measurements of the cell ad-
hesion on the fabricated OECT devices (chapter 5, section 5.4), the new generation of the

OECT devices was designed during the time of this thesis.

Compared to the FET devices based on silicon, the OECT devices have a small cutoff fre-
quency (chapter 5, section 5.3 and section 5.4). For the FET devices based on silicon, in order
to increase the cutoff frequency the channel length should be scaled-down:

n(Ves—Vtn)
feutorr = % (3-1)

A smaller channel length L will improve the performance of the transistor by increasing the
transconductance (L™) and the cutoff frequency (L?). For the OECT devices this will be de-

termined.

In the new design, the interdigitated sensor structures were arranged in a 8x8 array and in a
2x16 array (for monitoring of the cell migration) with a distance of 200 um between individ-
ual IDEs (pitch) in the center of a 7x7 pm? glass chip. Moreover, the gate area was decreased
to the size of an individual cell, the number of IDEs was increased whereas the finger length
was downscaled. In Figure 3-7 the layout of the new generation of the OECT devices with the
finger length similar the gap of 0.3 pm and the gate area of 50x50 pm? and 30x30 pm? are

presented.
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a)

Figure 3-6

T

EWECR

Layout of the 16 channel organic electrochemical transistor (OECT) arrays. a)
8 interdigitated source and drain electrodes with the gate area (red area) of
200x200 pm? b) 4 interdigitated source and drain electrodes with the gate area
of 100x100 um? c) single interdigitated source and drain electrode with the
gate area of 100x10 pm? d) single interdigitated source and drain electrode

with the gate area of 50x50 pm>.
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Figure 3-7  a) Layout of the 64 channels organic electrochemical transistor (OECT) array

with 40 interdigitated source and drain electrodes and the gate area of 50x50
um? b) Layout of the 64 channel organic electrochemical transistor (OECT)
array with 25 interdigitated source and drain electrodes and the gate area of
30x30 um? c) Layout of the 32 channel organic electrochemical transistor
(OECT) array with 40 interdigitated source and drain electrodes and the gate
area of 50x50 pm?.
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3.4 Fabrication process of the OECT devices

The OECT devices were fabricated on glass substrates at the University of Applied Sciences
Kaiserslautern ~ in  Zweibrlicken, = Germany, during this thesis.  Poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) was used as an

active layer.

Figure 3-8 shows a schematic cross-section of the fabricated OECT devices.

S0, e (510

glass substrate

Figure 3-8  Schematic view of the cross-section of the fabricated OECT devices.

First, a 4x4 array of gold interdigitated source and drain electrodes were patterned onto the
glass substrates by a lift-off process. After passivation of the gold contact lines by plasma-
enhanced chemical vapor deposition (PECVD) (600 nm of silicon dioxide), the interdigitated
electrode areas were opened and used as the electric contact to the polymer layer. The PE-
DOT:PSS solution (Orgacon 1J-1005, Sigma Aldrich, Germany) was inkjet-printed on top of
the interdigitated electrodes by a material printer Fujifilm Dimatix Material Printer 2800
(DMP-2800) using a DMC-16610 cartridge (Figure 3-9). Before printing the PEDOT:PSS
solution was filtered with a 0.45 um syringe filter in order to avoid eventual blockage of the
cartridge nozzles. Two subsequent layers of PEDOT:PSS (the thickness of one layer was
about 60 nm) with a drop spacing of 20 um were inkjet-printed. After printing, devices were
subsequently annealed in vacuum environment at 120° C for four hours. A thin layer of eth-
ylene glycol (Sigma Aldrich, Germany) was then spin coated on top of the PEDOT:PSS film

and subsequently annealed at 120° C for 14 hours as well.
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Figure 3-9  Microscopic image of the printed PEDOT:PSS solution on top of the interdigi-
tated electrodes (IDEs) a) 8 IDEs, gate area of 200x200 um? b) 4 IDEs, gate
area of 100x100 pm? ¢) 1 IDE, gate area of 100x10 pm? d) 1 IDE, gate area of
50x50 pm?.

b)

Figure 3-10 a) Picture of the Dimatix Materials Printer 2800 (DMP-2800) was adapted
from (“FUJIFILM Dimatix Materials Printer DMP-2800 Series User Manual,”
2010) b) Picture of the cartridge (DMC-16610), which consists of a plastic bag
acting as ink reservoir and the printhead, was adapted from (“FUJIFILM
Dimatix Materials Printer DMP-2800 Series User Manual,” 2010).
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3.4.1 Dimatix Materials Printer

The inkjet printer (Dimatix Materials Printer 2800 (DMP-2800), FUJIFILM, USA) used for
the fabrication of OECT devices is shown in Figure 3-10a. The system is controlled by an
application software and allows the deposition of fluidic materials on substrates, utilizing a
piezo inkjet cartridge. The cartridge consists of a plastic bag which acts as ink reservoir and a
printhead, where 16 nozzles linearly spaced at 254 microns with typical drop sizes of 1 and 10

picoliters (Figure 3-10b).

The printer can create and define patterns over an area of about 200x300 mm? and handle
substrates up to 25 mm thick with an adjustable height. The DMP-2800 offers a variety of
patterns using a pattern editor program. Additionally, a waveform editor and a drop-watch
camera system allows manipulation of the electronic pulses to the piezo jetting device for
optimization of the drop characteristics as it is ejected from the nozzle (“FUJIFILM Dimatix
Materials Printer DMP-2800 Series User Manual,” 2010). It was therefore ideally suited for
fabrication of the PEDOT:PSS OECT devices in a swift and easy manner.

Monitoring and adjusting the ink jets was possible by using the Drop Watcher Camera Sys-
tem. This system allowed viewing of the jetting if the jets have single, spherical drop, their

direction was perpendicular to the nozzle plate and parallel to each another.

The Fluidical Camera is a tool consisting of a camera, mounted on the print carriage able to
frame all parts of the substrate. For OECT fabrication the camera was used to align a pattern

on a substrate and after printing to check the print quality.

3.5 Encapsulation of the FET devices

All devices were encapsulated for cell culture as previously described by (Offenhdusser et al.,
1997) (Ingebrandt et al., 2003). First, the FET devices were cleaned in an ultrasonic bath by
three steps (twice in acetone and then in isopropyl, 5 min in each case). Then, the chips were
glued with two components of epoxy glue (EPO-TEC 377 1LB Kit, Epoxy Technology Inc.,
USA) to 68-pin LCC (Leaded Chip Carrier) carriers (Global chip Materials, LLC, USA).
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Next, the contacts from chip to carrier were done by wirebonding with aluminium wire (Al/Si
1%, 25 pm in diameter) using the wedge-wedge wire bonding machine (West Bond Inc.,
USA). Afterwards, the glass rings were glued onto the carriers and the funnels (2.8 mm in
diameter) onto the chips. Hence, the area for cell culture experiments was provided. The fun-
nels were made by mould technique using two components of the adhesive (SYLGARD 184,
Dow Corning, Germany). The free volume between glass ring and funnel was filled with iso-
lating polydimethylsiloxan (PDMS) glue (SYLGARD 184, Dow Corning, Germany) to pre-
vent shortcuts between bondwires and electrolyte bath. The complete encapsulated FET chip

is shown in Figure 3-11b.

a i =
) glass ring 68-pin LCC (Leaded Chip :

Carrier) carrier

Figure 3-11 a) Parts for encapsulation: 68-pin LCC carrier, FET chip, glass ring and the
funnel. b) The complete encapsulated FET chip.

3.6 Reference electrode

A self-made silver/silver chloride (Ag/AgCl) wire was used as a reference electrode in this

thesis.

The Ag/AgCI electrode was produced by means of electrolysis. The purpose of the chlorina-
tion is to reduce the characteristic impedance of the electrode to a minimum. In the Ag/AgClI

electrode occur only minimal resistance or voltage efficient changes (Ziersch, 1999).

A reference electrode should ideally maintain a constant potential in a solution preferably
independent of external influences over the longest period. This ensures that all the observed

potential changes occur at the working electrode due to electrochemical processes (Wiest,
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2008). The stability of the reference electrode is very important for all electrochemical meas-
urements. A high stability of electrode reference potentials can be achieved using a redox sys-
tem with constant concentrations of the participants of the redox reaction (Santoro et al.,
2012). The salt concentration in an extracellular solution is maintained roughly at a constant
value. Therefore, the silver chloride electrode exhibits a stable potential for electrical cell

measurements.

3.7 Measurement setups

In this section, two measurement setups, namely the transistor transfer function (TTF) ampli-
fier system and the within the scope of this work newly developed amplifier system with a
fast lock-in amplifier (HF2LI, Zirich Instruments, Switzerland) (Figure 3-12) are described.
The main goal of the development of the new amplifier system was the achievement of the
higher bandwidth.

The transfer functions (impedance spectra) measured with the TTF amplifier system show
only the real part of the transfer function:

H(jw) cos(p(w)) (3.2)

The transfer functions (impedance spectra) measured with the lock-in amplifier system are
represented as bode plots with frequency-dependent amplitude |H(jw)| and phase e/¢™> com-

ponents.

The HF2L1 gives the transfer function of a device in the form of a Bode plot. The measured
spectrum is saved in cartesian components (“HF2 User Manual,” 2014). By data evaluation

the cartesian components (x and y) will be converted to the polar components (r and ¢) by:

= Y 63
(@ = arctan (y) (3.4)

X

where r is the amplitude of the transfer function and ¢ the phase of the transfer function.
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Figure 3-12 Lock-in amplifier HF2LI. The image is accepted from (“HF2 User Manual,”

2014)

3.7.1 Transistor transfer function amplifier system

The transistor transfer function (TTF) amplifier system was already described in previous
works (Ingebrandt et al., 2005) (Ingebrandt et al., 2007) (Schéfer et al., 2009). This portable,
16-channel amplifier system, which can be operated in potentiometric and impedimetric
mode, was used to characterize the FET devices, to measure the frequency-dependent transis-
tor transfer functions and to record the time-dependent data by selection of only one fixed

frequency.
Potentiometric readout

A 16-channel amplifier system is composed of a preamplifier, a main amplifier and a micro-
processor. The schematic view of the amplifier circuit for potentiometric readout is shown in
Figure 3-13 (Han, 2006).
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Figure 3-13 The schematic view of the amplifier circuit for potentiometric readout. In the
schematic view, digital to analog convertes (DAC) are providing the source

voltage Vs, the drain voltage Vp and the compensation voltage Vcomp.

By a first stage in the preamplifier, changes in the drain-source current Alps will be converted

into voltages:

AVoue = _RfeedbackAIDS (3.5)

By a second stage in the main amplifier, the signals will be amplified by selecting x1, x10,
x30 or x100 amplification factor, respectively. At the beginning of the time-dependent poten-
tiometric readout, the constant drain-source current of the 16 transistors will be compensated
by applying individual compensation voltage V¢omp for each channel, separately (Ingebrandt
etal., 2007).

Impedimetric readout

The schematic view of the amplifier circuit for impedimetric readout is shown in Figure 3-14.
The system is based on a phase-selective amplifier system composed of a Direct Digital Syn-
thesis (DDS) device and a multiplier followed by a low pass filter for all 16 channels in paral-
lel (Han, 2006).
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Figure 3-14 The schematic view of the amplifier circuit for impedimetric readout. The sys-
tem is based on a phase-selective amplifier system composed of a Direct Digi-
tal Synthesis (DDS) device and a multiplier (box denoted with x) followed by a
low pass filter. The modulation voltage Vmeq is provided by a direct digital syn-

thesis (DDS) device to the reference electrode.

After setting of the transistors to a working point of maximum transconductance, the transfer
functions were measured by applying a sinusoidal signal with 10 mV amplitude and varying
frequency from 1 Hz to 1 MHz to the reference electrode. Test signals of exact amplitude,
frequency and phase were provided by a DDC device. Frequency-selective amplification was
confirmed via a frequency multiplier device, which was built-in into a capacitive de-coupled
amplification cascade (Ingebrandt et al., 2007) (Schéfer et al., 2009).

The amplifier unit was operated by a microprocessor and the acquired data were transferred
via an USB connection to the computer. All measurements were controlled by means of a

read-out software implemented in Delphi 5.0 (Borland Software Corporation).
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3.7.2 The new amplifier system with a fast lock-in amplifier

In the context of this work, a new amplifier system including a fast lock-in amplifier was de-
veloped. In Figure 3-15 a schematic diagram of this measurement setup is depicted.

Ag/AgClI

& ok i -
tact Lock-injamplifier
+ IN1T N2
op-amp o0 0@ 00 @@
/ OUT1 OUT2

medium

n-Silicon

Vsource _—_— —_— Vdrain

National Instruments card T
NI USB 6251

Figure 3-15 Schematic view of the measurement setup with a fast lock-in amplifier.

A preamplifier stage for the FETSs, which uses a transimpedance amplifier (section 2.6), was
connected to one of the two high-frequency input of a fast lock-in amplifier (HF2LI, Zirich
Instruments, Switzerland). By using one of the analogue outputs, it was possible to apply a
sinusoidal signal to the reference electrode, which was immersed into the electrolyte solution
at a fixed position. The drain-source and gate-source voltages of the FET devices were con-
trolled via the analogue outputs of a data acquisition card (USB 6251, National Instruments,
Inc., Germany) using self-developed programs implemented in LabView. With these pro-
grams, it was possible to measure the output and transfer characteristics of the FET devices
(Figure 3-16). From the available data, the transconductance was calculated in order to set the
transistors to a working point with maximum transconductance. Transfer function measure-
ments were done by applying a sinusoidal signal with 10 mV amplitude and varying frequen-
cy from 1 Hz to 50 MHz to the reference electrode. The transfer function of all 16 transistors
on a chip needed to be measured consecutively with this setup.
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Figure 3-16 The self-developed program implemented in LabView for measuring of the
transfer characteristics of the FET devices Ips(Vps) and setting of the transis-

tors to a working point with maximum transconductance gnm.

With this new measurement setup, it was possible to characterize the FET devices, to measure
the frequency-dependent transfer functions, and to record time-dependent data at multiple
frequencies, simultaneously. In comparison to the TTF amplifier system, this new system had
the following advantages: the bandwidth of the readout system was increased and the imped-
ance spectra could be measured at higher frequencies (up to 50 MHz). In addition, time-
dependent readout was achieved with the HF2LI system at several different frequencies, sim-
ultaneously. Since each analogue input of the HF2LI lock-in amplifier can record data at three
different frequencies, the recording of the time-dependent data was possible at six different

frequencies for one channel or at three different frequencies for two channels, respectively.
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3.8 Transfer functions measured with two different meas-

uring systems

The transfer functions (impedance spectra) recorded with one or the other measurement setup
differ in a high-pass effect at low frequency and in the low-pass effect at high frequency. For
the transfer functions measured with the TTF amplifier system, the low-pass effect is
smoothed by internal switches in the formerly fabricated system, while for the transfer func-
tions measured with the lock-in amplifier system developed in this thesis the high-frequency

components were unfiltered.

