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Abstract

The field of Organic Electronics has grown rapidly in recent years, mainly due to the
perspective of fabricating electronic devices on large, flexible substrates at low cost. In this
chapter, a comprehensive introduction is given to this field of research and to the organic
semiconducting materials that are at its basis. Important technological aspects, as well as
various scientific characteristics, will be discussed, highlighting the interesting position of the
field. Finally, the motivation for this work and the outline of this thesis will be presented.
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1.1 Introduction

Organic semiconductors are at the basis of the new and broad field of Organic Electronics
(or Plastic Electronics). Simply said, organic semiconductors are materials formed by
organic molecules that have semiconducting properties. In the field of organic chemistry, a
molecule is defined as a group of atoms in a relatively fixed arrangement, which are bonded
by strong covalent bonds. Organic molecules are primarily constructed of carbon (C) and
hydrogen (H) atoms, but often contain also nitrogen (N), oxygen (O), sulfur (S) or
selenium (Se) atoms. The unique properties of these organic semiconducting materials lead
to a number of advantages, which is expected to result in a large variety of new commercial
applications. In fact, the field of organic electronics is entering its commercial phase at the
moment and the first organic electronic products can be found in the stores nowadays.

In this chapter, an introduction to the field of organic electronics is given. The advantages
and disadvantages of organic semiconductors with respect to the mainstream silicon semi-
conductor technology will be discussed first in paragraph 1.2. In the next paragraph, 1.3, the
industrial relevance of organic electronics will be discussed and illustrated by some present
and future applications. Paragraph 1.4 offers a quite extensive historic overview on the
development and major scientific breakthroughs of the organic electronic research domain.
Paragraph 1.5 introduces the organic semiconducting materials. Distinction is made between
the two main categories of organic semiconductors: polymers and small molecules; and
between the various deposition techniques typically applied to the two material groups. The
mechanism of electrical conductivity in organic semiconductors will be discussed in
section 1.6. The influence of this mechanism on the charge carrier transport properties will
be pointed out, and the main charge carrier models will be introduced. Finally, in
paragraph 1.7, the motivation for this work and the outline of this thesis will be presented.

1.2 Why Organic Electronics?

The starting point of the developing field of organic electronics is the use of organic
semiconductors as the basis for electronic devices. In organic electronics, one or more of the
inorganic components in an electronic device are replaced by organic materials, eventually
leading to all-organic devices. First of all, electronics based on organic semiconductors is by
no means expected to replace the inorganic semiconductor technology that is widely used
today. Nowadays, it is quite clear that organic semiconductors cannot challenge the high
performance of the mainstream inorganic (silicon) semiconductors. This is illustrated in
figure 1.1, where the charge carrier mobility is presented for both state-of-the-art inorganic
and organic field effect transistors (e.g. the mobility p is a measure of how easily charge
carriers can move in a particular material). The field of organic electronics is therefore not
considered as a competitor to the mainstream inorganic semiconductor technology.

Instead, organic electronics is aiming at complementary applications where it can benefit
from its own key properties. The three key properties of organic semiconductors are:
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Organic semiconductors can be processed at low temperatures. Bonding between the
organic molecules is generally weak. Because no strong bonds need to be broken or
reformed, organic semiconductors can be manipulated using a small energetic input.
Organic molecules have no dangling bonds and posses semiconducting properties on the
molecular level.

A large variety of organic semiconductors can be synthesized, and their physical
properties can be ‘chemically tailored’.

These three points are the key enablers to the appealing properties of organic electronics:

Due to the lack of dangling bonds in the molecules, thin films of organic semiconductors
can be deposited on a large variety of substrates. The inherent properties of the
molecules are hereby preserved, and no epitaxial templating is required to achieve at
least some semiconducting properties.

