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Abstract
Organic semiconductors have the potential to pave the way for a new
generation of powerful micro- and optoelectronic applications. Foldable
displays, for example, may radically change the way we perceive and
distribute informations. Furthermore, highly efficient white OLED panels
could open opportunities to redefine ambient lighting and to reduce
energy consumption considerably.
The realization of these visions requires high performance organic
semiconductor materials with tailored properties that satisfy the needs
of the respective application. It is thus necessary to establish a profound
understanding of material including the structure-property relationship,
the electronic structure and charge transport mechanism
It is known that charge carriers are trapped in electronic states between
valence and conduction band. These trap states can severely influence
if not dominate macroscopic properties of the semiconductor. Therefore,
it is highly desirable to quantify the trap density as a function of energy
as well as to identify their microscopic origin. Beyond that, efficient
charge carrier injection will become ever more important to exploit the full
potential of organic semiconductors considering the steady advancement
of the charge carrier mobility and device miniaturization.
We addressed these issues in the course of this thesis and summarize
the three main contributions in the following.
• We show that gold source and drain electrodes need to be exposed
to ambient air for at least 5 h to obtain rubrene flip-crystal fieldeffect transistors with consistently high charge carrier mobilities
in the range of 10 cm2 /Vs to 17 cm2 /Vs and low contact resistances
on the order of a few kΩcm. If the electrodes are exposed
only for about 15 min, the transistor operation is severely contactlimited and conventional analysis methods fail to determine the
intrinsic field-effect mobility. Despite wide adaption of fourterminal measurements, we found that this approach does not allow
to determine the intrinsic field-effect mobility in contact-limited
transistors.
• We show that breaking of carbon hydrogen bonds in rubrene,
induced by ion irradiation, creates trap states around 0.35 eV above
the valence band edge. The defect density is quantified as a function
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of radiation dose. This allows to investigate changes of electronic
and optoelectronic properties of rubrene crystals upon a precise
increase of the defect density.
• We present evidence for the existence of temperature-dependent
tail states beyond the valence band edge in rubrene.
As
this is the result of inherent thermal motion of the molecules
causing off-diagonal disorder, we believe this to be a generic
characteristic of van der Waals bonded materials. The results of
the characteristic temperature-dependent tail steepness agree with
molecular dynamics calculations for polyacenes. Furthermore, we
found the mobility edge to be located at the edge of the valence
band. The analysis of the low temperature data indicates that tail
states are mobile states.

Zusammenfassung
Organische Halbleiter haben das Potential eine neuen Generation
leistungsstarker Mikro– und Optoelektronischer Applikationen zu
ermöglichen. Faltbare Displays, zum Beispiel, düften die Art und
Weise wie wir Informationen wahrnehmen und weitergeben radikal
verändern. Ausserdem könnten hocheffiziente weisse OLED Paneele die
Möglichkeiten eröffnen die Raumbeleuchtung neu zu definieren und
dazu beitragen den Energieverbrauch drastisch zu reduzieren.
Die Realisierung dieser Visionen erfordert leistungsstarke organische
Halbleiter mit massgeschneiderten Eigenschaften um den Anforderungen der jeweiligen Anwendung gerecht zu werden. Um einen Leitfaden
für das Design geeigneter Molekülarchitekturen zu entwickeln, ist
es notwendig, ein tiefgreifendes Verständnis der Beziehung zwischen
Eigenschaft und Struktur, der elektronischen Struktur sowie des
Transportmechanismus’ in organischen Halbleitern zu entwickeln.
Es ist bekannt, dass Ladungsträger durch elektronischen Zuständen
zwischen Valenz- und Leitungsband eingefangen werden können. Diese
Trap-Zustände können die makroskopische Eigenschaften des Halbeiters
gravierend beeinflussen wenn nicht sogar dominieren. Daher sind
quantitative Analysen der Trap-Dichte als Funktion der Energie sowie die
Identifizierung der mikroskopischen Ursachen wünschenswert. Darüber
hinaus wird mit Blick auf stetig verbesserte Ladungsträgermobilitäten
und voranschreitender Miniaturisierung elektrischer Bauelemente, die
effiziente Ladungsträgerinjektion immer wichtiger werden um das volle
Potential organischer Halbleiter auszunutzen.
In dieser Doktorarbeit haben wir diese Probleme thematisiert
und fassen im folgenden drei wichtigsten wissenschaftlichen Beiträge
zusammen.
• Wir zeigen, dass für Rubrene “flip-crystal” Feldeffekttransistoren
die Source- und Drain-Goldelektroden die für mindestens 5 h der
Umgebungsluft ausgesetzt sein müssen um eine hohe Feldeffekt
Mobilität im Bereich von 10 cm2 /Vs to 17 cm2 /Vs sowie niedrige
Kontaktwiderstände in der Grössenordnung einiger kΩcm zu
gewährleisten. Wenn die Elektroden nur für circa 15 min der Luft
ausgesetzt sind, ist der Transistorbetrieb stark kontakt-limitiert und
die tatsächliche Feldeffekt Mobilität lässt sich mit konventionellen
Analysemethoden nicht mehr bestimmen. Das dies sogar für den
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Fall von Vierpunktmessungen gilt, ist von allgemeiner Relevanz für
gleichartige Studien.
• Wir zeigen, dass das Aufbrechen von Kohlenstoff-Wasserstoff
Bindungen in Rubrene, induziert durch Ionenbestrahlung, TrabZustände circa 0.35 eV oberhalb der Valenzbandkante hervorruft.
Die Defektdichte haben wir als Funktion der Bestrahlungsdosis
quantifiziert was es in zukünftigen Studien erlaubt, Veränderungen
elektronischer und optoelektronischer Eigenschaften von RubreneKristallen aufgrund einer definierten Zunahme der Defektdichte zu
untersuchen.
• Wir zeigen, dass es einen temperaturabhängigen “tail” von Zuständen jenseits der Valenzbandkante in Rubrene gibt. Da dies die
Folge natürlicher thermischer Bewegung der Moleküle ist, glauben
wir, dass dies eine allgemeingültige Eigenschaft van der Waals
gebundener Materialien ist. Die Resultate der charakteristischen
temperaturabhängigen tail-Steilheit stimmen mit den Ergebnissen
von Molekulardynamik-Simulation für Polyacene überein. Weiterhin zeigen unsere Unteruchungen, dass die Mobilitätskante am
Rand des Valenzbandes liegt. Tieftemperaturmessungen deuten
darauf hin, dass die tail-Zustände mobile Zustände sind.
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1
Introduction
In this introductory chapter we outline the motivation to study organic
semiconductors and state some of the key research challenges to be
addressed to promote organic electronics. We summarize the key
contributions of this thesis and provide an over-all outline of this thesis.
Motivation. Organic semiconductors have the power to become a
key enabling class of material for innovative applications in the near
future. Materials performances for various organic electronic devices
have improved in recent years and the fundamental limit has yet to be
reached. For example, the field-effect mobility (µ), which is the figure
of merit in field effect transistors, has increased by about four orders of
magnitude to values on the order of 1 cm2 /Vs to 10 cm2 /Vs, thus exceeding
those in benchmark amorphous silicon devices (about 1 cm2 /Vs) [1].
Application demonstrations such as the full-color 2.5 inch (120 × 160
pixel) display driven by OFET technology from Sony testifies to the
incredible high level of homogeneity and stability achievable for millions
of organic transistors [2]. Rapid progress has also been witnessed in
organic photovoltaic cells with efficiencies larger than 10 % [3]. A
prominent example are organic light emitting diodes (OLEDs) with an
internal quantum efficiency of 100 % [4]. Small OLED displays for mobile
phones as well as large TV screens are already on the market offering an
unprecedented color range, high power efficiency and lifetimes exceeding
those of liquid crystal displays [5].
Irrespective of the application class, the interest in organic semiconductors is fueled by the prospect to fabricate low-cost large-volume
microelectronics employing solution-based printing processes and the
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possibility to realize novel electronics on flexible plastic substrates.
Manufacturing of electronic devices based on conventional inorganic
semiconductors is energy and time intensive because of high-vacuum and
high-temperature processing steps in addition to a number of subtractive
lithographic pattering steps [6, p. 3]. For applications where device
feature sizes on a micrometer scale are sufficient, such as those employed
in displays, various solution-based printing processes offer an alternative
with cost savings up to three orders of magnitude per unit area [6, p. 238].
Furthermore, manufacturing on flexible substrates would facilitate the
realization of yet unprecedented electronics. The development of
bendable and light-weight full-color displays, for example, are heavily
pushed and are expected to be commercially available in the near
future [7].
The quasi-infinite opportunities for chemical synthesis of new organic
compounds, the complex microstructure of molecular and polymeric
solids as well as the richness of inter- and intramolecular electronic
processes makes it difficult find compounds with optimized structures for
organic electronics. Only a clear understanding of the inherent structureproperty relationship, the underlying electronic structure and the
fundamental charge transport mechanism will facilitate the development
of new materials with tailored properties.
In van der Waals bonded organic semiconductors, charge transport
is based on delocalized π electrons which can move from one site
to the next if neighboring molecular orbitals overlap. The extent of
orbital overlap and thus the electronic transfer integral is a key factor
determining the mobility of charge carriers in organic semiconductors.
Yet, the semiconductor is not perfect and various sources of static and
dynamic inhomogeneities due to, for instance, thermal motion of the
molecules, structural imperfections and chemical impurities destroy the
periodicity of the solid to different extents which may give rise to charge
carrier localization in so-called trap states energetically located in the gap
between valence and conduction band. These trap states can severely
alter or even dominate the macroscopic properties of the semiconductor
and it is thus of great interest to quantify these states as a function of
energy and to identify their microscopic origin.
The primary research focus has been towards the development of
new organic compounds with higher charge carrier mobilities motivated
by the need to realize transistors that drive higher currents and switch
faster [8]. Along with advancing miniaturization of OFETs efficient
charge injection and extraction will gain increasingly more importance.
The contact resistance, which quantifies the efficiency of charge transfer
from (metal) electrodes to the semiconductor, tends to be high and varies
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across orders of magnitude in organic semiconductor devices. Efforts to
gain a better understanding of the electrode/semiconductor interface are
therefore required.
Thesis contributions. In this thesis, we address some of these research
challenges and arrive at the following three key contributions:
• We studied the contact resistance Rc at the metal/electrode interface
in rubrene flip-crystal FETs in detail stimulated by huge variations
of Rc observed in our laboratory and reported in the literature. We
identified the air exposure time of the gold electrodes after vacuum
evaporation and before crystal lamination as the key parameter that
determines the contact resistance at the gold/rubrene interface. Air
exposure of the gold electrodes for at least 5 h before they were
covered by the laminated crystal yielded FETs with consistently
low values of Rc in the range of kΩcm and mobilities in the range
of 10 cm2 /Vs to 17 cm2 /Vs. Short-time exposure in the range of
15 min gave rise to contact resistances that are more than two
orders of magnitude higher. We showed that estimates of the
charge carrier mobility in FETs with high contact resistance is
incorrect even if calculated from four-terminal data or data obtained
in the saturation regime of the FET. As we employed separately
grown crystals as the active semiconductor, we could show that
this behavior is related to electrostatic interactions between the
(clean/contaminated) gold electrode and the rubrene crystal rather
than to different semiconductor qualities.
• We quantitatively studied the creation of deep trap states in rubrene
crystals upon proton and helium ion irradiation with temperaturedependent space-charge-limited current (TD-SCLC) measurements.
Radiation of this kind is known to predominantly break carbonhydrogen bonds in organic materials which allowed us to identify
trap depth and concentration of deliberately introduced crystal
defects. At a radiation dose of ≈35 J/g, which is the radiationdeposited energy in the crystal, about 1016 electronic trap states per
cubic centimeter are created in a broad region centered about 0.35 eV
above the valence band edge. With an increment of the radiation
dose, the trap density increases sublinearly and saturates at about
200 J/g which we attributed to an equilibrium between breaking of
carbon-hydrogen bonds and hydrogen reattachment.
• We investigated the intrinsic tail of states beyond the band edge in
organic molecular crystals and the temperature dependence of the
tail steepness by means of low temperature space-charge-limited

4

Chapter 1. Introduction

current measurements. Measurements from ambient temperatures
to 5 K have been enabled by a novel contacting technique based
on thin and flexible pieces of Parylene-C. The organic crystal is
sandwiched between two electrodes evaporated on Parylene-C
which allows the crystal to contract or expand upon cooling as
opposed to widely employed rigid inorganic substrates.
Traditional analytical analysis methods combined with a numerical
device simulation incorporating recent experimental findings
allowed us (1) to show the existence of exponential tail states
and (2) to quantify the steepness as function of temperature. The
results obtained for rubrene are in close agreement with molecular
dynamics simulations of a number of polyacenes and contribute
an essential ingredient to bridge macroscopic electrical and optoelectronical properties and intermolecular processes in weakly van
der Waals bonded materials.
Thesis outline. This thesis is structured as follows:
Ch. 2 introduces elementary concepts to rationalize charge transport
phenomena in organic semiconductors. We start by providing a brief
overview of some common molecular and polymeric semiconductors.
We continue by introducing basic concepts to describe the electronic
structure of individual molecules and molecular solids. The main part of
this chapter discusses fundamental charge transport physics in light of
recent experimental and theoretical insights regarding various sources of
electronic disorder.
In Ch. 3 we introduce space-charge-limited current (SCLC) spectroscopy which has been the primary tool of this thesis to quantify
the density of electronic trap states as function of energy in organic
molecular crystals. We briefly outline the concept and discuss the
mathematical formalism to derive the density of states from currentvoltage measurements.
Moreover, we address chief experimental
problems and discuss routes we pursued to tackle them.
In Ch. 4 we describe our main experimental methods to prepare
micrometer scale organic semiconductor devices. We continue by introducing two experimental setups used to carry out SCLC measurements.
More specific experimental details can be found in the subsequent
chapters where we present the results.
In Ch. 5 we show the results of a study devoted to reliably produce
channel-dominated rubrene flip-crystal FETs with low contact resistance
as opposed to devices with much higher and variable contact resistances.
The results presented in Ch. 6 and 7 have been obtained from SCLC
spectroscopy. Ch. 6 contributes to the understanding of static disorder

5

and trap creation upon ion radiation. We quantified trap energy depth and
trap concentration of deliberately introduced defects in a rubrene crystal.
Ch. 7 addresses dynamic disorder and the impact on the extent of tail
states in the vicinity of the valence band in an organic molecular crystal.
From a powerful combination of analytical and numerical analysis
methods we determined the characteristic temperature-dependent band
tail steepness in rubrene crystals.

6

Chapter 1. Introduction

2
Electronic Structure and Charge
Transport in Organic
Semiconductors
In this chapter we introduce essential concepts to rationalize charge
transport phenomena in organic semiconductors. To start with, we
provide a brief overview of extensively investigated conjugated molecular
and polymeric semiconductors in Sec. 2.1. Following this, we develop
a picture of the electronic structure (Sec. 2.2). The general concept
of molecular orbitals and the nature of intrinsic electronic states is
introduced by considering benzene as the prototypical conjugated
molecule. Then we proceed by describing mutual interactions of
molecules in a crystal and the formation of conducting bands. The
main part of this chapter is devoted towards the underlying charge
transport physics in organic semiconductors. It is overall a complex
interplay of a number of electronic processes. Here, we review some key
aspects including the intermolecular transfer integral, static and dynamic
disorder (Sec. 2.3).

2.1

Common molecular and polymeric organic
semiconductors

Organic semiconductors can be categorized into conjugated polymer
and small-molecule organic semiconductors. Polymers are particularly
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interesting from a commercial point of view as they offer low cost device
fabrication via solution-processing methods such as inkjet-printing and
spin-coating [9]. Conjugated polymers consist of individual units that
are assembled to long complex chains showing usually an amorphous
polymer chain conformation in the solid state. Charge transport along
the polymer backbone tends to be highly efficient. However, interchain
transport is usually limited due to disorder and grain boundaries.
Many of the recently synthesized high-mobility polymers aggregate in
a lamellar microstructure such as those found in semicrystalline poly3-hexylthiophene (P3HT) (Fig. 2.1). Alternating layers of polymer
backbones separated by polymer side chains are oriented parallel to
the substrate which allows efficient charge transport in field-effect
transistors with charge carrier mobilities of the order of 0.1 cm2 /Vs [10].
Increased long-range order and thus a higher degree of order could be
achieved in conjugated polymers with dense side-chain interdigitation.
In poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2- b ]thiophene) (PBTTT),
for instance, hole mobilities up to 1.1 cm2 /Vs have been demonstrated [11, 12]. Among the best n-type (electron conducting) polymeric
semiconductors is poly[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29,bithiophene) also known as
P(NDI2OD-T2) (Polyera ActivInk N2200). Field-effect mobilities from
0.45 cm2 /Vs to 0.85 cm2 /Vs have been achieved at ambient conditions [13].
Small molecules are less complex and can aggregate to highly
ordered crystal structures. Charge transport is thus strongly determined
by intermolecular interaction rendering them suitable candidates to
investigate fundamental transport properties in van der Waals bonded
solids. One of the most intensely studied class of materials are
oligoacenes and their derivatives (Fig. 2.2). They consist of linearly fused
benzene rings providing efficient intramolecular charge transfer. These
materials typically adapt a herringbone structure facilitating efficient
charge transport along the molecular layers [15]. Benchmark hole
mobilities of 35 cm2 /Vs in pentacene1 [16] and 40 cm2 /Vs in rubrene2 [17]
have been demonstrated. A prominent example of solution-processable
acenes is 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene). It
exhibits a high degree of crystallinity even in spin-coated thin-films
with mobilities in excess of 1 cm2 /(Vs) [18]. Recently, thienoacenebased small molecule semiconductors with a thieno[3,2-b]thiophene substructure including [1]benzothieno[3,2-b][1]benzothiophene (BTBT) and
dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]-thiophene (DNTT) came into focus.
1

The mobility is determined from space-charge-limited-current measurements in the
ab-plane.
2
The mobility is determined from four-terminal field-effect measurements.
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polyacethylene

PBTTT

P3HT

P(NDI2OD-T2)

Figure 2.1: Chemical structure of some intensively investigated polymeric
semiconductors. Polyacetylene consists of repeating C2 H2 units and has been
employed in the first OFETs with conjugated polymers in the early 1980s [14].
Typical field-effect mobilities were in the range of 10−5 cm2 /Vs to 10−4 cm2 /Vs.
Today, films with a higher degree of order can be obtained. Many of
these polymers adapt a lamellar microstructure as it is found in P3HT with
layers of conjugated backbones oriented parallel to the substrate facilitating
efficient transport in field-effect transistors [10]. Recently, thienothiophenebased copolymers have come into focus after hole mobilities of the order of
1 cm2 /Vs in transistors employing PBTTT have been demonstrated [11]. One
of the highest electron mobilities have been achieved in P(NDI2OD-T2)-based
thin-film transistors [13].

Field-effect mobilities of 5 cm2 /Vs in C8 -BTBT thin-film transistors [19]
and 8.3 cm2 /Vs in DNTT flip-crystal transistors have been reported [20].
Excellent p-type semiconductors such as rubrene show rather
poor n-type performance, mainly due to large injection barriers at
the semiconductor/electrode interface [21].
Other small molecule
semiconductors with energy levels that are more suitable for electron
injection perform better in terms of measured field-effect mobilities.
For example, in N,N’-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-3,4:9,10bis(dicarboximide), also known as PDIF-CN2 (Polyera ActivInk N1100),
flip-crystal FETs mobilities of approximately 3 cm2 /Vs have been
achieved [22]. In addition, fullerene-based materials have been explored
since their discovery in 1985 with particular attention to easily available
C60 [9]. After a number of optimization steps over the the years [9],
mobilities up to 6 cm2 /Vs have been demonstrated in thin-film FETs [23].
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Sexithiophene (6T)
Polyacenes

TIPS-pentacene

Rubrene

C60

Cn - BTBT

Cn - DNTT

Figure 2.2: Widely investigated conjugated small molecule semiconductors.
Oligoacenes, and in particular anthracene (n = 3), have been studied right
from the beginning of organic semiconductor research more than 100 years
ago [24, 25]. The derivative rubrene and TIPS-pentacene are one of the
widely investigated small molecule semiconductor. Sexithiophene has been
explored as active semiconductor in diodes and field-effect transistors by the
late 1980s [26, 27]. Fullerene-based materials such as C60 have been investigated
as electron transport material. Cn -BTBT and Cn -DNTT compounds are more
recent discoveries.

2.2

From single molecules to a molecular solid

The electronic structure of organic semiconductors does not compare with
their inorganic counterparts such as silicon or germanium. A small band
width and a large band gap are distinctive of this material class. The
origin of these properties lies in the details of the electronic structure of
individual molecules in addition to their mutual interaction in the solid.
Molecular orbitals and intrinsic energy levels in isolated molecules. In
its ground state, the electronic configuration of a carbon atom is 1s2 2s2 2p2
which leaves four valence electrons to take part in a bond. In conjugated
organic compounds, carbon atoms are bound together by alternating
single and double bonds. In the case of benzene (C6 H6 ), which is the
main building block of organic semiconductors, six carbon atoms are
joined to form a ring with one additional hydrogen atom attached to each
carbon atom [25, p. 2–5].
The carbon atoms are sp2 hybridized, that is, the 2s orbital mixes
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with the 2px and 2p y orbitals to form a sp2 hybridized molecular orbital
extended in the xy-plane of the molecule. Adjacent sp2 hybridized orbitals
overlap and form strong σ-bonds. The hydrogen atom attached to each
carbon atom is also bound via a σ-bond. The remaining 2pz orbitals
stick out of the molecular plane and only weak π-bonds are formed
between them. As a result, the electrons involved are only loosely bound
and become delocalized over the entire molecular ring. This so called
delocalized π-electron system is the basis for electrical conduction in
conjugated molecular semiconductors [25, p. 2–5].

Figure 2.3: Delocalized π-electron system above and below the molecular plane
in benzene formed by an overlap of adjacent 2pz orbitals originating from the
carbon atoms. In the molecular plane, the electrons are localized due to strong
σ-bonds between the carbon atoms. Figure is from Ref. [28, p. 14].

The molecular energy levels in a molecule are derived from atomic
orbitals. Two atomic orbitals can be linearly combined to form molecular
orbitals (MO) in two ways: A bonding π-MO is obtained by constructive
interference of two atomic orbitals leading to a higher probability of
finding an electron between the two nuclei. This combination lowers the
repulsive force between the two nuclei resulting in a low energy bond. If
the two wave functions interfere destructively, there is somewhere zero
probability of finding the electron between the nuclei. This antibonding
π? -MO is less stable and thus higher in energy.
In the case of benzene, every carbon atom contributes a pz orbital
above and below the molecular plane. These six atomic orbitals form
six molecular orbitals that are delocalized over the circumference of the
molecule (Fig. 2.3). In the ground state of the isolated molecule, only the
low energy π-MOs are occupied, forming the highest occupied molecular
orbital (HOMO). The high energy π? -MOs are empty and called lowest
unoccupied molecular orbital (LUMO).
The energy spacing between π-MO can be qualitatively understood by
treating the electrons as particles extended over the length of the molecule
(particle in a box model). The optical properties of polyacenes provide
literally an illustrative example for the validity of this simplified picture.
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Figure 2.4: Energy levels in a benzene molecule. Shown on the left side are
possible linear combinations of six atomic π orbitals along the circumference
of a benzene ring. White and gray correspond to positive or negative sign
of the molecular orbital wave function at each carbon atom. (Here only the
bottom/top molecular plane is shown). With increasing number of nodes, that is,
increasing number of sign changes of the wave function along the circumference
of the carbon ring, the molecular orbitals are shifted to higher energies. The six
π-electrons occupy the energetically lowest π-MO levels. Figure is from Ref. [29,
p. 3].

