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Zusammenfassung

Organische Elektronik hat unlangst Marktreife erlangt und konnte schon bald konven-
tionelle Halbleiter-Elektronik im Bereich kostengiinstiger, flexibler und leichtgewichtiger
Anwendungen ergénzen. Wahrend organische Leuchtdioden (engl. OLEDs) bereits eine
Nische im Markt fiir mobile elektronische Gerate gefunden haben, werden organische
Diinnschicht-Transistoren (engl. OTFTs) und organische photovoltaische Zellen (engl.
OPVCs) gerade erst interessant fiir kommerzielle Anwendungen. Ein neuer, ungewthnlicher
Ansatz ist es, organische Elektronik in der Medizin zu benutzen, speziell in dem Gebiet der
Biosensoren. Insbesondere die iiberlegene Biokompatibilitat vieler organischer Materialien
pradestiniert organische Sensoren fiir in vivo Anwendungen. In den letzten Jahren hat
sich der Fokus auch auf Sensorkonzepte gerichtet, die auf Feldeffekt-Transistoren beruhen.
Der wichtigste Vorteil dieses Ansatzes ist nicht nur die geringe Nachweiszeit, sondern auch
die intrinsische Verstarkung des Signals, welche weitgehend unabhéangig von der Grofle der
Sensor-Oberflache ist. AuBerdem konnen organische Transistoren auf flexiblen oder biolo-
gisch abbaubaren Substraten prozessiert werden. In den meisten Arbeiten, welche in diesem
Fachgebiet publiziert wurden, befindet sich die zu analysierende Losung in direktem Kon-
takt zu einem organischen Halbleiter. Jedoch konnen an dieser Grenzflache, neben Fallen-
zustanden oder Dotierungs-Effekten, viele komplexe, elektrochemische Prozesse auftreten,
weshalb der Ursprung des Transducer-Signals in der Regel wenig verstanden ist.

Der Ansatz dieser Arbeit ist es, einen Transducer zu entwickeln, der auf einem organischen
Double-Gate Diinnschichttransistor (engl. DGTEFT) basiert. Hierbei dient das Bottom-
Gate als konventioneller Gate-Kontakt, wahrend ein Elektrolyt das Top-Gate darstellt.
Eine Anderung des Elektrolytpotentials oder die Adsorption geladener Teilchen an der
Grenzfliche zum Elektrolyten bewirkt eine Anderung des Stroms zwischen Source und
Drain. Der Vorteil dieses Konzeptes ist, dass eines der Gates benutzt werden kann, die
Transfer-Charakteristik zu bestimmen, wiahrend das andere Gate die Einstellung des Ar-
beitspunktes ermoglicht. Transducer, welche auf dem Prinzip der kapazitiven Kopplung
basieren, haben das Potenzial sowohl Konzentrationsdnderungen eines geladenen Analyten,
als auch Aktions- oder Rezeptorpotentiale lebender Zellen zu detektieren.

Das erste Ziel dieser Arbeit war es, ein organisches Top-Gate Dielektrikum zu implemen-
tieren und zu charakterisieren. Unsere Wahl fiel hierbei auf die Gruppe der Alkane, da
diese bekanntlich gute isolierende Eigenschaften besitzen, sehr hydrophob sind und im elek-
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trischen Feld kaum polarisiert werden. Wir entschieden uns, das langkettige Alkan Tetrate-
tracontan zu verwenden, da dessen Schmelzpunkt weit iiber der Raumtemperatur liegt
und kristalline Filme bildet, wenn es mittels Molekularstrahldeposition aufgebracht wird.
Durch Anderung der Aufdampfparameter, basierend auf der Charakterisierung der Struk-
tur mittels Rasterkraftmikroskopie, Rontgen-Reflektometrie, Kontaktwinkel-Messungen,
sowie Strom-Spannungs-Messungen, wurden die Isolatoreigenschaften von Tetratetracon-
tan optimiert. Zusatzlich wurde die Elektrochemie des Alkans und des organischen Halb-
leiters Pentacen durch zyklische Voltammetrie sowie Transienten- und Impedanz-Messungen
untersucht. Die Resultate dieser Messungen ermoglichten es, einen Pentacen DGTFT mit
einem Tetratetracontan Top-Dielektrium mit einer Kapazitit von 2.6-1078 Fem ™2 in einer
wassrigen, ionischen Losung stabil zu betreiben. Die Mobilitat des DGTFTs in wassriger
Losung war in der GroBenordnung von 1072 em?/(V's).