Thanks to the low thermal budget required, organic semiconductors can be
deposited at room temperature (or only slightly above) on substrates that cannot
withstand high temperatures, like flexible substrates such as paper and (polymer) foils,
and on other active organic electronic devices. Besides that, mismatches due to thermal
expansion differences are relatively unimportant at low-temperature processing.

The possibility to process on flexible substrates enables manufacturing on large-area
substrates, in a reel-to-reel manner with a high-volume throughput. Vacuum deposition
techniques traditionally used in inorganic semiconductor processing can be replaced by
printing-based techniques (e.g. screen printing, microcontact printing, inkjet printing),
stamping or low-vacuum deposition methods, such as organic vapor phase deposition
(OVPD). The ease of fabrication by the absence of high temperatures and vacuum,
combined with a high-volume throughput, makes this a potentially low-cost technology.
A wide range of the properties of organic materials, such as solubility in different
solvents or the color of light-emission, can be fine-tuned via chemical synthesis to meet
the requirements of specific applications. Organic semiconductors promise far superior
possibilities for chemical tailoring of the physical properties (e.g. crystal structure,
bandgap, molecular overlap) than is presently possible with inorganic semiconductors.

Due to a combination of these unique properties, organic electronic devices will be used in
various applications coexisting with inorganic electronics.
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Obviously, organic electronics also have some shortcomings and drawbacks. The weak
bonding and ease of manipulation of organic semiconductors often comes at a price of a
lower total performance. It also means that the structure and properties of organic semi-
conductor thin films can be easily disrupted.

More general, there is still a mismatch between the performance of p-type and n-type
organic transistors, which limits the fabrication of complementary devices and circuits.
Especially, but not limited to, n-type organic semiconductors suffer from a lack of stability in
ambient conditions. Another important aspect is the possibility of device downscaling, which
is for organic semiconductors not yet as reliable as it is for inorganic devices.

As can be seen in figure 1.1, organic electronics can compete nowadays with the
hydrogenated amorphous silicon (a-Si:H) technology. However, these amorphous silicon thin
film transistors, functioning as pixel drivers, already dominate the display market, which
makes it difficult for a new technology to penetrate this market. So far, industrial acceptance
of organic electronics has been limited, with organic light-emitting diodes (OLEDs) being the
exception to the rule (see paragraph 1.3.2). One of the primary goals of the research
community is therefore the development of applications that uniquely exploit the key
properties of organic semiconductors.

1.3 Technological Applications

As introduced in the previous paragraph, the research effort in the field of organic
electronics is almost completely based on the perspective of processing on large, flexible
substrates at a low cost. This point of view is reflected by the fact that most applications
mentioned in literature are explicitly based on at least one of the key properties of organic
semiconductors. Many organic materials are currently being investigated and used in
applications such as organic field-effect transistors #, organic light-emitting devices &4,
organic photovoltaic cells ®® and organic non-volatile memories . This section gives
a comprehensive overview of the three organic electronic devices mostly investigated
(see figure 1.2), and of the corresponding end products closest to commercialization.

1.3.1  Organic thin film transistors: display circuits and RFIDs

Organic field-effect transistors (OFETs) are now routinely made using organic semi-
conductors ®9, Organic thin film transistors (OTFTs) generated a high level of interest the last
decade and are ready to enter the commercial phase™. Two main applications that are often
quoted with respect to OTFTs are the passive radio frequency identification (RFID) tags and
the backplane driving circuitry for active matrix displays . Besides these two applications,
use of organic transistors for sensing applications is also receiving a lot of interest 2.

In short, a transistor is a three-terminal device that effectively acts as a switch (see
figure 1.2A), and transistors are basic building blocks for integrated circuitry. When a bias is
applied to the gate electrode, charges accumulate capacitively at the organic semiconductor
—dielectric interface. This, in turn, creates a channel in which holes or electrons (depending
on the nature of the organic semiconductor and contacts, and the bias applied) transport
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Figure 1.2 Different types and working principles of organic semiconductor devices are shown.
A) Organic field-effect transistor (OFET). B) Organic light-emitting diode (OLED). C) Organic photo-
voltaic cell (OPV).

between the source and drain electrodes. It is thus the gate electrode that controls the
switching of the device between its on and off states.