With increasing size of the molecule from anthracene (three benzene rings)
to pentacene (five benzene rings), the absorption peak shifts to lower
energies. As a result, anthracene crystals appear almost transparent,
tetracene crystals orange and pentacene crystals dark violet [30, p. 2].
Intermolecular interaction and the formation of conducting bands.
When isolated molecules come close together, they start to interact
via intermolecular forces. Very often, the term van der Waals forces
are used as a synonym for the sum of a number of intermolecular
forces. In nonpolar molecules such as benzene an attractive force arises
from instantaneously induced dipoles (London dispersion force) due
to variations of the nearby π-electron distribution [30, p. 27–29]. An
additional attractive force arises from weak electrostatic hydrogen bonds
between hydrogen and carbon atoms. These hydrogen bonds play an
important role in the stacking configuration of organic molecules [31].
The benchmark p-type organic semiconductor rubrene consists of
a tetracene backbone functionalized with phenyl rings (Fig. 2.5(a)).
These phenyl rings are responsible for rubrene molecules to preferably
aggregate in a slipped-cofacial packing motif of the π-conjugated
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tetracene backbones. The herringbone structure in the plane of rubrene
involves the long molecular axis of the tetracene core rather than the short
molecular axis as it is typical for oligoacenes molecules. This stacking
motif leads to a large HOMO and LUMO wave function overlap of
adjacent molecules especially in the b-direction (space group Bbam) of the
orthorhombic polymorph of rubrene (Fig. 2.5(b)) [32, 33]. Rubrene crystals
with orthorhombic symmetry are grown by physical vapor transport [34]
and are intensively investigated in the field due to its high charge carrier
mobility [35, 17, 36].

c

b
a

(a) Rubrene
molecule
with
tetracene backbone (blue) and four
phenyl rings (black).

(b) Orthorhombic motif of rubrene in the
solid state.

Figure 2.5: Molecular structure model of a rubrene molecule and molecule
packing motif (space group Bbam). Orthorhombic rubrene characterizes a large
MO overlap of adjacent molecules and is thus preferred in fundamental research
studies. Figure is from Ref. [37].

Since intermolecular bond strengths are rather weak compared to
strong covalent bonds (0.05 eV vs. 3 eV), the intermolecular distance in
van der Waals bonded molecular crystals is considerably larger than the
distance between atoms in covalently bonded inorganic semiconductors
such as silicon. Therefore, the electronic structure of the individual
molecule in the solid is preserved to a large degree [38, p. 66–67]. In
particular, HOMO and LUMO wave functions remain localized on single
molecules yielding comparatively narrow valence and conduction bands
on the order of 0.1 eV to 0.4 eV (Fig. 2.6) [39, 40]. Indeed, angle resolved
time of flight (ARTOF) measurements on rubrene crystals show clear
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signatures of band dispersion in the range of 0.4 eV [41, 42]. Similar
values have been obtained in angle resolved photoemission (ARPES)
experiments on thick pentacene films [43]. Troisi and co workers have
calculated the band width for a number of polyacenes based on classical
molecular dynamics simulation. The band width is found to be about
0.5 eV in agreement with other computations [39, 44], with a broad
temperature-dependent tail of states extending from the band edge into
the gap [45]. Thermal broadening of the band tail will be discussed in
more detail later in this chapter.
We use the term “band” to denote those states where charge carriers
are delocalized [25, p. 204]. Electrons and holes are not delocalized to the
same extent as in inorganic semiconductors such as silicon. In particular,
traditional band theory, developed for inorganic semiconductors, is not
generally appropriate to describe the complex underlying physics in these
hydrocarbon crystals [25, p. 203, 212].

(a) Band structure of a
silicon crystal.

(b) Band structure of
a rubrene crystal with
orthorhombic symmetry
(space group Cmca).

(c) HOMO and LUMO of a
rubrene molecule.

Figure 2.6: A comparison of the band structure of silicon and rubrene highlights
distinct differences of the electronic structure between inorganic and organic
semiconductors. Strong covalent bonds between silicon atoms lead to a large
overlap of atomic orbitals and wide bands. In contrast, van der Waals bonded
crystals characterize a small intermolecular HOMO and LUMO overlap leading
to rather narrow bands of delocalized states. Figures (a) and (b) from Ref. [46].
Figure (c) from Ref. [47].

In view of electrical conduction in crystals with weakly interacting
molecules, additional forces play a role leading to changes of the
electronic levels. Most important are polarization effects due to excess
positive or negative charge carriers which are typically on the order of
1 eV to 2 eV [25, p. 206]. A molecule with an excess electron is more stable
in its crystal environment as it polarizes the surrounding molecules. The
molecule gains the polarization energy Pe which shift the conduction level
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(LUMO) of the isolated molecule further away from the vacuum level. To
put it differently, it requires more energy to remove the excess electron
than to ionize the original molecule. On the other hand, a molecule gains
the polarization energy Ph if it acquires an excess hole which shifts the
valence level (HOMO) towards the vacuum level. The band gap Eg is the
energy difference between valence band (VB) and conduction band (CB)
in the solid state [25, p. 202].
Inherently soft intermolecular bonds allow the molecules to thermally
vibrate around their equilibrium position, rather than remaining at a fixed
position within the molecular crystal [48]. It is instructive to study the
consequences of the molecule’s motion. Brédas and coworkers calculated
HOMO and LUMO band width of a cofacial sexithienyl dimer upon a
change in intermolecular distance [49]. With increasing distance, HOMO
and LUMO band width decline exponentially due to an exponentially
decay of the orbital wave function. The extent of band width broadening
due to thermal motion of the molecules depends on the molecule in
question and packing motif in the solid as a comparison of TIPS-pentacene
and TMTFS-pentacene shows [50]. Band width broadening is a generic
feature of van der Waals bonded semiconductors with consequences for
the charge carrier transport which we will discuss in more detail in the
next section.

2.3

Electronic disorder and charge transport
physics in organic semiconductors

In an ideal organic crystal with fixed molecules arranged in a
perfect periodic fashion the conventional Bloch electron description, as
developed for inorganic semiconductors, could be applied [38, p. 209].
However, the situation in a van der Waals bonded solids is rather different.
The band width is small compared to that in inorganic semiconductors
due to only weak intermolecular bonds [39, 40]. Thermal molecular
motion destroys on a microscopic scale the periodicity of the crystal and
thus the translational symmetry of the Hamiltonian [51]. Variations in onsite energies and transfer integrals due to structural defects and chemical
impurities (static diagonal and off-diagonal disorder) are present even
in the best available molecular crystals [25, p. 220 ff.]. Charge carriers
interact with lattice phonons because of inherently weak intermolecular
bonds which gives rise to time dependent variations of the on-site
energy and the magnitude of the transfer integral (dynamic diagonal
and off-diagonal disorder) [38, p. 209]. The terms “diagonal” and “offdiagonal” refer to the elements in the electronic model Hamiltonian
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vacuum level
Ag
LUMO
Pe
Energy

Ig

CB

Eg
VB

HOMO

isolated molecule
(neutral state)

Ph

molecular solid
(ionized state)

Figure 2.7: Energy levels of the isolated molecule and of a molecular solid.
HOMO and LUMO level of the isolated molecule (in the gas phase) is given by
the ionization energy Ig and Ag . If a number of molecules are brought together,
HOMO and LUMO interact and form a narrow conduction (CB) and valence (VB)
band. Due to thermal motion of the molecules, the width band is broadened and
some of the initially delocalized states tail into the band gap. Figure adapted
from Ref. [25, p. 203].

which describes the electron-phonon system in the semiconductor.
Overall, intermolecular transfer integrals, electronic bandwidths as well
as diagonal and off-diagonal disorder are of similar magnitude [1].
Despite of intensive research for several decades, there is still
significant controversy about the adequate description of the underlying
charge transport mechanism in organic semiconductors, especially in
high quality single-crystals with mobilities exceeding 1 cm2 /Vs [38,
p. 209]. In disorder-dominated amorphous organic semiconductors
with mobilities 1 cm2 /Vs charge transport can be well described by
polaron hopping. Charge carriers are highly localized and proceed
via a phonon-assisted hopping process in an energetically disordered
landscape. The charge carrier mobility shows a temperature-activated
behavior, that is, the higher the temperature, the larger the mobility [38,
p. 209]. In contrast, experiments with high-mobility molecular crystals
show signatures of both, hopping transport and band-like transport in
extended delocalized states. For the latter regime, phonon scattering is
considered as perturbation of the extended Bloch wave. Consequently,
the mobility is expected to decrease with temperature. This has already
been demonstrated in the mid 1980s with time-of-flight measurements on
ultrapure naphthalene crystals [52]. However, estimates of the mean
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free path of electrons and holes at room temperature is of the order
of the distance between molecules which is inconsistent with band
transport [52].
In this section we focus on factors that influence charge transport
on a molecular level. In particular, we will discuss the role of the
intermolecular transfer integral, static and dynamic disorder.

2.3.1

The intermolecular transfer integral

The source of electrical conduction in organic semiconductors are weakly
bound π-electrons in extended delocalized molecular orbitals. The
intermolecular transfer integral is a measure of the mutual orbital overlap
between two molecules (Fig. 2.8) and is thus directly related to the ease
of charge transfer from one molecule to the next [49]. If there is no
overlap, charge carriers are fully localized onto a single site [53, 54].
It is one of the key parameters to describe charge transport in organic
semiconductors [49].

(a) Influence on transfer integral t upon a
change of the intermolecular distance d.

(b) Influence on transfer integral t as a
result of displacing one molecule with
respect to the other along its long
molecular axis.

Figure 2.8: The transfer integral t for electrons and holes of two cofacial tetracene
molecules is considerably effected by changes of the intermolecular distance and
relative positions. Figure is from Ref. [55].

The intermolecular transfer integral determines the width of the
electronic bands. The tight binding model predicts in the case of a onedimensional molecular stack a band width of four times the transfer
integral [25, p. 56]. In more complex situations, the transfer integral can
be calculated from the overlap of the wave functions ψ of the HOMO
(hole transport) and LUMO (electron transport) of the isolated molecule
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according to
ti j = hψi ||Hel |ψ j i,

(2.1)

where Hel is the effective one-electron model Hamiltonian of the
crystal [38, p. 209]. Values of ti j in organic crystals are on the order
of ≈100 meV with in well-connected molecular layers.
The structural anisotropy of molecular semiconductors in the solid
state translates into large variations of the absolute value of ti j along
different crystallographic directions. In rubrene, for instance, ti j in
the molecular ab-plane is about two orders of magnitude larger than
perpendicular to the plane according to density functional theory (DFT)
computations (Tab. 2.1). The charge carrier mobility varies in a similar
fashion along the three principle crystal directions highlighting the
close relationship between the magnitude of the transfer integral and
the intrinsic charge carrier mobility [36]. The standard deviation of
the transfer integral distribution σt , as a result of dynamic disorder,
determines the temperature dependence of the mobility (dµ/dT), as we
will discuss in more detail in Sec. 2.3.3.
Table 2.1: Transfer integral and standard deviation from DFT calculations as
well as measured charge carrier mobility in high quality rubrene crystals at room
temperature for the three principle crystal directions. Data from Ref. [36].

crystal
transfer integral
1
direction
ti j (meV)
b
a
c
1

140
21
-2.7

st. deviation of ti j
σt (meV)

mobility at 300 K
µRT (cm2 /Vs)

40
10
1.3

10
6
0.2

Here, we use space group Bbam which is commonly referred to in electrical
measurements. The lattice parameters are 14.2 Å, 7.2 Å and 26.7 Å along the a-,
b- and c-axis, respectively.

2.3.2

Static Disorder

A homogeneous environment is a key requirement for efficient charge
transport in the semiconductor [56]. However, various structural defects
and chemical impurities [57, 58] give rise to local time-independent
variations of the on-site energy (diagonal disorder) and intermolecular
transfer integrals (off-diagonal disorder) in a crystal. Anderson has shown
that at sufficiently high energetic diagonal disorder electrons can become
localized. If the trap environment is strongly polarized, charge transfer
becomes very unlikely and the electron remains localized [59]. In contrast,
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static off-diagonal disorder does not lead to localization as only the rate
of charge transfer between the molecules is effected [25, p. 127f.].
Structural defects. Crystal lattice imperfections can be categorized as
local or extended structural defects. They modify the energy landscape
in their nearby environment and often give rise to charge carrier trap
states in the band gap. The energy required to lift the charge carrier
from a localized state into a delocalized state is referred to as the trap
depth. Worth noting is that structural defects sites do not necessarily trap
a charge; they may only lead to charge carrier scattering [25, p. 220]. A
missing molecule (vacancy), for instance, is a local defect which tends
to scatter charge carriers rather than to trap them because it alters the
polarization in its vicinity (Fig. 2.9(a)). Typical vacancy densities in
polyacene crystals are of the order of 1014 cm−3 to 1016 cm−3 . These defects
tend to aggregate in clusters and form extended line defects [25, p. 224].
Another source of structural defects are dislocations, that is, part of the
crystal shifts with respect to its environment. The dislocation density
depends to a large degree on crystal growth conditions and subsequent
crystal handling and may reach a value of up to 1019 cm−3 . In contrast to
vacancies, dislocations are thermodynamically unstable and can thus be
reduced by annealing the crystal at elevated temperatures [25, p. 225–228].

(a) Molecular vacancies in a monolayer of
evaported pentacene molecules.

(b) Grain boundaries in tetracenebithiophene grown on substrates kept at
different temperatures.

Figure 2.9: Common structural defects in molecular semiconductors. Figure (a)
from Ref. [60] and (b) from Ref. [61].

In vacuum evaporated or spin-coated organic thin films, structural
defects are even more severe than in molecular crystals. These films are
often polycrystalline or amorphous, that is, they are characterized by
grain boundaries and grains of different morphologies (Fig. 2.9(b)) [62].
Grain boundaries are indeed the primary source of structural defects in
thin films [63]. For pentacene thin films, displacements of the molecules
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along their long molecular axis have been identified to be an additional
source of trap states energetically located in the vicinity of the valence and
conduction band edge. The actual trap depth depends on the magnitude
of the displacement [64].
Chemical impurities. The largest fraction of point defects in molecular
crystals is associated with chemical impurities present in the host
material [25, p. 224]. For polyacene crystals it has been shown that
chemical impurities rather than structural defects limit the charge carrier
mobility [65]. Purification of the raw material is therefore of great
importance.
In general, we can distinguish between two purification methods:
zone refinement and vapor sublimation. Zone refinement is applicable
to thermally stable materials that can be melted without triggering
a chemical reaction or decomposition. Low-weight polyacenes such
as naphthalene and anthracene belong to this group of materials, for
instance. Materials that go directly from the solid state into the gas phase
can be purified only by vapor sublimation techniques. This applies to
tetracene, pentacene and rubrene [65]. Despite enormous efforts typical
impurity concentrations are of the order of ≈10−1 ppm and thus still
considerably higher than in inorganic semiconductors. For comparison,
impurity concentrations in germanium are as low as ≈10−3 ppm [25,
p. 224].
The energy level of a chemical impurity determines its influence on
charge transport. In general, it can act either as charge carrier trap or
scattering center. The impurity molecule behaves as electrically active
trapping center if its electron affinity or ionization energy is located in the
band gap of the host [25, p. 231]. Experiments of anthracene doped with
tetracene at a impurity concentration of 10 ppm provides clear evidence
for the significant impact of chemical impurities on hole and electron
mobilities. On the other hand, even though the impurity is electrically
inert, because electron affinity and ionization energy are beyond the band
gap, it can act as scattering center. This would be the case if tetracene
as host material is doped with anthracene. In this case, the impurity
molecule induces local lattice deformations and changes the polarization
energy of the environment [25, p. 233].
In rubrene, light-induced oxidation, leading essentially to a new chemical species, is a major source for chemical impurities in commercially
available powder and vapor grown crystals [66]. Oxidation in rubrene
crystals occurs only at the surface and requires explicitly the crystal to be
exposed to light [66, 67]. Depending on the conditions during oxidation,
rubrene can adapt different molecular structures (polymorphism) as
identified by Kloc and coworkers [66]. The oxidation takes place
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preferably at molecular step edges of the crystal surface, as identified by
AFM measurements (Fig. 2.10) [67]. Important to note, surface oxidation
in rubrene crystals takes place in a typical laboratory environment
at ambient temperatures [66]. The trap depth of oxidized rubrene
molecules has been independently determined from photoluminescence
measurements [68] and space-charge limited current measurements [69]
to be located about 0.25 eV above the valence band edge. Tsetseris
and Pantelides carried out a theoretical study on impurity effects in
rubrene [70]. They identified considerable changes of the electronic
bands and distinct trap states in the band gap associated with oxygen and
hydrogen defects. In pentacene crystals, the main impurities come from
pentacene-quinone molecules showing concentration levels of up to 0.7 %.
These could be reduced by a factor of 10 by means of vacuum sublimation
which improved the charge carrier mobility at ambient temperatures from
35 cm2 /Vs to 58 cm2 /Vs [16].

(a) The surface of pristine rubrene characterized distinct molecular terraces.

(b) Upon illumination in the precense of
oxygen, oxidation occurs preferably at
molecular step edges.

Figure 2.10: Surface roughness of a rubrene crystal measured with an atomic
force microscope (AFM) before and after oxidation. Figure is from Ref. [67].

In organic field-effect transistors, additional static disorder is induced
by direct metal evaporation onto the organic semiconductor and by
interaction of the first molecular layers of the semiconductor with the
gate dielectric. In particular, static disorder and charge carrier traps
may arise from a change of the polarization energy. Gate dielectrics
with high dielectric constant modify the local polarization energy at the
semiconductor-insulator interface which gives rise to localized trap states
in the band gap [71]. Furthermore, the nature of chemical groups present
at the interface between gate dielectric and semiconductor severely
influences the operation of the field-effect transistor. Donor-like and
acceptor-like states in the vicinity of the valence band edge can lead to
large threshold voltage shifts and changes of the turn-on behavior of the
transistor [72, 73].
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Dynamic Disorder

In a weakly van der Waals bonded organic semiconductor, inherent
thermal motion of the molecules is a source for electronic disorder [51,
74, 75, 76]. Here we have to distinguish diagonal disorder (local electronphonon coupling) and off-diagonal disorder (nonlocal electron-phonon
coupling). Diagonal disorder refers to a modulation of the molecular
energy levels, that is, HOMO and LUMO energies. Off-diagonal disorder
is associated with a modulation the electronic coupling, that is, the transfer
integral, between interacting molecules [76].
Diagonal dynamic disorder. If a charge carrier localizes on an initially
neutral molecule, it is stabilized by the so-called polaron binding
energy [55, 77]
 X
1
Eb =
~ω~qs |g j j,~qs |,
(2.2)
N
~qs

where ω~qs |g j j,~qs is the frequency of a phonon with wave vector ~q and
polarization index s. g j j,~qs is the local electron-phonon coupling (of the
molecule on site j). Transfer of electronic charge is a process involving
two molecules, that is, a gain and loss of an electron (hole). The total
so-called reorganization energy λreorg (of the charge transfer process) is
thus twice the polaron binding energy [55]
λreorg = 2Eb .

(2.3)

Intra- and intermolecular modes contribute to λreorg ; intramolecular
modes are associated with a local distortion of the molecule’s geometry
and intermolecular modes reflect changes in the polarization of the
surrounding molecules upon localization of the charge on the initially
neutral molecule [76].
λreorg depends sensitively on the individual molecular structure, the
packing motif of the compound in the solid state and the polarity of
the charge carrier [76]. In oligoacenes, for instance, λreorg decreases
with increasing molecule size [78] and is lower for hole transfer than
for electron transfer. However, in oligothienoacenes this trend may not
hold any longer (Fig. 2.11). Typical values for λreorg in aromatic molecules
are in the range between 100 meV to 300 meV [55, 78, 76, 79].
Holstein developed a polaron hopping model for situations in
which diagonal disorder is much larger than off-diagonal disorder [54].
However, as already pointed out above, the molecules are only
weakly van der Waals bonded which allows them to thermally vibrate.
Consequently, fluctuations of the intermolecular transfer integral ti j
and reorganization energy λreorg are of comparable magnitude which
suggests, that this simplistic Holstein model does not properly describe
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Figure 2.11:
Electron- and hole-phonon coupling constants from DFTcomputations for anthra[2,3-b:8,7-b’]dithiophene (upper left), thieno[2,3f:5,4-f’]bis[1]benzothiophene (upper right), pentacene (lower left), and
pentathienoacene (lower right). In oligoacenes and acenedithiophenes (left),
electron-phonon coupling is stronger than hole-phonon coupling. Thus, λreorg is
larger for electrons than for holes in these materials. In compounds with more
thiophene rings (right), the coupling of holes with phonons is stronger than for
electrons. Figure is from Ref. [55].

the underlying charge transport physics. A number of groups extended
Holstein’s model while still ignoring off-diagonal disorder. An overview
is given in Ref. [38, p. 214].
Off-Diagonal Disorder. Time-dependent variations of the transfer
integral on a picosecond time scale as a consequence of thermal motion
of the molecules around their equilibrium position in the crystal leads
to off-diagonal disorder [51, 74]. Librational motion, that is, vibration
of the molecule about the molecular axis, has been investigated in
tetracene, pentacene and rubrene by Haas and coworkers (Fig. 2.12). They
determined the mean intermolecular angle θ, also called herringbone
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√
angle, and the mean thermal libration angle L, that is, the variation
of θ, in a √
broad temperature range between 100 K to 400 K. Most
important, L is as large as three degrees at ambient temperatures
and decreases roughly linearly upon cooling. √Due to zero point
motion (also called quantum nuclear dynamics) L does not tend to
zero [80, 81]. Translational motion leads to variations of the relative
distance and position of the molecules. For TIPS-pentacene, for instance,
fluctuations of the relative intermolecular distance σr as large as 0.12 Å
at room temperature have been measured. Upon cooling σr decreases
proportional to T1/2 . Molecular dynamics simulations perfectly agree
with these observations [48].
5
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(a) Herringbone angle and thermal libration about the long molecular axis in
pentacene crystals.

(b) Libration angle about the long molecular axis in tetracene, pentacene and
rubrene.

Figure 2.12: Thermal libration in organic molecular crystals is significant at
ambient temperature and decreases upon cooling. Figure (a) from Ref. [80] and
data in (b) from Ref. [81].