Das zweite Ziel war es, das Transducer-Prinzip zu demonstrieren. Dies kann entweder
durch Anderung des Elektrolytpotentials geschehen oder durch die Adsorption geladener
Teilchen an der Grenzflache. Es gelang uns, die Transfer-Charakteristik durch das Poten-
tial einer Elektrode zu kontrollieren. Im Detail bedeutet dies, dass es moglich ist iiber das
elektrochemische Potential des Elektrolyten sowohl eine Akkumulation von Lochern im
Transistorkanal zu erzeugen, als auch eine vollstandige Verarmung der Halbleiterschicht
herbeizufithren. Zusatzlich kann die Threshold-Spannung mittels der Bottom-Gate Span-
nung eingestellt werden. Des Weiteren zeigten wir, dass die Anlagerung von Fettsaure
Molekiilen an der Grenzflache eine Verschiebung der Threshold-Spannung bewirkt. Hier-
bei erreichten wir eine Konzentrations-Empfindlichkeit im Bereich von 10 nM.

Schliefflich gelang es uns, eine homogene und fluide Lipidmembran auf die Oberflache des
Transducers aufzubringen und das daraus resultierende Signal zu messen. In Zukunft soll
die Funktionalisierung der Lipidmembran eine Selektivitat des Sensors ermoglichen.



Summary

Organic electronics has recently reached marketability and may soon complement conven-
tional semiconductor electronics in the field of low-cost, lightweight and flexible applica-
tions. While organic light-emitting diodes (OLEDs) for efficient and bright displays have
already found their niche in the market of mobile electronic appliances, organic thin-film
transistors (OTFTs) and organic photovoltaic cells (OPVCs) have just started to become
interesting for commercial applications. A new and more unconventional approach is the
use of organic electronics in medical science, in particular in the field of biosensing. Here,
especially the superior biocompatibility of many organic materials predestine organic sens-
ing devices for in wvivo applications. In the last few years the focus of interest has also
been directed on sensing concepts based on organic field-effect transistors (OFETs). The
main advantage of this technology is not only a fast analysis time, but also the intrinsically
amplified signal, which is largely independent from the size of the sensing area. Addition-
ally, organic transistors can be processed on flexible and biodegradable substrates. In most
works presented so far in this field the analyte solution is in direct contact to an organic
semiconductor. However, due to many complex electrochemical processes which can occur
at this interface as well as trapping or doping effects, the origin of the transducer signal is
generally not well understood.

The approach of this thesis is to realize a transducer device which is based on an organic
double-gate thin film transistor (DGTFT). Here, the bottom-gate represents the conven-
tional gate contact, while an electrolyte acts as the top-gate. A change in the potential of
the electrolyte or the adsorption of charged particles at the interface with the electrolyte
results in a change of the source-drain current. The advantage of this concept is that one of
the gates can be used to determine the transfer characteristics, while the other gate allows
for the adjustment of the working point. Transducers based on the concept of capacitive
coupling have the capability to detect changes in the concentrations of charged analytes
as well as action or receptor potentials of living cells.

The first scope of this work was to implement and characterize an organic top-gate dielec-
tric. Here, the choice fell on alkanes, as they are known for good insulating properties,
they are very hydrophobic and only marginal polarized in electric fields. We selected the
long-chain alkane tetratetracontane, because of its melting point far above room temper-
ature and its feature to form crystalline films when grown by molecular beam deposition.
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The sealing properties of tetratetracontane were optimized by changing the deposition pa-
rameters based on the characterization of the structure by atomic force microscopy, X-ray
reflectometry, contact angle measurements and current-voltage measurements. Addition-
ally, we investigated the electrochemistry of the alkane and the organic semiconductor
pentacene by transient, cyclic voltammetry and impedance measurements. The attained
findings allowed for a stable performance of a pentacene double gate transistor with a
tetratetracontane top gate dielectric with a capacitance of 2.6 - 1078 Fem ™2 in an ionic
aqueous environment. The mobility of the OTFT in aqueous solution was in the range of

1072 em?/(Vs).