In the following, the typical shapes of the transfer functions (impedance spectra) measured for
cell-free as well as for cell-covered transistor gates of an FET device with two different meas-
urement setups will be demonstrated. For this purpose, the H441 cells as well as the HEK 293
cells were cultured in low density on the FET devices. Before the impedance spectra were
measured, the surface of the FET devices was controlled optically and the microscopic images
of the cells cultured on the surface of the FET devices were taken in differential interference
contrast mode (Axiotech Vario, Carl Zeiss AG, Germany) (Susloparova et al., 2013).

In Figure 3-17a the microscopic image of H441 cells cultured on an FET device is presented.
For better viewing and distinguishing, only 4 from 16 transistor gates of an FET device are
depicted. As it can be seen, some of the transistor gates are covered with cell (Figure 3-17a:
chan2 and chan5), while others are cell-free (Figure 3-17a: chanl and chan6). Firstly, the
transfer functions were measured using the TTF amplifier system. Figure 3-17b shows the
measured transfer functions of four transistor gates, which correlate to the transistor gates in

Figure 3-17a (Susloparova et al., 2013).
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Figure 3-17 a) Microscopic image of 4 from 16 transistor gates of an FET device covered
by H441 cells. Transistor gates 2 and 5 were cell-covered, whereas transitor
gates 1 and 6 were cell-free. b) The transfer functions measured by the TTF

amplifier system.

Afterwards, the transfer function measurements of the same FET device were performed with
the newly developed amplifier system with the lock-in amplifier as well. The measured im-
pedance spectra are plotted as bode diagrams with amplitude (Figure 3-18a) and phase (Figure
3-18b) components, respectively. In the case of cell-free transistor gate the amplitude of the
transfer function increases in the frequency range between 200 and 400 kHz before approach-
ing zero. In the case of cell-covered transistor gate the amplitude of the transfer function de-
creases in the frequency range between 30 and 100 kHz and in the frequency range between
100 and 400 kHz stays at a lower level and then goes down towards zero as well.
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Figure 3-18 Recorded transfer functions in the range from 1 Hz to 50 MHz using the new
amplifier system with a fast lock-in amplifier can be presented in form of a

Bode plot with frequency-dependent a) amplitude and b) phase components.

The impedance spectra can be measured from 1 Hz to 50 MHz (Figure 3-18). Because of the
fact that no changes appear in impedance spectra above frequencies of 1 MHz and due to a
high-pass effect at low frequency (“HF2 User Manual,” 2014), in the following the transfer
functions measured with the lock-in amplifier system will be presented in the range of 1 kHz
to 1 MHz. Moreover, the amplitude of the transfer functions will be normalized at frequency
of 3 kHz (Figure 3-19).
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Figure 3-19 Normalized amplitude of the transfer functions at frequency of 3 kHz measured
by the experimental setup with a fast lock-in amplifier in the range from 1 kHz
to 1 MHz.

3.9 Influence of the transimpedance amplifier circuit on

the impedance spectra

In this section, the influence of the transimpedance amplifier (section 2.6) on the impedance
spectra measured with the lock-in amplifier system will be demonstrated. For this purpose,
different operational amplifiers (op-amps) were tested, which differ from each other in band-
width and slew rate. In Figure 3-20 the impedance spectra measured using two different oper-
ational amplifiers, namely OP97 (Distrelec Schuricht GmbH, Germany) and OPA627 (Dis-
trelec Schuricht GmbH, Germany), in the transimpedance amplifier circuit are compared. The
op-amp OP97 has the bandwidth of 0.9 MHz and the op-amp OPA627 of 16 MHz, respective-
ly. The spectra were recorded using test-solutions of different concentrations of sodium chlo-
ride (1 mM NaCl, 10 mM NaCl, and 100 mM NaCl). As it can be seen in Figure 3-20, the
selection of the operational amplifier has a strong influence on the recorded spectra. The
bandwidth of the developed system was increased using the op-amp OPA627. In general, an

operational amplifier with a higher bandwidth is preferred in order to increase the bandwidth
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of the readout system and obtain the information

quency (Susloparova et al., 2013).

about the condition of cells at higher fre-
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Figure 3-20 Comparison of the impedance spectra measured with the lock-in amplifier sys-
tem using two different operational amplifiers, namely OP97 and OPA627, in
the transimpedance amplifier circuit. The spectra were recorded using the elec-

trolyte solutions of different concentrations of sodium chloride (NaCl). This
image was adapted from (Susloparova et al., 2013).

3.10 Chip cleaning and surface modification

Before cells were cultured on the FET devices, these were cleaned and their surfaces were
activated (Meyburg et al., 2007) (Wrobel et al., 2005). The FET devices are robust and can be
re-used many times. First, the residues of the previous cell culture were removed from the
chip surface with ethanol. Then, the chips were cleaned in an ultrasonic bath by two steps (in
2% Helmanex Il (Hellma Analytics, Germany) and in distilled water, 5 min in each case).
Afterwards the chip surfaces were activated by 20% sulfuric acid (H2SO,) (AppliChem
GmbH, Germany) at 80° C for 30 min, subsequently rinsed with distilled water, and kept in

70% ethanol for 5 min for sterilization. Each FET surface was coated with 10 ul of 1 mg/ml
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fibronectin (AppliChem GmbH, Germany) and incubated at 37 °C for 3 hours (NuAire Inc.).
Before plating the cells, the surfaces were rinsed with distilled water.

3.11 Cell culture, drug treatment and chemicals

Two different cell lines, the human lung adenocarcinoma epithelial cell line H441 and the
Human Embryonic Kidney HEK?293 cell line, were used in this thesis. The H441 cells were
grown in Roswell Park Memorial Institute medium (RPMI1640) supplemented with 1% L-
glutamine, 10% Fetal Calf Serum (FCS) and 1% Penicillin/Streptomycin. The HEK293 cells
were grown in standard Minimal Essential Medium (M10) supplemented with 10% FCS, 1%
Non-Essential Amino Acid (NEAA), 1% Penicillin/Streptomycin and 1% L-glutamine. All
chemicals were purchased from PAN Biotech GmbH, Germany. For the single cell experi-
ments, a very low density of cells (3000 cells per FET device) was plated onto the device sur-
face (2.8 mm in diameter). After 1 h of initial adherence, the chips were filled up with 200 pl
of culture medium. All cell cultures were kept in an incubator at 37 °C with 5% CO,. The

measurements were typically performed after one day in vitro (DIV).

In order to induce detachment of the cells, trypsin (PAN Biotech GmbH, Germany) with a
concentration of 5 ug/ml was used. For a second experiment this was lowered to 1 pg/ml in

order to achieve a slower detachment process.

For drug-related experiments, cultured cells were treated with the apoptosis-inducing chemo-
therapeutic drug topotecan hydrochloride (Sigma Aldrich, St. Louis, Missouri, USA). To in-
duce apoptosis of the cells, 200 ul of culture medium were exchanged by 200 pl of drug con-

taining medium with a concentration of 10 pg/ml



Chapter 4

In this chapter, an electrically equivalent circuit (EEC) model, which describes the cell-sensor
contact, will be introduced. This model is based on the so-called point contact model
(Pancrazio et al., 1999) (Sprossler et al., 1999) (Regehr et al., 1989), which is described in
section 2.7. For a full description of the transfer functions (impedance spectra) recorded in
this work, the parasitic values of the devices feed lines and the frequency bandwidth of the
transimpedance amplifier were included in the model. Thus, the developed EEC model is
composed of cell-related, device-related and the transimpedance circuit parameters. By im-
plementation of this EEC model in a PSpice simulation program for electrical circuits, the
transfer functions (impedance spectra) of individual cells adhered on top of the FET devices
can be simulated. The effect of the circuit parameters on the impedance spectra can be inves-
tigated by different simulations. Thus, the EEC model was utilized for investigation of the
device-related parameters to optimize the FET device performance. Moreover, an analytical
expression, which represents the transfer function of the EEC model, was proposed. By means
of the derived analytical expression the measured impedance spectra can be fitted and the

cell-related parameters can be extracted.

4 Electrically equivalent circuit model

In Figure 4-1 an electrically equivalent circuit (EEC) model is presented, which de-

scribes an FET device in contact with an adherent cell on top of the transistor gate and
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includes a transimpedance amplifier stage. The cell membrane is typically divided into
two parts, the free membrane (FM) and the junction membrane (JM) part, each repre-
sented by the membrane capacitance and the membrane resistance in a parallel config-
uration (Cem. Rem and Cjyu Rawm, respectively) (Ingebrandt et al., 2005) (Schatzthauer,
1998). Both parts are connected by an inner resistance Rj, of the cell’s interior. The
electrolyte-filled cleft between the junction membrane and the transistor surface is
forming a resistive path, which is represented by the seal resistance Rseqi. The FET de-
vice is described by the gate oxide capacitance Cy, the transconductance gm, and the
output resistance Rps. The parasitic parameters of the FET device like contact line ca-
pacitances and series resistances of source and drain are contributing to the EEC with
Cesources Cdrain, @Nd Rsource, Rarain, respectively. The reference electrode and the electrolyte
solution contribute in an ideal case only as resistive path to the circuit with a combined
series resistance R¢. The transimpedance amplifier stage is represented by an opera-

tional amplifier and the feedback resistor Ryeedback-

Cc

source —

A

Vo ut

source

i

Vsource

Figure 4-1  An electrically equivalent circuit, which describes an FET device in contact
with an adherent cell on top of the transistor gate and which includes a tran-
simpedance amplifier stage. All elements of the circuit are described in the

text.
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Typical values of the distance between the junction membrane and the transistor sur-
face (cleft height) are in the range of several tens to 100 nm depending on the cell type
and surface coating (Wrobel et al., 2008). These cleft height values correspond to val-
ues of 0.5-2 MQ for the seal resistance. Compared to the typical membrane resistance
values, which are in the range of several GQ (Ingebrandt et al., 2005), the seal re-
sistance value is usually much smaller. Therefore, the resistive path through the cell
(Rem, Rin, Rym) can be neglected. The capacitances of both membrane parts connected

in series can then be combined to:

Cy = CrmCim (4.1)

CrmM+Cim

This combined capacitance Cy should, however, not be confused with the total membrane
capacitance, which is typically measured by patch-clamp pipettes from inside to outside of a
whole cell. The combined capacitance Cy is usually smaller than the typical whole-cell mem-
brance capacitances of cells because of the serial combination of both membrane parts. Due to
the facts stated above, the cell membrane can be composed of a resistive part through the cell-

sensor cleft (Rsea) and a capacitive part through the cell (Cy) (Figure 4-2).
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Figure 4-2  The part of the complete EEC, where the cell membrane is simplified into only

two elements Cy and Rgeq).
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4.1 Analytical expression representing the transfer func-

tion

In this section, the detailed derivation of an analytical expression representing the transfer
function of the simplified EEC model (Figure 4-3) will be presented. The analytical expres-
sion can be derived by applying Kirchhoff's laws and considering rules for combining of im-

pedances in series and in parallel.

Ree ac
Csource — I:I Rseal T Cl\é: Cdrain flil :
Rdra-::in
l 1 >_\éout
COX ¢ RDS -
Rsource —|_ VGngCP Ij:l
— Vsource — Vdrain

Figure 4-3  The simplified EEC model, which describes an FET device in contact with an
adherent cell. The adherent cell can be modeled by two elements namely the

combined membrane capacitance Cy and the seal resistance Reea.

Unfortunately, this circuit cannot be further simplified since all elements play a role of the

frequency responses.

A small sinusoidal signal Vi, (jw) is applied to the reference electrode and the signal output
Vout (Jw) is measured after the transimpedance amplifier stage. Thus, the transfer function
H(jw) is given by:

. Vou ( )
H(jw) = —th(]?vvvv) (4.2)
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The output voltage is then given by:

Vout Gw) = _RfeedbackIDS(jW) (4.3)

where Rreedback 1S the feedback resistance in the transimpedance amplifier stage, Ips(jw) the
drain-source current, w the angular frequency and j the imaginary unit.

In the following, an expression for Ips(jw) will be derived, which will then provide an analyt-
ical solution for the measured impedance spectra.

For reasons of clarity and comprehensibility, the gradually new inserted parameters will be
entered in EEC model and denoted. Based on Kirchhoff’s first law the drain-source current

Ips(jw) is equal to:

Ips(w) = gmVes(Gw) — jwCarainV1 (W) (4.4)

where V(jw) is the voltage across the drain contact line capacitance Cgrin (Figure 4-4).

P
\Vin |
>
Ij ReI
I:IR L l V, Rreedback
Csource p— seal T h;: Cdrain —
l IDS Rdrain . Vout
i | I | _o
Cox yl; R >
Rsource —|_ VGngCP bs
—— Vsource = Vdrain

Figure 4-4  The simplified EEC model with the indicated drain-source current Ips and the

voltage V; across the drain contact line capacitance Cgyrain.

Two electrical components connected in parallel representing the cell membrane, the com-
bined membrane capacitance Cy and the seal resistance R, Were combined to the imped-
ance of the adherent cell Z; (Figure 4-5):

Z _ Rseal (45)

1= -
1+ jWRseqiCm



Electrically equivalent circuit model 72

Recat || —c, = ||z

Figure 4-5  The combined membrane capacitance Cy and the seal resistance Reeq In a par-
allel configuration are combined to the impedance of the adherent cell Z;.

Next, an electrical network (divider) composed of two electrical impedances in series, the
impedance of the adherent cell Z; and the impedance of the gate oxide capacitance Cox, Was

considered (Figure 4-6).

Cox — lVGS

Figure 4-6 A divider composed of the impedance of the adherent cell Z; and the imped-

ance of the gate oxide capacitance Co is shown in this graph.