HOMO and LUMO wave functions of the individual molecule can
exhibit complex shapes as we have seen in Sec. 2.2. Minor dynamic
distortions of the mean molecular structure can thus lead to large
fluctuations of ti j [51, 55]. Another contribution to the broad distribution
of ti j is related to the equilibrium molecular stacking. The most
favorable stacking configuration is usually not equivalent to strongest
intermolecular interaction [82]. Therefore, minor changes of the relative
position, distance or orientation of the molecules with respect to each
other give rise to large changes of the transfer integral.
In rubrene, intermolecular vibrational modes from 30 cm−1 to 70 cm−1
(3.7 meV to 8.7 meV) have been identified to give the largest contribution
to variations of the transfer integral (Fig. 2.13). The standard deviation of
the transfer integral σt is about one third of the magnitude of the average
transfer integral and shows a clear dependence on temperature [83].
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Comparable broad distributions of the transfer integral are indeed
encountered in many common organic molecular crystals [84, 85].

Figure 2.13: Molecular dynamics (MD) simulations and quantum chemistry
computation of a rubrene crystal identify large variations of the transfer
integral (top) due to intermolecular vibrations (bottom). Low frequency modes
(highlighted in green) in the range from 30 cm−1 to 70 cm−1 (3.7 meV to 8.7 meV,
f ≈1.5 THz) give the largest contribution to the transfer integral modulation.
Figure is adapted from Ref. [83].

Thermal motion of the molecules is less severe at lower temperatures
and thus the variation of the transfer integral is reduced (Fig. 2.14). From
data published in Ref. [45, 83], we calculated the mean standard deviation
of the transfer integral σ̄t for four polyacenes and rubrene. The values for
σ̄t for the different materials are of comparable magnitude, yet smaller
molecules tend to show stronger modulations of the transfer integral.
Most important, σ̄t decreases approximately linearly with decreasing
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temperature and does not tend to zero as a consequence of zero-point
motion.
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Figure 2.14: Mean value of the standard deviation of the intermolecular
transfer integral for four oligoacenes and rubrene at different temperatures. With
decreasing temperature, the modulation of the transfer integral is less severe due
to an attenuated molecular motion. Data is from Ref. [45, 83].

Troisi and coworkers could show that off-diagonal disorder results in a
temperature-modulated broadening of the valence band (Fig. 2.15(a)) [45].
For instance, at room temperature, about 10 % of the total valence
band states in pentacene are in this so-called band tail. The authors
parameterized the density of tail states D(E, T) as
!
(E − E0 )
D(E, T) = A exp −
,
Etail (T)

(2.4)

where E0 is the position of the band edge in the density of states and Etail (T)
is the characteristic temperature-dependent tail steepness. According to
this theory, the magnitude of the tail steepness, and thus the number
of tail states in the vicinity of the band edge, is a direct consequence of
the thermally-induced modulation of the transfer integral (Fig. 2.15(b)). If
there would be no thermal motion of the molecules, Etail (T) would be zero.
Worth noting is that Koch and coworkers [86] observed in pentacene thinfilms appreciable HOMO band dispersion of approximately 190 meV at
300 K that increases upon cooling to about 240 meV at 120 K. This behavior
is accounted for increased intermolecular interaction at low temperatures
because of weaker electron-phonon coupling.
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(a) MD simulations of the tail states in anthracene (solid lines)
parameterized with Eq. (2.4) (dashed lines).
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(b) Tail steepness Etail (T) as function of the mean standard variation of
the transfer integral. The gray bar indicates the general trend.

Figure 2.15: Thermal motion of the molecules modulate the intermolecular MO
overlap and thus the transfer integral. This modulation manifests itself in a
temperature-dependent density of tail states beyond the band edge. Figure (a)
and data in (b) are from Ref. [45].

Charge carrier localization in these tail states occurs on length scales
of a few molecular sites, that is, approximately 10 Å. This has been
initially calculated by Troisi [51] and later impressively confirmed by a
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combination of Hall measurements, optical spectroscopy, and theoretical
computations [50]. The localization length, of course, depends on the very
details of the molecular and crystal structure, the magnitude of electronphonon coupling and consequently on the extend of thermal broadening
of the DOS (Fig. 2.16). For example, TMTES-pentacene shows a quasione-dimensional dispersion relation and only weak thermal broadening
of the DOS compared to TIPS-pentacene according to molecular dynamics
and quantum-chemical calculations. Therefore, at high charge carrier
densities as present in the conducting channel of a field-effect transistor
(indicated by the blue shaded areas in Fig. 2.16), the charge carriers at
the Fermi level are more delocalized in TMTES-pentacene than in TIPSpentacene. In materials with pronounced charge carrier delocalization,
such as TMTES-pentacene and rubrene, the ideal Hall-effect can be
observed, that is, the inverse Hall resistance 1/RH is proportional to the
gate induced charge carrier density Q [50].
By incorporating dynamic disorder in an extended charge transport
model, Troisi [83] reproduced experimentally observed [35, 87] “bandlike” temperature-dependent behavior of the mobility in the plane of
well-connected rubrene molecules, that is, the mobility decreases with
temperature according to µ = T−α . Dynamic disorder is reduced at lower
temperatures which leads to fewer tail states and more extended electronic
states.
Just recently, qualitatively the same temperature behavior (α ≈ 1.7)
is observed for transport perpendicular to the molecular planes despite
very poor MO overlap between the layers [36]. As already mentioned
above, the transfer integral of adjacent molecular planes (c-direction) is
about two orders of magnitude lower than within the ab-plane (Tab. 2.1).
In our group, Blülle and coworkers concluded that charge transport
perpendicular to the molecular planes can be described by incoherent
hopping transport. The absolute value of the transfer integral determines
the hopping rate, and thus the absolute value of the mobility; Yet, the
temperature dependence of the mobility is the result of reduced dynamic
disorder, and thus a consequence of a reduced variation of the transfer
integral (σt ) [36].

2.3.4

Concluding remarks

In this chapter, we have discussed some basic properties of organic
semiconductors in relation to the charge transport physics in van der
Waals bonded materials. Extensive experimental and theoretical research
studies have contributed considerably to an enhanced description of
the underlying electronic processes on a molecular scale. However,
a comprehensive description of the charge transport mechanism in

DOS (a.u.)
DOS (a.u.)
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Figure 2.16: Density of states at ambient temperatures (red solid curve)
and charge carrier localization length (blue dotted line) in TIPS-pentacene
(top) and TMTES-pentacene (bottom). Vertical black dashed lines indicate the
bandwidth in the absence of dynamic disorder. In TIPS-pentacene, thermal DOS
broadening is more severe than in TMTES-pentacene causing stronger charge
carrier localization. At carrier densities of 1019 cm−3 (indicated by the blue
shaded areas) the localization length in TMTES-pentacene is with approximately
15 Å three times larger than in TIPS-pentacene. Figure is adapted from Ref. [50].

molecular crystal has yet not been developed.
With the help of Fig. 2.17 we want to conclude this section and
put the richness of various electronic processes in molecular crystals as
discussed before into a global picture. Electronic polarization processes
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are very fast (≈10−15 s) and influence the energy levels in the crystal.
Intramolecular reorganization takes considerably longer (≈10−14 s), yet it
occurs too fast to localize charge carriers. It primarily renormalizes the
transfer integral [88]. In contrast, intermolecular reorganization (10−13 s) is
a slower processes. Librational and translational motion of the molecules
lead to dynamic modulations of the energy landscape and consequently
to charge carrier localization to different extents [38, p. 219].
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Figure 2.17: Typical time scale and energy of electronic interactions processes
in organic molecular crystals.

3
Space-Charge-Limited Current
Spectroscopy: Concept,
Challenges and Formalism
In the previous chapter we have explored various kinds of electronic
disorder in organic semiconductors. Electronic disorder may cause
electronic trap states in the energy gap between valence and conduction
band and thus to charge carrier localization. Dynamic disorder due
to thermal motion of the molecules leads to a temperature-dependent
broadening of the bands [50]. Structural disorder and chemical impurities
manifest themselves predominantly in trap states deep in the gap, that
is, several kB T beyond the band edge [25]. In light of the inherently
small band width of organic semiconductors, trap states can constitute a
significant fraction of all available electronic states and may thus severely
influence electronic and optical properties [45, 57]. Quantifying the
spectral density of trap states (DOS), that is, trap density as a function
of energy, is therefore of great interest. Several experimental methods
are known to probe the DOS. In our group, we have focused on fieldeffect transistor and temperature-dependent space-charge-limited current
(TD-SCLC) measurements [57]. The latter technique has been a key
method during this thesis and is therefore considered in more detail in
the following sections. We start by providing a brief overview of the
basic concept of SCLC spectroscopy. Subsequently, we outline some key
challenges encountered in the experiment. In the last section, we present
the mathematical formalism to derive the density of trap states in detail.
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3.1

Basic concept

In organic semiconductors only electrons and holes in delocalized states
are mobile; therefore, the transport of charge can be described using the
mobility edge picture [89, 90]. The mobility edge separates localized
states from delocalized states.

0.8

1019

1017

0.6

0.4

0.2

localized states

15

Occupation probability of states

1021

delocalized states

Density of states (cm−3 (eV)−1 )

1

10

Fermi level

0

0.2

0
0.4

Energy above mobility edge (eV)
Figure 3.1:
Schematic of the mobility edge picture and the Fermi-Dirac
distribution at 300 K. The mobility edge is the demarcation line between
localized and delocalized states. In this analysis only charge carriers that
occupy delocalized states, according to the Fermi-Dirac statistic, contribute to
the transport of charge.

The underlying statistics of occupying any state of energy E at thermodynamic equilibrium is governed by the Fermi-Dirac statistics1 [25,
p. 217f], i.e.,
1
f (E, EF , T) =
,
(3.1)


E − EF
exp −
+1
kB T
where kB is the Boltzmann constant, T is the temperature and EF is the
Fermi energy. At the Fermi energy the probability that an electronic state
is occupied is equal to 0.5.
1

Throughout this thesis we only discuss hole transport and it is therefore convenient
to define the energy axis to point away from the mobility edge as illustrated in Fig. 3.1.
For that reason there is an additional minus sign in the exponential of Eq. (3.1).
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The total charge carrier density ns is given by the sum of free
(delocalized) charge carrier density nf and trapped (localized) charge
carrier density nt , i.e.,
ns = nf + nt .
(3.2)
From the convolution of the density of states2 h(E) and the Fermi-Dirac
distribution, we can calculate ns , that is,
Z
Z
ns =
ns (E) =
h(E) f (E, EF , T)dE .
(3.3)
E

E

As only charge carriers in delocalized states contribute to the conduction
of charge, nf is given by
ZEb
h(E) f (E, EF , T)dE ,

nf =

(3.4)

−∞

where Eb is the position of the mobility edge. If we assume that Fermi
level and mobility edge are far apart (EF − Eb ≥ 3kB T) [91], we can
approximate Fermi-Dirac statistics with Maxwell-Boltzmann statistics
yielding an expression for nf according to


Eb − EF
nf ≈ h(Eb )kB T exp −
(3.5)
k T

B
Eb − EF
≈ Nb exp −
,
(3.6)
kB T
where Nb is the density of delocalized states in the conducting band [91].
The electrical conductivity of free charge carriers is given by
σ = eµ0 nf ,

(3.7)

where µ0 is the microscopic mobility of free charge carriers and is assumed
to be a constant. The electrical conductivity is a macroscopic property of
the semiconductor and thus accessible in the experiment.
In the simplest configuration, the semiconductor is sandwiched
between two parallel electrodes reminiscent of a parallel-plate capacitor.
At sufficiently low voltages V between the electrodes, that is, low electric
field strengths F, basically only the intrinsic free charge carrier density
contribute to the conductivity and in turn, according to Ohm’s law, to the
measured current density
j = σF
= eµ0 nf F .
2

The factor of 2 arising from spin considerations is included in h(E).

(3.8)
(3.9)

34

Chapter 3. Space-Charge-Limited Current Spectroscopy

In this so-called ohmic regime, the current density increases linearly with
applied voltage, that is, in the same manner as the potential difference
between injecting and extracting electrode. Additional majority charge
carriers, incrementally injected by ramping up the voltage, occupy
preferable electronic states around EF . If the injected charge carrier density
exceeds the intrinsic free charge carrier density, EF shifts towards the
mobility edge and the conduction of charge in the semiconductor is said
to be space-charge limited. The change of the total space charge density as
a result of the Fermi level shift, i.e.,
Z
df
dns
=
h(E)
dE ,
(3.10)
dEF
dEF
E

depends on (1) the density of trap states within a few kB T around
EF , and (2) determines the measured current density due to an altered
occupation probability of the electronic states. Thus, the current-voltage
characteristic of a semiconductor enables one, in general, to derive the
density of trap states [91, 92]
The energy scale is, in principle, obtained from the activation energy
(EA = Eb − EF ) of the current density measured at various temperatures,
i.e.,


EA
j ∝ exp −
,
(3.11)
kB T
d(ln(j))
EA = −
.
(3.12)
d(1/kB T)
However, the Fermi level EF is a function of temperature, that is,
EF = EF (T) [93]. This fact is taken into account by the statistical shift
which is a first order correction of the Fermi level position. An additional
correction ensues from the consideration that around EF there are states
dominating the statistics of charge carriers.
A typical temperature-dependent SCLC measurement of a rubrene
crystal sandwiched between two gold electrodes is shown in Fig. 3.2. At
low voltages and high temperatures, the current increases linearly with
voltage which is typical of the ohmic regime as discussed above and
indicative of ohmic contacts. Upon cooling, the IV-curves become steeper
and shift to higher voltage due to thermal narrowing of the Fermi-Dirac
distribution.

3.2

Experimental challenges

While measuring a simple current-voltage characteristic of a semiconductor seems to be an easy task at a glance, we actually face a number of
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Figure 3.2: A typical temperature-dependent jV-characteristic for a rubrene
crystal measured for charges flowing along the crystallographic c-direction.

experimental challenges. Major issues include applying ohmic contacts
nondestructively, crystal fracturing upon cooling due to a mismatch of the
thermal expansion coefficient between organic crystal and substrate, and
self-heating of the semiconductor at high power densities. We address
these issues in the following and present concepts, developed in the course
of this thesis, to tackle these problems.
Electrical contacting. To inject charge carriers into the semiconductor
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appropriate electrical contacts are needed.
For common p-type
semiconductors we can use ordinary metal electrodes such as gold
with a Fermi level in the vicinity of the semiconductor HOMO level.
Bottom electrodes can be prepared on a suitable substrate and the
organic crystral is applied via the flip-crystal method [94]. The top
electrode is either thermally evaporated directly onto the semiconductor
or applied via a soft lamination technique. Direct metal evaporation
may damage the semiconductor surface which creates defects at the
semiconductor/electrode interface. These defects give rise to a potential
barrier due to band bending and overall to a built-in potential causing
carrier diffusion. The contribution from diffusion distorts the IVcharacteristic at low voltages [95]. Thus, care must be taken when
extracting the trap DOS from devices with asymmetric charge injection
behavior.
To overcome the challenges associated with applying a top metal
electrode, a number of soft nondestructive methods have been developed.
Elastic rubber stamps made of polydimethylsiloxane (PDMS), for
instance, are widely employed to laminate well-defined metal-coated
source/drain electrodes onto organic semiconductors for field-effect
transistors [96]. Symmetric current-voltage characteristics, however, were
not achieved; yet PDMS-supported electrodes can be easily detached
from the semiconductor what we exploited in a study on ion-irradiated
rubrene crystals (Ch. 6). Another rather complex method is flip chip
lamination (FCL) [97, 98]. The FCL technique exploits differential
adhesion of different materials to transfer a printable layer between two
substrates [99]. Attempts to replicate this technique during the course
of a semester project, however, were unsuccessfully. Yet, we developed
concurrently a reliable and robust method using Parylene-C as a soft and
pliable substrate for bottom and top electrodes. Devices with symmetric
current-voltage characteristics for both polarities (and consequently close
agreement between the derived trap DOS) testify to the high quality
of the contacts. Furthermore, Parylene-C comes with excellent thermal
properties which reduces and in some cases even eliminates crystal
fracturing at low temperatures.
Crystal fracturing at low temperatures. During device fabrication, the
organic crystal is electrostatically bonded against the bottom substrate.
Upon cooling, crystal and substrate thermally contract or expand. If
there is a considerable mismatch between thermal expansion coefficients,
tensile stress and shear forces may lead to crystal fracturing. In devices
with evaporated top electrodes this may ultimately destroy the sample.
Soft and elastic organic substrates are better suited for SCLC
measurements on organic crystals than hard and rigid inorganic
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Table 3.1: Thermal and mechanical properties of relevant materials used to carry
out SCLC measurements on rubrene crystals.

material

thermal expansion coefficient
(×10−6 ) at 300 K

thermal conductivity
(W/mK)

rubrene1,2

13.2 || a
76.9 || b
19.7 || c

0.5 (T = 300 K to 100 K)
1.3 (T = 50 K)
2–20 (T = 10 K)

Parylene-C3
Si
SiO2
Au

35
3
8.5
14

8.2
150
0.3
318

1

2
3

Thermal expansion coefficient data, from Ref. [81, p. 32], is given for space group
Bbam, that is, the extended crystal surface corresponds to the ab-plane.
Thermal conductivity data is from Ref. [100].
Data from is Ref. [101].

substrates such as Si/SiO2 wafers. Rubrene expands very anisotropically
in the extended crystal plane. The expansion is predominantly along
the crystallographic b-direction and about ten times stronger than in
widely used Si/SiO2 substrates (Tab. 3.1). In contrast, Parylene-C is
naturally more elastic and has an expansion coefficient comparable to
rubrene. SCLC measurements from room temperature to liquid helium
temperatures with intact contacts testify to the suitability of the ParyleneC as substrate for SCLC measurements (Ch. 7). However, poor thermal
conductivity of Parylene-C and rubrene is a concern especially at low
temperatures and high power densities as it may cause self-heating of the
crystal and ultimately false current-voltage characteristics.
Self-heating of the crystal. High current densities j driven by a voltage V
can produce significant heat inside an organic crystal. The total deposited
power density b
P in a crystal with thickness L can be calculated to be
b
P=

jV
.
L

(3.13)

Power densities in excess of 1010 W/m3 give rise to a temperature increase
at the crystal/electrode interface as shown in Fig. 3.3. We arrived at this
result by carrying out the following experiment.
While measuring the IV-characteristic of a rubrene crystal, we
simultaneously monitored the resistance of the bottom gold electrode
in 4-terminal configuration. An AC current (20 µA, 1 kHz) is driven
through the electrode, that is connected to ground, and the potential drop
across the electrode is measured with a lock-in amplifier. With the chosen
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Figure 3.3: Measured temperature rise at the crystal/electrode interface while
increasing the power density of the IV measurement. The crystal substrate
was maintained at different temperatures (color of lines and symbols). Holes
are either injected from the top electrode (solid circles) or bottom electrode
(open squares). At power densities exceeding about 1010 W/m3 self-heating is
measurable.

geometry of the electrode, the resistance R was typically on the order
of 15 Ω to 25 Ω at T = 300 K. The resistance decreased fairly linearly
towards lower temperatures with approximately dR/dT = 40 mΩ/K
which allowed us to discern temperature changes on a milli-Kelvin scale.
Below about 40 K, dR/dT drops considerably and in turn the resolution of
the temperature determination.
In essence, a temperature increase of well below 1 K at the
crystal/electrode interface is easily detected. From the potential profile
within the crystal, we might expect self-heating predominantly to occur
at the electrodes rather than in the crystal bulk. Experimental data of
the voltage drop across the bottom electrode while measuring the IVcharacteristic for holes injected from the top and bottom electrode at 200 K
and 50 K is shown in Fig. 3.4. We ramped up the voltage logarithmically
and every voltage level was maintained for a few seconds. Only data in
the high power density regime is shown where we observed a transition
from constant voltage drop (constant temperature) to steadily increasing
voltage drop (self-heating). Once self-heating sets in, the temperature
increases stepwise with voltage. At every voltage step, the voltage drop
and thus the temperature at the crystal/electrode interface reaches a steady
state level within a second.
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Figure 3.4: Voltage drop across the bottom gold electrode while measuring the
IV-characteristic of a rubrene crystal. An increase of the electrodes resistance
clearly indicates self-heating at the interface to the crystal. Similar behavior
is observed for hole injection from top and bottom electrode. The voltage
drop across the electrode decreases with declining temperature according to
dV/dT ≈ 0.5 µV/K.

3.3

Mathematical formalism

Space charge limited current spectroscopy is a powerful tool to derive
the density of states in semiconductors analytically. In this section, we
introduce the mathematical formalism of SCLC theory [91, 92, 93] starting
with stating central assumptions. We continue with the description of an
ideal trap free insulator and derive required equations to determine the
density of states and the energy scale [102].
Assumptions. The theory of SCLC spectroscopy relies on the following
assumptions [91]:
• The organic semiconductor is sandwiched between two planeparallel electrodes.
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• The channel length L is given by the distance between injecting and
extracting electrode.
• Majority carriers are injected at an ideal (ohmic) contact at x = 0
with an infinite reservoir of charge carriers.
• The microscopic mobility µ0 and the density of states are constant
throughout the semiconductor.
• Charge carrier diffusion is negligible. It can be shown that for
voltages exceeding kB T/2e ≈ 0.01 V at room temperature, the
contribution to the current density from diffusion is smaller than
from field-induced drift [103].
• The mobility edge Eb = 0 is the reference point of the energy axis.
Positive values refer to electronic states in the band gap.
• Charge carriers are trapped and released sufficiently fast so that a
quasi-equilibrium is reached. In general, this does not hold if current
flows. However, as the deviation from equilibrium is apparently
very small, it can be safely assumed [25, p. 236].
b of an insulator between
The ideal trap free insulator. The capacitance C
plane parallel electrodes is given by
b = εr ε0 A ,
C
L

(3.14)

where ε0 is the vacuum permittivity, εr is the relative permittivity3 , A is
the area of the capacitor, and L is the distance between the electrodes. The
b
total charge on the capacitor is given by the product of the capacitance C
and the applied voltage V, i.e.,
b .
Q = CV

(3.15)

b = ns AL · e ,
C

(3.16)

Expressed differently,
where ns is the total charge carrier density and e is the elementary charge.
Combining (3.14) and (3.16) yields
ns =

εr ε0 V
.
eL2

(3.17)

~ throughout the sample can be described by Poisson’s
The electric field F
equation, i.e.,
~ ,
~ = −∇φ
F
(3.18)
3

For rubrene εr = 3.5.
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~ is the nabla operator and φ is the electric potential. For the onewhere ∇
dimensional case, we obtain for the gradient of the electric field (Gauss’s
law), i.e.,
~ ·F
~ = dF = −∆φ = ns e .
∇
(3.19)
dx
εr ε0
The current density in the sample is governed by Ohm’s law4 . We can
write
j = nf eµ0 F ,
(3.20)
where nf is the free charge carrier density and µ0 is the microscopic charge
carrier mobility. For the trap free insulator it applies nf = ns . Using (3.19)
and (3.20), we can express the gradient of the electric field as
j
dF
=
.
dx εr ε0 µ0 F

(3.21)

By integrating along x
Z

Z
FdF =

j
dx ,
εr ε0 µ0

we obtain the electric field distribution of the form
s
2j
F(x) =
x.
εr ε0 µ 0

(3.22)

(3.23)

The free charge carrier density distribution is obtained by plugging (3.23)
into (3.20), i.e.,
j
eµ0 F(x)
s
jεr ε0 1
.
=
2µ0 e2 x

ns (x) =

(3.24)
(3.25)

By integrating (3.23) over the semiconductor length, we find
ZL
V=−

F(x)dx

(3.26)

0

ZL
√
2j
=−
xdx
εr ε0 µ 0
0
s
2j
2
=−
L3 ,
3 εr ε0 µ0
s

4

The diffusion term is neglected.