The second aim was to demonstrate the transducer principle. This can either occur by
changing the potential of the electrolyte or by the adsorption of charged particles to the
interface. We succeeded to control the transfer characteristics by the potential of an elec-
trode. In detail, this means that it is possible to achieve both an accumulation of holes
in the transistor channel and the full depletion of the semiconducting layer by the electro-
chemical potential of the electrolyte. Additionally, the threshold voltage can be adjusted
by the bottom-gate voltage. Moreover, we showed that the adhering of small quantities of
fatty acid molecules to the interface, results in the a shift of the threshold voltage. Here,
we reached a concentration sensitivity in the range of 10 nM.

Finally, we managed to establish a homogeneous and fluid lipid membrane on top of the
transducer device and measure the resulting signal. In the future the functionalization of
the lipid membrane may allow for selectivity of the sensor device.



Chapter 1

Introduction

1.1 Motivation and Outline

The cognition of the environment by bioanalysis has played a crucial role in the develop-
ment of live and has reached an astonishing level of complexity and precision. The sensory
organs of living organisms are not only capable to detect tiny changes in electromagnetic
fields, [I] temperature, pressure, or gradients in the concentration of chemicals, [2,3] but
also trace amounts of biochemicals like enzymes in highly complex systems [4]. Inspired
by the recognition systems of nature, in the middle of the 20th century scientists started
to develop a new type of sensor device, namely the biosensor, which is based on the combi-
nation of biorecognition elements and a transduction method. The most notably starting
signal for biosensing research was given by the invention of the oxygen electrode by Le-
land C. Clark in 1956 [5], leading to the development of the first glucose oxidase sensor in
1962. [6] Since that time, research has made remarkable progress and a multitude of diag-
nostic devices based on biosensing technologies has entered the market. However, except
for the glucose sensor, these biosensing devices are mainly too large, expensive and difficult
to handle for laity. Electrochemical sensing concepts have the potential to overcome these
difficulties, as they can be produced in micro- or even nanoscale dimensions and allow for
a straightforward interfacing to electronic processing and read-out devices. However, the
use of biosensing devices in biological relevant environments, e.g. the human body, are still
subject to severe limitations. The recent advances in the development of biocompatible
materials may play a key role to resolve these issues. [7,[8] Here, the use of organic ma-
terials is of special interest, since they can be processed on flexible substrates, [9HIT] are
non-toxic and offer a soft ambient for living cells [I2/[13]. In section[L.2] the basic principles
of electrochemical biosensing devices are discussed with special emphasis on the advantage
of organic materials.

In this work an electrochemical transducer device is presented, which is based on an or-
ganic double-gate thin film transistor (DGTFT) and allows for the detection of biochemical
reactions involving charged particles, see Fig. [Tl Here, the conventional bottom-gate is re-
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alized by a highly doped silicon substrate and the top-gate is represented by an electrolyte.
While the bottom-dielectric is a silicon dioxide layer, the top-dielectric was accomplished
by a thin alkane layer, namely tetratetracontane. The good sealing properties of the alkane
layer allow for a high sensitivity of the transducer device and its inert nature is an ideal
prerequisite for the development of a biosensing device. Due to its superior electronic
properties we chose the organic semiconductor pentacene for the semiconducting layer.

electrolyte
electrode

TTC

pentacene

gate

Figure 1.1: Schematic of a DGTFT transducer device.

To realize such a transducer device it is inevitable to overcome two main challenges. F'irst,
one has to transfer the theory for inorganic DGTFT devices, which generally operates in
the inversion regime, to organic DGTFTs, which operate in the accumulation mode. Beside
the basics of organic semiconductors the theoretical background of DGTFTs will be the
topic of chapter 2l Secondly, the electrochemistry occurring at the interfaces of organic
materials and ionic aqueous solutions is still poorly understood. The basic principles of
the electrochemistry of semiconductor electrodes and of the electrochemical techniques are
treated in chapter [8l The organic materials used for the transducer device are discussed in
chapter @] and their electrochemical characterization is presented in chapter Bl In chapter
we show that the understanding of these two topics allows for a stable operation of an
organic DGTFT in an aqueous ionic environment and we demonstrate the sensing principle.
The latter was accomplished by detecting fatty acid molecules. Finally, we propose a new
approach for the functionalization of the sensor device.

1.2 Basic Principles of Electrochemical Biosensing De-
vices

The intention of this section is to give the reader a short overview of the vast field of
electrochemical biosensing and accent the significance of organic electronics.