This divider (Figure 4-6) has the voltage ratio:

Vigw) _ Z1+1/jwCoyx
Ves(w) 1/jwCox

(4.6)

From equation (4.6) and substituting equation (4.5), the gate-source voltage Vgs(jw) can be
found:
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, . 1+ jWReqiC
Ves(iw) = V3 (jw) ——arsealht (4.7)

1+ jWRseq1(Cpm+Cox)

The resulting expression for the gate-source voltage can then be included into equation (4.4):

1+ jWRseqiCym

IDSUW) =W (]W) (gm 1+ jWRoq1(Crr+Cox) - jWCdrain) (4-8)

By performing simple mathematical conversions, the expression for the drain-source current

is given by:

m
14 jWRseq1(Cpy+Cox)

(4.9)

. Cc i C :
1+JW(RsealCM _%)"‘Wzﬂ’seal Zrutn (CM+Cox)>

IpsGw) = gmV1(w) (

This expression can be included into equation (4.3) and hence, the expression for the output

voltage Vou(jw) can be found:

i C i C i
1+]W(RsealCM_ Zraln)+W2Rseal Arain (Cpy+Coy)

m 9m > (4.10)

1+ jWRseai(Cpy+Cox)

Vout(jw) = Rfeedbackgmvl gw) (

Hence, the transfer function H(jw) (equation (4.2)) can be written as following:

H(w) = Reeavack9m Vo Gw) = (4.11)

. C i Cc ;
Vi(w) 1+]W(RsealCM _%)‘szRseal 6‘igTam(CM'FCox)
1+jWRseai(Cm+Cox)

Next, the electrical components connected in parallel, the impedance of the source contact
line capacitance Csource, the impedance of the drain contact line capacitance Cgrin and the im-
pedance consisting of the impedance of the adherent cell Z; and the impedance of the gate

oxide capacitance Cy in series, are combined to one impedance Z, (Figure 4-7).

1 . ) JWCox(1+jWRseqiCm)
Z, - ]W(Csource + Cdram) + 1+ jWRseqi(Cr+Cox) (4.12)
Z, = 1+jWRseal(Cm+Cox) (413)

N Jw(CL+Cox)~W2Rgeqi(CL(Cp+Cox)+CMCox)

where the capacitances of the source and drain contact lines can be combined to

CL=Csource+Carain-
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Figure 4-7  The electrical components connected in parallel, the impedance of the source
contact line capacitance Csouree, the impedance of the drain contact line capaci-
tance Cgrin and the combined impedance consisting of the impedance Z; and
the impedance of the gate oxide capacitance Cox in series, were combined to

one impedance Z, across these the same voltage V; drops.

An electrical network (divider) composed of two electrical impedances in series, the imped-
ance Z, and the impedance of the series resistance of the reference electrode and electrolyte

solution Rg, was considered (Figure 4-8).

Z, ,l,V,,

CoT

Figure 4-8 A divider composed of the impedance of the series resistance of the reference

electrode and electrolyte solution Re and the impedance Z, shown in this

graph.
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This divider has the voltage ratio:

Vin(Jw) Reit+Z;
= 4.14
V1 (Gw) Z> ( )

The sum of two impedances Re and Z; yields:

1+jW(Rel((CL+Cox))+Rseal(CM+Cox)>_WzReleeal(CL(CM+Cox)+CMCox)

Z=R,+7Z,=
el T2 JW(CL+Cox)~W2Rseqi(CL(Ch+Cox)+CrCox)

(4.15)

V1i(jw) — Z_Z — 1+ jWRseqai(Cy+Cox) (4 16)
Vin(Jw) 4 1+jW(Rel((CL+Cox))"'Rseal(CM"'Cox))_WzReleeal(CL(CM+C0x)+CMC0x)

Finally, we need to consider the low pass characteristics of the first amplifier stage.

75

The equation (4.16) can be included into equation (4.11), which results in an analytical solu-

tion for the impedance spectra of a single cell in contact to an FET sensor:

. Cc i R C ;
1+JW(RsealCM ‘?:lm)_wz Sea;r:raln(CM+Cox)

H(jw) =

R -
feedbaCkgm 1+]W(Rel(CL+Cox)+Rseal(CM+Cox))—WZReleeal(CL(CM+Cox)+CMCox)

(4.17)

where fy is the cutoff frequency of the operational amplifier, which takes the low pass effect

of the transimpedance amplifier into account. This equation can now be used to fit the result-

ing TFF spectra in our experiments and to extract the adhesion-related data Rses and Cy out of

these spectra.

In the equation several parameters need to be considered, which result in the typical shape of

the measured impedance spectra. These parameters can be divided in chip-related parameters,

transimpedance circuit parameters, and cell-related parameters:

device-related parameters: FET transconductance g, gate oxide capacitance Cox, CON-
tact line capacitance C., which is a parallel combination of the drain and source capac-

itances Cygrain and Csource

transimpedance circuit parameters: series resistance of the reference electrode and
electrolyte solution R, feedback resistance Ryeednack and cutoff frequency fy of the op-

erational amplifier

cell-related parameters: combined membrane capacitance Cy and seal resistance Rggq
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From equation (4.17) it can be seen that the relevant cell-related parameters are hidden inside
a quite complicated expression. In our experiments we typically compare ‘before’ and ‘after’
measurements having either a cell attached to the FET gate or a completely free FET gate.
Therefore, if the cell is completely detached, Rses and Cy both become zero and the equation

(4.17) condenses to:

1_jWCdrain 1

H(]W) = Rfeedbackgm 1+ jwR( = 2
1+(%)

CL+Cox)
Using these two equations (4.18) and (4.17) the experimentally measured impedance spectra

(4.18)

without and with cell on top of the transistor gate can be fitted and the cell-related parameters

can be obtained.

4.2 Fitting procedure of the measured impedance spectra

In this section, the fitting procedure for the measured impedance spectra (without and with a
single adhered cell on top of the transistor gate) will be demonstrated. The measured imped-
ance spectra were fitted using the software Origin (OriginPro 9.0, OriginLab Corporation,

Germany).

The measured impedance spectra without an adherent cell on top of the transistor gate can be
fitted using equation (4.18). Thereby, some parameters of the EEC in this particular experi-
ment can be extracted. For the fitting procedure realistic start values of the device-related pa-
rameters as well as the transimpedance circuit parameters were evaluated. Thus, the dimen-
sions of the parasitic capacitances of source and drain contact lines Csource @and Cyrain Can be
estimated from the simple plate capacitor equation:

_ £o0€oxAsource/drain
Csource/drain - d (4- 19)

where g is the absolute permittivity of the vacuum (g = 8.8542:107 A-s/V-m), oy is relative
permittivity of silicon dioxide (gox = 3.9), Asourcesdrain 1S the area of the source or drain contact
lines, and d is the respective thickness of the passivation layer, which are known from the

fabrication process of the devices.
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In a similar manner the gate oxide capacitance Cqx can be estimated by:

gggWL

Cox = (4.20)

dOX

where W is the gate width, L is the gate length and d is the thickness of the gate silicon ox-

ide, which are all known from the fabrication process of the devices.

The transconductance value gn, of the FET device at its working point is known from the de-

vice characterization prior to each experiment.

The series resistance of the reference electrode and electrolyte solution R was estimated to 1
kQ. The cutoff frequency fy depends on the operational amplifier, which is used in the tran-
simpedance circuit and on the value of the feedback resistor Rseedback in the feedback loop. In
the transimpedance amplifier circuit an operational amplifier OP97 (Distrelec Schuricht
GmbH, Germany) and a feedback resistor of Reeegnack = 10 kQ were used, which resulted in a
value for fy of 750 kHz.

Using these start values in the equation (4.18) the exemplary impedance spectrum measured
for a cell-free transistor can be fitted (Figure 4-9). Thereby, one of the three device-related
parameters (the gate oxide capacitance Cy) as well as the transimpedance circuit parameters
were fixed by fitting of the measured impedance spectrum for a cell-free transistor gate (Table
4-1) and two device-related parameters, namely, the contact line capacitance C. = 92.19 pF +
8.90 pF and the transconductance gn, = 0.194 mS £ 0.015 mS were obtained from the fit (error
ranges are resulting from the fitting procedure).



Electrically equivalent circuit model 78

Figure 4-9
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Exemplary fit of a measured impedance spectrum for a cell-free transistor gate
using equation (4.18). The values of the contact line capacitance and the FET
transconductance can be extracted to C, = 92.19 pF £ 8.90 pF and g, = 0.194
mS + 0.015 mS, respectively, whereas the transimpedance circuit parameters
were fixed (Table 4-1).

Cox [PF] Rer [k€2] Rfeedback [K€2] fg [kHZz]

0.28

1 10 750

Table 4-1

One of the three device-related parameters (namely the gate oxide capacitance
Cox) as well as the transimpedance circuit parameters (the series resistance of
the reference electrode and electrolyte solution R, the feedback resistance
Rreedback, and the cutoff frequency fy of the operational amplifier OP97) were
fixed during fitting of the measured impedance spectrum for a cell-free transis-

tor gate (Figure 4-9).

Now the measured impedance spectrum of the same transistor covered with one HEK 293 cell

can be fitted

using equation (4.17). Thereby, the device-related parameters and the transim-

pedance circuit parameters were fixed (Table 4-2) and the cell related parameters (Cy and

Rsear) Tor this single cell can be obtained. The fitted values of the seal resistance Rses = 1.868
MQ + 0.149 MQ and the cell membrane capacitance Cy = 1.211 pF = 0.072 pF are in the ex-
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pected range. As it can be seen in Figure 4-9 and Figure 4-10 the measured data and the fitted

curves are in a good agreement.
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Figure 4-10 Exemplary fit of a measured impedance spectrum for a cell-covered transistor

gate using equation (4.17). The values of the seal resistance and the cell mem-
brane capacitance can be extracted t0 Rgeq = 1.868 MQ £ 0.149 MQ and Cy =
1.211 pF = 0.072 pF, respectively, whereas the device-related and the transim-

pedance circuit parameters were fixed (Table 4-2).

Cox [PF] Om [MS]

Cv. [pF]

Rel [k€]

Rfeedback [kQ]

fy [kHZ]

0.28 0.2

92.2

1

10

750

Table 4-2 The values of the device-related parameters (the gate oxide capacitance Co, the

transistor transconductance gm and the contact line capacitance C,) and tran-

simpedance circuit parameters (the series resistance of the referene electrode

and electrolye solution R, the feedback resistance Ryeegpack and the cutoff fre-

quency fy of the operational amplifier OP97) were fixed during fitting of the

measured impedance spectrum for a cell-covered transistor gate (Figure 4-10).

Such a combination of Rs, and Cy is characteristic for a typical cell-transistor contact and

will vary with adhesion strength and cell shape, respectively.
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4.3 Investigation of the effect of the cell-related parame-

ters on the impedance spectra

In this section, the influence of the cell-related parameters on the impedance spectra in two
idealized scenarios was systematically studied by simulations. The material contained in this
section is based on a publication (Susloparova et al., 2015). For this purpose, the developed
EEC model was implemented in PSpice, a program for electrical circuit simulation (OrCad
Version 9.1, Cadence Design System Inc., San Jose, CA, USA). This is a much faster and
easier procedure than the fitting procedure with the analytical expression as described in the
last paragraph. Again two cases, namely, cell-free and cell-covered transistor gates were con-
sidered (Figure 4-11). The model for the ISFET device and the model for the respective oper-
ational amplifier were taken from a standard PSpice library (berkeley.lib and anlg_dev.lib,
respectively). Typical values of the device-related and transimpedance circuit parameters used
for all simulations in the following are displayed in Table 4-3, while the cell-related parame-

ters were varied in a wide range.

Csource | Cdrain | Rsource | Rdrain | W L Om Cox Rel Rteedback | Operational
[PF] | [PF] | [€] | [] | [um] | [um] | [mS] | [pF] | k2] | [kQ] | amplifier
51 19 230 145 16 5 0.22 | 0.35 2 10 OP97

Table 4-3 The values of the device-related (the contact line capacitances and series re-
sistances of source Csource, Rsource @Nd drain Cyrain, Rarain, the gate width W, the
gate length L, the transistor transconductance g, and the gate oxide capaci-
tance Cox) and transimpedance circuit parameters (the series resistance of the
referene electrode and electrolye solution Re, the feedback resistance Reeegback,
and the operational amplifier OP97), which were kept constant for all per-

formed simulations.
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Figure 4-11 The electrically equivalent circuit model a) without and b) with cell on top of

the transistor gate implemented in the PSpice simulation program.

4.3.1 Influence of the seal resistance Ry

In Figure 4-12 modelling of an idealized cell detachment process from the transistor surface is

shown. In this model the cell doesn't change its shape during the detachment process and is

lifted up, stepwise.
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Figure 4-12 Modelling of the cell detachment process from the transistor surface in an ide-
alized case. The cell doesn't change its shape during the detachment process,

whereas the cleft height h was gradually increased.

The distance between the cell and the transistor surface (cleft height) h was gradually in-
creased. As a result, the seal resistance Rsea Was stepwise decreased in the circuit simulation.
The values estimated for the steps can be obtained by following analytical equation (Pabst et
al., 2007):

_ kpT Ly 1
Rsear = amednl Dy+h [1 +4 T2 (Io(r/LD) 1)] (4.21)

where kg is the Boltzmann constant (ks = 1.38064852(79)-10% J/K), T the absolute tempera-
ture (T = 273.15 K), e is the elementary charge (e, = 1.60217662-10™° C), nB,, a particle
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density of the surrounding bath solution (nZ,, = 1.75-10%°-m™), D" the diffusion coefficient
(D" = 2.0-10°-m?s™), h the cleft height, r the cell radius, I, the modified Bessel function,
and Lp the Debye length.

In order to calculate the seal resistance values Rse (Table 4-4), the bulk conductivity in the
cell-surface adhesion cleft was assumed using the “bulk resistivity in cell adhesion” (BRICA)
model. The BRICA model implies that the electrical properties of a cell-solid contact are de-
termined by the geometry of contact and by the resistivity of the bath electrolyte (Gleixner
and Fromherz, 2006).

By application of the equation (4.21) to the developed EEC, the ionic strength of the electro-
lyte solution was considered, which will result in a different value of ny° and an average dif-
fusion coefficient D for all ions carrying the test signal (K*, Na*, CI"). In a first approxima-
tion, the second term in the brackets of equation (4.21) can be neglected. In this case, the seal
resistance R primarily depends on the cleft height h, which is typically less than 100 nm for
this cell type (Braun and Fromherz, 1998) (Wrobel et al., 2008).

step no. h [nm] Rseal [K€2]
1 35 1051
2 50 735
3 70 525
4 90 408

Table 4-4 The seal resistance values R, depend directly on the cleft height h (Figure

4-12). Values were calculated using equation (4.21).

Figure 4-13 shows the simulated impedance spectra by varying R, in a range from 1 MQ to
400 kQ. As it can be seen, the increase of the seal resistance is leading to a regular increase of
the signal amplitude in the frequency range between 20 and 200 kHz, while the complete re-
moval of the cell can be clearly distinguished. This is very consistent with the spectral chang-

es observed in the detachment experiments (section 4.7).
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Figure 4-13 The simulated impedance spectra by varying of the seal resistance values in a
wide range (from 1 MQ (step 1) to 400 kQ (step 4) (Table 4-4) (Figure 4-12),
step 5 is for the case of a cell-free transistor (Figure 4-12)).