Currently, organic transistors are most promising in display applications, as the
performance of OTFTs is now acceptable for many display driving circuitry. Using an organic
transistor to drive an organic light-emitting diode display is very attractive in reducing
production costs, but mostly in the quest to fabricate the ultimate goal of organic
electronics: a complete organic flexible and rollable display.

RFID tags are widely used nowadays, especially in the retail sector. RFID technology uses
wireless radio communication to uniquely identify objects or people. Although state-of-the-
art RFID tags are fabricated in a cheap inorganic technology, they are still far too expensive
for item-level tagging (e.g. attaching a tag to every single item in a warehouse). Utilization
of organic transistor circuitry in RFID technology is expected to reduce the production costs
dramatically (e.g. by using inexpensive printing methods), so efficient item-level tagging can
be introduced (see figure 1.3A). However, compared to OTFTs, RFID tags and logic
applications are staying behind, as adoption of standards, integration and high-frequency
operation are current hurdles to commercialization "%,

1.3.2  Organic light emitting diodes: displays and lighting

Many organic semiconductors offer appealing optoelectronic properties, which can be applied
by organic light-emitting diodes (OLEDs) in displays and ambient solid-state lighting"*l. OLED
technology is at the moment the most advanced organic electronic device platform and the
technology has shifted from the research and development phase to the scale-up phase ",

Organic LEDs operate through injection of charge carriers from opposite contacts
(i.e. hole injection from the anode and electron injection from the cathode), electron-hole
capture within the bulk of the organic semiconductor film to form bound excitons, and
subsequent radiative emission from those excitons (see figure 1.2B). The charge injection
requires low energy barriers at the metal—organic interfaces for both contacts to inject equal
amounts of electrons and holes, which is required for a balanced charge carrier flow.
Although many simple diode structures function as OLEDs, one typical approach to achieve a
balanced charge carrier flow is using a hetero-layered structure: a combination of hole
transport layers (HTL), electron transport layers (ETL) and emission layers (EML).

11
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Figure 1.3 A) Sample of the first printed polymer RFID tag (13.56 MHz) and mile-long printed logic
circuits for RFID tags, and B) OLEDs for solid-state lighting. Copyright pictures: PolyIC, Philips.

In the display field, OLED technology can compete with liquid-crystal and plasma displays.
The technology offers unique attributes, such as ultra-brilliant colors and low-power
consumption, in addition to a wide viewing angle and a thin display.

More recently, solid-state lighting has been gaining interest (see figure 1.3B), mostly due
to the improved efficiency of white OLEDs. OLED light sources are fully dimmable, diffuse and
many colors can be realized on a large area. Thanks to the ability of processing OLEDs on
flexible foils, the light source can be thin, flat and lightweight, while leaving the freedom to
design panels in any shape; especially the architectural and display sectors represent
potentially huge opportunities for new product designs. Device lifetimes, color shifts, and
deep blue electroluminescence, however, remain challenges to be solved before these devices
become common in the market ™.

1.3.3  Organic photovoltaics: solar cells

Another device application of organic semiconductors is in organic photovoltaics (OPV) 4,
These devices, also called organic solar cells, how emerge as a major area of interest”,

OPVs operate on the reverse principle to OLEDs (see figure 1.2C). These devices are
diode structures, typically comprising both an electron donor light-absorbing semiconductor
and an electron acceptor semiconductor. Working principle is making the energy difference
between the valence and conduction band levels across the interfacial heterojunction
sufficiently large, so that the energy advantage of separating electrons and holes outweighs
the binding energy of electron and hole in an exciton. Systems constructed as abrupt
bilayer hetero-junctions are relatively inefficient, because photogenerated excitons must
reach the junction interface to ionize (e.g. the exciton diffusion length is ~10 nm). Efficient
OPV systems use the distributed or bulk heterojunction concept of blending donor and
acceptor in one layer.