The basic principle of a biosensor is to transduce a recognition event, originating from
an biological element or response, into a quantifiable signal. [14,[15] Here, for medical ap-
plications it is essential to detect small analyte concentrations in the uM or even fM
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scope. [16] However, for more sophisticated concepts it also may be volitional to detect
e.g. the activity of single living cells at the detector interface. [I7] As shown in Fig. [[L2]
electrochemical biosensors typically consist of four parts: A bioreceptor which specifically
binds to the analyte, a transducer which converts the event into an electronic signal, an
amplifier and a facility for the electronic readout, including data acquisition, processing
and an interface to the user. [I§]

BIORECEPTOR TRANSDUCER AMPLIFIER ELECTRONIC
ReEAaDoOUT
DNA Transistors input
output
Cells ‘ Nanowires ‘ Data Aquisiton
Antibodies Nanoparticles = Processing
Enzymes Electrodes Display

Figure 1.2: Scheme of the basic principle of a biosensing device.

Nevertheless, electrochemical biosensors still suffer from several teething troubles, espe-
cially expensive fabrication costs and poor biocompatibility. According to Heiduschka et
al. an implant is biocompatible when it does not evoke a toxic, allergic or immunologic
reaction, not harm or destroy enzymes, cells or tissues, not cause thrombosis or tumours,
and remains for a long term within the organism without encapsulation or rejection. [§]
Here, the use of organic materials can provide a decisive contribution, as they can be
processed at low costs on highly flexible, soft substrates. Hence they show a superior
biocompatibility and even permit the design of biodegradable sensor devices [19,20], e.g.
for in vivo applications. Moreover, the unique properties of organic materials may open
up new chances for the design of novel surface architectures. Therefore, in the first part
of this chapter the different concepts of electrochemical biosensing, namely amperometric,
conductrometic and potentiometric techniques, will be discussed and in the second part a
variety of surface architectures will be presented.

1.2.1 Devices

The current signal of a biosensing device originates either from a change of the potential at
the interface, from a change in the resistance or from a charge transfer. The corresponding
devices are termed potentiometric, conductometric and amperometric devices. [21] How-
ever, for some sensor devices the division in these categories is not clearly assignable. For
example sensors based on impedance spectroscopy can be ranked in all three categories.
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Amperometric Devices

Amperometric biosensors term electrochemical devices which measure the current originat-
ing from redox reactions of certain species in a biochemical reaction. [22] Here, an electron
transfer between a catalytic molecule (e.g. oxidase), dissolved in an electrolyte and a work-
ing electrode occurs. While, in the simplest case, the potential of the electrolyte is set to
a constant value and the response to an injected analyte is measured, more sophisticated
approaches apply an alternating bias. For example in Chronoamperometry a square-wave
potential is applied at the working electrode, in Cyclic Voltammetry the potential is swept
linearly between two values at a fixed rate and in Impedance Spectroscopy a constant DC-
voltage is superposed with a small sinusoidal AC-voltage. A schematic overview of the
applied potentials and typical output curves is given in Fig. [[3

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

% VJ L v/\/ VWII

t t

analyte
injection

I I\ I I

t t \ v

Figure 1.3: Schematic of applied voltages with corresponding output curves for (a) Sim-
ple Amperometry, (b) Chronoamperometry, (c¢) Voltammetry and (d) Impedance Spec-
troscopy.

The most simple example for such a sensing device is the glucose sensor based on measuring
the amount of oxygen consumed by the enzyme glucose oxidase. [6] The current is resulting
from the reduction of oxygen at a platinum electrode and thus is proportional to the
oxygen concentration in an electrolyte solution. Generally, the performance of this type
of sensor is enhanced by the use of conducting polymers for enzyme immobilization, e.g.
polypyrrole. [22] An impressive example of how the response can be significantly improved
by the use of organic materials is given by the work of Muguruma et al. [23]. Here, a
composite electrode made of single-walled carbon nanotubes, a plasma-polymerized thin
film and the enzyme glucose oxidase allows for a sensitivity of 42uAmM ~tem =2 for glucose.
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Conductometric Devices