4.3.2 Influence of the combined membrane capacitance Cy

Changes in the combined membrane capacitance Cy, can be estimated by simple geometrical
considerations. This has been described earlier for HEK 293 cells. The amount of membrane
area attached to the surface was reported to lie in the range of 30-45% depending on the coat-
ing material used (Sommerhage et al., 2008).

In Figure 4-14 a cell adhered to the transistor surface is approximated by a hemisphere and a
gradually detaching cell from the transistor surface as different spherical caps. A morphologi-
cal change of the cells led to an increase of the free membrane and a decrease of the attached
membrane part, whereby the total surface area of the cell membrane was kept constant. In this
simple model eventual swelling or shrinking of the cell which can of course also occur were

neglected.
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Figure 4-14 Modelling of an adherent cell to the transistor surface is shown in step 1. The
gradually detached cell from the transistor surface is approximated by simple
geometrical shapes (step 2 — step 4). The cell-free transistor surface is shown in

step 5.

The area of the attached membrane part can be calculated with:

where r is the radius of the flat disc in the attached membrane part.

The area of the free membrane part can be calculated with:
Apy =m(a® + hly) (4.23)

where a is the radius of the base of the cap and hcgy is the height of the cap.
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The values for capacitance of the free and the attached membrane parts were calculated by
using a specific membrane capacitance of 1 uF/cm?® and the area of the attached membrane

part Ayv or the free membrane part Ay as follows:

F
CFM/]M = 1::n_2AFM/]M (4-24)

In Table 4-5 the calculated values for the radius of the flat disc attached to the surface (r), the
radius of the base of the cap (a), the height of the cap (hcen), as well as the area values (Arw
and A;nm), the capacitance values of the free and the attached membrane (Cgv and Cyyv), and
the corresponding values of the combined membrane capacitance (Cy) in each step are
shown. The calculations were performed assuming that the diameter of the model cell is
20um, which is resulting in a total membrane surface area of 942 um?. This value was kept

constant for all detachment steps.

step r a Neen Agm Arm Ciwm Cem Cwm

no. um] | [um] | [um] | [um?7] | [um’] | [pF] [PF] [PF]

1 10 10 10 314 628 3.14 6.28 2.09

2 7.5 7.5 13.7 176.63 | 765.38 1.77 7.65 1.44

3 5 5 15.8 78.5 863.5 0.79 8.64 0.72

4 2.5 2.5 19.9 19.63 922.38 0.19 9.22 0.19
Table 4-5 The capacitance values depend on the geometry of the cell. All elements are

described in the text.

In Figure 4-15 the simulated impedance spectra for the gradually deformed cell are presented.
The stepwise smaller capacitance values Cy for the cell membrane (Table 4-5) are leading to
smaller absolute values in the spectra, which is an opposite effect compared to the seal re-
sistance decrease during attachment. In addition, it can be seen that changes in the seal re-
sistance generally have a larger effect on the shape of the impedance spectra.

In real experiments, of course both cell-related parameters will never vary independently.
Therefore a fit to the EEC circuit model should be taken into account in any case extracting a
combination of Cy and R, at particular time point during the detachment process

(Susloparova et al., 2015).
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Figure 4-15 The simulated impedance spectra by varying of the capacitance values of the
cell membrane for cell-covered transistor gate (step 1, Cyv = 3.14 pF, Cpv =
6.28 pF (Figure 4-14, Table 4-5)), transistor gate with the gradually detached
cell (step 2 — step 4, Cym = 1.77 pF, Cgm = 7.65 pF; Cym = 0.79 pF, Cev = 8.64
pF; Cyv = 0.19 pF, Cem = 9.22 pF (Figure 4-14, Table 4-5)) and for cell-free
transistor gate (step 5, (Figure 4-14)) are presented in the graph.

4.4 Investigation of the device-related parameters for op-

timization of the FET device performance

In this section, the application of the developed EEC model for optimization of a future chip
design for better performance in cell-substrate adhesion experiments is described. The content
shown in this section is based on a publication (Susloparova et al., 2014). The influence of the
device-related parameters on the impedance spectra, like the transconductance value of the
FET devices, the parasitic capacitances and resistances of source and drain contact lines as
well as the influence of the surface topography, were investigated in different simulations.The
obtained simulation results were used as design route for development and fabrication of a
new generation of the FET devices in the framework of this thesis (subsection 3.1.2). Fabrica-

tion of the devices in the clean room facilities of the University of Applied Sciences Kaisers-
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lautern in Zweibriicken, Germany, was done by Dr. Xuan Thang Vu according to a design

obtained from these simulations.

4.4.1 Influence of the transistor transconductance g,

It is commonly known, that a high transconductance value g, of an FET device is significant-
ly important for optimum signal transmission and amplification. In turn the transistor trans-
conductance gn, is dependent on the electron mobility in the channel p, the gate oxide thick-
ness dox, the channel dimensions length L and width W, and the drain-source voltage Vps as

follows:

w
8m ~ p—pcox ZVDS (4.25)

Firstly, the influence of the gate oxide capacitance Cyx on the transistor transconductance g
and consequently on the impedance spectra with and without cell on top of the transistor gate
was considered. For the simulations a simplified cell model as described in section 4.1 was
used. The gate oxide capacitance is inversely proportional to the thickness of the silicon diox-
ide dox (equation (4.20)). This means that with a thinner gate oxide, higher gate oxide capaci-
tance and consequently a higher transconductance of the FET devices is obtained. However,
since the devices should stably operate in an electrolyte solution, a lower limit of the gate ox-
ide thickness of about 6 nm dry oxide was used. In Table 4-6 the calculated gate oxide capaci-
tance values using equation (4.20) for different gate oxide thicknesses and the corresponding
transconductance values are presented. The transconductance values were obtained from the
performed simulations of the transfer characteristics for a typical FET device with the channel

length of 5 um and the channel width of 16 um and the indicated gate oxide thicknesses.



Electrically equivalent circuit model 89
dox [NmM] Cox [PF] Om [MS]
12 0.23 0.236
10 0.28 0.243
8 0.35 0.248
6 0.46 0.251
Table 4-6 The calculated gate oxide capacitance Cox values for different gate oxide thick-

nesses dox and the transconductance gn values obtained from the performed

simulations for an FET device with the channel length of 5 um and the channel
width of 16 pum.

In Figure 4-16 the simulated impedance spectra with and without model cell on top of the

transistor gate with different gate oxide thicknesses (from 12 nm to 6 nm) are compared. The

simulations were performed by varying only one EEC model parameter, namely the gate ox-

ide capacitance, while all other EEC model parameters were kept constant (Table 4-7). For

simulations of the EEC, a standard cell with a seal resistance Rgy = 1 MQ, an attached mem-

brane capacitance of Cy» = 3.14 pF, and a free membrane capacitance of Cgv = 6.28 pF was

included. The comparison is started with the PSpice model of an FET device from the previ-

ous design, for which the parameters were known from earlier experiments (gate area 5x16

um?, parameters for contact lines extracted from the design: Csource = 34 PF, Carain = 13 pF,
Rsource = 230 ©, Rgrain = 145 Q)-

Cem | Com | Rsear | Csource | Carain | Rsource | Rarain | W L Rel | Reeeedback | Op-
[PF1 | [PFI | [MQ] | [pF] | [pF] | [@] | [Q] |[um] | [um] | [kQ]| [ke] | amp
6.28 | 3.14 1 34 13 230 145 16 5 2 10 OP97
Table 4-7  The values of the EEC model parameters, which were kept constant for the

simulations of the impedance spectra by varying of the gate-oxide capacitance

values. The model cell is represented by typical values of a hemispherical cell

with 20 um diameter and about 35 nm cleft height (step 1 of the model de-

scribed in Figure 4-12).
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As it can be seen from the Figure 4-16, the values of the inflection point as well as the peak of
the transfer functions get smaller (Table 4-8). Thereby the difference in impedance spectra

with and without cell on top of the transistor gate increases in size.

1.8

||—®—dox=12 nm_without cell
—e— dox=12 nm_with cell
1.6 e dox=10 nm_without cell
1|—¥— dox=10 nm_with cell
1.4 {|—<— dox=8 nm_without cell
||—»—dox=8 nm_with cell
—&— dox=6 nm_without cell
| [—®— dox=6 nm_with cell

0.4

1k 10k 100k ™
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Figure 4-16 The simulated impedance spectra with and without cell on top of the transistor
gate for an FET device with the channel length of 5 um and the channel width

of 16 um by varying of the gate oxide thicknesses dox.

dox [nm] inflection point peak
12 0.898 1.219
10 0.886 1.197
8 0.865 1.167
6 0.835 1.123

Table 4-8 The values of the inflection point and the peak of the transfer functions for the

corresponding gate oxide thickness dox (Figure 4-16).

In the following, the effect of the gate dimensions on the transistor transconductance and con-
sequently on the impedance spectra with and without cell on top of the transistor gate was
investigated. In Figure 4-17 and Figure 4-18 the simulated transfer characteristics Ips(Vas)

and the corresponding transconductance gn, of two FET devices with different gate areas
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namely 5x16 pm? and 5x25 pm? are presented, respectively. The transfer characteristic

curves result from the FET model implemented in PSpice.
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Figure 4-17 The simulated a) transfer characteristics Ips(Ves) of an FET device with the
channel length of 5 um and the channel width of 16 pum and the corresponding

b) transconductance gn,.
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Figure 4-18 The simulated a) transfer characteristics Ips(Vss) for an FET device with the
channel length of 5 um and the channel width of 25 pum and the corresponding

b) transconductance gn,.

The increase of the ratio of gate width to gate length (W/L ration from 3.2 to 5) leads to the
increase of the transistor transconductance g, from 0.22 mS (W = 16 pum, L = 5um, Vps =—2
V,Ves=—2.8V)100.33mS (W =25pum, L =5um, Vps =—2V, Vgs =— 2.8 V). The simu-
lations were performed by varying of the transistor dimensions, while the other EEC model

parameters were kept constant refer to (Table 4-9).
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Cem Cim Rseal Csource Cadrain Rsource Radrain Rel Rfeeedback op-
[PF] | [pF] | [kQ] | [pF] [PF] [©] [Q] [ke] [ke] amp

6.28 | 3.14 1 34 13 230 145 2 10 OP97

Table 4-9 The values of the EEC model parameters, which were kept constant for the
simulations of the impedance spectra by varying of the transistor gate

dimensions.

In Figure 4-19 the simulated impedance spectra with and without cell on top of the transistor
with different gate areas, namely 5x16 pm? and 5x25 pum? are compared. As a result the
spectra are shifting to lower frequencies and the difference in the impedance spectra simulated
for the case of the cell-free as well as the cell-covered transistor gates is increasing. From our
simulations we can conclude that for optimum impedance performance of our ISFETS for cell
adhesion experiments, we need to increase the transconductance value g, by either a thinner

gate oxide layer dox or by increasing the W/L value of the design.
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Figure 4-19 Simulated impedance spectra with and without cell on top of the transistor gate

considering different transistor gate dimensions, namely 5x16 pm? and 5x25

pm?.
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4.4.2 Influence of the contact line capacitances Csyyrce aNd Cyrain

In the following paragraph, the effect of the contact line capacitances on the impedance spec-
tra was considered. The parasitic capacitances of source and drain contact lines (Csource and
Cuarain) Can be calculated from the contact line areas of source and drain (Asource @Nd Agrain),
which are usually known from the design, and the thickness of the passivation layer d using
equation (4.19). In Table 4-10 the calculated capacitance values for different thicknesses of
the passivation layer and the indicated contact line areas for source and drain are displayed.

d [nm] Asource [um’] Agrain[Hm’] Csource [PF] Carain [PF]
450 448 000 165 000 34 13
220 448 000 165 000 67 25
Table 4-10  The capacitance values of the contact lines for source Csoyrce and drain Cgpain fOr

different thicknesses of the passivation layer d. VValues were calculated based
on the contact line areas Asource and Agrain and the passivation layer thicknesses

d of both designs.

In Figure 4-20 the simulated impedance spectra with different silicon dioxide thicknesses for
the passivation layer are presented. As it can be seen from the Figure 4-20, with increase of
the contact line capacitances the peak of the transfer function after the inflection point shifts
to lower frequency and to lower amplitude values. However, the difference between the cell-
adhered and the cell-free case is decreasing as well. Therefore, generally higher contact line
capacitances and hence thinner passivation layers are preferred, if we intend to work with

low-frequency electronics.

CFM CJM Rseal W L Cox Rel Rfeeedback op-amp

[PF] [PF] [kQ] | [um] | [um] | [pF] (k] (k]

6.28 3.14 1 16 5 0.35 2 10 OP97
Table 4-11  The values of the EEC model parameters, which were kept constant for the

simulations of the impedance spectra by varying of the contact line parameters.
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Figure 4-20 The simulated impedance spectra with and without cell on top of the transistor
gate considering different thicknesses of the passivation layer d are presented

in this graph.

Based on these simulation results we decided to increase the implantation dose of the contact
lines, to decrease the passivation layer thickness to 220 nm silicon oxide and to use only 6 nm
gate oxide thickness for the new generation of the FET devices.

4.4.3 Influence of the surface topography

For cell adhesion and migration experiments, the surface topography is very important. The
flatter the transistor surface is, the stronger the electronic coupling strength becomes (Voelker
and Fromhertz, 2006). A reduced cleft height between the cell and the transistor will lead to
an increase of the seal resistance Rge, Which is inversely proportional to the cleft height
(equation (4.21)). In Figure 4-21 the simulated impedance spectra for the cases of the cell-free
as well as the cell-covered transistor gates are presented. For the case of the cell-covered tran-
sistor gate different coupling strengths (Rsea) Were considered (0.8 MQ, 1.0 MQ, 1.2 MQ). As
it can be seen in Figure 4-21, for the higher seal resistance values the amplitude of the transfer

functions begins to decrease earlier than for the smaller values, whereas the inflection point
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shifts to lower amplitude values. This indicates the increase of the difference in impedance
spectra with and without cell on top of the transistor. Therefore, higher Ry, Values are gener-

ally preferred (Susloparova et al., 2014).
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Figure 4-21 The impedance spectra simulated for the cases of a cell-free as well as a cell-

covered transistor gate considering different coupling strengths (Rsear).

4.5 Investigation of the effect of the transimpedance circuit

parameters on the impedance spectra

In this section, the influence of the transimpedance circuit parameters on the impedance spec-

tra was investigated. Again the model circuit implemented in PSpice was used.

Firstly, the influence of the series resistance of the reference electrode and electrolyte solution
Re on the shape of the impedance spectra was investigated. In Figure 4-22 the impedance
spectra, which were simulated for the case of the cell-covered transistor gate, by varying of
the values of the reference electrode and electrolyte solution from 100 Q to 2 kQ were
compared. As it can be seen from the Figure 4-22, the higher the resistance of the reference
electrode and electrolyte solution, the smaller is the increase of the transfer functions at the

peak position at about 800 kHz.
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Figure 4-22 The impedance spectra simulated for the case of the cell-covered transistor gate
considering the series resistance of the reference electrode and electrolyte solu-
tion Re from 100 Q to 2 kQ.