Typical reported OPV efficiency is about 3-5%, well below efficiencies routinely obtained
with inorganic solar cells (14-17%). However, expected benefits like cheap production and
the use of flexible substrates drive the research on OPVs. Many of the organic materials
investigated today are sensitive to air and moisture, and some even tend to degrade under
illumination, which is quite undesirable for a solar cell. Current technical challenges, besides
increasing the efficiency, are therefore increasing the device stability and lifetime ™.

12
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1.4 Historical Overview

The field of organic electronics is rather new: the main scientific breakthroughs in the field
were achieved only at the end of the eighties. Academic and industrial interest slowly
increased during the nineties; however, the major boost in research took place at the
beginning of the new millennium, as can be seen in figure 1.4.

The beginning of the field is mostly marked by the discovery of electrical conductivity in
doped polyacetylene in 1977 by Heeger, Shirakawa, MacDiarmid and co-workers™), for which
they were given the Nobel Prize in Chemistry in 2000 “for the discovery and development of
conductive polymers”t®. They found that oxidation with chlorine, bromine or iodine vapor
made polyacetylene films up to 109 times more conductive than without doping the
polymer film ™, This Nobel Prize is surrounded with some controversy, as early work by
McGinness, Corry and Proctor on conducting melamine from 19748, and much earlier work
on electrical conduction in polypyrrole by Bolto, McNeill and Weiss in 1963 ¥, were in
principle similar discoveries.

If we broaden the spectrum and, besides the polymer systems mentioned so far, also
include studies on electrical conductivity in small organic molecular systems, even more early
work should be given credit. Already in 1948, Eley studied the conductivity of metal-free and
copper phthalocyanine crystals™. Heilmeier and Zanoni performed field-effect measurements
on copper phthalocyanine (CuPc) thin films in 196474, In 1970, Barbe and Westgate showed
the influence of the atmosphere (e.g. vacuum, hydrogen and oxygen ambient) on the field-
effect properties of metal-free phthalocyanine single-crystals . Research on the electrical
conductivity in acene systems started the same year, when Williams and Schadt investigated
the current-voltage characteristics of doped and undoped anthracene crystals®*, followed by
the discovery of field-effect properties in anthracene crystals a year later by Bauser und
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Pernisz 1, Electroluminescence of these anthracene crystals had already been demonstrated
in 1963, by Pope et al. ™!

Research in the field continued slowly in the beginning of the eighties. In 1983, metal—
insulator—semiconductor diodes with undoped poly-acetylene as organic semiconductor were
fabricated by Ebisawa, Kurokawa and Nara ™, and Partridge showed electroluminescence
from polyvinylcarbazole films . Kudo et al. performed field-effect measurements on
organic dye films (merocyanine) in 1984 %, Benchmark studies by Karl and co-workers
in 1985 reported very high electron and hole mobilities in ultrapure naphthalene single-
crystals, measured by time-of-flight spectroscopy (see figure 1.5 and paragraph 2.6.1) 3,

Major breakthroughs were achieved in 1986 and 1987, giving an enormous boost to
research on electrical devices based on an active organic semiconducting layer. First, Tang
reported an organic heterojunction solar cell, fabricated with two thin layers of phthalo-
cyanine and a perylene tetracarboxylic derivative Y. Second, Tsumura, Koezuka and Ando
reported the first organic field-effect transistor (based on polythiophene) with a significant
current gain®>®1, And third, Tang and VanSlyke ¥ reported the appearance of organic light-
emitting materials (Alg; and diamine). These three studies demonstrated the possibility of
fabricating organic field-effect transistors, organic light-emitting devices and organic solar
cells, based on cheap materials and inexpensive production methods. New technological
applications became feasible, as flexibility, transparency and large-area production could also
be easily incorporated.