This type of biosensors measures the electrical conductivity of an analyte or a medium.
Basically they can be divided in two different designs: The most common class of conducto-
metric devices measures the change of conductivity of a solution between two electrodes due
to an enzymatic reaction, which changes the concentration of charged species. A second,
usually more complex, class of conductometric techniques is based on the change of con-
ductance of an electrode. This change can be generated e.g. by immobilization of charged
molecules like enzymes or antibody-antigen-pairs. The recent trend goes to the use of elec-
tronic devices and structures in the micro- and nanoscale, like nanowires [24] or transistor
devices. Particularly the latter can profit from the use of organic semiconductors, which
allow for tunable material properties and good capabilities for functionalization. In this
line the group of G. Malliars developed organic electrochemical transistors (OECTs) for
enzymatic sensing. [25] Here the degenerately doped p-type organic semiconductor poly
3,4-ethylenedioxythiophene doped with polystyrenesulfonate (PEDOT:PSS) is de-doped
by the penetration of positive ions from the electrolyte, resulting in a change of the con-
ductivity. Thereby, due to an enzyme reaction the positive ion concentration is directly
proportional to the glucose concentration.

Potentiometric Devices

Traditionally potentiometric devices were regarded inferior to amperometric devices in per-
formance and sensitivity. However, recent development has shown that this class of sensors
has the potential to combine a more direct sensing mechanism with a sub-nanomolar limit
of detection. [26] Potentiometric sensor devices monitor the change in potential between
a working electrode and a reference electrode in an electrochemical cell, when negligible
current flows between them. [I8] The change in potential can either result from a change of
the bulk potential or from a change of the surface potential, e.g. due to the accumulation
of charged species (see Fig. [[4]). In the former case the bulk potential is controlled by an
electrode or determined by the ion concentration. Here, the cell potential V' is associated
to the concentration of charged species via the Nernst equation:

kT = C,
V=Vly —in-2 1.1
+ze nC’C (1.1)

where k is the Boltzmann constant, T" the absolute temperature in Kelvin, z the charge
number of the electrode reaction, e the elementary charge and C,/C, is the ratio of the
concentration of the charged species at the anode to the concentration at the cathode. V°
is the formal potential (the cell potential at which C,/C. = 1). [27] In the most simple
case, the direct potentiometry, the Nernst-Equation (Eq. [[T]) is directly used for the deter-
mination of an ion concentration. Following a similar concept, in potentiometric titration
the potential is changed by titration of ions until an equilibrium has established and zero
or constant current is reached.
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Figure 1.4: Schematic of the change of potential at a soild-liquid interface in a potentio-
metric device. A shift of the potential from ¢, (green curve) to ¢, can either originate from
a change of the bulk potential ¢g (blue curve) or from a change of the surface potential
(red curve), due to charge build-up.

A device utilizing the change of the surface potential is the ion-selective field-effect transis-
tor (ISFET). [28/29] Here, the analyte solution acts as a gate electrode, which is separated
from the semiconductor by an insulating layer which is sensitive to hydrogen ions. A typ-
ical material for such an ion sensitive layer is Si0,, where the hydrolysis of S-OH groups
gives rise to a change of the effective gate voltage and hence a change of the threshold
voltage. This technique is commonly used for pH-sensing. In an enzymatically coupled
ion-sensitive field effect transistor (ENFET) the principle mentioned above is modified by
immobilizing a suitable enzyme layer over the gate dielectric surface. [30]

In the last few years sensor architectures based on capacitive coupling have shown a sub-
stantial progress, and even allow for the read out of the action potential of single cells. [31]
One of the main advantages of the use of field effect transistors (FETs) for biosensing is
that the signal is amplified intrinsically, resulting in a simplification of the sensor design
(compare Fig. [[2). However, concepts based on inorganic FET technology still struggle
with biocompatibility issues. New approaches, using organic substrates, semiconductors
and dielectrics have the potential to overcome this problems, and thus are currently a
matter of intense research. [25,132/[33] A transducer principle resting upon an organic thin
film transistor (OTFT) will be discussed in more detail in chapter
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1.2.2 Surface Architecture
Direct and Indirect Transduction