In Figure 4-23 the impedance spectra, which were simulated for the cases of the cell-free as
well as the cell-covered transistor gates, using different operational amplifiers were compared.

The operational amplifiers differ from each other in bandwidth and slew rate (Table 4-12).

op-amp Bandwidth [MHZz] Slew rate [V/us]
OP97 0.9 0.2
OP37 63 17

Table 4-12  The operational amplifiers (OP97 and OP37 (Distrelec Schuricht GmbH, Ger-

many)) differ from each other in bandwidth and slew rate.

As it can be seen, using of the operational amplifier with a higher bandwidth leads to an in-
creased bandwidth of the readout system. Thus, the information about the condition of cells

can be obtained at higher frequencies.
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Figure 4-23 The simulated impedance spectra with and without cell on top of the transistor

gate using different operational amplifiers, namely OP97 and OP37.

4.6 Mechanical removal of an individual cell from the

transistor gate surface

In this section, experiments were performed on a patch-clamp setup to confirm that only one
individual cell adhered to a transistor gate of an FET device causes the changes in the imped-

ance spectra.

For these experiments, the HEK293 cells were cultured in a low density on the FET device
surfaces. In Figure 4-24a, as an exemplary experiment two transistor gates of an FET device,
cell-free transistor gate (number 7) and single cell-covered transistor gate (humber 8), are
shown. First, the impedance spectra of both transistor gates were recorded using the lock-in
amplifier system (subsection 3.7.2). Afterwards, the cell was mechanically removed from the
transitor gate surface (humber 8) by a patch-clamp pipette (Figure 4-24c) and the impedance
spectra were recorded again. The measured impedance spectra before and after removal of the
cell are compared in Figure 4-24b. A significant change in the impedance spectra shape was
observed confirming experimentally the theoretical model discussed in section 4.3.
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Figure 4-24 a) Microscopic image of two transistor gates of an FET device: cell-free tran-
sistor gate (number 7) and single cell-covered transistor gate (number 8). b)
Comparison of the measured impedance spectra for the transistor gate 8 before
and after removal of the single adhered HEK 293 cell with a patch-clamp pi-
pette. ¢) Microscopic image after removal of the HEK 293 cell from the tran-
sistor gate 8 with a patch-clamp pipette. This image was adapted from

(Susloparova et al., 2015).



Electrically equivalent circuit model 100

Similar experiments were performed with the FET devices covered by single H441 cells
(Figure 4-25). It can clearly be seen that the spectral changes vary from experiment to exper-
iment and from cell type to cell type.
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Figure 4-25 a) Microscopic image of two transistor gates of an FET device. Transistor gate
10 is covered by single H441 cell while transistor gate 6 is cell-free. b) Com-
parison of the measured impedance spectra for the transistor gate 10 before and
after removal of the single adhered cell with a patch-clamp pipette. ¢) Micro-
scopic image after removal of the H441 cell from the transistor gate 10 with a
patch-clamp pipette.
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4.7 Chemical removal of cells from the transistor gate sur-

face

In contrast to the more basic experiment described in the last paragraph, the observation of
chemical influences to cells attached to our devices is closer to real application in biochemical
and biomedical sensing with this novel technique. In these experiments we moved from the
very crude enzymatic digestion of cells by trypsin towards the application of anticancer drug
known from chemotherapy in oncology pathients. In another PhD thesis work in our group
(Koppenhofer, 2016) more relevant biomedical assays were performed, while the physical
foundations of this novel technique were elaborated in this thesis.

In section 4.3, the influence of the cell-related parameters on the impedance spectra was theo-
retically discussed by simulations. In this section (the content of this section is based on a
publication (Susloparova et al., 2015)), gradual changes in the measured impedance spectra,
which reflect gradual modifications in the adhesion status of the cell, will be explained by

taking the example of the chemically-induced detachment process of single cells into account.

In first very basic experiment, the HEK293 cells cultured in a low density on the FET device
surfaces were treated with 5 pg/ml trypsin solution. This leads to an enzymatic digestion of
the extracellular matrix and to a detachment of the cells from the device. The impedance spec-
tra were recorded stepwise one after another within 5 min of the cellular detachment process
with the TTF amplifier system. In Figure 4-26 the obvious changes observed in the shape of

the impedance spectra are presented for one particular experiment.
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Figure 4-26 The impedance spectra for a cell-covered transistor gate of an FET device be-
fore and after adding of 5 pg/ml trypsin solution measured with the TTF ampli-
fier system. Clear changes in the spectra can be seen during cellular detach-

ment.

The spectra obtained during the detachment process were fitted incrementally using equation
(4.17) (Figure 4-27). The fitted values of the seal resistance R and the cell membrane ca-

pacitance Cy, for this experiment are presented in Table 4-13.
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Figure 4-27 The impedance spectra measured with the TTF amplifier system during the
detachment process induced by 5 pg/ml trypsin solution (solid lines) and corre-
sponding spectra fitted by the analytical procedure described in paragraph 4.2
are shown. The corresponding seal resistance and the cell membrane capaci-
tance values obtained from the fits are shown in Table 4-13.

Rseal [MQ] Cwm [PF]
before trypsin adding 1.305 £ 0.045 0.211 +0.011
1 min after trypsin adding 0.539 +0.021 0.664 + 0.025
2 min after trypsin adding 0.259 +0.011 0.623 + 0.056
3 min after trypsin adding 0.135+0.011 0.917 +0.073

Table 4-13  The fitted values of the cell-related parameters of seal resistance R and the
cell membrane capacitance Cy during the detachment process induced by 5
pg/ml trypsin solution in the exemplary experiment shown in Figure 4-27. Er-

ror values result from the fitting procedure.
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Since this detachment process happened quite fast, in the next experiments the trypsin con-
centration was lowered to a value of 1 pg/ml, resulting in a slower detachment. In this case,
the impedance spectra were measured with the new lock-in amplifier system however, similar

behaviour in the spectra was obtained.
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Figure 4-28 a) The impedance spectra measured with the lock-in amplifier system for a
cell-covered transistor gate of an FET device after adding of 1 pg/ml trypsin
solution within the first 5 minutes. A gradual decrease of the amplitude in the
frequency range from 10 kHz to 400 kHz was observed. b) In the second part
of the cell detachment process the measured impedance spectra showed an in-
crease of the amplitude in the frequency range from 10 kHz to 400 kHz. An op-
tically visible morphology change was observed only ten minutes after trypsin
addition, while the electrical signals showed changes much earlier in the de-

tachment signal.
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As it can be seen in Figure 4-28, the impedance spectra were measured before and after add-
ing of 1 pg/ml trypsin solution one after another within 21 min in this particular experiment.
The cell-covered transistor gate responded very fast to the addition of the trypsin solution
with gradual shape changes in the impedance spectra. After 21 min of the measurement, the
typical shape of the impedance spectrum for a cell-free transistor gate was observed. For
measurement and saving of each impedance spectrum with the lock-in amplifier system about
1 min was required. Within first 10 min of the measurement a gradual decrease in the transfer
function amplitude in the frequency range from 10 kHz to 400 kHz was observed (Figure
4-28a). After 10 min of the measurement a gradual increase in the transfer function amplitude

over time was monitored (Figure 4-28Db).

The optical control showed the morphological changes of the cell from a flat to a round form,
while the first changes were visibly observed after 10 min only. A combined effect of the seal
resistance and the membrane capacitance to the measured shape of the impedance spectra was
therefore clearly recognized in the electrical data. In Table 4-14 the fitted values of the seal
resistance Rses and the membrane capacitance Cy for the first five measured impedance spec-
tra are shown. In this period a gradual decrease in transfer function amplitude (Figure 4-28a)
and thus a gradual increase in the seal resistance (Table 4-14) was monitored. Afterwards a
gradual increase of the amplitude (the reversing effect, which we attribute to a decrease of the

seal resistance) was monitored. This effect was similar to the experiment in Figure 4-26.

Rseal [MQ] Cwm [PF]
1 min after trypsin adding 1.305 £ 0.081 0.155 + 0.053
2 min after trypsin adding 1.409 £ 0.109 0.179 £ 0.043
3 min after trypsin adding 1.847 £ 0.167 0.272 £ 0.044
4 min after trypsin adding 2.162 +£0.202 0.293 +0.043
5 min after trypsin adding 3.665 + 0.278 0.228 + 0.027

Table 4-14  The fitted values of the seal resistance R and the cell membrane capacitance
Cwm during the detachment process induced by 1 pg/ml trypsin solution by fit-
ting of the impedance spectra measured within first five minutes (Figure
4-28a).
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The first experiment was performed using TTF amplifier system which is comparable to the
lock-in amplifier system having no high-pass effect. Therefore, the measured impedance spec-
tra for a cell-free transistor in Figure 4-26 and Figure 4-28 look slightly different. These two

experiments discussed here represent typical recordings.

However, with the current status of our amplifier and our fitting procedure the data evaluation
is quite cumbersome. In commercial systems usually time-dependent data are recorded at one

particular frequency where largest changes in signal amplitude are observed.

4.8 Time-dependent measurements using a chemothera-

peutic drug

In this section, such time-dependent experiments, which monitor the apoptosis event induced
by a chemotherapeutic drug, are presented. For these experiments H441 cells were cultured on
the FET devices in a low density and were then treated with the anticancer drug topotecan
hydrochloride (10 pg/ml). Time-dependent measurements were performed using two different
measurement setups, namely the TTF amplifier system (the discussed experiments are shown
in a publication (Susloparova et al., 2013)) and the amplifier system with a lock-in amplifier
(this data is based on a publication (Susloparova et al., 2015)). Since the cellular responses
were investigated over longer periods, all experiments were carried out inside an incubator at
37°C and 5% COs..

4.8.1 Time-dependent measurement using TTF amplifier system

As it was already mentioned in section 3.7.1, with the TTF amplifier system is possible to
record the time-dependent data by selection of only one fixed frequency for all 16 channels of
an FET device, simultaneously. Therefore, one constant frequency, at which the strongest
changes in the amplitude signal were expected, was selected and time-dependent measure-
ments were performed. In Figure 4-29c for reasons of simplification, only 4 from 16 transistor
gates of an FET device covered by H441 cell are presented. As it can be seen from this figure,

transistor gates number 9, number 10, and number 13 are cell-covered, whereas the transistor
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gate number 14 is cell-free. Figure 4-29a represents an exemplary, time-dependent measure-
ment of the transfer functions at a constant frequency of 200 kHz for these transistor gates.
The measurements were performed within 2 hours and 30 min (9000 sec). The cell-covered
transistor gates (except the broken transistor gate number 9) responded with a change in the
impedance spectra to the effect of the chemotherapeutic drug. The amplitude of the transfer
functions for cell-covered transistor gates was increased, whereas the amplitude of the transfer
function for cell-free transistor gate stayed constant. In Figure 4-29b the recorded impedance
spectra before and after the administration of topotecan hydrochloride are compared. Figure
4-29d shows the morphological changes, induced when the drug containing solution was add-

ed to the cells.
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Figure 4-29 a) Time-dependent measurement performed with the TTF amplifier system at
only one particular frequency of 200 kHz of four transistor gates of an FET de-
vice covered by H441 cells. b) Recorded impedance spectra before and after
the administration of topotecan hydrochloride. Microscopic image of the tran-
sistor gates covered by H441 cells ¢) before and d) after drug administration.

This image was adapted from (Susloparova et al., 2013).
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4.8.2 Time-dependent measurement using lock-in amplifier system

In this section, the apoptosis event induced by the chemotherapeutic drug was investigated by
time-dependent measurements performed with the second system using the fast lock-in ampli-
fier. As it was already described in subsection 3.7.2, with this lock-in amplifier system it is
possible to achieve the time-dependent recordings at several different frequencies, simultane-
ously. However, in this setup all 16 transistors of an FETdevice needed to be measured con-
secutively.

The H441 cells were cultured on the FET devices in a low density and then treated with the
chemotherapeutic drug topotecan hydrochloride (10 pg/ml). First, in order to ascertain when
the chemotherapeutic drug begins to affect the H441 cells, the time-dependent measurements
were performed at one selected frequency within 49 hours. Figure 4-30 shows an exemplary
experiment. Time-dependent recordings were carried out for a cell-covered transistor gate of
an FET device at a frequency of 200 kHz. As it can be seen, the H441 cell was gradually
damaged by the drug. The chemotherapeutic drug causes an increase of the amplitude value

and thus the changes in the impedance spectra.

In order to confirm, that the changes were exclusively caused by the chemotherapeutic drug,
for the next experiment two transistor gates of an FET device, a cell-free transistor gate and a
cell-covered transistor gate were selected. The measurements for two different transistor gates
of an FET device were carried out using two different analogue inputs of the lock-in amplifi-
er. In Figure 4-31 one exemplary time-dependent measurement for two transistor gates at a
selected frequency of 100 kHz is presented. As it can be seen, for the cell-free transistor gate
no changes in amplitude were measured. In this experiment, the time-dependent signals were
recorded for 6 hours starting 20 hours after drug administration. After 2 hours of the time-
dependent recordings no changes in signal amplitude were monitored. However, similar to
what was reported before for the ECIS devices a low frequency modulation is visible, which
was reported before to be causal by micromotions of cells. After cell detachment only a silent

signal with a slight upward drift is visible.
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Figure 4-30 Time-dependent measurement performed with the lock-in amplifier system at
frequency of 200 kHz within 49 hours for a cell-covered transistor gate of an
FET device after treatment with the chemotherapeutic drug topotecan hydro-
chloride (10 pg/ml). After 24 hours the micromotion signal vanishes and the

sensor shows no response, which we regarded as complete cell detachment.
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Figure 4-31 Time-dependent measurement performed with the lock-in amplifier system at

frequency of 100 kHz within 6 hours for a cell-covered and a cell-free transis-

tor gate as control channel. The data sampling was started 20 hours after drug

administration.