Increasing research efforts led in 1989 to the fabrication of the first metal —insulator—
semiconductor field-effect transistor with an active conjugated oligomer (a-sexithienyl) as
semiconductor by Horowitz et al.™, to the first appearance of light-emitting diodes based on
conjugated polymers by Burroughes et al. in 1990 2% and to the first n-type organic thin
film transistor with tetracyanoquinodimethane (TCNQ) as active material by Brown et al. in
199457, In 1992, pentacene entered the field, being applied in organic thin film transistors
by Horowitz et al.®®. The highest values of the field-effect mobility in this period were in the
range of 104-103 cm?/Vs. Large steps were made the next years, as the first organic
integrated circuits were reported by Brown and co-workers in 199559, and in 1997 the
1 cm2/Vs charge carrier mobility barrier was broken by Lin et al. . Their pentacene-based
thin film transistors, with the SiO, dielectric pre-treated with a self-assembled monolayer
(SAM), showed that organic thin film transistors can compete with the inorganic amorphous
silicon thin film transistor technology. This report boosted research on organic transistors; the
mobility has been gradually increasing after this improvement and many organic transistors
with high mobilities (>1 cm?2/Vs) have been demonstrated since.

In 2000-2002, attention to organic electronics and acene chemistry was at an all-time high,
due to claims of superconductivity in anthracene, tetracene and pentacene single-crystals ™!
and polythiophene thin films “¥, and lasing in tetracene single-crystals . Also several
‘record-breaking’ results on ambipolar pentacene single-crystal field-effect transistors with
extremely high mobility for both holes (up to 1200 cm?/Vs) and electrons (up to 320 cm2/Vs)
were presented "1, In 2002, the reputation of the organic electronics field suffered much

14
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Figure 1.6 Examples of organic electronics applications available on the consumer market;
A) the Philishave Sensotec 8894 B) the Polymer Vision Readius; C) the Samsung Google Nexus S; and
D) the LG EL9500 OLED television. Pictures copyright: Philips, Polymer Vision, Google and LG Display.

damage, as a large scientific fraud by Schén was made public. Most of his Science, Nature
and Physical Review papers were retracted (see [46] for an extended list), as a result of an
independent investigation conducted at Bell Laboratories. The co-authors of these articles
were all rehabilitated, however, and are still among the major scientific players in the field.

The first commercial application of organic electronics was brought to the consumer market
by Philips in 2002, as the Philishave Sensotec 8894 (the ‘James Bond shaver’, due to its
sponsored appearance in ‘Die another day’) contained a polymer light-emitting diode display
(see figure 1.6A) ", Meanwhile, the performance of pentacene transistors was improved by
Klauk and co-workers using a polymer dielectric material as gate ™. Most importantly, besides
the high mobility of 3 cm2/Vs, they achieved a low threshold voltage (<10 V) and a large
current on/off ratio of 105.

The last years, more organic electronic applications show up in the stores. At the end of
2007, Sony launched in Japan the 11 inch XEL-1, the first commercially available
television with an OLED display, which is 3 mm thick and has a 178° viewing angle 1%,
In 2008, Polymer Vision started marketing the Readius, the first commercially available eBook
pocket reader, with a 5 inch rollable display based on a 16-grayscale E-Ink electrophoretic
imaging film (see figure 1.6B) Y. Active-matrix OLED (AMOLED) displays are at the moment
frequently applied in mobile smartphones (see figure 1.6C). In may 2010, LG Display
introduced the 15 inch EL9500 OLED television to the European consumer market (see
figure 1.6D) and is expected to start producing 30 inch OLED-TV panels in 2012.