(3.27)

(3.28)
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which yields, after rearranging for the current density, the well-know
Child’s law [103, 92]
9
V2
j = εr ε0 µ 0 3 .
(3.29)
8
L
Description of the semiconductor with localized states. As opposed
to the ideal trap free insulator, not all space charge is delocalized in the
presence of localized states. The ratio of free charge carrier density nf to
total charge carrier density ns is called trapping factor
nf
nf
Θ=
=
,
(3.30)
nf + nt ns
where nt denotes the density of trapped charge carriers. Child’s law as
given in (3.29) is therefore modified to
9
V2
j = εr ε0 µ 0 Θ 3 .
(3.31)
8
L
The trapping factor Θ, however, is not directly accessible in the
experiment; in fact, Θ changes with temperature and applied voltage. In
~ and the space charge carrier density ns vary
particular, the electric field F
from injecting to extracting electrode. To deal with this local dependence,
we follow the reasoning of Ref. [91, 92] starting by rewriting the gradient
of the electric field (3.19) using Ohm’s law (3.20) to
!
j
d
dF
=
(3.32)
dx dx eµ0 nf
j dnf
=−
,
(3.33)
eµ0 n2f dx
which must be equivalent to the right-hand side of (3.19) yielding
−

j
eµ0 n2f

ns e
dnf
=
dx
εr ε0

(3.34)

e2 µ0
dnf
=−
ns n2f .
dx
εr ε0 j

(3.35)

We integrate this expression from the injecting electrode (x = 0) to the
extracting electrode (x = L) and obtain
ZnfL
nf0

1
dnf =
ns n2f

ZL
−

e2 µ0
dx
εr ε0 j

(3.36)

0

e2 µ0
L
εr ε0 j
ZnfL
1
εr ε0
1
Y := = − 2
dnf ,
j
e µ0 L
ns n2f
=−

nf0

(3.37)
(3.38)
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where nf0 and nfL are the free charge carrier densities at the injecting and
extracting electrode, respectively.
Using Ohm’s law (3.20) and the definition of the voltage (3.26), we can
write
ZL
ZL
j
V = − F(x)dx = −
dx .
(3.39)
en f µ0
0

0

By replacing dx with the result from (3.35), we obtain
ZnfL
j εr ε0 j 1
V=
dnf
enf µ0 e2 µ0 ns n2f

(3.40)

nf0

=

Z :=

j2 εr ε0
e3 µ20

V εr ε0
=
j2 e3 µ20

ZnfL
nf0

ZnfL
nf0

1
dnf
ns n3f

(3.41)

1
dnf .
ns n3f

(3.42)

We now differentiate Z and obtain for the left-hand side
1
V
dZleft = 2 dV − 2 3 dj ,
j
j

(3.43)

and for the right-hand side
εr ε0
dZright = 3 2 (dF (nfL ) − dF (nf0 ))
e µ0
dF
εr ε0 dF
dnfL −
= 3 2
dnf
e µ0 dnf (nfL )
εr ε0 dnfL
= 3 2
,
e µ0 nsL n3fL

(3.44)
!
dnf0

(3.45)

(nf0 )

(3.46)

where F is the primitive function of the integral. Here we used the
assumption of an unlimited reservoir of charge carriers at the injecting
contact. We repeat the procedure for (3.38) which yields for the left-hand
side
1
(3.47)
dYleft = − 2 dj ,
j
and for the right-hand side
εr ε0
[dF (nfL ) − dF (nf0 )]
dYright = − 2
(3.48)
e µ0 L
"
#
εr ε0 dF
dF
=− 2
dnfL −
dnf0
(3.49)
e µ0 L dnf (nfL )
dnf (nf0 )
εr ε0 dnfL
=− 2
.
(3.50)
e µ0 L nsL n2fL
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To arrive at the first key equation of the SCLC formalism, we need to
differentiate dZ with respect to dY. This yields expressions for the lefthand side
!
!
j2 dV 2V
j2 dj
dZleft
1
= 2 −
− 3 −
(3.51)
dYleft
j
1 dj
j
1 dj
d(ln(V)) d(ln(j)) 2V
dV
=−
+
(3.52)
d(ln(V)) d(ln(j))
dj
j
| {z } | {z } | {z }
V

=

m−1

j−1

V 2m − 1
,
j
m




(3.53)
(3.54)

and for the right-hand side
dZright
dYright

2
εr ε0 e2 µ0 L dnfL nsL nfL
e3 µ20 εr ε0 nsL n3fL dnfL
L
.
=−
eµ0 nfL

=−

We combine (3.53) and (3.56) and obtain


V 2m − 1
L
.
=−
j
m
eµ0 nfL

(3.55)
(3.56)

(3.57)

We repeat this procedure to obtain the second derivative d2 Z/dY2 . For the
left-hand side, we get




d2 Zleft 1 2m − 1
U 2m − 1
U 1
=
dV − 2
dj +
dm
(3.58)
dYleft
j
m
j
m
j m2


d(ln(V)) d(ln(j))
1 2m − 1
dV
=
dj
j
m
d(ln(V)) d(ln(j))
dj
| {z } | {z } | {z }
V

−

m−1

j−1

V 2m − 1
V 1
dm d(ln(V)) d(ln( j))
dj
+
dj
j2
m
j m2 d(ln(V)) d(ln(j))
dj
| {z } | {z }




m−1

(3.59)

j−1








 
V 2m − 1 m − 1 
dm 
−1
= 2
−1 −
 dj (3.60)
j
m
m 
m(m − 1)(2m − 1) d(ln(V)) 

|
{z
}
B



V 2m − 1 m − 1
(1 + B)dj .
(3.61)
=− 2
j
m
m
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Thus, by dividing (3.61) by dY, given by (3.47), we end up with



d2 Zleft
2m − 1 m − 1
(1 + B) .
=V
2
m
m
dYleft

(3.62)

For the right-hand side, we get
d2 Zright
dYright

=

L
dnfL ,
eµ0 n2fL

(3.63)

which is divided by dY, as given in Eq. (3.50), to obtain
d2 Zright
2
dYright

=−

eL2 nsL
.
εr ε0

(3.64)

We combine (3.62) and (3.64) for the second key equation of the SCLC
formalism, i.e.,
2m − 1
V
m





m−1
eL2 nsL
.
(1 + B) = −
m
εr ε0

(3.65)

With the aid of these equations, we can express the trapping factor
nf
ns

 2 



L j
m
eL 1
m
m
1
=
eµ0 V 2m − 1 εr ε0 V 2m − 1 m − 1 1 + B
!
j L3
m3
=
(2m − 1)2 (m − 1)(1 + B) εr ε0 µ0 V 2

Θ=

(3.66)
(3.67)
(3.68)

and the charge carrier density


V 2m − 1
j = enfL µ0
L
m
V 2 (2m − 1)2 (m − 1)
= εr ε0 µ 0 Θ 3
(1 + B)
L
m3

(3.69)
(3.70)

by quantities that can be determined from the experiment.
Determination of the density of trap states. As already pointed out in
Sec. 3.1, additional charge carriers are injected as the applied voltage is
ramped up. This is associated with an increment of the total space charge
carrier density ns and a shift of the Fermi level EF towards the mobility
edge. The density of trap states can therefore, in principle, be determined
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from
Z

df
dE
(3.71)
dEF
E








 




  exp − E − EF 


Z
 

 1 
1
kB T
 




=
h(E) −

  
  dE





E
−
E
E
−
E
 kB T 
F 
F 

  1 + exp −

1 + exp −
E


kB T
kB T


|
{z
}|
{z
}


dns
=
dEF

h(E)

f

1− f

(3.72)
Z
=−

h(E)

f (1 − f )
dE ,
kB T

(3.73)

E

where the Fermi-Dirac distribution f for an energy axis pointing away
from the mobility edge is given by
f (E, EF , T) =

1
.


E − EF
exp −
+1
kB T

(3.74)

We can also rewrite the left-hand side of (3.73) according to
dns d(ln(nf ))
dns
=
,
dEF d(ln(nf )) dEF

(3.75)

and replace the free charge carrier density nf by (3.6) which yields for the
second term
 


d(ln(nf ))
d
Eb − EF
≈
ln Nb exp −
dEF
dEF
kB T


d
EF − Eb
≈
ln(Nb ) −
dEF
kB T
1
=−
.
kB T

(3.76)
(3.77)
(3.78)

The first term in (3.75) is dealt in the following way. From (3.57) we can
write



εr ε0 V 2m − 1 m − 1
ns =
(1 + B) ,
(3.79)
eL2
m
m

3.3. Mathematical formalism

47

and thus,





εr ε0  2m − 1 m − 1
dV
dns = 2 
(1 + B)
d(ln(V))
eL 
m
m
d(ln(V))

| {z }
V


dm
1 m−1
(1 + B)V
d(ln(V))
+ 2
m
m
d(ln(V))
| {z }
−Bm(m−1)(2m−1)

+



2m − 1 1
dm
(1 + B)V
d(ln(V))
2
m
m
d(ln(V))









d(1 + B) d(ln(1 + B))
2m − 1 m − 1

d(ln(V)) (3.80)
+
V

m
m
d(ln(1 + B)) d(ln(V))

| {z }

1+B










d(ln(1 + B)) 
εr ε0 V 2m − 1 m − 1

=
(1 + B) 1 + (2 − 3m)B +
 d(ln(V))

eL2
m
m
d(ln(V)) 

|
{z
}

C



εr ε0 V 2m − 1 m − 1
(1 + B)(1 + C)d(ln(V)) .
(3.81)
=
eL2
m
m
By rearranging Eq. (3.65) to
nf =



L j
m
,
eµ0 V 2m − 1

(3.82)

we get
!

!
m
L
d(ln(nf )) = d ln
+ ln( j) − ln(V) + ln
(3.83)
eµ0
2m − 1
 

m
= d(ln(j)) − d(ln(V)) + d ln
(3.84)
2m − 1
!


2m − 1
−1
dm
= md(ln(V)) − d(ln(V)) +
d(ln(V))
m
(2m − 1)2 d(ln(V))
= (m − 1)(1 + B)d(ln(V)) .

(3.85)

We can insert (3.78), (3.81) and (3.85) into (3.75) and obtain


dns
1 εr ε0 V 2m − 1
=−
(1 + C) .
dEF
kB T eL2
m2

(3.86)
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Thus, we have solved the left-hand side of (3.73) yielding the central
equation to derive the density of trap states
Z


f (1 − f )
1 εr ε0 V 2m − 1
h(E)
dE =
(1 + C).
(3.87)
kB T
kB T eL2
m2
E

Determination of the energy scale. From the temperature-modulation of
the current-voltage characteristic, we can calculate the activation energy
and thus the energy scale of the density of states h(E) [93]. The activation
energy is calculated from the Arrhenius equation
EA = −

d(ln(j))
,
d(1/kB T)

(3.88)

which can, by considering the proportionalities in (3.8) and (3.9), also be
written if form
d(ln(σ))
EA = −
(3.89)
d(1/kB T)
d(ln(nf ))
=−
.
(3.90)
d(1/kB T)
Inserting (3.6) for nf yields
 


d
Eb − EF
EA = −
ln Nb exp −
d(1/kB T)
kB T
1 dEF (T)
,
= EF (T) +
kB T d(1/kB T)

(3.91)
(3.92)

where Eb = 0 is the position of the mobility edge.
The Fermi energy is a function of temperature and can be written in a
Taylor series around T0 = 0 K according to
EF (T) = EF (T0 ) + γF kB (T − T0 ) + δF kB2 (T − T0 )2 + . . .

(3.93)

EF (T) ≈ EF0 + γF kB T ,

(3.94)

where γF is the statistical shift. We can therefore write for the activation
energy of the trap-free insulator
EA = EF0 + γF kB T + δF (kB T)2 + . . .

1 
−
γF (kB T)2 + 2δF (kB T)3 + . . .
kB T
≈ EF0 .

(3.95)
(3.96)

For the semiconductor with localized states, the experimentally
determined space-charge limited conductivity σSCL can be expressed by
!
ESCL
A
σSCL = σ0 exp −
,
(3.97)
kB T
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where ESCL
is the space-charge limited activation energy. In that case,
A
ESCL
is
calculated
according to
A
ESCL
=−
A
=

d(ln(σSCL ))
d(1/kB T)
!
ESCL
d
A

(3.98)
(3.99)

d(1kB T) kB T
d(ln(j))
=−
.
d(1/kB T)

(3.100)

We use the expression for j from (3.70) and obtain
ESCL
A

!
d(ln(Θ))
(2m − 1)2 (m − 1)
d(ln(1 + B))
d
ln
=−
−
(3.101)
−
d(1/kB T) d(1/kB T)
m3
d(1/kB T)
| {z } |
{z
} | {z }
(I)

(III)

(II)

Term (I) yields the activation energy EA for case of a the trap-free insulator
as a consequence of charge carrier conservation
d ln(nf /ns )
d ln(Θ)
=−
d(1/kB T)
d(1/kB T)
d ln(nf )
d ln(ns )
=−
+
d(1/kB T) d(1/kB T)
| {z } | {z }

(3.102)
(3.103)

=0

EA

= EA .

(3.104)

Term (II) can be simplified to
d
(ln(m − 1) + 2 ln(2m − 1) − 3 ln(m))
d(1/kB T)


1
4
3
dm
=
+
−
,
m − 1 2m − 1 m d(1/kB T)
|
{z
} | {z }

(II) =

(I0 )

(3.105)
(3.106)

(II00 )

(3.107)
with
(I0 ) =

4m − 3
,
m(2m − 1)(m − 1)

(3.108)
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and
d(ln( j))
d
d(1/kB T) d(ln(V))
d(ln(j))
d
=
d(ln(V)) d(1/kB T)
dESCL
A
=−
d(ln(V))
 SCL 
E
d kAB T
=−
kB T
d(ln(V))
| {z }

(II00 ) =

(3.109)
(3.110)
(3.111)

(3.112)

=:n

to
(II) =

= nkB T ,

(3.113)

(4m − 3)n
kB T .
m(2m − 1)(m − 1)

(3.114)

Term (III) can be written as


d(ln(1 + B))
1
dB
=
.
d(1/kB T)
1 + B d(1/kB T)

(3.115)

We insert (3.104), (3.114) and (3.115) into (3.101) and obtain for the
activation energy


(4m − 3)n
1
dB
SCL
kB T +
.
(3.116)
EA = EA +
m(2m − 1)(m − 1)
1 + B d(1/kB T)
In a semiconductor with localized states, there are states at energy ED
which dominate the position of the Fermi level and the ratio of free to
trapped charge carrier concentration. Therefore, from the increment of
free charge carriers with respect to the increment of space charge given
by
Θ0 =

dnf /dEF
dnf
=
,
dns /dEF dns

(3.117)

we can define ED according to [91]
ED = −

d(ln(Θ0 ))
.
d(1/kB T)

(3.118)

The numerator of (3.117) can be expressed as
dnf =

dnf
d(ln(nf )) .
d(ln(nf ))
| {z }

(3.119)

nf

(3.120)
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We insert (3.85) for the second term and obtain


L j
m
dnf =
(m − 1)(1 + B)d(ln(V)) .
eµ0 V 2m − 1

(3.121)

An expression for dns is already given in (3.81) yielding
Θ0 =

j
m3
L3
.
εr ε0 µ0 V 2 (2m − 1)2 (1 + C)

(3.122)

Hence, we can write for the dominating energy
d(ln(j))
d(ln(m))
d(ln(2m − 1)) d(ln(1 + C))
−3
+2
+
d(1/kB T)
d(1/kB T)
d(1/kB T)
d(1/kB T)




4
dm
1
dC
3
= ESCL
+
+
,
A + −
m 2m − 1 (1/kB T)
1 + C d(1/kB T)
| {z }

ED = −

(3.123)
(3.124)

nkB T

which can be simplified to
ED = ESCL
A +



(2m − 3)n
1
dC
kB T +
.
m(2m − 1)
1 + C d(1/kB T)

(3.125)
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4
Experimental Methods
In this chapter we provide an overview of the experimental techniques
employed to fabricate and characterize organic crystals. We concentrate
on key methods and processes used to prepare field-effect transistors and
devices for SCLC measurements. SCLC spectroscopy has been performed
in two different setups. A detailed description of both is given in the
second part of the chapter.

4.1

Device fabrication

The device fabrication process encompassed a number of steps including
crystal growth, substrate cleaning, electrode evaporation and device
assembling. The gate dielectric CYTOP was spin-coated for field-effect
transistors and films of Parylene-C and PDMS were prepared to serve
as elastic substrates for metal electrodes. These fabrication steps and
techniques are introduced in the following.
Growth of organic crystals. Kloc and Laudise carried out pioneering
work on the growth of high-quality organic crystals [104, 105]. In detailed
experimental studies they came up with a set of growth conditions for the
physical vapor transport (PVT) technique that allowed us to reproducibly
obtain organic crystals of various sizes and shapes. The growth furnace is
a horizontally positioned quartz glass tube with a heating coil as shown
in Fig. 4.1. Rubrene powder as purchased from Sigma-Aldrich (nominal
purity 98 %) is finely ground with a mortar and pestle and placed in
a quartz glass half pipe crucible. The crucible is inserted into a larger
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quartz glass tube and gently pushed into the furnace. The glass tube
is flushed with high-purity argon gas (purity 4.6 to 6.0) at a flow rate
of 50 ml/min to 100 ml/min and heated to temperatures above 250 ◦C for
about an hour to remove air and residual contaminants. During this
phase, the glass tube was pulled out of the furnace sufficiently far to
ensure that rubrene did not sublime. For the subsequent growth phase,
the flow rate was set to about 40 ml/min and the rubrene powder is
positioned at the hottest point in the heating coil. The temperature at
this point was just above the sublimation temperature of rubrene, that is,
to 282 ◦C. The spacing between the windings of the heating coil gradually
increases in the direction of gas flow such that a temperature gradient
is established along the tube. Gaseous rubrene molecules were carried
along in the flow of argon and formed small crystals in a colder region of
the tube. After 3 h to 4 h, the temperature was reduced to 20 ◦C at a rate
of about 0.5 ◦C/min.

Figure 4.1: Crystal growth furnace in our laboratory.

The slow crystallization process as well as the clear separation of pure
rubrene and impurities, as a result of different sublimation temperatures,
is a key advantage of this growth technique. Additional purification could
be achieved by utilizing previously grown rubrene crystals as source
material for a new growth process. Crystals grown by PVT excel, above
all, a high chemical purity and a low structural defect density. Rubrene
forms crystals of different thicknesses and sizes during growth. Yet, for
electrical characterization purposes only crystals with an extended absurface and a thickness ranging from 1 µm to 3 µm are well suited. A
typical example of rubrene crystals grown by physical vapor transport
technique in our laboratory is shown in Fig. 4.2.
Substrate and crystal growth equipment cleaning. Thorough cleaning of
substrates and crystal growth equipment is an essential step in the device
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Figure 4.2: Rubrene crystals grown by the physical vapor transport technique.

fabrication process. Si/SiO2 wafers, cut by an automatic wafer saw, were
immersed in acetone and placed in an ultrasonic bath at 60 ◦C for about
15 min. Then, the wafers were transferred to an ethanol bath and again
put into a heated ultrasonic bath for roughly 15 min. Finally, they were
blow dried with nitrogen.
Quartz glass half-pipe crucibles and growth tubes used for the growth
of crystals were cleaned in a similar fashion: First, these were scrubbed
using an acetone soaked tissue until all visible rubrene from a previous
growth was removed. Then, the crucibles were immersed in acetone and
placed in a heated ultrasonic bath for about 15 min followed by immersion
in ethanol and treatment in an ultrasonic bath for again about 15 min.
Afterwards, they were rinsed with copious amounts of ultra pure water
and dried in an oven at 160 ◦C. Finally, they were baked at temperatures
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above 450 ◦C in an hydrogen gas tube oven.
CYTOP spin-coating. We employed the amorphous fluoropolymer
CYTOP (sourced from Asahi Glass, Japan) as gate dielectric in fieldeffect transistors. In a clean glass bottle Cytop CTL-809M (concentration
9 %) was dissolved at a ratio of 3:2 in CT-Solv.180 and mixed by
gently agitating the bottle. Copious amounts of the mixture were
applied on a properly cleaned Si/SiO2 wafer such that the entire surface
was covered. The substrate was then spinned for 10 s at a speed of
500 rpm (acceleration 500 rpm/s) and for 30 s at a speed of 1000 rpm
(acceleration 500 rpm/s) without interruption (SPS Spin 150 spin coater).
Finally, the films were baked on a hotplate for 30 min at 80 ◦C and for
additional 60 min at 120 ◦C. The CYTOP film was typically 500 nm thick
(Tencor P-11 surface profiler). All steps were carried out under ambient
conditions. CYTOP as gate dielectric excels a highly hydrophobic and
smooth surface (Fig. 4.3) yielding single-crystal field-effect transistors
with textbook-like behavior [106, 107].

CF2

CF2
CF

CF
CF2

O
CF2

(a) Chemical structure of CYTOP.

(b) CYTOP films have a highly hydrophobic surface as evident from a
large water contact angle.

Figure 4.3: CYTOP is used as gate dielectric in field-effect transistors because of
its outstanding chemical and electrical properties [106, 107]. Figure (b) is from
Ref. [108].

PDMS spin-coating. Polydimethylsiloxane (PDMS) is a two component
silicon-based organic polymer. It was used as elastic substrate for metal
electrodes that can be laminated onto the organic semiconductor for SCLC
measurements. Sylgard 184 Silicon elastomer and curing agent were
mixed at a ratio of 10:1 in a clean glass bottle by hand with a spatula.
Bubbles formed during mixing due to the high viscosity of the blend.
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Therefore, the bottle was kept at a reduced pressure of about 10 mbar for
at least 10 min allowing the trapped air to escape. The blend was then
applied on a 2 inch Si/SiO2 wafer and spun at 2500 rpm for 30 s. Finally,
the PDMS was baked on a hotplate at 120 ◦C for 30 min. All processing
steps were performed under ambient conditions.
Parylene deposition process. Parylene-C turned out be the perfect choice
as top electrode substrate as it eliminated a number of experimental
difficulties encountered in SCLC measurements (Ch. 3.2). Parylene is
a trade name for a number of polymers based on poly(para-xylylene)
that can be deposited using chemical vapor deposition. It is widely
employed as surface coating in applications ranging from medical devices
and military to aviation and aerospace to name a few. Parylene owes its
versatility to a combination of highly desirable properties: It forms highly
uniform pinhole and stress free films that are transparent, hydrophobic,
chemical resistant, as well as biostable and biocompatible. In addition,
it is highly insulating, suffers no outgassing and is environmentally
friendly [109, 110]. Parylene-C is a dimer with a chlorine atom substituted
for one of the hydrogen atoms per repeating unit (Fig. 4.4).
Dimer

(a) Chemical structure
of Parylene-C.