The next experiments were carried out to monitor the effect of topotecan hydrochloride (10

pg/ml) on the H441 cells at two different frequencies, simultaneously. Two transistor gates of

an FET device, a cell-free transistor gate (transistor gate 8 (Figure 4-32a)), and a cell-covered

transistor gate (transistor gate 7 (Figure 4-32a)) were selected. When comparing the measured

impedance spectra for a cell-free transistor gate and for a cell-covered transistor gate, it is

quite evident that the largest differences can be recorded in a frequency range from 30 kHz to

600 kHz. Two different frequencies in this range (100 kHz and 300 kHz) were selected for

this experiment. The recordings were performed 20 hours after drug administration as well. In

Figure 4-32c the measured amplitudes over time at these two frequencies are compared. After



Electrically equivalent circuit model 111

2 hours the cells were completely detached from the sensor surface. When comparing the
measured curves at 100 kHz and 300 kHz it can be seen that the time evoluations are quite
similar. First, an increase of the amplitudes of the impedance spectra over time was moni-
tored. After one hour the amplitude was dropping, which was more pronounced at the trace of
300 kHz compared to 100 kHz. Afterwards, an increase of the amplitudes of the impedance

spectra was observed again.
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Figure 4-32 (a) Microscopic image of 4 from 16 transistor gates of an FET device covered
by H441 cells. Gate 7 is cell-covered, while gates 3 and 4 are partially covered
and gate 8 is cell-free. (b) The morphological changes induced after 24 hours
of topotecan treatment. (¢) Time-dependent measurement performed with the
lock-in amplifier system at two different frequencies (at 100 kHz and at 300
kHz), simultaneously for cell-covered transistor gate (gate 7) (d) Comparison
of the measured impedance spectra before and after 24 hours of topotecan
(10ug/ml) treatment for cell-covered transistor gate (gate 7). This image was
adapted from (Susloparova et al., 2015).
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This experiment approved that a selection of only one frequency like it is usually done with
the commercial ECIS systems might hide significant information and might lead to misinter-

pretation of the results.

A similar time evolution was observed by monitoring the detachment process induced by
trypsin solution, where the amplitude of the transfer function was firstly decreased (Figure
4-28a) and afterwards increased again (Figure 4-28b). These measured impedance spectra

(Figure 4-28) can be represented in a 3-dimensional plot (Figure 4-33).
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Figure 4-33 3D-representation of the time-dependent series of the impedance spectra shown
in Figure 4-28. Recording at fixed frequencies is not able to reveal detailed da-
ta of the detachment processes. Such time-dependent recordings can be under-
stood as the red lines, which are exemplary drawn into the data. The shape of
these lines is quite different. Only a full recording of the respective spectra
with fitting to the EEC model can reveal the shape of the 3D landscape and can
be used to fully interpret the cell-related parameters during cellular detachment.

This image was adapted from (Susloparova et al., 2015).
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In similar way the ECIS data were presented earlier (Wegener et al., 2000) (Arndt et al.,
2004). Exemplarily two lines were manually drawn into the 3D landscape, which should un-
derpin the reason for the differences typically observed in time-dependent measurements.

The gradual decrease of the amplitude in the impedance spectra bears on a gradual increase of
the seal resistance, whereas a gradual decrease of the seal resistance to the detaching cell-

sensor connection and consequently to an increase of the transfer function amplitude.

However, in time-dependent experiments at fixed frequencies such effects are very difficult to
observe. In order to pursue a detachment process of a single cell in detail, the complete re-
cording of the impedance spectra and the gradual fitting of these spectra to the EEC model

and obtaining of the cell-related parameters would be necessary.

4.9 Comparison of two generations of FET devices

In this section, two generations of the FET devices, which differ in gate dimensions, gate ox-
ide thickness as well as in the thickness of the passivation layer for source and drain contact
lines (section 3.1), will be compared with each other. In the following, the FET device charac-
teristics as well as the cell-substrate adhesion measurements using two generations of FET

devices will be presented. The results presented here are based on (Susloparova et al., 2014).

4.9.1 FET device characteristics

First, the electrical characteristics of both FET device generations were evaluated. The trans-
fer characteristics Ips(Vgs) of both FET device generations were measured in the same range
of gate—source voltage Vgs from 0 to — 3V, while varying the drain—source voltage Vps from
0 to — 3V in steps of 1 V. The transistor transconductance g, was numerically derived from
the transfer characteristics. The top graphs in Figure 4-34 and Figure 4-35 show the measured
transfer characteristics, whereas the bottom graphs show the transistor transconductance. In
terms of electrical performance the newer version of the FET devices has higher transcon-

ductance values. The maximum value of the transconductance for the former FET devices is
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achieved at 0.45 mS (at Vps = — 3 V and Vgs = — 2 V), while for the new FET devices of 0.5
mS (at Vps=—3Vand Vgs =—2.2 V).
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Figure 4-34 a) The transfer characteristics Ips(Vegs) and (b) the transistor transconductance
gm Of the previous FET device with the gate dimensions 5x16 pm?, the gate ox-
ide thickness of 10 nm, and the thickness of the passivation layer for source
and drain contact lines of 480 nm. This image was adapted from (Susloparova
etal., 2014).
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Figure 4-35 (a) The transfer characteristics Ips(Vgs) and (b) the transistor transconductance
gm Of the new FET device with the gate dimensions 5x25 um?, the gate oxide
thickness of 6 nm, and the thickness of the passivation layer for source and
drain contact lines of 220 nm. This image was adapted from (Susloparova et
al., 2014).

4.9.2 Cell-substrate adhesion measurements

Further, cell-substrate adhesion measurements using both FET device generations were per-
formed and compared with each other. The HEK293 cells were cultured on the both FET de-
vice generations (Figure 4-36). Considering the Figure 4-36a and Figure 4-36b is visible that
in case of the previous chip design cells preferentially adhered to the edges of the contact
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lines, whereas in case of the new chip design these effects were eliminated. This is due to the

fact that a much shallower surface topography was obtained in the newer fabrication process.

a)

Figure 4-36 Microscopic images of the transistor gates of (a) a previous FET device and (b)
a new FET device covered by HEK293 cells. In case of the previous chip de-
sign the preferentially adhesion of cells to the edges of the contact lines on the
surface can be seen, whereas in the new chip design a preferentially flatter
morphology of cells can be seen. This image was adapted from (Susloparova et
al., 2014).

The cell-substrate adhesion measurements were performed with two different measurement
setups. In Figure 4-37 the impedance spectra recorded with the TTF amplifier system for cell-
free and cell-covered transistor gates of an FET device are shown. An increased difference in
the impedance spectra measured for cell-covered and cell-free transistor gates in the case of
the newly designed FET devices was clearly monitored. The value of the inflection point of
the transfer function amounts to 0.92 for the previous FET device and 0.84 for the new FET
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device, respectively. In the TTF amplifier system, usually the data recorded above 300 — 400
kHz are not really exact due to the custom-made, low cost electronics realization. In this for-
mer instrument the bandwidth of the recordings was widened by actively switching passive

low pass and high pass filters, respectively.
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Figure 4-37 The impedance spectra measured with the TTF amplifier system using (a) for-
mer generation of the FET devices and (b) new generation of the FET devices.

This image was adapted from (Susloparova et al., 2014).

This difference becomes more obvious in the exemplary measurement shown in Figure 4-38.
In this case the spectra were measured with the high-frequency electronics using the fast lock-
in amplifier. These spectra represent the pure impedance spectra which are not smothered by
filter settings in the high frequency part where the spectral changes due to cell adhesion occur.

However, at frequencies below 5 kHz a high pass filter is introduced by the lock-in amplifier.
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In this measurement a clear shift of the cutoff frequency of the low pass filter effect to lower
frequencies can be seen. The peak point in the impedance spectra in the cell-free cases shifted
from 400 kHz in the former FET design to only 200 kHz in the new generation of the FET
devices with flat topology. The difference in the measured impedance for cell-covered and
cell-free transistor gates in the case of the newly designed FET devices was clearly discerni-
ble. A good correlation was found between the performed simulations (section 4.4) and the
experimental data.
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Figure 4-38 The impedance spectra measured with the lock-in amplifier system using (a) a
former FET device and (b) a new FET device. This image was adapted from
(Susloparova et al., 2014).



Chapter 5

5 Organic electrochemical field-effect transistor de-

vices for cell adhesion monitoring

In this chapter, the field-effect transistor devices based on organic materials as active semi-
conductor component will be presented. In the end phase of this thesis these devices were
tested with the optimized electronics and results were compared with the adhesion results ob-
tained with the silicon FET devices. The development and the fabrication process, electrical
characterization and first cell measurements with the OECT devices are described here (the
content of this chapter is based on (Ingebrandt et al., 2015)). The OECT devices showed ex-
cellent biocompatibility. The HEK 293 cells were successfully grown on the PEDOT:PSS
surface. The devices were stable enough in cell culture to use them to monitor the cell adhe-

sion after a few days in culture.

Organic semiconductor materials have found broad application in optoelectronic devices such
as organic light-emitting diodes (OLEDs), organic solar cells and organic thin-film transistors
(OTFTs). OTFTs in general can be classified into organic field-effect transistors (OFETS) and
organic electrochemical transistors (OECTS).

Field-effect transistor devices based on organic semiconductor materials recently have found
application in the field of chemical- and biosensors. Different organic semiconductors, such

as pentacene, poly(3-hexylthiophene) (P3HT), polyaniline (PANI), and poly(3,4-
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ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) were used as the active
layers in the sensors. These materials offer advantages, such as low cost, flexibility, easy fab-
rication and compatibility with biological systems. Several studies demonstrated that OECT
devices could be used for sensing of ions (Lin et al., 2010a), pH (Loi et al., 2005) (Bartic et
al., 2002), humidity (Nilsson et al., 2002), glucose (Zhu et al., 2004), antibody-antigen (Kim
et al., 2010) (Kanungo et al., 2002), DNA (Krishnamoorthy et al., 2004) , and cells (Lin et al.,
2010b). The OECT devices can be fabricated by spin coating, inkjet printing, and screen
printing. The most common material for biological applications is PEDOT:PSS (Kergoat et
al., 2012) (Nikolou and Malliaras, 2008) (Groenendaal et al., 2000).

The previously described field-effect transistor devices based on silicon were used throughout
this thesis for electrical cell-substrate adhesion sensing. The main disadvantage of silicon-
based transistors is the high cost of the fabrication process and the opaque devices, which
interfere with standard cell culture microscopy. Polymer-based devices provide low fabrica-
tion cost and optical transparency and might be an alternative for new biosensor develop-
ments. Electrical cell-substrate impedance measurements with this device type were success-
fully established. They offer very promising future applications and eventual commercial im-

pact.

5.1 First characterization steps of PEDOT:PSS

First, the electrical transport properties, the solubility and robustness in aqueous media, as
well as the biocompatible features of PEDOT:PSS were examined. For this purpose PE-
DOT:PSS (Orgacon 1J-1005, Sigma Aldrich, Germany) was deposited by means of an inkjet
printer (Dimatix Materials Printer 2800 (DMP-2800), FUJIFILM, USA) on glass substrates.
At first glass samples (2.5%2.5 cm?) were sonicated for 5 min each in acetone, isopropyl alco-
hol, DI water and were finally dried under nitrogen flow. Next, the glass surfaces were acti-
vated in a plasma oven at 240 W power and 40% oxygen environment for 3 minutes. Afterwards
two layers of PEDOT:PSS were printed on top of glass substrates. PEDOT:PSS was inkjet
printed in the center of the glass samples (pattern size of 1x1 cm?) and then was annealed in
vacuum environment at 120° C for four hours. Further the thickness as well as the uniformity
of the PEDOT:PSS film was characterized by atomic force microscopy (AFM). For this pur-
pose the printed area was scratched in the middle. The AFM measurements were carried out
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in tapping mode with a scanned area of 90x90 pm?. The AFM image of two PEDOT:PSS
layers is shown in Figure 5-1. From the AFM measurement the thickness of two PEDOT:PSS
layers resulted to about 130 nm.
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Figure 5-1  Atomic force microscopy image of two printed PEDOT:PSS layers with the

thickness of about 130 nm.

Afterwards, a thin layer of ethylene glycol (EG) (Sigma Aldrich, Germany) was spin coated
on top of the PEDOT:PSS film and subsequently annealed in vacuum environment at 120° C

for 14 hours.

The fundamental electrical property of any semiconductor material is its electrical conductivi-
ty. Hence, at first the electrical conductivity of PEDOT:PSS was established. Conductivity o

is defined as the inverse of resistivity p:

(5.1)

=N
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The resistivity of the PEDOT:PSS film was measured using the four-point probe method in an
inline configuration. By passing a current | through two outer probes and measuring the volt-
age V through the inner probes allows the measurement of the substrate resistivity p:

-V
p= In2 I (5'2)

In Table 5-1 the resistivity values of the printed PEDOT:PSS film on glass substrates before
and after treatment with ethylene glycol are compared. A clear increase of the conductivity of
PEDOT:PSS after treatment with EG was observed. This can be explained by an improved
carrier mobility of PEDOT:PSS. The carrier mobility of PEDOT:PSS after treatment with EG
was reported to increase from 0.15 cm?/V s to 3.6 cm?/V s (Yamashita et al., 2011).

samples no. before treatment with EG after treatment with EG
p [MQ-cm] p [kQ-cm]
1 223.74 23.69
2 249.23 23.32
3 361.9 26.49
Table 5-1  The resistivity values p of the PEDOT:PSS film measured using a four-point

probe method before and after treatment with ethylene glycol (EG).

Changes in the surface properties of the PEDOT:PSS film after treatment with EG were tested
by contact angle measurements (OCA 15Plus, DataPhysics, Germany). The water contact
angle of a PEDOT:PSS film amounts to 8—12°, while a PEDOT:PSS film treated with eth-
ylene glycol is 45-50° (Figure 5-2). This indicates that the surface of the PEDOT:PSS film

becomes more hydrophobic after treatment with EG.
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a) m b) '

Figure 5-2 A water drop a) on a PEDOT:PSS film showed contact angle of 8-12° and b)

on a PEDOT:PSS film treated with ethylene glycol of 45-50°.

In order to investigate the stability of the conductivity values of the PEDOT:PSS film treated
with EG, the samples (two layers of PEDOT:PSS printed on glass substrates and treated with
EG) were immersed in M10 medium and their resistivity was measured after 24 hours and 48
hours of incubation with M10 medium (Table 5-2). As it can be seen from the measured resis-
tivity values, the electrical conductivity of the PEDOT:PSS film treated with EG was de-
creased by 10 times after 48 hours of incubation with M10 medium. Although this is a quite
large change the devices will still function after longer incubation periods and could at least

be used for acute cell adhesion and detachment experiments.

sample no. before after 24 hin M10 after 48 h in M10
p [kQ em] medium medium
p [kQ em] p [kQ em]
1 28.13 122.01 304.94
2 23.32 149.87 483.98
Table 5-2 The resistivity values p of the samples (two layers of PEDOT:PSS printed on

glass substrates) measured using a four-point probe method before incubation

of the samples in M10 medium and after 24 hours and 48 hours of incubation.