One of the main issues of an electrochemical biosensor is to transduce a recognition event
into a current. The first generation of biosensors relies on so called electrochemical medi-
ators, whose function is to shuttle the electrons between the reaction site and the surface
(see Fig. ). In the first devices usually oxygen was used as the mediator, whose
concentration however is hard to control. Therefore, in the second generation, the oxygen
was replaced by artificial redox mediators, i.e. reversible oxidizing reagents like ferro- or
ferricyanide. Techniques based on a mediator are also termed indirect transduction. Third
generation biosensors in contrast don’t require a mediator and rest upon the direct elec-
tron transfer, also called direct transduction (see Fig. b). Here, a recognition element
is immobilized to the surface and works as a selective catalyst. [34] Hence, the goal of
the surface modification of a biosensor is to provide functional groups, which are capable
to bind a recognition element. Typical recognition elements are redox enzymes (enzymes
which catalyze redox reactions), aptamers or antibodies. For an electrochemical detection
the latter uses labeling by a redox enzyme, the corresponding technique is called enzyme-
linked immunosorbent assay (ELISA, see Fig. c). Here, the analyte specifically binds
to immobilized antibodies. In order to detect the concentration of the antibody a second
antibody, which is mostly coupled to an enzyme, binds to the analyte. The monitoring of
the enzymatic reaction finally allows for a quantitative measurement of the analyte concen-
tration. [35.36] As two specific bindings are necessary to detect the analyte, this technique
provides a very high selectivity.

@ ) (© reagent product
analyte
molecule product
enzyme
3 analyte product antibody o
recognition ® molecule
element % analyte
- recognition antibody
€ element e

functionalized surface

Figure 1.5: Scheme of (a) direct transduction, (b) indirect transduction and (c) of an
ELISA-like sandwich.

According to the transduction methods described above the purpose of many biosensors
is to detect the electrons which are generated by such a recognition event. This process
is often enhanced by conducting materials like gold, graphite or indium tin oxide. More
recent approaches also use coatings like self-assembled monolayers, [37] conducting poly-
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mers, [38] carbon nanotubes [39] or gold nanoparticles [40)].

Supported Lipid Bilayers

As membrane proteins currently present more then half of all drug targets [41], the un-
derstanding of their function is of decisive interest for drug screening applications. Con-
sequently artificial lipid membranes are very versatile tools for mimicking biological pro-
cesses at cell membranes. [42,[43] Regrettably, the progress in using these structures for
biosensing is slow. The most common technique involving lipid membranes is impedance
spectroscopy, because it allows for modeling the structure of the membrane, including e.g.
ion channels. [44145] Here, it is important that the lipid membrane shows a good coverage,
as defects, gaps or pinholes permit an undesired charge transport.

The advantage of using lipid membranes for the adhesion of living cells, e.g. in order to
detect action potentials is, that the fluidity of the lipids allows for the free arrangement of
adhesion proteins and receptors, see Fig. Here, the inter-membrane distance is about
15 nm [46], which is much smaller than e.g. the width of the extracellular cleft on SiOy
(about 105nm [47]). Therefore, a lipid membrane permits a very close approach of the cell
to the sensor surface, which results in a higher signal-to-noise ratio. Recently, also the use
of field effect transistors coated with lipid membranes was demonstrated as a promising
concept for a new class of biosensing devices. [48]

cell
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adhesmnl

proteins mmﬁﬂ%ﬁm% supported
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Figure 1.6: Scheme of a cell interfaced with a supported lipid bilayer.



Chapter 2

Organic Field Effect Devices

2.1 Basic Principles of Semiconductor Physics

Although the conducting mechanisms in organic semiconductors are insufficiently described
by the theory for classical semiconductors, namely the energy-band model, the latter pro-
vides a good starting point for the understanding of organic semiconductor physics. More-
over, in this section especially the surface effects of semiconductors are highlighted, as they
play a crucial role for both, the comprehension of semiconductor-electrolyte interfaces and
semiconductor devices.

2.1.1 The Energy-Band Model

Electrons in Periodical Potential

The Hamilton operator for electrons in a periodical lattice can be subdivided in the Hamil-
ton operator for free atoms H, and a Hamilton operator for the perturbation caused by all
other atoms Hp:

2

h
H=H,+H,= —%AJFVA(r—Rm)Jer(r—Rm) (2.1)

Where m is the mass of an electron, h is the reduced Planck constant, V4 the Coulomb
potential of a free atom, r the position vector, Ry, the lattice vector of atom m. H,(r—R,)
is given by the relation:

Hy(r —Rum) = > Va(r—Ry) (2.2)
n#Em
The energies of the electrons can be calculated by solving the Schrodinger Equation H; =
E;. According to the Bloch theorem the wave function of an electron with a wave vector
k is given by:

i = apthi(r — Rum) = \/% S 0(r — Run) cap (ikRum) (2.3)
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Where ¥(r — Ry, )exp(ikRyy,) is the eigenfunction of the atoms and N is the number of
atoms. This ansatz allows to calculate the energy eigenvalues of the electron:

B — J i HeadV Ei—a; =Y Binexplik- (R, —Ry)] (2.4)

o tadV
Where «; is the shift of the energy due to the distortion of the other atoms:

= — /w;‘(r C R, H,(r — Ry )i(r — Ryy) dV (2.5)

[ is the change of energy, due to the overlap of the wave functions:
Bi= = [0 = Ra)Hy(r = Ron)is(x = Ryn) dV (2.6)

Hence, in a crystal the discrete energy levels i of free atoms spread into energy bands,
which mean energy is shifted by the value —q; and have a width proportional to ;. [49]
The highest band which is completely filled with electrons at a temperature of T'= 0 K is
called valence band, while the first not fully occupied or unoccupied band is called conduc-
tion band. The bands are separated by a region where no electron states are allowed. The
origin of this so called energy gap can be understand by recalling that according to the
Bloch theorem the wave function Eq. is a superposition of plane waves. The resulting
standing waves lead either to a maximum or to a minimum charge density at the atomic
cores and hence to a reduction or an increase of the electron energy. In this picture the
energy gap is given by the difference of these two energies.

Metals and Insulators

According to the energy-band model, metals can be classified as materials with partially oc-
cupied conduction band and insulators as materials with a fully occupied valence band and
an empty conduction band. The reason for the latter is that the bands can be subdivided
in sub-bands with opposite spin directions, resulting in a compensation of the currents
of the respective sub-bands. However, this picture describes the nature of an insulator
insufficient. Firstly, the lattice constant plays a role for the validity of the energy-band
model. As the shielding of the atom cores depends on the electron density, the localization
of the core electrons is changing with the lattice constant. According to the uncertainty
relation a change in the localization results in a change of energy. Hence, energy bands
can only form if the lattice constant is small enough to delocalize the electrons. This so
called Mott-transition is the reason why isolators can show metal-like behavior under high
pressure. Secondly, the energy band model does not include so called space-charge-limited
currents, which can be compared to the current in a vacuum diode and show a crucial
dependency on trap states. [50]
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Semiconductors

The term semiconductors can be assigned to materials whose energy gap is small enough
to be surmounted by thermal excitation, so called intrinsic semiconductors, or to materials
with impurity states near the valence or conduction band, so called doped semiconductors.
Generally, the charge transport can occur by both, electrons in the conduction band and
by unoccupied states, so called holes, in the valence band. Therefore, the conductivity o
is given by the relation:

o = e(njin + pity) (2.7)
Where e is the elementary charge, n the density of electrons, p the density of holes, i, the
mobility of electrons and f, the mobility of holes. According to the Drude model p,, and
Iy 18 given by:

eTe v,{f ety

and Ho="g =
h

= m (2.8)
Here, v? and v is the drift velocity of electrons and holes, £ the electric field and 7. and
Tn, are the mean free times between collisions with phonons or defects. m} and mj are
the effective masses of electrons and holes and are indirect proportional to the overlap of
the wave functions 3 (see Eq. 2:6). The density of electrons n and the density of holes p,
can be calculated by solving the integral of the product of the density of states and the
probability of occupation:

(2.9)

Er — EC)
kT

n:NCe:cp<

EV_EF) (2.10)

p= Ny exp ( T
Where Ne and Ny are the effective densities of states in the conduction and in the valence
band, E¢ is the lower band edge of the conduction band, Ey is the upper band edge of
the valence band, k is the Boltzmann constant and 7' is the absolute temperature. FEp
is the chemical potential (see section BITl), also called the Fermi level. For intrinsic
semiconductors Er lies close to the middle of the band gap and since all electrons on the
conduction band origin from the valence band we obtain the relation:

—-F
n =1p = +/NcNy exp (ijf> (2.11)

Where the energy gap FE, is given by Fy, = Ec — Ey.

In doped semiconductors impurities give either rise to energy states near the the valence
band, so called acceptor levels, which can accept an electron, or energy states near the
conduction band, so called donor levels, which can donate an electron. In the first case, the
transition of an electron from the valence band to an acceptor level generates a unoccupied
state, i.e. a hole in the valence band which can contribute to the hole conductivity (see
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Eq. 7). In the second case, there is a transition of an electron from a donor level to
the conduction band, which can contribute to the electron conductivity. Semiconductors
which show hole conductivity are termed p-type semiconductors, while those which show
electron conductivi