Monomer

Polymer

(b) Chemical processes during the depostion process of
Parylene-N: from a dimer to a polymer.

Figure 4.4: Thin films of Parylene-C have been deposited on Si/SiO2 wafers and
used as flexible substrate for gold electrodes. Figure (a) is from Ref. [111] and
(b) from Ref. [112].

About 1.5 g to 2.5 g of the Parylene-C dimer is placed into a glass
cylinder which is inserted into a larger glass tube and cautiously pushed
towards its end. The glass tube is then placed in a home-made parylene
deposition system as shown in Fig. 4.5. It consists of a pyrolysis chamber, a
deposition chamber, a liquid nitrogen cold trap and a rotary vane pump.
The pump achieved a pressure of roughly 0.01 Torr in the deposition
chamber that gradually increases towards the location of the Parylene-C
precursor. The cold trap in front of the pump prevented fouling of the
pump. Upon heating the solid Parylene-C dimer to 110 ◦C it sublimed and
diffused through the 700 ◦C hot pyrolysis chamber. The two methylene
bonds of the dimer break yielding a monomer that enters the deposition
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chamber held at ambient temperatures (Fig. 4.4). There, it polymerizes on
the substrate, in our case on a 2 inch Si/SiO2 wafer, forming a transparent
film of approximately 2 µm thickness. After about 4 h the entire precursor
was sublimed and the system was cooled to ambient temperature before
the wafer was removed from the deposition chamber.

Figure 4.5: Home-made parylene deposition system.

Electrode evaporation. Metal electrodes were vacuum-deposited with
a Tectra evaporator at base pressures ≤2 × 10−6 mbar. Typically, 30 nm
thick electrodes were deposited at a rate of 0.1 Å/s to 0.3 Å/s, monitored
with a water-cooled quartz-crystal microbalance. PDMS and ParyleneC substrates were cut on the Si/SiO2 wafer into small pieces using a
scalpel and placed with the bottom side facing down onto the shadow
masks. The masks were placed in the mask holder and mounted in
the evaporation chamber. Prior to the evaporation, a freezer-cooled
copper block in thermal contact with the mask holder was used cool the
PDMS or the Parylene-C to reduce thermal stress during the evaporation
process. Gold electrodes of typically 30 nm were deposited at a rate of
0.1 Å/s to 0.3 Å/s. In the case of PDMS, a 3 nm thick chromium adhesion
layer was evaporated underneath the gold electrode.
SCLC device assembly. PCB header pins were attached to Si/SiO2 wafers
(13 × 20 mm, oxide layer thickness ≈270 nm) with a two component epoxy
(Loctite Double Bubble) and later in this thesis with thermally conductive
Stycast (Stycast 2850 FT epoxy in combination with catalyst 24LV). A
small amount of thermal conducting paste was applied on the wafer and
spread out by gently pushing onto it with a piece of glass. Then the bottom
substrate was placed on the thermal conducting paste. In the early stage of
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this thesis, a thin piece of glass with evaporated Cr/Au electrodes was used
as bottom substrate while later a piece of Parylene-C with gold electrodes
was preferred. Rubrene crystals were placed on the bottom electrodes
using an eyelash attached to a toothpick. The crystals electrostatically
adhere to the eyelash that allows to grasp and transfer them from the
quartz glass half pipe to the substrate where they spontaneously laminate.
The top electrode was then either directly thermally evaporated or a
stripe of Parylene-C or PDMS was gently placed on the crystal. PCB
header pins and electrodes on the bottom substrate were wired using
gold or silver wires with a diameter of 50 µm and silver epoxy (Epoxy
Technology EE129-4). The samples were then placed in a glass tube to
allow the epoxy to cure within 24 h at room temperature. The glass tube
was constantly flushed with argon at a flow rate of ≈80 ml/min to remove
outgassed solvents as good as possible. An example of a typical SCLC
device is shown in Fig. 4.6.

4.2

Electrical characterization

Organic crystals an their devices have been investigated by using several
different techniques including field-effect transistor measurements,
atomic force microscopy (AFM), fourier transform infrared spectroscopy
(FTIR) and pulsed current-voltage measurements. A detailed description
of all techniques would be beyond the scope of this section. We rather
focus on the experimental setups employed and measurement protocols
pursued in SCLC measurements.
The current-voltage measurements were performed with a Keithley
6517A Electrometer/High Resistance Meter by measuring the current
upon sweeping the voltage logarithmically from 0.01 V to maximum
100 V with typically 30 points per decade. A power compliance in
the range of 10−6 W to 10−5 W prevented sample damage (typical sample
dimensions: crystal thickness 1 µm, electrode area 50 µm × 50 µm). Before
current readout, each voltage was maintained for a few seconds to
allow the current to reach a steady-state level. The samples were
first measured at room temperature in forward and reverse bias to
evaluate the quality of the crystal and the electric contact of top and
bottom electrode. Subsequent temperature-dependent measurements
were performed either in a Leybold closed cycle cryostat (Fig. 4.7) or
in a home-made cryostat in a liquid helium dewar (Fig. 4.8).
SCLC measurements in a Leybold closed cycle cryostat. The Si/SiO2
substrate was affixed on a copper plate of the sample holder using silver
paint (Electron Microscopy Science, Silver Adhesive 503). An additional
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Figure 4.6: A rubrene crystal sandwiched between two pieces of Parylene-C with
evaporated gold electrodes placed on a Si/SiO2 substrate. Silver wires, affixed
with silver epoxy, connect PCB header pins and electrodes on the Parylene-C.
Current flows through the crystal only in the volume defined by the area of
overlapping top and bottom electrode. The electrodes are about 50 µm wide.

copper plate above the sample and in thermal contact with the copper
plate underneath served as heat shield against thermal radiation from
above. Underneath the copper plate a PT100 served as temperature
sensor. The temperature in the helium filled sample space of the cryostat
was manipulated using a LakeShore 331 or LakeShore 334 temperature
controller which controlled the heating power of a heating coil inside
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the copper plate. The sample was cooled at a rate of 2 K/min and
current-voltage measurements were carried out typically every 10 K from
300 K to 40 K. Every temperature set point was maintained for about
2 min before proceeding with the voltage sweep to allow the system to
reach thermal equilibrium. The entire measurement protocol was run by
a MATLAB routine developed primarily by our group member T. Morf.
SCLC measurements performed with a home-made cryostat in a liquid
helium dewar. The incentive to built an own cryostat was to be capable
to carry out measurements at temperatures below 40 K and thus to
push SCLC spectroscopy to the next level. Devices were mounted on
a copper plate in the same way as described above. A thin copper rod
covered the entire sample tray ensuring a homogeneous temperature
profile in the vicinity of the sample (Fig. 4.8). The sample stick was
wired with cryogenic coaxial cables (Lakeshore Type C coaxial cable) that
are thermally anchored to a copper block located about 20 cm above the
sample. Additional radiation shields were attached along the sample stick
every ≈30 cm to reduce convection of helium gas inside the sample space.
The sample stick was inserted into a double-walled stainless steel rod. The
inner rod was about 5 cm smaller in diameter than the outer rod and a
thin plane washer made of Teflon on the inner rod ensured that they were
essentially thermally disconnected. The pressure pV in the space between
inner and outer rod, the so-called vacuum space, could be adjusted via a
gas valve. A turbo pump connected to that valve was used to reduce pV
to about 10−3 mbar before the entire stick was gently pushed into a liquid
helium dewar. Once the stick was in the helium dewar, pV dropped even
further (cryopumping) and cooling of the sample occurred essentially
solely by thermal radiation. In this way the temperature drifted slowly at
a rate slower than 0.5 K/min from ambient temperature to about 160 K. To
reduce the temperature even further, small amounts of helium gas were let
into the vacuum space. During the temperature drift DC current-voltage
measurements were carried out taking about 1 min to 2 min per voltage
sweep. The same equipment as for measurements in the closed cycle
cryostat were used for temperature and IV-measurements, yet controlled
by means of a LabVIEW program.
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(a) Leybold closed cycle cryostat.

(b) Sample stick.

Figure 4.7: Experimental setup for SCLC measurements from 300 K to 40 K.
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(a) Electrical connections and gas valves of the sample stick.

(b) Inside the double-walled stainless steel rod cryogenic coaxial cables
run down to the sample tray. The sample is located inside a thin copper
rod. A Cernox CX-1050 is attached underneath the sample tray for
temperature measurements.

Figure 4.8: Home-made cryostat for low temperature SCLC measurements to
5 K in a helium dewar.
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5
Pure Gold makes for Poor Contacts
Fundamental research on conjugated small-molecule and polymer
semiconducting compounds has significantly fostered the understanding
of the charge transport physics in Van der Waals bonded materials.
This development has been supported by sophisticated molecular
modeling techniques and better industrial manufacturing technologies
which brought about new organic semiconductors with enhanced
material properties. In particular, the number of available high-mobility
n- and p-type semiconductors is steadily increasing which has facilitated
the realization of some spectacular organic semiconductor applications
such as optical displays controlled by an active matrix made of organic
thin-film transistors [113]. This development fuels hopes to meet the
requirements of even more demanding applications such as high-speed
active matrix backplanes for large TV screens. To achieve this goal
further device miniaturization and OFETs with even higher charge carrier
mobilites are required (about 20 cm2 /(Vs) to 50 cm2 /(Vs)) [1].
On this way, many hurdles remain to overcome. One of these
challenges will be to improve charge injection and extraction efficiency
at the contact between (metal) electrode and organic semiconductor. The
contact resistance, which quantifies the efficiency of charge injection and
extraction, tends to be high in OFETs [8], ranging typically between
104 Ωcm to 107 Ωcm. Thus, understanding and reducing the contact
resistance is of great interest.
In this chapter, we take a look at the capabilities of metal electrodes
in OFETs and explore the transition from contact-limited to channeldominated transistor operation in flip-crystal OFETs with gold electrodes
having different contact resistances Rc to high-quality rubrene crystals.
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Four-terminal transfer and output measurements reveal that Rc decreases
from 105 Ωcm to 106 Ωcm for 15 min air exposure to 3 × 103 Ωcm for at
least 5 h air exposure of the gold electrodes before the flip-crystal FET
is assembled. We conclude the reduction of Rc to be caused by a
growing contamination layer on the gold electrodes that weakens the
electrostatic coupling between rubrene crystal and gold electrode, and
lowers the Schottky contact diode parameter V0 . In channel-dominated
(low Rc ) FETs the mobility is in the range of 10 cm2 /Vs to 17 cm2 /Vs; in
contrast, in contact-limited (high Rc ) FETs the apparent mobility decreases
significantly with increasing contact resistance. The apparent dependence
of µ on Rc is not intrinsic, but rather the result of incorrect assumptions
of the potential and the charge carrier density in the channel region.
Thus, the development of high-mobility organic semiconductors requires
further efforts to improve contacts beyond traditional metal electrodes1 .

5.1

Introduction

The contact resistance has been intensively studied in FETs with solutionprocessed or vacuum-deposited polymers [8, 114, 115, 116, 117, 118, 119,
120, 121] and oligomers [122, 123, 124, 125, 126, 127, 128, 129, 96, 130, 131,
132]. These FETs have, however, some intrinsic disadvantages to study
the contact resistance: First, metal contacts and organic semiconductor
are not independently fabricated. Consequently, the contact resistance
may severely depend on the device structure and processing conditions.
Second, the mobility is usually lower than in the best single-crystal FETs.
This gives rise to relatively high channel resistances that makes it difficult
to study low contact resistances. Third, the charge carrier mobility can
strongly vary among different transistors. Indeed, a correlation between
this apparent field-effect mobility and the contact resistance has been
measured [8, 114, 115].
Organic flip-crystal FETs [133] offer an attractive alternative which
we pursue in this study: The organic crystal is grown separately with
consistently high quality and can be brought in contact with electrodes
that are systematically modified, independent of the semiconductor.
Contact resistance studies employing the flip-crystal method, however,
have been less often performed [134, 135, 21, 133, 94, 136, 137, 138, 139].
An important element for the attractiveness of organic semiconductor
devices is the possibility to fabricate them at moderate vacuum or even
in air. Surface properties of metal electrodes exposed to such conditions,
1

Part of the results of this study have been published in J. Appl. Phys. 115, 164511
(2014).
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however, may change as shown by ultraviolet photoelectron spectroscopy
(UPS) measurements [140, 141, 142]. Nonetheless, the impact of realistic
fabrication conditions on the contact resistance in OFETs has been given
little attention. Instead, most studies have been devoted to analyze the
impact of different metallic electrodes [21, 128, 122, 125, 123, 124, 121],
device designs [128, 125, 126, 134, 127, 135, 116, 118, 115, 117], additional
injection layers [129] or electrode treatments with, for instance, selfassembled monolayers (SAM) [130, 133] or UV/O3 [131].
In this study, we used temperature-dependent four-terminal measurements of rubrene flip-crystal FETs to systematically analyze how
the exposure of gold electrodes to ambient air influences the contact
resistance. Increasing the air exposure time from 15 minutes to at least
5 hours decreases the contact resistance by more than two orders of
magnitude. We attribute the reduced contact resistance to a growing
contamination layer that weakens the electrostatic coupling between gold
electrodes and rubrene crystal and lowers the diode barrier at the injecting
contact. Our results also indicate that for contact-limited transistors a
simple four-terminal analysis is insufficient to extract intrinsic material
properties such as charge carrier mobility.

5.2

Experiment

We have fabricated rubrene flip-crystal FETs [133, 143] with two additional
electrodes in the channel to measure the potential drop along the channel
away from source and drain (Fig. 5.1(a)). Therefore, we first evaporated
a structured Cr/Au (3/30 nm) bottom gate electrode onto clean Si/SiO2
substrates. Cytop CTL-809M ( = 2.1) [106, 144] blended and dissolved
at a ratio of 3:2 in CT-Solv. 180 was then spin coated in air onto the
substrate yielding an approximately 500 nm thick highly hydrophobic
gate insulator. Afterwards, we deposited source, drain and two voltage
sensing electrodes by evaporating gold through a shadow mask at a
pressure of 10−5 mbar to 10−6 mbar. The channel length L was either
385 µm or 395 µm and the voltage sensing electrodes were located at
L/3 and 2L/3, having little overlap with the underlying gate electrode.
The channel width W was either given by the crystal width or limited
by the gate electrode width of 520 µm or 620 µm, depending on the
mask. Then we transferred the substrates into a helium filled glove box
(O2 < 0.5 ppm, H2 O < 0.1 ppm) which required to expose them to air for
a certain period tae (Fig. 5.1(b)). The key parameter of this study is the
air exposure time tae after evaporating the top gold electrodes and before
transferring the substrates into the helium filled glove box.
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(a) Structure of the transistors as employed in the
experiment. Individual layers are not true to scale.

exposure to air for 15 min up to 23 h
⇒ growing contamination layer
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(b) Key step of the fabrication process: the substrate is
kept in ambient air for the time tae before it is transferred
into a helium filled gove box.
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(c) A rubrene crystal is applied on the substrate in inert
atmosphere. Immediatly after that, the FET is characterized.

Figure 5.1: Experimental concept to investigate the influence of air exposure
time of gold electrodes to ambient air on the electrical characteristic of rubrene
crystal field-effect transistors.
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We grew rubrene crystals by physical vapor transport [105, 104] in a
stream of argon (rubrene powder purchased from Sigma Aldrich) and
placed these crystals in the glove box onto the prefabricated substrates
(Fig. 5.1(c)). If not mentioned otherwise, the finished flip-crystal FETs
were thenceforth always kept in helium atmosphere. We carried out fourterminal transfer [145, 146] and output measurements using an HP 4155A
semiconductor parameter analyzer. The gate voltage step was 0.5 V with
an integration time of 20 ms and zero delay time between consecutive
voltage steps. To determine the subthreshold swing more accurately, the
turn-on region of the transistors have been measured with gate voltage
steps of 20 mV.

5.3

Results

In this section, we will first show the severe influence of the air
exposure time tae of gold electrodes on the transistor transfer and output
characteristics. Then, we present a more detailed contact resistance
analysis and show the dependence on tae as well as the impact on
data analysis in terms of mobility and trap DOS calculation. Finally,
we provide data on the temperature dependence of Rc and analyze the
injection behavior in terms of a Schottky-diode model.
Transfer and output characteristics. We observed a strong dependence of
the transfer characteristic on the air exposure time tae of gold source/drain
electrodes (Fig. 5.2). Despite superb crystal and crystal-insulator interface
quality, as indicated by a very sharp turn-on (S = 70 mV/dec and
S = 125 mV/dec) close to Vg = 0 V, we noticed clear differences between
the transistor with gold electrodes exposed to air for 15 minutes and
for 17 hours: For short tae (blue), the drain current Id is significantly
lower in the linear regime and shows visible hysteresis. In contrast,
for long tae (red), Id is higher and hysteresis is essentially absent. Since
all fabrication steps of the transistors apart from tae were identical, the
observed differences highlight modifications in terms of charge injection
efficiency and contact resistance by prolonged air exposure.
This dependence of the contact resistance on tae manifests itself also
in output measurements (Fig. 5.3). The key feature of a contact-limited
FET is a strongly suppressed drain current at low drain voltages which
is clearly visible for the transistor with gold electrodes exposed to air for
15 minutes. A transition to moderate contact limitation and ultimately to
nearly perfect transistor operation with increasing tae shows the positive
influence of exposure to air.
Contact and channel resistance.

Motivated by this substantial
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Figure 5.2:
Normalized transfer curves for forward (solid) and reverse
(dashed) gate voltage sweeps for two rubrene flip-crystal FETs. (Vd = −5 V)
The exceptionally low subthreshold swing S testifies to the high crystal quality
of both transistors. For gold electrodes exposed to air for 15 minutes (blue) the
drain current is significantly lower at high |Vg | (by a factor of ∼ 15) and shows
visible hysteresis on a linear scale (see inset). In contrast, the FET with gold
electrodes exposed to air for 17 hours (red) shows a much higher drain current
in the linear regime.

improvement in transistor performance with prolonged air exposure time
of the gold electrodes, we have systematically studied the dependence of
the contact resistance and the channel resistance on tae by four-terminal
measurements. For 24 transistors we varied tae from 15 minutes to
23 hours before we assembled the transistors by flip-crystal lamination
under inert atmosphere.
Four-terminal measurements [145, 146] provide the potential at
two points (V1 , V2 ) along the channel. Within the gradual channel
approximation, the potential can be extrapolated to the contacts,
providing an estimate of the resistance at the injecting (source) contact
Rs , extracting (drain) contact Rd , the total contact resistance Rc , and the
channel resistance Rch according to [94]


L1 −1
Rs = V1 − (V2 − V1 ) 0 Id ,
(5.1)
L
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Figure 5.3: Output curves of three rubrene FETs with gold electrodes which
have been exposed to air for 15 minutes, 1 hour and 23 hours. (Vg = −20 V) Short
tae gives rise to severe contact limitation visible by the suppressed drain current
in the linear regime, that is, at low |Vd |. With increasing tae , Id saturates at higher
current levels.



L2 −1
Rd = Vd − V2 − (V2 − V1 ) 0 Id ,
L
Rc = Rs + Rd ,


L
Rch = (V1 − V2 ) 0 Id−1 ,
L

(5.2)
(5.3)
(5.4)

where L1 and L2 are the distances between the source and the voltage
probe measuring the channel potential V1 , and the drain and the voltage
probe measuring the channel potential V2 , respectively. L0 is the distance
between the voltage probes V1 and V2 .
A comparison of the potential drop along the channel for short and
long air exposed gold electrodes illustrates severe differences between
contact-limited and a channel-dominated field-effect transistors (Fig. 5.4).
A low contact voltage, and thus low contact resistance, is observed in FETs
with gold electrodes that have been exposed to air for a long time. In these
devices, a large fraction of Vd drops across the channel. In contrast, for
short air exposed gold electrodes, the largest voltage drop occurs in the
vicinity of the injecting source electrode.
While this simple method yields in our study consistent results when
the channel resistance dominates, we also show its inadequacy when the
contact resistance is larger than the channel resistance (section 5.3).
The main result is twofold: (a) Rc decreases by more than two orders
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(a) In a FET with long tae of the electrodes (here about
17 h) the potential drops mainly along the channel,
thus the device is channel-dominated.

Channel potential w.r.t source (V)

0
Vcs

Vd = −5 V

−5

-10 V

Vcd

−10

-15 V

−15

-20 V

-25 V

−20
−25

Vch

0

125

265

395

Position along the channel (µm)

(b) In a FET with short tae of the electrodes (here
about 15 min) the potential drop at the source
electrode is siginificantly larger than in the channel,
thus the device is contact-limited.

Figure 5.4: Potential in the channel with respect to the source electrode at
Vg = −30 V for different Vd is shown for a channel-dominated and contactlimited field-effect transistor. The potential in the channel is measured with
two voltage prober at 125 µm and 260 µm and extrapolated to the contacts. For
Vd = −10 V the voltage drop along the channel is highlighted and shaded in gray.

of magnitude from about 105 Ωcm to 106 Ωcm for short air exposure
(tae = 15 min) to approximately 3 × 103 Ωcm for long air exposure
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(tae ∼ 5 h), and tends to saturate, and (b) the dependence of Rch on tae
is only very weak (Fig. 5.5). When the gold was exposed to air for less
than two hours, Rc is in most cases higher than Rch , thus the transistors
become contact-limited with severe implications for the evaluation of the
mobility (as discussed later).

Resistance Rc , Rch [Ω cm]

107

106

contact (Rc )

105
channel (Rch )

104

103
15 min

45 min

2h

7h

24 h

Air exposure time of gold electrodes tae
Figure 5.5: A log-log plot showing for 24 rubrene flip-crystal FETs the influence
of exposing the gold electrodes to air. (Vd = −5 V, Vg = −50 V) The contact
resistance Rc (red filled circle) and channel resistance Rch (blue open pentagon)
have been measured right after the crystal had been laminated. The solid lines
are guides to the eye. Rc depends strongly on the exposure time tae before the
crystal is laminated: If short, Rc is mostly higher than Rch yielding contact-limited
FETs. If longer, Rc decreases systematically by up to more than two orders of
magnitude yielding channel-dominated transistors. In contrast, Rch scatters for
short tae , but remains overall nearly unaffected.