After it was demonstrated that the PEDOT:PSS film treated with EG is conductive and suffi-
ciently stable in cell medium, the electrochemical gating behavior of PEDOT:PSS was inves-
tigated. PEDOT:PSS was printed on the glass substrates in the form of lines with a lenght of 1
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cm and a width of 100 um. The ends of the lines were coated with silver glue, which acted as

source and drain electrodes (Figure 5-3).

PBS drop
contacts from silver glue

%‘_‘ +—0 /{
glass sample

printed PE DOT: PSS lines

Figure 5-3  PEDOT:PSS was printed on a glass sample in form of lines with length of 1 cm
and width of 100 pum.

The transfer characteristics and the leakage current of PEDOT:PSS line were measured at a
wafer probe station. Two thin needles were positioned on source and drain electrodes and the
third needle (Ag/AgCl wire) was immersed into a droplet of Phosphate Buffered Saline (PBS)
solution, which was dropped on a PEDOS:PSS line. The gate-source voltage Vgs was varied
from 0.5V to — 0.5 V in steps of — 0.1 V, the drain-source voltage Vps was varied from 0 V
to — 0.3 V in steps of — 0.1 V, and the drain—source current Ips(Vgs) and the leakage current
lcs(Ves) were measured (Figure 5-4). As it can be seen, the fabricated device behaved in a
typical manner of a field-effect transistor. However, the drain-source current lies in the range
of YA, that leads to the transconductance value gn, in the range of uS for these very crude
PEDOT:PSS lines.

124



Organic electrochemical field-effect transistor devices for cell adhesion monitoring

—

—=—Vpg=0V

+VDS=-D.1 W
—"‘—VDS:—DE W
—T—VDS:—U.S W

Ipg [WA]
K

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Vgs V]

lgg [MA]

Figure5-4 &) The transfer characteristics Ips(Ves) and b) the leakage current Igs(Ves)
through the gate electrode measured at a wafer probe station for an PE-
DOT:PSS line with the dimensions 100 pmx1 cm.

5.2 Electrical characterization of the OECT devices

After the very general material optimization and characterization, real OECT devices were
fabricated using the gold electrode array designs with single and multiple interdigitated source

and drain electrodes as described in section 3.4. In the following, the electrical characteriza-
tion of these devices is discussed.

Before encapsulation for cell experiments, the produced OECT devices were characterized at

a wafer probe station as well. Source and drain electrodes were contacted by two thin needles,
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while the gate was contacted via Ag/AgCl wire, which was immersed into a droplet of PBS on
the transistor surface. The gate-source voltage Vs was varied from 0.5 V to — 0.5 V in steps
of — 0.1 V, the drain-source voltage Vps was varied from 0 V to — 0.3 V in steps of — 0.1 V,
and the drain—source current Ips(Ves) and the leakage current lgs(Ves) were measured, re-
spectively. From this data, the transconductance gn, was calculated by derivation of Ips(Vas).
The measured characteristics are presented in the following Figures: Figure 5-5 (an OECT
device with the gate dimensions 100x10 pm? and single interdigitated source and drain elec-
trode), Figure 5-6 (an OECT device with the gate dimensions 100x100 pm?and 4 interdigitat-
ed source and drain electrodes), and Figure 5-7 (an OECT device with the gate dimensions

200x200 pm?and 8 interdigitated source and drain electrodes).

The performance of the devices was compared with respect to the leakage current lgs(Ves)
through the gate, which forms a limiting factor by signal creation and should be kept as small
as possible. Compared to the drain-source current Ips(Vgs) the leakage current lgs(Ves) is

small and was measured in microamperes.
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Figure 5-5 a) The transfer characteristics Ips(Vgs) b) the leakage current Igs(Ves) and ¢)
the transistor transconductance gn, of an OECT device with the gate dimensions

100x10 pm? (single interdigitated source and drain electrode) measured at a
wafer probe station.
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Figure 5-6  a) The transfer characteristics Ips(Vgs) b) the leakage current Igs(Vgs) and ¢)
the transistor transconductance g, of an OECT device with the gate dimensions

100x100 pum? (4 interdigitated source and drain electrodes) measured at a wafer
probe station.
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Figure 5-7  a) The transfer characteristics Ips(Vgs) b) the leakage current Igs(Vgs) and ¢)
the transistor transconductance gn, of an OECT device with the gate dimensions

200200 um? (8 interdigitated source and drain electrodes) measured at a wafer
probe station.

It can be seen from the graphs that with the multiple finger designs very large transconduct-

ance values compared to the silicon FET devices can be obtained. Another very nice effect is
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that the OECT devices can be regarded as depletion mode types having highest transconduct-

ance values at zero gate voltage bios making then very suitable for biological experiments.

Afterwards the OECT devices were encapsulated and the electrical characteristics were meas-
ured with the TTF amplifier system. The gate-source voltage Vs was varied from 0.8 V
to — 0.4 V in steps of — 0.1 V, the drain-source voltage Vps was varied from 0V to - 0.3V in
steps of — 0.1 V, and the drain-source current Ips(Vgs) was measured. From this data, the
transconductance gn was calculated by derivation of Ips(Vgs). The measured characteristics
are presented in the following Figures: Figure 5-8 (an OECT device with the gate dimensions
100x10 um? and single interdigitated source and drain electrode), Figure 5-9 (an OECT de-
vice with the gate dimensions 100x100 pm?and 4 interdigitated source and drain electrodes),
and Figure 5-10 (an OECT device with the gate dimensions 200x200 pm?and 8 interdigitated
source and drain electrodes).
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Figure 5-8

gm of an OECT device with the gate dimensions 100x10 pm? (single interdigi-

tated source and drain electrode) measured with the TTF amplifier system.

a) The transfer characteristics Ips(Vgs) and b) the transistor transconductance
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Figure 5-9  a) The transfer characteristics lps(Vgs) and b) the transistor transconductance
gm of an OECT device with the gate dimensions 100x100 pm? (4 interdigitated

source and drain electrodes) measured with the TTF amplifier system.
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Figure 5-10 a) The transfer characteristics Ips(Vgs) and b) the transistor transconductance
gm of an OECT device with the gate dimensions 200x200 pm? (8 interdigitated
source and drain electrodes) measured with the TTF amplifier system.

In Table 5-3 the transconductance values g, measured using wafer probe station before en-
capsulation of the OECT devices and using TTF amplifier system after encapsulation of the
OECT devices are compared. As it can be seen from the Table 5-3, the transonductance gn

decreased when the TTF amplifier system is used.
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no. of interdigitated gate area [um?] Om [MS] Om [MS]
source and drain (wafer probe station) (TTF amplifier
electrodes system)
8 200%200 10.87 2.2
4 100x100 15.23 2
1 100x10 3.59 1.4
Table 5-3 In this table, the transconductance values g, of different OECT devices meas-

ured at a wafer probe station and with a TTF amplifier system are compared.

The difference between characterization of a single device at a wafer probe station to the par-
allel recordings of 16 channels in a common source layout in our TTF amplifier system is
well known from the characterization of silicon FET devices.

The effect of the gate geometry in terms of a multiple interdigitated electrodes layout on the
electrical performance of the OECT devices was monitored. It can be clearly observed that the
transconductance g, increases with the increase of the ratio of gate width to gate length as it
is known from silicon devices. In terms of electrical performance the OECT devices have
high transconductance values in the mS range. A maximum value of the transconductance of
2.2 mS was achieved for the gate area 200x200 pm?, when measured at the amplifier for cell

recordings.

In order to investigate the stability of the organic semiconductor device recordings the drift in
the output signal was measured as well. The drain-source current of an OECT device was
monitored as a function of time. The complete measurement lasted for 3 hours. Figure 5-11
shows the drift of the signal over time. The drain-source current decreased in the first 30 min

and then nearly saturated.
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Figure 5-11 Drift measurement of a typical OECT device.

For electrical cell-substrate impedance measurements with these devices, stable impedimetric
recordings are necessary. Figure 5-12 shows the frequency response of the OECT devices
with respect to the device geometry. As it can be seen from this figure, the switching speed is
limited to 1 kHz depending on the device geometry. Again the devices with 200x200 pum?
gate size showed the fastest performance. In general the bandwidth is much smaller compared
to our silicon devices, which is a result of the much lower carrier mobility in the OECT de-
vices. Netherless the OECT in our impedance sensing configuration showed a stable perfor-

mance and can be used for cell adhesion experiments.
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Figure 5-12 The impedance spectra of different OECT devices (gate dimensions: 100x10
um?, single interdigitated source and drain electrode, g, = 1.36 mS; gate di-
mensions: 100x100 um? 4 interdigitated source and drain electrodes, gm = 2
mS; gate dimensions: 200x200 pm? 8 interdigitated source and drain elec-

trodes, gm = 2.19 mS) measured with the TTF amplifier system.

5.3 Impedimetric properties of the OECT devices in buffer

solution with different ionic strength

In this section, the impedance properties in buffer solutions having different ionic strength
were tested. In the TTF experiments with silicon FETs it is well known that with changing
conductivity of the solution (hence changing R in the equivalent circuit) large changes in the
spectra can be observed. The transfer characteristics of the OECT devices as well as the im-

pedance spectra presented here were all measured using the TTF amplifier system.

In Figure 5-13a the transfer characteristics of an OECT device (with the gate dimensions of
50x10 pm? having a single finger electrode) measured in sodium chloride (NaCl) solutions
with different concentrations (from 1 mM to 100 mM) are presented. As it can be seen, the
drain-source current Ips decreased and the threshold voltage shifts to higher voltages with the
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increase of the concentration of NaCl solution. Consequently, the transconductance of the
OECT device was decreased with the increase of the concentration of NaCl solution (Figure
5-13b). This is very different from silicon FETSs. In this case a stable gate oxide is located at
the gate input where almost the complete gate voltage is dropping. In the silicon FET devices
therefore no shift in the transfer characteristics with changing ionic strength of the test solu-
tion is visible. In contrast to this OECTs based on PEDOT:PSS are gated by cation penetra-
tion and doping and dedoping effects. Nevertheless also in the impedance spectra a clear

change similar to the silicon FET spectra can be seen.
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Figure 5-13 a) The transfer characteristics Ips(Ves) and b) the transistor transconductance
gm of an OECT device with the gate dimensions 50x10 um? (single interdigi-
tated source and drain electrode) at drain-source voltage Vps = — 0.3 V meas-
ured with different concentration of the sodium chloride (NaCl) solution. The
characteristic lines are shifting depending on the solt concentration while the
low ionic strength buffer exhibits the highest transconductance value.
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Figure 5-14 shows the impedance spectra measured using different concentrations of NaCl
solution (from 1 mM to 100 mM). The increase in the cutoff frequency with increasing NaCl

concentrations is mainly caused by the change of the electrolyte conductivity.

—=— 1 mM NaCl
—e— 10 mM NaCl

—a— 100 mM NaCl

1 10 100 1k 10k 100k 1M
Frequency [HZ]

Figure 5-14 The impedance spectra of an OECT device with the gate dimensions 50x10
um? (single interdigitated source and drain electrode) measured with different

concentration of the sodium chloride (NaCl) solution.

The change in transconductance can also be seen in the low frequency part of the TTF record-
ings shown in Figure 5-14, where the lowest salt concentration shows the highest value. How-
ever, in the high frequency part the devices showed fastest reaction and highest low pass
characteristics in higher salt concentration. This favours the cell adhesion experiments since

the cells are usually recorded in physiological buffers with high salt concentration.

5.4 Cell adhesion measurements using OECT devices

The OECT devices were developed in this thesis with the objective to investigate the cell-

substrate adhesion. Therefore, at first the biocompatibility of the devices was examined. Fig-
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ure 5-15 shows that the cells grow very well on the PEDOT:PSS surface coated with ethylene

glycol having a flat morphology.
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Figure 5-15 Colored scanning electron microscope images of HEK 293 cells cultured on
OECT devices with single- (top) and multiple interdigitated source and drain
electrodes design (bottom) with gate areas of 50x50 pm? and 100x100 pm?, re-
spectively. Cells adhered very closely to the surface although very low cell

concentrations were used.

In Figure 5-16 the measured impedance spectra with and without cells on top of the interdigi-
tated source and drain electrodes are compared. The cultured HEK 293 cells on the OECT
device were treated with the 1 pg/ml trypsin solution in order to check the effect of the cells
on the impedance spectra. Changes in impedance spectra were clearly monitored also with

these devices.
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Figure 5-16 The impedance spectra measured before and after adding of 1 pg/ml trypsin
solution with an OECT device using the TTF amplifier system. The cell de-

tachment effect can be clearly seen.

In order to confirm that the measured effect was influenced by the detachment process of the
cells from the transistor surface and not by eventual degradation of the device in impedance
sensing, a control measurement was performed. In this control measurement the impedance
spectra were measured one after another 10 times. No shift in cutoff frequency was monitored
(Figure 5-17). The small shift in transconductance values can be explained by the decrease of
the drain-source current because of the diffusion of cations from the culture medium into the
PEDOT:PSS layer (Lin et al., 2010). This control experiment confirms that the change in im-
pedance spectra measured before and after trypsin treatment in Figure 5-16 is induced by the

detachment process of the cells from the transistor surface.
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Figure 5-17 Control measurement, which confirmed that the measured effect in Figure 5-16
was a result of the detachment of the cells from the transistor surface after add-

ing of 1 pug/ml trypsin solution and not by the degradation of the device.

The results presented in this chapter represent preliminary data using OECT devices for im-
pedance monitoring of cells. First devices were fabricated, characterized and stabilized for

experiments with cell culture.

It was shown that the OECTSs exhibit some exiting properties for this kind of application.
However, for more detailed studies and for simulation and explanation of the recorded effects

in cell impedance measurements a follow up PhD thesis work has been started in our research

group.
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Chapter 6

6 Conclusion and outlook

In this thesis, a novel method for recording and investigation of the electrical cell-substrate
adhesion using silicon-based, open-gate field-effect transistor devices was developed further.
A detailed physical model to explain the recorded spectra and to extract cell-related parame-

ters was elaborated and tested.

A new measurement setup with a fast lock-in amplifier was fabricated, which has following
advantages compared to the previous amplifier system described in an earlier work in our
group (Schéfer et al., 2009):

e increased bandwidth of the readout system

e measurements of the impedance spectra at higher frequencies (up to 50 MHz)

e time-dependent recordings at several different frequencies, simultaneously

(Susloparova et al., 2015) (Susloparova et al., 2013).

With the newly developed measurement setup experiments with the human embryonic kidney
(HEK293) cell line and human lung adenocarcinoma epithelial (H441) cell line were per-
formed. Typical shapes of the impedance spectra for cell-free transistor gates and for the tran-
sistor gates covered by a single cell were recorded (Susloparova et al., 2013). The changes in
the measured impedance spectra caused by the adhesion of individual cells were proven by
chemical as well as mechanical removal of individual cells from the transistor gate surface

(Susloparova et al., 2015). It was demonstrated that also an investigation of the efficiency of
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anticancer drug on a single cell level is possible in long term experiments with this technique.
The apoptosis event induced by a chemotherapeutic drug, topotecan hydrochloride, was ob-
served time-dependently at several different frequencies, simultaneously. It was shown that
the effects observed in time-dependent recordings at a fixed frequency is critical and is not
revealing the full information. Nevertheless, this readout technique can be used for testing of
the specificity and for interpretation of the effects of novel anticancer drugs on a single cell
level. Eventually, the responses of malign and healthy cells in co-culture on the same chip can
be compared. Such systems could be used in individual cancer therapy to find the optimal
drug composition for the patient.

An electrically equivalent circuit (EEC) model composed of cell-related, device-related
and transimpedance amplifier-related parameters was developed. This EEC model was
implemented in a program for electrical circuit simulation, and the effect of different parame-
ters on the impedance spectra was studied. In addition, an analytical expression representing
the transfer functions was derived. The measured impedance spectra with the developed am-
plifier system were fitted with the derived analytical expression and the cell-related parame-
ters were extracted. The ability to extract the biological relevant data from these complex
spectra might be very important for the future application of our novel technique in biological
experiments.

Moreover, the EEC model was utilized to optimize the FET device performance for impedi-
metric sensing of individual cell adhesion (Susloparova et al., 2014). Different simulations
were carried out by varying the device-related parameters. From performed simulations it was
derived that increased contact line capacitances, as well as an increased transconductance val-
ue of the FET devices lead to larger cell-substrate adhesion effects. The simulation results
were considered in a new design and fabrication of the new generation of the FET devices for
impedance monitoring. By comparing the impedace spectra measured using the previous and
the new generation of FET devices, it was clearly shown that the differences in impedance
spectra measured for the cell-free and cell-covered transistor gates can be recognized.

In the last part of this thesis, organic electrochemical transistor (OECT) devices were devel-
oped. The typical electrochemical gating behavior of the fabricated OECT devices, the
biocompatible features of the devices as well as the cell-adhesion measurements on
OECT devices was demonstrated. These experiments in the late part of this thesis
eventually open up commercial opportunities for the Electrical Cell-substrate Imped-
ance Sensing using field-effect transistors. The OECTs could be fabricated on cheap

polymer materials in a roll-to-roll process, they could be very compatible for cell cul-
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ture due to their transparency, and they could be used as disposable sensors. These

promising results triggered a follow up PhD thesis in our research group.
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7 Appendix

7.1 Fabrication process of the former generation of the
FET devices

In this section, the fabrication process of the former generation of the FET devices will be
described (Krause, 2000). These sensors were used in the first part of this thesis work. In the
first step, 1 pum silicon oxide (basic silicon oxide layer) was grown on n-type silicon wafers.
The conducting lines were defined by a first lithography step and etching of the basic silicon
oxide layer by buffered hydrofluoric (BHF) acid (Figure 7-1).

Figure 7-1  In the first step, the basic silicon oxide (SiO,) layer (1 pm) was grown on sili-
con wafers, the conducting lines were defined and afterwards the basic silicon

oxide layer was etched.
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Afterwards, boron ions were implanted on the exposed conducting lines with a high dose of
8-10™ ions/cm? and an energy of 120 keV. The subsequent diffusion step shifts the implanta-
tion profile into the wafer. Thereby, the boron ions diffuse both into the silicon and also under
the area, which is still covered with the silicon oxide mask. After this diffusion step, a wet
oxidation of silicon wafers was carried out. Thereby, the basic silicon oxide layer as well as

the area over the implanted areas was increased by 110 nm (Figure 7-2).

Sio,
1110 nm

Figure 7-2  In the second step, the oxide-free places were implanted with boron ions. In the
subsequent diffusion and oxidation step, the implantation profile was shifted
into the wafer and during this step the conducting lines were covered with sili-
con oxide (110 nm).

In the second lithography step, the source and drain areas were defined. Afterwards, the oxide
of the previously implanted areas and the basic silicon oxide layer remaining at the source and
drain areas was etched by BHF acid. A second boron implantation was done with a dose of
5.10" ions/cm? and an energy of 80 keV to define source and drain. The subsequent diffusion
and oxidation steps lead to ion diffusion into the wafer and to the creation of a silicon oxide
layer of 250 nm over the implantation areas, respectively (Figure 7-3).



Appendix 149

Figure 7-3  Definition of the source and drain areas, second boron implantation, and crea-

tion of the silicon oxide layer of 250 nm over the implantation areas.

The third lithography step defines 16 gate areas and contact areas. The silicon oxide was re-
moved with BHF acid and 60 nm of protective silicon oxide for the late silicon nitride etch

was grown (Figure 7-4)

Figure 7-4  The gate and contact areas were opened and 60 nm of a protective silicon oxide

(SiOy) layer over these areas was created.

In the next step a Low-Pressure-Chemical-Vapour-Deposition (LPCVD) process was used to
create a silicon nitride (SizNg) layer of 125 nm. Afterwards, 100 nm of Plasma Enhanced-
Chemical-Vapour-Deposition (PECVD) oxide layer was used to core the complete chip sur-

face for better controlled surface chemistry (Figure 7-5).
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100 nm SiO,
125 nm SizN,
60 nm SiO,

Figure 7-5 125 nm of the silicon nitride (SisN4) layer for passivation and of 100 nm of
silicon oxide (SiOy) layer for better chemical functionalization of the sensor

surface were created.

In the fourth lithography step, the final size of gate and contact areas was defined. The
PECVD oxide layer was removed with BHF acid. The LPCVD nitride layer was removed
with Isotropic-Chemical-Plasma etching process, which stopped at the protective silicon oxide
layer. This was then removed with BHF acid down to the pure silicon layer on the gate sur-

faces (Figure 7-6).

Figure 7-6  After deposition of the ONO-stack, the gate area was opened by a combination

of dry and wet etching.

In the next step, the gate oxide of 8, 10 or 12 nm was grown in a dry oxidation process over

the gate area (Figure 7-7).
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gate oxide
8,10 0or 12 nm

Figure 7-7 A thin silicon dioxide layer (12, 10, or 8 nm) was formed in a dry oxidation

process and was used as a gate dielectric.

In the fifth lithography step, the contact areas at the bond pads were defined, which were then
etched in a subsequent etch process with BHF acid. The sixth lithography step was realised
with an Image-Reversal (IR) resist. The bond pad areas were metallised with 200 nm of alu-

minium followed by annealing to form good ohmic contacts (Figure 7-8).

Al 200nm

Figure 7-8  The contact areas were defined, which were etched in subsequent etch process
with BHF acid. The sixth lithography step was realised in an Image-Reversal
process. The bond pad areas were finally metallised with 200 nm of alumini-

um.

7.2 Fabrication process of the new generation of the FET

devices

The fabrication of the new generation of the FET devices (the content of this section is based
on a publication (Koppenhofer et al., 2015)) was done on n-type silicon wafers (4 inch, resis-
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tivity 2-10 Q cm, Si-mat, Germany). In the first step, 1 um silicon oxide was thermally grown
in a wet oxidation process (1000°C, 5 hours), which acted as the masking layer for the ion
implantation process (Figure 7-9). Prior to the oxidation, the wafers were cleaned by a stand-
ard RCA (Radio Cooperation of America) protocol.

Figure 7-9 1 um of the silicon oxide (SiO;) was grown on the n-type silicon wafer, which

was used as a hard mask for implantation.

The contact lines were defined by optical lithography and wet etching of silicon oxide by
BHF acid. The photoresist was removed and the wafer was cleaned by a standard RCA proto-
col before the first ion implantation. To reduce the contact line resistances, boron ions were
implanted with a high dose and energy (1-10% jons/cm?, 150 keV) by an external supplier
(IPS, France). The wafers were then cleaned in piranha solution with 1% hydrofluoric acid
and annealed at 1050°C for 2 hours to activate the boron ions (Figure 7-10).

Figure 7-10 The contact line areas were defined by a first optical lithography and wet etch-
ing of the silicon oxide. Then the contact lines were implanted with boron with
slightly higher dose and energy.
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We defined the source and drain electrode areas by a second optical lithography and subse-
quent wet etching of the silicon oxide by BHF. A second boron implantation was done with a

dose of 1-10" ions/cm? and an energy of 80 keV (Figure 7-11).

Figure 7-11 The source and drain areas were defined by a second optical lithography fol-
lowed by wet etching of the silicon oxide. A second boron implantation was

carried out for definition of source and drain contacts.

In the next step, in order to achieve a quasi-planar topography, all silicon oxide layers were
completely removed from the entire wafer by wet etching in BHF and subsequent cleaning by
the RCA protocol (Figure 7-12). This is then resulting to much larger contact line capacitanc-

es compared to the previous process.

Figure 7-12 For a quasi planar topography, the implantation oxide was removed completely

in this process.

Then the wafers were annealed for 10 min in N, and subsequently brought into a wet oxida-
tion process for 30 min, both at 900°C. With this annealing process we aimed to activate the
dopants and to achieve a uniform 220 nm thick SiO, passivation layer on the complete chip

surface (Figure 7-13).
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Figure 7-13 220 nm of silicon dioxide SiO, was grown as passivation layer on the whole

surface.

A third lithography was applied to define the gate area and the outer source and drain contacts
for final metallization. This etching step is quite delicate, since the surface, where the gate
oxide is grown, will be opened. To reduce the roughness created by the wet etching process
on the gate areas, the 220 nm thick silicon oxide layer was etched in BHF for 3 minutes and
subsequently in 1% HF until the silicon oxide was totally etched. The resist was removed by

acetone only and the wafer was carefully cleaned by an RCA protocol (Figure 7-14).

Figure 7-14 Definition of the source and drain contacts. The gate as well as the source and

drain contact areas were opened.

The gate oxide layer was then thermally grown in a dry oxidation process (820° C, 40 min),
which formed a 6 nm thick silicon oxide as gate dielectrics for the FET devices (Figure 7-15).

This thickness was less compared to the previous process.
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Si0, 6 nm

Figure 7-15 The 6 nm thick gate oxide (SiO;) layer was thermally grown as gate dielectric.

At the end of the device fabrication, the outer metallizations to the source and drain contact
lines were realized in a lift-off process. Prior to metal evaporation, the silicon oxide on the
source and drain contacts were etched by 1% HF. A metal stack of 200 nm of aluminium, 20
nm of titanium and 100 nm of gold was deposited using electron beam evaporation (Figure
7-16). This enables also an encapsulation process by flip-chip. The metal contacts were then
annealed for 10 min at 400°C in N, atmosphere in order to form good ohmic contacts.

Figure 7-16 The source and drain electrical contacts at the outside of the sensor array were

realized in a lift-off process (layer stack of Al/Ti/Au).

We used our standard design, where transistor gates are arranged in a 4x4 pattern localized in
the center of a 7x7 mm? chip with a distance of 200 um between individual gates. Typical
gate size was 12x5 umz (mask design), which resulted in an effective gate length of about 1.3
um due to the under-diffusion in the process described above. Electron microscopy images
show the almost planar design. Only at the gate area an opening of 220 nm is visible in the

passivation layer, while the rest of the surface remained almost completely flat. Compared to
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a previously described process this fabrication was much easier and faster and resulted in sen-

sors which were much better suited for the single cell adhesion experiments in this thesis.

7.3 List of softwares, equipments and chemicals

Software

Origin

PSpice

CleWin

LabView

Equipment

Differential interference contrast microscope
Scanning electron microscope (SEM)

Atomic force microscope (AFM)

Precision semiconductor parameter analyzer

Printer

Contact angle instrument

Wedge-wedge wire bonding machine
CO; Incubator

OriginPro 9.0, OriginLab Corporation, Ger-
many

OrCad Version 9.1, Cadence Design System
Inc., San Jose, CA, USA

CleWing,

http://clewin3.software.informer.com/

National Instruments, Germany

Axiotech Vario, Carl Zeiss AG, Germany
Carl Zeiss AG, Supra 40, Germany
Dimension 3100, Digital Instruments Veeco
Metrology, Santa Barbara, USA

Precision Semiconductor Parameter Analyzer
4156C, Agilent

Dimatix Materials Printer 2800 (DMP-2800),
FUJIFILM, USA

OCA 15Plus, DataPhysics, Germany

West Bond Inc., USA

NuAire Inc., USA

Equipment for removal of an individual cell from the transistor surface

Patch-Clamp Pipette Puller
Patch-Clamp Pipettes

Sutter Instrument Co.. USA

Science Products GmbH, Germany


http://clewin3.software.informer.com/
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Equipment for measuring of the transfet functions (impedance spectra)

TTF amplifier system TTF amplifier system — 5 kQ, N. Wolters,
Research Center Julich, Germany

Lock-in amplifier HF2LI, Zirich Instruments, Switzerland

Data acquisition card USB 6251, National Instruments Inc., Ger-
many

FET device encapsulation

68-pin LCC (Leaded Chip Carrier) carrier Global chip Materials, LLC, USA

Epoxy glue EPO-TEC 377 1LB Kit, Epoxy Technology
Inc., USA

Polydimethylsiloxan (PDMS) glue SYLGARD 184, Dow Corning, Germany

Chemicals

Acetone ChemSolute, Germany

Isopropyl alcohol Merck, Germany

Ethanol ChemSolute, Germany

Sulfuric acid (H2SO4) AppliChem GmbH, Germany

Helmanex Il Hellma Analytics, Germany

Fibronectin AppliChem GmbH, Germany

Fetal Calf Serum (FCS) PAN Biotech GmbH, Germany

Non-Essential Amino Acid (NEAA) PAN Biotech GmbH, Germany

Penicillin/Streptomycin Solution PAN Biotech GmbH, Germany

L-Glutamine PAN Biotech GmbH, Germany

Trypsin PAN Biotech GmbH, Germany

poly(3,4- Orgacon 1J-1005, Sigma Aldrich, Germany

ethylenedioxythiophene):poly(styrene sul-
fonic acid) (PEDOT:PSS)
Ethylene glycol (EG) Sigma Aldrich, Germany
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Chemical and buffer solutions

Sodium chloride (NaCl) AppliChem GmbH, Germany
Phosphate Buffered Saline (PBS) Sigma Aldrich, Germany
Cell culture

Roswell Park Memorial Institute medium PAN Biotech GmbH, Germany
(RPMI11640)
Minimal Essential Medium (M10) PAN Biotech GmbH, Germany

Chemotherapeutic drug

Topotecan hydrochloride Sigma Aldrich, St. Louis, Missouri, USA

Electronic components

Operational amplifier OP97 Distrelec Schuricht GmbH, Germany
Operational amplifier OPA627 Distrelec Schuricht GmbH, Germany
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