To provide more evidence, we conducted the following three control
experiments: In the first experiment, we kept the transistor substrates
with evaporated gold electrodes for 15 minutes in air and then transferred
them into helium atmosphere, as with high Rc transistors. But instead of
completing the flip-crystal OFET right away, we stored them in helium
for another five hours. Rc is found, within the usual variation, to be as
high as without additional storage time in helium. Thus, the exposure to
air, not the “age” of the electrodes, is the main parameter.
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In the second experiment, we transferred transistors with high Rc
(tae = 15 min) again to air for 2 days and measured subsequently the
transfer characteristics. We found that Rc decreased by up to one order of
magnitude but remained substantially higher than Rc for gold electrodes
that have been exposed to air for a long time before crystal lamination.
(The channel resistance Rch did essentially not change.) This observation
shows that air exposure influences the transistor characteristic even after
the crystal is laminated. However, the effect of air exposure on bare
electrodes without the crystal is more pronounced.
In the third experiment, we monitored the evolution of Rc over time
for nine transistors (Fig. 5.6). The transistors, with different tae , were
kept in helium for the entire time of the experiment. For transistors with
long-time air exposure (tae ≥ 5 h), Rc is low and varies little within the
first six days after flip-FET assembly. In contrast, for transistors with
shorter air exposure time (tae < 5 h) Rc is higher from the beginning or
increases significantly with time to higher values. The channel resistance
Rch , however, hardly changes with time for all transistors (not shown).
After one year stored in helium, several transistors have been
measured again: Surprisingly, the contact resistance seems to level off
at about 5 × 104 Ωcm for two FETs with the gold electrodes originally
exposed to air for a short time as well as for two FETs with the gold
electrodes exposed for a long time. One FET with long-time exposure
remained essentially unchanged. Thus, prolonged air exposure of the
gold electrodes produces initially low and more stable contact resistances,
but Rc still increased for some transistors within one year.
A seperate analysis of the contact resistance at the source electrode Rs
and the drain electrode Rd reveils a distinct difference: For contact-limited
transistors, Rs is up to 25 times larger than Rd (Rs  Rd ); in contrast, for
channel-dominated transistors, Rs becomes comparable to or even lower
than Rd (Rs ≤ Rd ) (see also Fig. 5.4). These observations are in line with
results from scanning Kelvin probe measurements (SKPM) on organic
thin-film transistors (TFTs) [123, 8]. Furthermore, the fact that Rs  Rd
suggests a large Schottky barrier at the source contact [147, 148, 8].
Subthreshold swing and trap DOS. The central premise of this study is to
modify only the gold electrodes and combine them with organic crystals of
similarly high quality. Here we confirm that this is indeed experimentally
achieved, by evaluating the deep trap DOS which determines the
subthreshold characteristics of the transistors.
The density of deep traps in the bulk Dbulk is estimated from the
experimentally determined subthreshold swing S according to [149, 107]
"
#2
C2
eS
Dbulk =
−1
(5.5)
εsc e2 kB T ln(10)
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Figure 5.6: The evolution with time of the contact resistance of various rubrene
flip-crystal FETs kept in helium atmosphere for up to 6 days (or 360 days). For
each FET, the exposure time tae of the gold electrodes is indicated. If tae ≥ 5 h
(red), Rc is low and stable in the beginning. (Rc at Vd = −5 V, Vg = −50 V) When
the gold electrodes have been in air for shorter times before FET assembly, the
contact resistance tends to increase even when the FET is kept in Helium.

with C the capacitance of the dielectric, εsc the permittivity of
the semiconductor material, e the elementary charge, kB the Boltzmann constant and T the temperature. This method yields values
of Dbulk mainly in the range of 1015 cm−3 (eV)−1 to 2 × 1016 cm−3 (eV)−1 (approximately 180 mV/dec to 600 mV/dec) with two exceptionally low trap
DOS of about 1013 cm−3 (eV)−1 (S = 70 mV/dec) and 3 × 1014 cm−3 (eV)−1
(S = 125 mV/dec).
Importantly, there is no correlation between the density of deep traps
and the contact resistance (Fig. 5.7). This is in contrast to observations in
organic thin-film transistors: there, different electrode treatments reduced
Rc and concomitantly S [129, 130]. For our flip-crystal transistors, Rc and S
are not correlated which enables us to determine the quality of the crystal
and the crystal-insulator interface even for contact-limited FETs.
Furthermore, these deep trap densities testify to the consistently high
material purity and indicate that differences between the transistors above
the threshold voltage are not the result of different deep trap densities.
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Figure 5.7: The subthreshold swing (deep trap DOS) and the contact resistance Rc
are not correlated. Shown is the density of deep trap states of 24 flip-crystal FETs
calculated from the subthreshold swing using (5.5). For five FETs, the deep trap
DOS after storage in helium for about one year is also shown (open circles).

This separation of the crystal quality and the contact resistance has been
confirmed by an additional observation: In samples that have been stored
for one year in helium, the value of S has changed only very little, while
Rc has changed markedly in several transistors (open circles in Fig. 5.7).
Limitations of mobility calculation. In the following we demonstrate
that meaningful values for the mobility can only be derived when the
contact resistance is smaller than the channel resistance (Rc  Rch ), even
if the gradual channel approximation is applied to four-terminal data
(Fig. 5.8). This observation is of general relevance for studies of this kind.
We calculated the “apparent” mobility µapp in various ways: On one
hand, we calculate the four-terminal mobility µ4T from the derivative of
the drain current with respect to the gate voltage
!
L0
∂Id
1
µ4T =
,
(5.6)
WC |V1 − V2 | ∂Vg
or from the four-terminal conductivity, σ4T , according to[17]
L0
Id
W |V1 − V2 |
!
1 ∂σ4T
=
.
C ∂Vg

σ4T =

(5.7)

µ4T

(5.8)

Apparent mobility µapp [cm2 /(Vs)]
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Figure 5.8: The maximum “apparent” mobility µapp for transistors with
different contact resistances Rc . For channel-dominated FETs, µ always exceeds
10 cm2 /(Vs), which is typical for high quality rubrene crystals. In contrast, for
contact-limited FETs, the apparent mobility is, especially in the linear regime,
much lower and is approximately inversely proportional to Rc . Thus, the intrinsic
mobility can be calculated from OFET transfer characteristics only if the contact
resistance is lower than the channel resistance.

On the other hand, we used the same data but neglected the information
about the channel potential and calculated the two-terminal linear
mobility µlin as
!
L 1 ∂Id
µlin =
,
(5.9)
WC Vd ∂Vg
and the saturation mobility µsat , by determining the slope of the square
root of the saturation regime drain current versus gate voltage, according
to
√ !2
2L ∂ Id
µsat =
.
(5.10)
WC ∂Vg
For all 13 channel-dominated FETs, the mobility is consistently higher
than 10 cm2 /(Vs) with values up to 17 cm2 /(Vs). These mobilities in
flip-crystal FETs with Cytop gate dielectric (not air gap) are among the
highest reported, and confirm the high quality of the rubrene crystals and
crystal/insulator interfaces.
For contact-limited transistors, however, these traditional analysis
methods yield much lower values for the “mobility”, the more so the
higher Rc , and the apparent mobility µapp is approximately inversely
proportional to Rc similar to what has been reported for polymer
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Apparent mobility µapp (cm2 /Vs)

FETs [114, 8, 115]. The values for µ4T calculated using (5.6) and (5.8)
show the same trend, yet the calculation employing conductivity
data yields slightly higher values for µ4T in contact-limited field-effect
transistors (Fig. 5.9).
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Figure 5.9:
The four-terminal mobility calculated in two different ways
using (5.6) and (5.8). Both methods show the same trend, yet the calculation
using conductivity data yields slightly higher values in contact-limited FETs and
slightly lower values in channel-dominated FETs.

Apparently, the underlying assumptions to calculate the mobility are
not fulfilled if Rc exceeds Rch (Rc ≥ Rch ). In particular, the potential sensed
with the two voltage probes (V1 , V2 ) does not allow one to determine the
full potential distribution and the charge carrier density in the channel
region.
Temperature-dependence of Rc . Temperature-dependent four-terminal
measurements yielded a rather surprising finding.
Despite large
differences in Rc , ranging from a few kΩcm to hundreds of kΩcm due
to variations of tae , there are only minor differences in the temperature
behavior of Rc (Fig. 5.10): For contact-limited FETs, the value of
Rc increases upon cooling from 300 K to 140 K, whereas for channeldominated FETs, Rc remains initially nearly constant or even decreases
before a gradual increase sets in at temperatures below approximately
240 K.
Fitting this data to the exponential function
EA
Rc ∝ exp
kB T



(5.11)
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Figure 5.10: The contact resistance Rc (solid symbols) and channel resistance
Rch (open symbols) as function of temperature for two contact-limited FETs
(red) and three channel-dominated FETs (blue). For contact-limited transistors,
Rc increases for all temperatures below 300 K, whereas for channel-dominated
transistors Rc starts to increase at temperatures below about 240 K.

yields activation energies EA ≤ 100 meV for all transistors which is in the
lower range of what has been determined for bottom-contact polymer
FETs [8]. This behavior signifies that the injection process is only very
weakly temperature activated. For the channel-dominated transistors,
the charge carrier mobility increases by about 1/3 with decreasing
temperature down to about 240 K to 180 K (Fig. 5.11). Further cooling
leads to a decrease of the measured field-effect mobility. Hall-effect
measurements on rubrene crystals showed that gate voltage induced
charge carrier density n in the accumulation channel of the FET can be
accurately estimated for T > 240 K. At lower temperatures, however,
a considerable number of charge carriers become trapped in states in
the vicinity of the band edge and thus the charge carrier density is
overestimated [87]. Consequently, we underestimate the field-effect
mobility µ, because µ is inverse proportional to n according to
σ
µ= ,
(5.12)
en
where σ is the channel conductivity.
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Figure 5.11: The apparent mobility of three channel-dominated FETs. (The data
of Rc and Rch is shown in Fig. 5.10.) For all transistors, the mobility increases
with decreasing temperature to about 240 K to 180 K reminiscent of “band-like”
transport. The sharp drop near 230 K for one transistor (dashed gray lines) is
most probably caused by cracks of the crystal.

Charge injection characteristic. In order to gain a deeper insight into
the different injection behavior and type of contact formed for high and
low Rc transistors, we compare the output characteristic of a (contactlimited) high Rc FET and a (channel-dominated) low Rc FET at two
different Vg (Fig. 5.12). (These are the same transistors as in Fig. 5.3
with tae = 15 min and tae = 23 h.) The low Rc transistor shows an output
characteristic in close agreement with the standard MOS model. For
the high Rc transistor, however, a distinct superlinear increase of Id with
increasing Vd is observed, before the current saturates. This indicates
severe charge injection limitations formed at the gold/rubrene interface
which causes marked deviations from the standard MOS behavior.
A more qualitative picture can be obtained by considering the voltage
drop Vc at the electrodes. To obtain Id (Vc ) for different Vg from the
output characteristic, we first take the approach suggestes in Ref. [117] and
neglect the information about the channel potential. Here it is assumed
that the channel potential drops by Vc over a distance d near the source
electrode, being much shorter than the channel. The remaining potential
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Figure 5.12: Differences in the injection behavior of a transistor with high
(red) and low (blue) contact resistance are well observable in a log-log plot of
the output characteristic. The output characteristic according to the standard
MOS model at Vg = −20 V is shown for comparison. For the low Rc FET, we
obtained µsat = 15 cm2 /(Vs) from the analysis of the transfer characteristic and
used µ = 13.2 cm2 /(Vs) to plot the standard MOS characteristic. For the high
Rc FET, µsat = 1.5 cm2 /(Vs) and µ = 1.23 cm2 /(Vs), respectively. Id of the high
Rc transistor increases superlinearly at higher Vd which is consistent with a
significant Schottky barrier at the metal/semiconductor interface.

(Vd − Vc ) drops over the main channel (L − d).
From the gradual channel approximation [150], we know that
Id = WCµ[Vg − Vth − V(x)]

dV
,
dx

(5.13)

with V(x) the channel potential. After integration along the main channel
(L − d), the drain current below saturation is [117]

W
1
Id = Cµ
(Vg − Vth )Vd − Vd2 −
L−d
2
(5.14)


1 2
(Vg − Vth )Vc − Vc .
2
This equation is solved for every data point of the output characteristic to
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obtain Id (Vc ) for different Vg assuming d  L and using values for Vth and
µ as calculated from the saturation regime of the transfer characteristic.
We compare the results on a linear and a semilogarithmic scale in
Fig. 5.13. In the FET with low contact resistance (blue), Id increases
almost linearly with Vc and only a minor upward curvature is discernible
(Fig. 5.13(a)). For the contact-limited device, the drain current is
obviously severely suppressed and the curvature is more pronounced.
This characteristic would agree with an ohmic resistance at the injecting
electrode that is reduced with increasing Vd . Plotted on a semilogarithmic
scale Id (Vc ) can be approximated by the Schottky-diode characteristic
(Fig. 5.13(b))

 

Vc
Id = I0 exp
−1 ,
(5.15)
V0
which we fitted to obtain values for V0 and I0 .
The high Rc transistor (red) shows a much stronger diode behavior
than the low Rc transistor (blue) as visible by a more pronounced
curvature with increasing Vc (larger V0 ) and lower I0 (Fig. 5.13). Phrased
differently, the high resistance at the metal/semiconductor contact may be
interpreted as a large Schottky-barrier.
We can differentiate the behavior at source and drain electrode if
we take the information about the channel potential from four-terminal
measurements into account (Fig. 5.14). In both devices, the behavior of
the drain current at the drain electrode Id (Vcd ) is very similar. The contact
voltage increases linearly with drain current in the linear operation regime
of the transistor indicating an ohmic resistance at the drain electrode. At
higher Vd , the transistor is in the saturation regime and the analysis fails
to provide valid data for Vcd and Vcs as the pinch-off point moves from
the source to the drain electrode. In contrast, at the source electrode Vcs
increases superlinearly with Id in the contact-limited FET. This behavior
is reminiscent of a Schottky-barrier as discussed before.
Interestingly, we obtain a Vg -independent Id (Vg ) characteristic, as
shown in Fig. 5.13, only if we insert in (5.14) the saturation mobility µsat
for µ. Mobilities other than µsat or a Vg -dependent mobility as obtained
from the analysis of the transfer characteristic in the linear regime yield a
very poor fit to the data, with separated curves for each value of Vg .
Thus, the apparent Vg -modulated linear mobility in the transistor with
low contact resistance might well be an artifact of the non-linear charge
injection due to the presence of a weak Schottky diode. For a reliable
estimation of the mobility in the semiconductor, the transistor needs to
be analyzed in the saturation regime even if Rc is low.
However, in transistors with a large Schottky barrier even µsat might
not reflect the intrinsic “contact-free” charge carrier mobility. There, a
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(b) On a semilogarithmic scale the high Rc FET (red)
shows a stronger diode characteristic than the low Rc
FET (blue), expressed in the lower value of I0 (1.1 µA
vs. 15 µA) and the higher value of V0 (9.2 V vs. 5 V).

Figure 5.13: The dependence of the drain current Id on the contact voltage Vc is
shown for Vg varying from −10 V to −30 V in steps of −5 V for the two transistors
shown in Fig. 5.12. Vc is calculated using (5.14). Vc is calculated using (5.14).
The data allows an interpretation of an ohmic contact with additional Schottkybarrier.
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(b) Channel-dominated FET indicating a comparable
Vc at source and drain electrode.

Figure 5.14: The voltage drop Vc at source and drain electrode for a contactlimited (upper panel) and a channel-dominated (lower panel) FET is shown. The
transition from linear to saturation regime (at about −Vg = −Vd ) is indicated with
a big dot on each line. The behavior of Vcd at the drain electrode is comparable
for both devices. In contrast, in the contact-limited FET Id (Vcs ) at the source
electrode is reminiscent of a Schottky-barrier.

depletion zone is formed between electrode and gate-field accumulated
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channel [148]. Charge transport through this depletion zone results in
large contact resistances. Thus, for a severely contact-limited FET even
the value of the saturation mobility is affected by charge transport through
this low mobility region near the contact and through the main channel.

5.4

Discussion

In this study, we have deliberately separated semiconductor crystal
growth from electrode fabrication. Thus, the crystal quality is consistently
high and huge variations of the contact resistance are uniquely ascribable
to contact variations. Furthermore, this approach avoids some difficulties
encountered in other setups: In solution-processed or vapor-deposited
thin-film transistors (TFTs) the semiconductor film morphology can vary
greatly due to a distinct degree of poly-crystallinity (grain boundaries),
molecular terraces or disrupted film growth (voids) [128, 114]; for topcontact TFTs, evaporating the top electrode may additionally damage the
organic film. Such material defects give rise to low mobility regions with
high trap density which can, if present near the contacts, severely limit
charge injection [148]. These problems are not relevant in our study of
flip-crystal FETs.
The decisive factor to reduce the contact resistance Rc in our FETs was
a prolonged exposure time to air tae of the gold electrodes (Fig. 5.5). As
discussed above, the age of the electrodes itself does not play a role.
Oxygen or other “contaminants” in air. To answer this question,
we conducted the following experiment: Four substrates with freshly
evaporated gold electrodes were exposed to air for 15 min. Then, one
of them was kept in a helium filled glove box while the other three
were stored for three more hours in a chamber filled with oxygen
(purity: 99.5 %, p = 0.2 bar). Afterwards, we transferred these three
substrates directly into the glove box to laminate the rubrene crystals.
Surprisingly, the three transistors on electrodes previously stored in
oxygen did not turn on. In contrast, the transistor without exposure to
oxygen turned on and the contact resistance was as high as 106 Ωcm.
After two more days in air, all four transistors worked again and
the contact resistance was in the range of 1 × 105 Ωcm to 5 × 105 Ωcm.
Thus, we conclude (a) that exposing gold electrodes to pure oxygen
is disadvantageous for charge injection into rubrene and (b) that air
components other than oxygen cause the reduction of Rc .
Comparision with charge injection models. Molecular contaminants
in air cover any electrode with at least a monolayer essentially
instantaneously [151] and may improve charge injection. The work
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function of contaminated gold (and other noble metal) electrodes
is significantly reduced (less negative) compared to clean electrodes
prepared under ultra high vacuum (UHV) conditions [140, 141, 142, 152].
In addition, the energy level alignment at the metal/semiconductor
interface is better due to weaker electrostatic coupling according to the
induced density of interface states (IDIS) model [153, 154, 155, 156].
As stated by this model, the electrostatic coupling between metal and
semiconductor induces interface states in the band gap. This prevents a
free charge exchange causing Fermi level pinning and the formation of
an interface dipole which locally shifts HOMO, LUMO and vaccum level
by the same amount leading to band bending in the first few layers of the
semiconductor (Fig. 5.15).
The benefit of a contamination layer in terms of a reduced interface
dipole and a lower injection barrier has been experimentally confirmed
by ultraviolet photoemission spectroscopy (UPS) and I(V) measurements
comparing clean electrodes (prepared under UHV) and contaminated
electrodes (rinsed with cleaning solvents) [140, 141, 142]. A contamination
layer significantly reduces the workfunction of gold φAu and decouples
gold electrode and rubrene crystal. Consequently, band bending is
weaker and the hole injection barrier is reduced.
We speculate that the contamination layer grows thicker and its
composition might change when the electrodes are exposed to air for
longer time. It has been shown that the work function of a metal does not
change once it is covered with a full monolayer of molecules [157, 158].
However, the electrostatic coupling between gold and rubrene might
become weaker when the contamination layer separating them grows
thicker. Consequently, fewer interface states would be induced which
reduces the Fermi level pinning and ultimately the contact resistance.
Such a scenario could also explain why the initially high Rc decreases
when assembled FETs have been exposed to air for several hours: Air
contaminants migrate through the crystal [159] or along the electrode
edge to the gold/rubrene contact. Thus, a contamination layer separates
the electrodes from the semiconductor crystal which reduces Rc .
Another model often invoked to explain the interface energy level
alignment at metal/organic semiconductor interfaces is the integer charge
transfer (ICT) model [160]. For a reduction of the injection barrier with
time, the model requires a change of either the HOMO level in rubrene2
or the work function of gold. As we assume that this is not the case, an
interpretation of our results according to the ICT model is not obvious.
2

For highly crystalline organic materials showing band-like transport, HOMO and
LUMO level are the relevant energies to predict interface energy alignment. This is
given for high mobility rubrene crystals used in this study.
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Figure 5.15: Relevant energy levels at a gold/rubrene interface for a clean (left)
and contaminated (right) electrode surface. A clean gold electrode strongly
interacts with the semiconductor electrostatically causing charge carrier trapping
at the interface and strong band bending. A contamination layer on the
gold electrode reduces the workfunction of gold φAu and decouples metal
electrode and semiconductor. The metal-semiconductor interface approaches
the Schottky-Mott limit with only weak band bending and low hole injection
barrier.

Comparison with other studies involving other metal electrodes. The
main result of this study is consistent with the wide range of reported
contact resistances in rubrene flip-crystal FETs with gold electrodes
(Fig. 5.16). Compared to gold, the magnitude of the contact resistance
Rc to rubrene varies less for electrodes made of silver, copper or nickel. In
addition, Rc of gold, silver and copper electrodes are similarly high, yet
nickel electrodes form an even better contact with lower Rc . Since flipcrystal FETs are usually prepared under ambient conditions, electrode
contamination caused by air exposure on the timescale of hours has been
an underestimated, if not an overlooked parameter, that influences Rc .
Contaminated electrodes in contact with organic semiconductors
approach the Schottky-Mott limit, that is, there is only weak interaction
between the materials and the energy levels at the interface follow from
vacuum level alignment [161]. A low contact resistance requires a close
match of Rubrene’s HOMO level with the metal Fermi level. These
energies are summarized in Fig. 5.17 for clean and contaminated (gold,
silver) or oxidized (copper, nickel) electrodes.
A contamination layer on gold significantly decreases the work
function φAu at the surface by about 0.8 eV to 4.5 ± 0.2 eV. In contrast,
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Figure 5.16: Contact resistance Rc of rubrene flip-crystal FETs with different
metal electrodes. For gold electrodes, Rc varies over a range of nearly four
orders of magnitude. This may be caused by different degrees of contamination
of the electrodes surface. (Data references: Molinari 2007 [137], Hulea 2006 [136],
Jenatsch 2013 [139], Goldmann 2004 [94], Uno 2013 [134])

for silver electrodes φAg decreases only by 0.2 eV to 4.0 eV. Compared
to silver, the work function of gold is much closer to the HOMO level of
Rubrene which would explain the lower contact resistance to gold.
In addition to contamination, if copper and nickel electrodes are kept
in air, they easily oxidize at their surface. The work function of these
oxides depends on the oxidation state and oxide layer thickness. If nickel,
for instance, is exposed to air for 10 minutes, a NiO layer is formed with
a work function of 5.6 eV; after 3 days, however, φNiO is decreased to
4.7 eV [168]. On a copper surface, a duplex oxide layer consisting of
about 1.3 nm thick CuO on top of a 2 nm thick CuO2 forms naturally in
air [169]. The Fermi level of oxidized copper [165, 166] and nickel [168]
vary by approximately 1 eV, depending on the details, and can well be
in the range of the HOMO level of Rubrene. An additional factor is
worth emphasizing: The interface dipole between organic semiconductor
and metal electrode is considerably reduced if the electrode surface is
contaminated [141].
Even for inorganic semiconductors, the Schottky barrier height is well
known to be influenced by many other factors than only the work function

5.5. Conclusions

6.0

89

CuO

work function φ [eV]

NiO

5.5

5.0

Au

HOMO level Rubrene
Au contaminated

Ni
Cu

CuO2

4.5
Ag
Ag contaminated

4.0
Figure 5.17: The HOMO level of rubrene and the work functions of the
electrode materials in Fig. 5.16. Contamination and oxidation which naturally
occurs in air considerably changes the work function. (Data references: HOMO
level Rubrene [162, 42], Au and Au contaminated [140, 152, 141], Ag and Ag
contaminated [141], Cu [163, 164], CuO and CuO2 [165, 166], Ni [167], NiO [168])

and the semiconductor band energies [170]. Therefore, it is not surprising
to encounter a similar complex situation in organic semiconductor/metal
contacts.
The comparison between the different metals supports ongoing
endeavors to search for alternatives to gold which is currently the
material of choice for OFET electrodes. In addition to metallic electrodes
alone, organic compounds, including self-assembled monolayers (SAMs),
employed either as a electrode itself [171] or as an intermediate
layer between metal electrode and organic semiconductor [172] show
significant potential for low contact resistances: For instance, a contact
resistance of the order of 100 Ωcm has been realized in p-type DNTT topcontact transistors due to an electron acceptor layer between electrodes
and semiconductor [172].

5.5

Conclusions

In conclusion, we have investigated the impact of typical laboratory
fabrication conditions of rubrene flip-crystal FETs with gold electrodes
that have been systematically exposed to air for various time spans.
Subthreshold swing measurements, reflecting the trap DOS at turn-
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on, confirmed the consistently high quality of the separately grown
semiconductor crystal. Following this procedure, we showed that the
exposure time of the gold electrodes to air tae is a key factor determining
the contact resistance.
The contact resistance Rc decreases from several hundred kΩcm for
short air exposure (tae = 15 min) to a few kΩcm for long air exposure (tae ≥
5 h). We conclude this to be caused by a growing contamination layer on
the electrodes which lowers the electrostatic coupling between gold and
rubrene and allows better energy level alignment according to the IDIS
model.
Charge injection from the electrode into the semiconductor in contactlimited FETs is characterized by a Schottky-barrier at the source electrode.
In contrast, charge injection at the drain electrode is in agreement with a
low ohmic contact. The reduction of Rc , that is, the improvement of the
contacts, manifests itself by a transition from a Schottky-diode towards a
nearly ohmic behavior at the source electrode.
For low Rc , channel-dominated FETs we obtained consistently high
values of the apparent mobility µapp in the range of 10 cm2 /Vs to 17 cm2 /Vs;
in contrast, for high Rc , contact-limited FETs µapp decreases considerably
with increasing Rc . This apparent µ-Rc dependence is not intrinsic,
but rather the result of an inadequate analysis that over-simplifies the
potential in the channel region and disregards the limited charge injection
via the Schottky contact.
These findings in a typical laboratory environment (a) underline
the importance to reduce the contact resistance to access the intrinsic
properties of organic semiconductors; (b) provide an explanation for the
large range of reported contact resistances at gold/rubrene interfaces; and
(c) give an easy recipe to reduce Rc in rubrene flip-crystal FETs.

6
Deep Trap States in Rubrene
Crystals Induced by Ion
Irradiation
Electronic trap states have significant influence on the characteristic of
(organic) semiconductor devices. In general, these states are related
to inherently weak intermolecular van der Waals bonds or attributable
to structural imperfections and impurities, that is, dynamic and static
electronic disorder. Various kinds of traps can be associated with a
defined trap depth in the spectral density of states of the semiconductor.
The more we know about various sources of electronic traps in
the DOS, the better we can avoid them in the first place by, for
instance, improving manufacturing processes, creating new molecules
with fine-tuned properties or protecting semiconductor devices from
environmental influences. A possible way to find a relationship between
electronic trap states in the DOS and their natural origin is to intentionally
introduce defects and to examine their impact on the DOS.
In this chapter, we present the results from experiments
with rubrene crystals that have been irradiated with 1 MeV
protons and helium ions at various fluence levels ranging from
0.1 × 1012 particles/cm2 to 5 × 1012 particles/cm2 . The resulting increase
of the density of bulk trap states has been studied by temperaturedependent space-charge-limited current (TD-SCLC) measurements.
Irradiation creates a peak in the trap DOS (about 1016 traps/cm3 ) for a
radiation dose of ≈35 J/g centered at ≈0.35 eV above the valence band
edge. With incrementally increasing radiation dose, the induced trap
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density rises sublinearly and saturates at high dose. Three to five
times more traps are created if the crystal surface is not covered during
irradiation. We attribute this trap creation primarily to C–H bond
breaking accompanied by hydrogen loss.

6.1

Introduction

As we have discussed in Sec. 3.1, only those electrons (holes) contribute
to the transport of charge that are thermally activated from localized
trap states below the mobility edge to delocalized states above the
mobility edge. The energy difference between Fermi level EF and
mobility edge determines the occupation of delocalized states according
to the Fermi-Dirac distribution and thus the number of mobile charge
carriers. Additionally injected charge carriers occupy primarily localized
trap states around EF . Consequently, the density of deep trap states
is a key factor affecting electronic and optoelectronic properties of
the semiconductor — and in the end, the performance of the device.
Developing a deeper understanding of the various ways such traps are
created is hence a central challenge to be addressed in detailed studies.
Trap states are known to arise mainly from growth-related structural
disorder, chemical impurity and non-perfect interfaces. After device
fabrication, traps may arise due to thermal stress causing the formation
of grain boundaries [143] or X-ray irradiation, seen as a shift of the
threshold voltage in a field-effect transistor [35]. For a more detailed
and fundamental understanding of defect-related trap states, it is highly
desirable to study both the density of traps and their energy position in
response to a deliberate perturbation of the semiconductor. Single crystals
excel an intrinsically low trap density of states (DOS) [57] and are thus
well suited to study trap formation in a controlled way.

6.2

Experiment

The experimental part of this study includes the preparation the SCLC
device, that is, a rubrene crystal sandwiched between two electrodes,
performing current-voltage measurements at various temperatures and
irradiating the organic crystal. In this section, we will describe each step
in detail. In particular, we will present a new method to gently attach
a top electrode onto an organic crystal based on polydimethylsiloxane
(PDMS), a silicon-based organic polymer, that has been developed in the
course of the project.

6.2. Experiment
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Device preparation. Thin glass substrates are cleaned with hot acetone
and ethanol in an ultrasonic bath for 15 minutes and blow dried with
nitrogen. Subsequently, chromium(3 nm)/gold(30 nm) electrodes are
thermally evaporated through a shadow mask on the glass. Rubrene
single crystals are grown by physical vapor transport in a controlled flow
of argon [104]. We selected thin crystals (∼1 µm) and brought them, using
an eyelash affixed to a tooth stick, in close proximity to the substrate where
they electrostatically bond against the glass. Two methods were used to
apply the top electrode: Either a well-defined gold electrode is evaporated
directly onto the crystal, or onto a flexible piece of PDMS with chromium
adhesion layer. Direct evaporation onto the crystal is the traditional way
to apply the top contact. This processing step, however, may damage the
surface of the crystal. On the contrary, the PDMS allows us to remove
and reattach the electrode, an additional experimental flexibility that we
have made use of in this study.
PDMS is prepared employing the Sylgard 184 Silicone Elastomer Kit,
consisting of the elastomer and the curing agent. Elastomer and curing
agent were mixed at a ratio of 10:1 in a clean glass tube. To clear out air
bubbles from the mixture, the glass tube was stored for about 10 min at
a reduced pressure of about 10 mbar. Then we spin coated the viscous
PDMS on a properly cleaned SiO2 wafer at 2500 rpm for 30 s yielding a
film of approximately 45 µm. After curing at 120 ◦C for 30 min, we cut the
gel-like PDMS in small pieces and evaporated chromium/gold electrodes
on the smooth bottom side. To achieve a smooth gold surface the PDMS
was slightly cooled during the evaporation process. Finally, the PDMS
with chromium/gold electrode was placed on top of the crystal. The top
electrode is oriented perpendicular to the bottom electrode resulting in a
sandwich-like structure, as illustrated in Fig. 6.1, with an electrode crosssection of usually 45 µm × 45 µm. To derive the density of bulk trap states,
we performed temperature-dependent current-voltage measurements
through the crystal bulk and analyzed them in terms of temperaturedependent space-charge-limited currents (TD-SCLC) [69, 93, 92].
Ion irradiation. Defects in the crystals were introduced by irradiating
them with 1 MeV protons or helium ions (He+ ) at various controlled fluence levels, ranging from 0.1 × 1012 particles/cm2 to 5 × 1012 particles/cm2 ,
provided by a Van de Graaf EN tandem accelerator. As a side remark,
an equivalent fluence of 1 MeV protons is experienced by a satellite in
geostationary orbit during one year [173, 174]. An energy of 1 MeV is
large enough for the ions to penetrate a typical 1 µm thick crystal; hence,
no ions remain in the crystal and the damage is uniform in depth (Fig. 6.1).
To avoid channeling effects, the samples were tilted by 10◦ relative to the
normal ion incidence. Samples were handled and mounted in ambient
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Figure 6.1: A rubrene crystal sandwiched between two gold electrodes allows
current-voltage measurements through the crystal bulk and the determination
of the density of bulk trap states. The crystal is partly shielded by a metal plate
during irradiation to protect the crystal underneath that serves as reference.

atmosphere. The crystals have been irradiated in the dark and in high
vacuum conditions (∼10−7 mbar) for some seconds up to several minutes,
depending on the beam current and type of ion. If the top electrode was
laminated, the energy of incident ions was adjusted to take account of
the energy loss while passing through the PDMS layer. An initial proton
energy of 1.9 MeV is sufficiently high to ensure that 1 MeV protons leave
the PDMS layer according to simulations using the SRIM code [175].

We have measured the trap density for several exposures to determine
the step-wise change of the trap DOS with increasing dose. Therefore,
the very same crystal had to be cooled down several times to 150 K for
TD-SCLC measurements with intact contacts. To enhance the reliability of
the experiment and to separate the irradiation effects from possible other
influences only one part of the crystal was irradiated while the other was
shielded by a 80 µm thick metal plate which serves as a reference, as
depicted in Fig. 6.1.

Energy loss to rubrene electrons (keV/(µm proton))

6.3. Results and discussion
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Figure 6.2: Energy loss of 1 MeV protons due to interaction with electrons in
rubrene. It shows that essentially all protons penetrate a typical 1 µm thick
crystal and the deposited energy is uniform along the trajectory of the proton.
The data is calculated using the SRIM code [175].

6.3

Results and discussion

To provide evidence for the quality of the laminated PDMS top contact, we
show the temperature-dependent j(V) characteristic for c-axis transport of
a rubrene single crystal in Fig. 6.3. A significant current increase visible at
relatively low voltages indicates efficient charge carrier injection and trap
filling. For decreasing temperature the onset of current flow above the
measurement sensitivity (∼10−14 A) shifts to higher voltages, because the
probability of a state above the Fermi level being occupied decreases as
the temperature decreases, as known from the Fermi-Dirac statistic. The
current flow is thermally activated, as apparent by straight lines of the
Arrhenius fit given in the inset of Fig. 6.3, allowing an analysis according
to space-charge-limited current theory.
The results for the density of states are based on five rubrene crystals
and provide a consistent picture about the energetic position of the
electronic trap states, the dose-response behavior and thus the underlying
mechanism of damage. First, we discuss the impact of ion irradiation on
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Figure 6.3:
Space-charge-limited current density versus applied voltage
measured from 290 K to 150 K with ∆T = 10 K through the bulk of a rubrene
single crystal with laminated top contact. The inset shows current density
versus inverse temperature for selected voltages. The activation energy EA (V) is
calculated from Arrhenius fits, depicted as straight lines in the inset.

the current-voltage characteristics and the resulting density of states.
Fig. 6.4 shows I-V curves measured at different temperatures of a
shielded reference and an unshielded crystal before and after irradiation
with He+ . (Only 3 out of 10 temperatures are shown for clarity.) The
shielded reference exhibits only minor changes whereas the onset of
significant current flow of the irradiated crystal shifts to higher voltages.
As discussed in an earlier publication [69], the data analysis in terms
of the trap DOS does not depend on such voltage shifts. Rather, the
relevant energy scale of the trap DOS is related to the activation energy
EA which is determined form the Arrhenius plot at a given measurement
voltage V. The self-consistent analysis also considers the shift of EA as
function of voltage and thus excludes the voltage range that is dominated
by contacts [69, 93, 92, 95].
Based on the measurements presented in Fig. 6.4, we extracted the
trap DOS as shown in Fig. 6.5. The DOS of the shielded reference remains
unchanged within experimental uncertainty. However, a distinct trap
peak is induced in the irradiated crystal.
Fig. 6.6 shows the creation of a trap peak in a rubrene crystal irradiated
three times with protons. (The trap density was measured within
one day after each irradiation step.) Again, it is worth noting that
the DOS of the shielded reference remains, indeed, unaffected within
experimental uncertainty, despite multiple coolings, measurements and
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sample transfers. In contrast, proton radiation of the unshielded part
induces a pronounced trap peak that is about 0.2 eV wide and is centered
at around 0.35 eV above the VB edge. The induced trap density is of the
order 1016 cm−3 and thereby roughly 103 -fold higher than the trap density
induced in silicon with a similar dose [176]. Remarkably, the trap density
grows sublinearly with increasing fluence (lower part of Fig. 6.6).

C u rrre n t (A )

We have obtained very comparable results of the induced trap density
in other rubrene crystals, independent of the ion type and top contact. By
comparing the radiation-induced trap DOS in Fig. 6.7, we see that with
increasing radiation dose a trap peak of similar shape and magnitude is
created between 0.2 eV to 0.4 eV above the VB in these crystals.

1 0

-7

1 0

-9

1 0

-1 1

1 0

-1 3

1 0

-1 5

1 0

C u rre rn t (A )

s h ie ld e d r e fe r e n c e

1 0

2 7 0 K
2 1 0 K
1 8 0 K

u n s h ie ld e d c r y s ta l
-9

-1 1

2 7 0 K
2 1 0 K

1 0

-1 3

1 0

-1 5

0 .0 1

2 7 0 K

1 8 0 K

2 1 0 K
1 8 0 K

0 .1

1

1 0

1 0 0

V o lta g e ( V )
Figure 6.4: SCLC measurements of the shielded and unshielded crystal part
before (dashed) and after (solid) irradiation for selected temperatures. No
significant changes are obtained for the shielded crystal. In contrast, the
IV curves of the unshielded crystal shift to higher voltages.
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Figure 6.5: The density of states for the shielded (dashed) reference and
the irradiated (solid) rubrene crystal (crystal 3) before and after exposure to
1011 He ions/cm2 . The irradiation caused the creation of a sharp trap peak at
approximately 0.35 eV above the VB.

The impact of protons and He+ can be compared by calculating the
radiation dose D, defined as the energy deposited per unit mass of the
target material. The stopping power dE/dx in rubrene (and in the top
electrode) is determined using the SRIM code [175] (see also Fig. 6.1)
yielding the radiation dose
D=

N·

dE
·d
dx ,
m

(6.1)

where N is the number of ions penetrating the electrode cross-section area,
d is the crystal thickness and m is the mass of the crystal volume probed
by current-voltage measurements. The uncertainty of the estimated dose
is about ±10 %.
In Fig. 6.8, the induced trap DOS of proton and He+ irradiated samples
is shown, each of them exposed to a dose of 35 J/g. The associated
temperature rise of the crystal is estimated to be about 30 ◦C, assuming
thermal isolation. All curves are consistent with the creation of a generic
trap peak at around 0.35 eV above the valence band edge. In addition,
the number of induced traps (integrated area below the curves) is of
the order 1.8 × 1016 states/cm3 (see also Fig. 6.9). However, one peak in
Fig. 6.8 is sharper in energy, though with approximately the same area.
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Figure 6.6: The density of trap states for three doses of irradiation with 1 MeV
protons is shown for the shielded part (dashed lines) and irradiated part (solid
lines) of crystal 1.4. In the upper figure, the DOS is given on a logarithmic scale.
In the lower figure, the trap DOS of the non-irradiated crystal is subtracted from
the trap DOS after each irradiation step and plotted on a linear scale. Trap states
are introduced in a broad energy range with a peak at approximately 0.35 eV
above the VB edge. With increasing fluence the density of induced traps grows
sublinearly. (see also Fig. 6.9)

We interpret this particular example as indication that ion irradiation
creates an energetically sharp level, which in turn may be slightly shifted
in energy due to variations of the local environment and thus leads to an
overall broader DOS peak. The main conclusion from this quantitative
agreement is that the dose is the main parameter determining the density
of induced traps.
Insight into the microscopic mechanisms can be gained from
measuring the trap density for different radiation levels, that is, the dose-
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Figure 6.7: The density of introduced traps after multiple irradiations is shown
for two crystals, crystal one with two intact irradiated contacts (contact 1.3 and
contact 1.4). Shape and magnitude of the trap peaks are very similar among the
crystals.

101

a b s o rb e d d o s e ≈3 5 J /g
3 0
H e

+

2 0

In d u c e d T ra p s (1 0

1 6

s ta te s /(c m

3

e V ))

6.3. Results and discussion

1 0

0

p ro to n s

0
V B

0 .2

0 .4

0 .6

E n e rg y a b o v e V B (e V )

Figure 6.8:
Radiation-induced trap DOS in five crystals that absorbed
approximately 35 J/g from proton (solid) or He+ (dashed) radiation. (Two of
them had two intact irradiated contacts.) Trap peak position and density of
traps created (see also Fig. 6.9) are consistent for the creation of a generic trap
peak.

response curve. Therefore, two crystals were exposed step-wise to higher
dose up to 180 J/g. Surprisingly, the density of additional traps increases
sublinearly and saturates at high dose, as shown in Fig. 6.9. Such a curve
can be approximated by a dose-response function (dashed lines in Fig. 6.9)
of the form [177]
C = C∞ · (1 − e−D·k ),
(6.2)
where C is the trap density, C∞ is the trap density at infinite dose, D is
the dose, and k is a constant. Saturation of the dose-trap density curve
at such a low level of damage (∼ 1 trap per 50 000 molecules) reflects
the interplay between trap generation and trap healing. We attribute
the generation process to breaking-off a hydrogen from the rubrene
molecule (which is possibly accompanied by lattice distortions and other
defects). Detachment of hydrogen in organic compounds by high energy
irradiation is a known phenomenon [178, 179, 180] and is attributed to
the relatively weak bonding of the H atom to the C-network [181]. Trap
healing can take place if a hydrogen atom reattaches to a molecule where
hydrogen has been previously removed. At high dose, both processes are
in equilibrium.
Other than reattaching to a rubrene molecule with a missing H atom,
some freed hydrogen may also desorb from the crystal. This scenario is
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Figure 6.9: Induced trap density as function of absorbed radiation dose. With
increasing dose, the trap density rises sublinearly and saturates at high dose.
The dose-response function given in (6.2) is fitted to the data points of crystal 1.3
and crystal 1.4 (dashed lines). Crystal 5 was irradiated after the top contact had
been peeled off resulting in a roughly three to five times higher trap density
compared to crystals irradiated with the surface covered by the PDMS/Cr/Au
top electrode.

possible if hydrogen diffuses through the crystal without being trapped
and if the crystal surface is not covered. Encapsulation reduces desorption
and increases the probability of H reattachment [182, 183]. If this is
the dominant microscopic process, the trap density is expected to be
higher for a given dose, when the crystal surface is uncovered during
irradiation. We have checked this hypothesis by carefully peeling off the
PDMS/Cr/Au electrode before irradiation and relaminated it afterwards
for the TD-SCLC measurement. The result of this experiment fully
confirms the proposed mechanism (purple 4 in Fig. 6.9). For a proton dose
of 35 J/g the trap density is three to five times higher than in any crystal
where the PDMS/Cr/Au electrode had not been removed for irradiation.
Importantly, the DOS of the shielded reference remained unchanged
within the measurement accuracy which indicates that removing and
reapplying the top contact produces no significant number of traps.
In addition to SCLC measurements, we carried out Fourier transform
infrared spectroscopy (FTIR) measurements on pristine and irradiated
rubrene crystals (1013 protons/cm2 ). From the analsis of the transmittance
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spectra, we clearly identified carbon hydrogen bonds in the crystal.
However, we did not observe significant changes of the spectra upon
ion irradition, probably because the density of broken bonds was too low
(∼ 1 broken bond per 50 000 molecules).

6.4

Conclusions

To summarize, we quantitatively determined the creation of trap states in
the bulk of rubrene single crystals upon proton and helium ion irradiation
by TD-SCLC measurements. Our results show that with increasing
radiation dose the trap density increases sublinearly in a well-defined
energy range peaking at about 0.35 eV above the VB edge. At high
radiation dose, trap creation, due to C–H bond breaking, is in equilibrium
with trap healing, due to reattaching H atoms, leading to a saturating
trap density. Thus, we have experimentally established the link between
an electronic trap level and the underlying physical defect. Further
insight could be gained by electronic structure calculations to delineate
the contribution of only removing the H atom from the rubrene molecule,
and the electronic level shift due to local distortion of the lattice.
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7
Off-Diagonal Disorder Identified
in Temperature-Dependent Tail
States in Organic Molecular
Crystals
An in-depth understanding of the structure-property relationship of
any class of material is the basis for progress in terms of material
synthesis, fabrication techniques and commercial applications. Organic
semiconductors have been investigated for more than 100 years and
yet a comprehensive description of charge transport in these van der
Waals bonded materials is not established. One of the main reasons
is the underlying complex electronic structure as a result of only weak
intermolecular bonds that allow the molecules to vibrate around their
equilibrium position in the lattice. As a consequence, a significant fraction
of band states tail into the gap as computational studies have shown [45].
Yet, experiments that provide evidence for this relationship are missing,
to the best of our knowledge, and therefore at the focus of this study.
In this study, we identified the temperature-dependent band
tail in organic semiconductor crystals from low temperature spacecharge-limited current (SCLC) measurements. A novel method to
electronically contact organic crystals based on Parylene-C made
transport measurements at cryogenic temperatures possible. From a
combination of analytical and numerical analyses, we determined values
for the characteristic tail steepness Etail (T). We find both magnitude
and temperature dependence of Etail to be in excellent agreement with
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theoretical computations. These novel results highlight the central role
of molecular dynamics in drastically modifying the electronic transfer
integral and thus establish molecular semiconductor crystals as text book
examples to study charge transport in the presence of pronounced offdiagonal disorder.1

7.1

Introduction

In crystalline covalently bonded semiconductors such as silicon,
electronic states are well described by extended Bloch waves. The
translational symmetry of the atomic lattice is only weakly pertubated
by phonons2 . In contrast, in weakly van der Waals bonded molecular
crystals, electronic bandwidths, intermolecular transfer integrals and
off-diagonal disorder are all of comparable magnitude[1]. Theoretical
studies showed that inherent thermal motion of the molecules [80]
causes variations of the intermolecular transfer integral of the same
order of magnitude as the transfer integral itself (dynamic offdiagonal disorder) [82] as well as significant fluctuations of polarization
energies [88]. As a consequence, electrons become localized across a
few molecules [187] slowing down the transport of charge. Indeed,
charge decoherence due to thermal energetic disorder has been invoked
to explain a number of experimental results [50, 188, 189].
Furthermore, computational studies indicate that thermal motion
of the molecules give rise to a temperature-dependent broad tail of
states emerging in the DOS beyond the band edge [45, 187] as shown
in Fig. 7.1. As the bandwidth in organic semiconductors is relatively
narrow (0.1 eV to 0.5 eV) [39, 44, 41], these states are expected to play
a crucial role in the transport of charge [45]. However, to the best of
our knowledge, no experimental studies have been performed so far on
the relationship between dynamic off-diagonal disorder and the spectral
density of states (DOS).
Low temperature current-voltage measurements on highest-quality
organic crystals are expected to be well suited to discover the exponential
band tail and its predicted temperature dependence. Organic crystals can
be grown with only very few structural defects and chemical impurities
such that the intrinsic and generic density of states, including the
predicted tail states, can be studied in electronic transport measurements.
These measurements need to be carried out at low temperatures to be
1

The results presented in this chapter are not yet published in a peer-reviewed journal.
In silicon the covalent bond energy is about 4 eV [184], the bandwidth is about
10 eV [185] and phonon energies are up to about 0.06 eV [186, p. 40]
2
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Figure 7.1: Schematic of the experimental idea to study the spectral density of
states and the predicted tail states with temperature-dependent steepness. In
the mobility edge model, only charge carriers in delocalized states are mobile.
Owing to static and dynamic disorder in the electronic structure, charge carriers
become localized in states beyond the mobility edge. Dynamic disorder is the
result of thermal motion of weakly van der Waals bonded molecules in the
crystal which gives rise to a temperature-dependent density of states tailing
into the gap beyond the mobility edge. Thus, investigations on the coupling
between dynamic disorder and density of tail states requires electronic transport
measurements to be performed at low temperatures. Under these conditions
thermal broadening of the Fermi-Dirac distribution is reduced which first, makes
the charge carrier statistics, that is, the ratio of trapped to free charge carrier
density, more sensitive to a change of the total space charge, and second, allows
at a given power density (b
P ∝ IV) to push the Fermi-level closer to the mobility
edge.

sensitive to small thermally-induced changes of the steepness of the tail
due to thermal broadening of the underlying Fermi-Dirac distribution
determining the occupation probability of states.
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Experiment

We developed a nondestructive contacting method which facilitates
electric transport measurements on organic crystals to 5 K. A substrate
made from Parylene-C with comparable thermal expansion coefficient as
the organic crystal provides the mechanical elasticity to allow the crystal
to contract when cooled. We deposited an approximately 2 µm thin film
of Parylene-C onto a Si/SiO2 wafer, cut the film into small pieces and
placed them with the bottom side facing down onto a shadow mask to
evaporate well-defined 30 nm thick gold electrodes. The bottom ParyleneC substrate was affixed to a Si/SiO2 wafer with a thin layer of thermal
conducting paste. On top of that we placed rubrene crystals grown in
a stream of argon according to the physical vapor transport technique
[105, 104]. The crystal electrostatically adheres spontaneously if brought
in close proximity to the substrate. Lamination of the top electrode
completed the Parylene-C/rubrene/Parylene-C sandwich structure which
enables electric transport measurements through the crystal bulk, that is,
along the crystallographic c-direction (Bbam space group). As top and
bottom contacts are applied in a similar fashion, charge injection from
both electrodes is very similar as testified by only minor asymmetries
between the IV-characteristics.
Electric transport measurements were performed either during
temperature drift from 290 K to 5 K in a home-made cryostat wired with
cryogenic coaxial cables in a Helium dewar, or in a Leybold closed cycle
cryostat which allowed measurements at constant temperature down to
40 K. In the former, the sample was cooled at a rate slower than 0.5 K/min
by adjusting the helium pressure in the vacuum space of the cryostat.
During the temperature drift DC current-voltage measurements were
performed with a high-input-impedance Keithley 6517A electrometer,
taking about 1 min to 2 min per scan.
As self-heating is a concern especially at low temperatures, the bottom
gold electrode served also as temperature sensor directly on the crystal
while carrying out the IV-measurements (see bottom panel of Fig. 7.2).
We measured the temperature-modulated resistance of the gold film in
4-terminal configuration which allowed to discern temperature changes
of about 10 mK. The resistance of typically 25 Ω at 300 K goes down upon
cooling with 40 mΩ/K. At temperatures below 40 K, dR/dT significantly
decreases and reduces the sensitivity of the measurement.
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A typical set of a temperature-dependent IV-characteristic along the
crystallographic c-direction of a rubrene crystal is shown in Fig. 7.2.
At low voltages, the total number of charge carriers in the device is
dominated by diffusion from the contacts into the crystal bulk and the
current increases linearly ( j ∝ V). At higher voltages, sufficient charge
carriers are injected to shift the Fermi level EF towards the band edge
leading to a stronger increase in current. Thermal narrowing of the FermiDirac distribution upon cooling entails to apply higher voltages to shift
EF close enough to the band edge to reach the high current regime of the
experiment. Thus, the IV-curves become steeper and are shifted to higher
voltages.
We analyzed the IV-characteristics of six samples according to
space-charge-limited current (SCLC) theory to determine the density of states (Fig. 7.3).
Low trap densities in the range of
15
−3
−1
17
−3
−1
10 cm eV to 10 cm eV provide evidence for a high crystal quality.
Furthermore, the analysis yields very similar results for charge injection
from top and bottom electrode and thus verifies the symmetry of the
contacts.
Evaluation of the trap DOS according to SCLC theory is an established
procedure; however, the assumptions therein that charge carrier
mobility and density of states are temperature-independent parameters is
inconsistent with recent theoretical and experimental findings in organic
semiconductors. As already outlined, theory predicts a relationship
between inherent thermal motion of the molecules and a tail of states
beyond the band edge [45]. Also, an increase of the charge carrier mobility
upon cooling has been experimentally verified for transport along the
crystallographic c-direction in rubrene [36].
To overcome these limitations, we have expanded the analysis by
a numerical simulation of the j(V)-curves for various temperatures by
solving the drift-diffusion equations for hole transport in one dimension.
The objective is to find the spectral density of states that yields an IVcharacteristic in good agreement with the measurement. In this way, we
can exploit the full potential of the low temperature data with high energy
resolution.
Simulation details. We numerically calculate the IV-characteristics by
solving the drift-diffusion equations for hole transport in one dimension.
We account for the presence of localized states by separating the densities
of free and trapped charge carriers, nf and nt , respectively, according to
the Fermi-Dirac statistics. The hole current density in a potential Ψ is
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Figure 7.2:
Top panel: The temperature-dependent IV-characteristic for
transport through the bulk of a rubrene crystal is measured at temperatures
from 280 K to 5 K. At high temperatures and low voltages the current increases
linearly with voltage since charge diffusion into the bulk is dominant. At low
temperatures and high voltages, the IV-characteristic reflects the underlying
intrinsic electronic structure and the sharp Fermi-Dirac distribution being
pushed towards the mobility edge. Bottom panel: Picture of the rubrene crystal
(sample 1) sandwiched between bottom electrode (violet) and top electrode
(green) supported by a piece of Parylene-C. The temperature right at the
crystal/electrode interface is monitored in four-terminal configuration while
measuring the IV-characteristic.
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Figure 7.3: The density of trap states above the band edge in three different
rubrene crystals obtained from an analysis in terms of temperature-modulated
SCLC spectroscopy. The analysis yields very similar trap DOS for holes injection
from the bottom electrode (solid lines) and top electrode (dashed lines). Trap
densities in the range of 1015 − 1017 cm−3 (eV)−1 are typical for rubrene crystals
grown in our laboratory as a comparison to previously published data shows.
(References: SC-FET (single crystal field-effect transistor) [190], SCLC 1 (TDSCLC measurement) [191], SCLC 2 (TD-SCLC measurement) [69])

given by
!
∂
∂
j = −e µ nf
Ψ + D nf ,
∂x
∂x

(7.1)

and the mobility µ and the diffusion coefficient D are intrinsically
connected by Einstein’s relation
D = µkB T.

(7.2)

The electric potential is dependent on the total charge in the semiconductor, according to Poisson’s equation
e
∂2
Ψ = − (nf + nt ) ,
2
εsc
∂x

(7.3)

where εsc is the relative permittivity of the semiconducting material.
Charge conservation is ensured by the continuity equation
∂
∂nf
j + eR = −e
,
∂x
∂t

(7.4)
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where no electron-hole recombination, i.e. R = 0, is assumed. We
numerically solve this set of differential equations for the steady state
case, that is, ∂nf /∂t = 0, using Newton’s algorithm applied to a finite
differences discretization. For a given energetic distribution of states,
D(E), the fraction of mobile and localized states is calculated according to
Z
nf (EF , T) =

Eb

D(E) · ( f (E, EF , T)) dE

(7.5)

D(E) · ( f (E, EF , T)) dE,

(7.6)

−∞

Z

∞

nt (EF , T) =
Eb

where f is the Fermi-Dirac distribution for holes as given in Eq. (3.1).
Here we consider the DOS in the vicinity of the HOMO level, where only
states below the mobility edge, E < Eb , are considered to be delocalized.
While solving the drift-diffusion equations ((7.1) - (7.4)) for a given DOS
at temperature T, the integrals (7.5) and (7.6) are continuously computed
to provide the relationship between nf (EF ) and nt (EF ). Noteworthy, these
densities are functions of the position within the crystal, that is, so is the
quasi Fermi-level EF .
Simulation input. The input to the simulation is mainly determined by
independently measured quantities, in addition to contact geometry and
crystal thickness.
The charge carrier mobility along the c-direction in rubrene crystals
at room temperature is independently measured to be about µ0 =
0.2 cm2 /Vs [36]. Upon cooling, µ(T) increases according to
µ(T) = µ0



300
T

1.7

.

(7.7)

The deep trap DOS is calculated from the I(V) curves following standard
SCLC analysis procedure [91, 93] including explicitly the temperaturedependence of the mobility, as given in Eq. (7.7). This improved method
shifts the energy scale slightly. Typical shifts of the energy scale are of
the order of 10 meV at 100 meV and 20 meV at 250 meV. Given the very
similar I(V) characteristic for hole injection from both top and bottom
contacts and the linearity at low voltages, charge injection in these devices
is highly symmetric and transport is purely bulk-dominated.
Thus, we are left with only a very narrow parameter space to be
explored in the IV-curve simulations.
First, the position of the mobility edge with respect to the density of band
states is chosen to be near the band edge, that is, where the DOS starts to
drop exponentially. Numerical IV-curve simulations confirmed this to be
a good starting point for temperatures above about 40 K. At the end of this
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section we show, that at high temperatures the distribution of occupied
states is dominated by states in the vicinity of the band edge. The behavior
of the IV-characteristic at lowest temperatures, however, indicates the
mobility edge to be located deep in the tail. Yet, the contribution of
conducting tail states to the overall transport of charge is only marginal
at high temperatures.
Second, and of most interest in this study, is the steepness of the
exponential band tail. The tail density is parameterized by
D(E, T) = D0 exp(−E/Etail (T)),

(7.8)

where D0 is of the order of 1 × 1021 cm−3 (eV)−1 and Etail (T) is the characteristic temperature-dependent steepness. According to calculations [45]
of Etail (T), the band tail extends considerably into the gap especially at
higher temperatures. For example, for a steepness of Etail (T) = 15 meV,
the density of states in the tail is about 1016 cm−3 eV−1 at E ≈ 0.17 eV
according to Eq. (7.8). The trap DOS in high quality rubrene crystals is of
comparable magnitude about this energy (Fig. 7.3).
Simulation results. With these starting conditions and a proper choice of
the free parameters, we can achieve excellent agreement between IV-curve
simulation and experiment. We parameterized the DOS beyond the band
edge in sample 2 by exponential functions, as determined analytically
from an analysis in terms of SCLC theory (Fig. 7.4). The temperaturedependent steepness of the tail Etail (T) is then optimized to fit one of
the measured I(V)-curves at 120 K, 80 K, and 40 K as shown in the three
panels of Fig. 7.5. A comparison of the IV-curves from simulation and
measurement clearly manifests the necessity of the tail to become steeper
at lower temperatures.
The influence of the tail steepness is most pronounced at high voltages
and low temperatures. At low voltages, EF lies deep in the gap and the
IV-characteristic is the result of the energy-dependent density of deep
trap states. With increasing voltage, EF is pushed towards the band
edge; thus the intrinsic tail exerts more influence on the IV-curves. At
higher temperatures (above about 150 K) the Fermi-Dirac distribution is
further broadened and the contribution of the tail states is masked by
the deep trap DOS even in crystals with low trap densities. At low
temperatures, the Fermi-Dirac distribution is sharper and the influence
of the tail steepness Etail (T) is more pronounced as it can be recognized by
considering the simulated curves for 40 K.
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Figure 7.4: The density of states derived from SCLC analysis (orange) and
from simulation of the IV-characteristic at various temperatures (Fig. 7.5). Only
the band tail steepness Etail (T) is required to be adjusted to obtain an excellent
agreement between measured and simulated IV-curves at different temperatures.
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Figure 7.5: Three panels showing measured (circles) and simulated (lines) IV-curves of sample 2 for three different temperatures.
Simulations and measurements agree only when the tails are chosen to be steeper at lower temperatures (Etail (T) = 13 meV at 120 K,
Etail (T) = 11.2 meV at 80 K, Etail (T) = 8.3 meV at 40 K). Holes are injected by the top electrode.
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This procedure is repeated for the other current direction (Fig. 7.6
and Fig. 7.7) and one other sample (Fig. 7.8 to Fig. 7.11). The values of
Etail (T) are the same even as the IV-characteristic and the deep trap DOS
are different. In a crystal with higher deep trap DOS the IV-curves are
stronger influenced by deep traps and shifted to higher voltages. Despite
the differences between the crystals, we obtain very similar values for
Etail (T).
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Figure 7.6: The density of states derived from direct SCLC analysis (orange)
and from simulation of the IV-characteristic at various temperatures (Fig. 7.7).
Essentially the same values for Etail (T) are determined for hole injection from the
bottom electrode. (Sample 2).
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Simulations and measurements agree only when the tails are chosen to become steeper at lower temperatures. Holes were injection from
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Figure 7.8: The density of states derived from direct SCLC analysis (orange) and
from simulation of the IV-characteristic at various temperatures (Fig. 7.9). The
trap DOS in this sample (sample 1) is higher than in sample 2, thus the influence
of the tail steepness is less pronounced.
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Figure 7.10: The density of states derived from direct SCLC analysis (orange)
and from simulation of the IV-characteristic at various temperatures (Fig. 7.11).
Holes are injected from the bottom electrode. (Sample 1)
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Etail (meV)

The values for Etail (T) point towards a generic trend of an ever steeper
intrinsic tail with decreasing temperature (Fig. 7.12). Magnitude of the
tail steepness and its temperature behavior are in good agreement with
theoretical predictions for polyacene crystals [45]. Herein, the tail of
localized states beyond the band edge is derived solely as a result of
thermally-induced modulation of the intermolecular transfer integral,
that is, the off-diagonal elements of the electronic Hamiltonian.
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Figure 7.12: The temperature-dependent steepness of the band tail Etail (T)
obtained for two rubrene crystals in comparison to results from molecular
dynamics simulations of four different polyacenes. The magnitude of Etail (T) and
its temperature behavior is in good agreement with calculations of these related
materials. Data for Etail (T) for naphthalene (Np), anthracene (Ac), tetracene (Tc)
and pentacene (Pc) are taken from [45].

Tail states are mobile states. A generic observation in all samples is
a gradual reduction of the activation energy at constant voltage upon
cooling below about 50 K (Fig. 7.13 and Fig. 7.14). If this would be
caused by self-heating of the crystal, it would correspond to a temperature
increase by as much as several degrees Kelvin. However, we rule out
self-heating from the temperature monitoring at the crystal/electrode
interface. In addition, flatting of the Arrhenius plot occurs at power
densities on the order of 105 Wm−3 at 25 K which is orders of magnitude
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below the threshold that we have experimentally determined to cause
heating by about 10 mK (Fig. 3.3).
This behavior can be explained by the fact that states in the band tail
are mobile, rather than localized, together with the sharpening of the
Fermi-Dirac distribution causing a change in the occupation of states.
We present such a model calculation in the following: For a DOS with
temperature-dependent band tail (Fig. 7.15(a)), we calculated the density
of occupied states for two different positions of EF at temperatures of 300 K
and 100 K (Fig. 7.15(b)). At high temperatures, states at the band edge
dominate the density of occupied states. Upon cooling the fraction of
occupied states around EF increases considerably compared to the region
at band edge due to the sharpening of the Fermi-Dirac distribution. Thus,
the contribution of conducting tail states to the transport of charge does
only become important at low temperatures.
The observation of significant conductivity even at the lowest
temperatures, clearly indicates the presence of conducting states in the
immediate vicinity of EF . The energy window of about 1 meV at 5 K is
much narrower than the width of the band tail. From the experiment we
know that EF for voltages between 10 V to 20 V is approximately between
0.1 eV to 0.05 eV away from the transport level, that is, the energy that
dominates the charge transport. These measurements therefore lead us
to the key insight that tail states are mobile states.
The model calculations support this argument: We calculated the
density of mobile charge carriers as function of temperature (Fig. 7.16) for
various positions of EF and four different positions of the mobility edge,
indicated as (a), (b), (c), and (d) in Fig. 7.15(a). If the mobility edge is
located at the band edge (a), the activation energy for a given EF remains
essentially temperature-independent. However, if the mobility edge is
located deeper in the tail, the Arrhenius plot becomes flatter for EF close
to the mobility edge.

7.4

Conclusions

In conclusion, we carried out space-charge limited current measurements
on molecular semiconductor crystals from room temperature to 5 K.
This has been facilitated by high quality rubrene crystals and a novel
method to apply electrical contacts to organic crystals based on flexible
parylene sheets. We have expanded traditional analysis methods to
determine the density of states by a full device simulation based on
first principle electrodynamic transport equations allowing to implement
recent experimental and theoretical findings. By comparing measured
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Figure 7.14: At high temperatures an Arrhenius-like behavior is observed.
However, the Arrhenius plots begins to flatten while approaching temperatures
below about 50 K.

and simulated IV-characteristic, we found experimental evidence for
intrinsic temperature-dependent tail states that originate from dynamic
off-diagonal disorder.
The temperature-behavior of the activation
energy at lowest temperatures indicate that these tail states are mobile
states. These results contribute an essential ingredient to understand the
electronic structure and processes in van der Waals-bonded materials.
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Figure 7.16: Density of mobile charge carrier density calculated for four different
mobility edge positions and various positions of EF in the DOS shown in
Fig. 7.15(a). If the mobility edge is at the band edge (a), the Arrhenius plot
is straight. For mobility edge positions further away from the band edge, that is,
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8
Conclusions and Outlook
To satisfy the demands of a wide range of envisioned organic
semiconductor applications, materials performance and stability need
to be pushed to the next level. Unfortunately, there is still a lot of
controversy over the accurate description of charge transport in van der
Waals bonded high mobility semiconductors. Fundamental research on
molecular crystals with high purity and low structural defect density
can contribute to the development of a more comprehensive picture of
the underlying electronic processes which would allow to deduce more
precise guidelines for material chemists to synthesize the next generation
of compounds with optimized properties.
Beyond that, fundamental questions regarding the electronic structure
of organic semiconductors remain to be answered. A significant fraction
of electronic states arise from inter- and intramolecular interactions
inherent to this class of material. Organic crystals, in particular, offer
the opportunity to study these processes contributing to a deeper
understanding of van der Waals bonded materials in general.
Contributions. To address some of the outstanding questions, we have
made the following three main contributions:
We identified the exposure time of gold source and drain electrodes
to air as a key parameter determining the contact resistance to rubrene
crystals. The contact resistance could be reduced by more than two
orders of magnitude to a few kΩcm by exposing the electrodes for at
least five hours to ambient air. Rubrene with benchmark high hole
mobilities is particularly interesting to study fundamental electronic and
optoelectronic characteristics of molecular semiconductors. Thus, it is of
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interest to a broad audience to understand and to avoid parasitic contact
resistances as this may mask intrinsic material-related properties as we
have shown for the field-effect mobility. If the contact resistance exceeds
the channel resistance, the apparent mobility decreases roughly inverse
proportional to the contact resistance. We showed that widely adapted
four-terminal measurements do not allow to determine the intrinsic fieldeffect mobility in contact-limited transistors.
Given the need to understand the origin of trap states in organic
semiconductors, we investigated deliberately induced breaking of
carbon-hydrogen bonds in rubrene. This “modification” of the crystal
creates electronic trap states with a trap depth of about 0.35 eV above
the valence band edge. The experiments also showed that trap healing
is possible by hydrogen reattachment. Within the radiation dose range
explored in this study investigations on electronic and optical properties
of rubrene at defined additional defect densities are possible.
Finally, we found evidence for a temperature-dependent tail of
states beyond the valence band edge. Considerable molecular motion,
inherent to all van der Waals bonded materials, leads to a modulation
of the intermolecular orbital overlap (off-diagonal disorder) which
perturbs the translational symmetry of the crystal. The analysis of low
temperature SCLC measurements in the traditional analytical fashion
yielded the essential input to a full numerical device simulation based
on fundamental electrodynamic transport equations. We found for
rubrene a characteristic temperature-dependent tail steepness in close
agreement to molecular dynamics simulations of polyacenes. Our
results reveal an essential link between thermal molecular motion and
macroscopic transport characteristic which will foster the development a
more comprehensive description of the charge transport physics in van
der Waals bonded materials.
Possible future studies. In recent years, significant progress has
been made towards a more consistent description of the charge carrier
dynamics in high mobility semiconductors. Our quantitative results of
the spectral trap density upon static and dynamic disorder contribute
an important ingredient. Including the results from other studies,
electronic off-diagonal disorder due to fluctuations in relative molecular
positions and orientations seems to be one of the primary limiting factors
preventing full charge carrier delocalization and high mobilities. We
quantified the impact of off-diagonal disorder on the extent of the band
tail in rubrene. Further similar studies with molecules beyond polyacenes
would be desirable to deepen the knowledge on the extent of nonlocal
electron-phonon coupling and the temperature-dependence of the band
tail. These studies might be backed by molecular dynamics simulations
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to evaluate the accuracy of current charge transport models for various
molecules. These investigations could narrow down the number of
potential molecular structures that efficiently suppress lattice vibrations,
yet providing a large intermolecular orbital overlap for high charge carrier
mobilities.
Hydrostatic pressure applied to organic crystals is an effective
way to suppress thermal molecular motion. Combined with SCLC
measurements it could provide a way to study the relationship between
molecular motion, band tail broadening, and band tail steepness at
various temperatures in more detail. Beyond electronic transport
measurements, photoemission spectroscopy (PES) measurements were
used to determine the band width of organic crystals at room
temperature [41, 42, 43]. Computational studies indicate that in van der
Waals bonded materials electronic bands are substantially broadened as a
consequence of thermal motion of the molecules [50]. Therefore, it would
be highly desirable to perform PES measurements at lower temperatures
and to study the band dispersion and tail steepness as a function of
temperature.
Efficient charge injection layers tailored to meet the requirements of
a specific combination of organic semiconductor and metal electrodes
are highly desirable for research purposes as well as for commercial
applications. Indeed, the charge injection mechanism remains still
very elusive and investigations on semiconductor/electrode interfacial
properties and interactions are needed. We showed that pure metal
electrodes are not necessarily the best choice to obtain a low contact
resistance to the organic semiconductor. Self-assembled monolayers
(SAM) can be applied on metal electrodes in a controlled fashion and
are worthwile to investigate to further reduce the contact resistance,
especially in view of a lack of stable low work function materials needed
inject electrons into the semiconductor.
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