To conclude this historic overview, the current record charge carrier mobilities will be given,
showing the present benchmarks. In 2004, Sundar et al. laminated an elastomeric transistor
stamp against the surface of a rubrene single-crystal and measured mobilities up to
15 cm2/Vs ™, The same year, Jurchescu et al. reported a hole mobility of 35 cm2/Vs at room
temperature for pentacene single-crystals grown from double-purified powder . In 2006,
Lee et al. reported a hole mobility of 5 cm?/Vs in pentacene thin film transistors ®. Finally,
Takeya et al.™ reported a hole mobility of 40 cm?/Vs at room temperature for purified
rubrene single-crystal transistors laminated on a SAM-modified SiO, gate insulator.
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1.5 Organic Semiconductors

To organize the broad amount of organic compounds that have semiconducting properties,
one can divide them in separate classes depending on specific properties. The first main
distinction normally made is between polymers and small molecules. Another option is to
discern between p-type and n-type semiconducting materials.

1.5.1  Polymers vs. small molecules

Two main classes of organic semiconducting materials can be discerned. On one side, there
are the polymer semiconductors; on the other hand, there are the low-molecular weight
organic materials or small molecules. An important difference between the two classes of
materials is the way they can be processed to form thin films. The choice for either one of
the two material classes has major implications on the deposition techniques available for the
fabrication of devices and applications.

One category of organic semiconductors are the polymer semiconductors. Polymers
consist of long organic molecules, of which the chain length (and thus the molecular weight)
is not uniquely defined. The semiconducting polymers are typically based on a small group
of functional conjugated monomer units ®®. Examples of polymer semiconductors are poly-
thiophenes and polyvinylenes, both with many variations and different functional side groups
(see [57] for a review). Polymers generally cannot be deposited from the gas phase. By
adding functional side chains to the backbone, the solubility of polymers is enhanced and they
can be deposited from the liquid phase. Examples of processing techniques for polymers from
solution are spin-coating and printing techniques, like inkjet and roll-to-roll.

Small organic semiconducting molecules, that have a well-defined molecular structure and
a low molecular weight, comprise the other main category of organic semiconductors. This
class of materials is often classified as oligomers. Examples of small organic semiconducting
molecules are the acenes, thiophenes, phthalocyanines, porphyrins, triphenylamines,
fullerenes, naphthalene and perylene diimides, all with many derivatives (see [57] for a
review). In fact, the variety of available small molecules is infinite. Small molecules are
generally not easily soluble in common solvents. Without addition of functional side groups,
they cannot be deposited from the liquid phase. Instead, small molecules are usually
deposited from the gas phase, for example by sublimation or thermal evaporation in a
(ultra)high vacuum chamber, or by organic vapor phase deposition (OVPD) in a moderate
vacuum. Additionally, a number of low-molecular materials can be grown as single-crystals,
which allows the study of (intrinsic) electronic properties on single-crystalline model systems.

1.5.2  p-type vs. n-type

Organic semiconductors are either p-type or n-type semiconductors. It should be noted that
these terms do not have the same meaning for organic semiconductors as they have for
(simple) inorganic semiconductors. In the (simple) inorganic case, p-type and n-type refers
to the type of dopant, and therefore majority carrier, in a semiconductor (i.e. doping with
electron acceptors or donors, respectively). In these materials, both holes and electrons can
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usually be transported reasonably well. In the organic case, conversely, the materials are not
intentionally doped. Often, they only support or strongly favor one type of charge carrier and
are properly referred to as hole or electron transporting. Nevertheless, it is common to refer
to hole transporting materials as p-type and electron transporting materials as n-type, as this
describes their majority carriers and semiconducting behavior***%1, Accordingly, transistors are
classified as p-type transistors or n-type transistors.

In organic semiconductors, p-type conduction is much more common than n-type
conduction (i.e. hole transport is favored in most materials). So far, the electron mobility is in
general considerably lower than the hole mobility. Several factors are the cause of this
asymmetry; one of them is that electrons are much more easily trapped by defects at the
organic — dielectric interface than holes ®. The main reason for the disproportionate
development of n-type transistors versus p-type is the inherent instability of organic anions;
the negatively charged organic molecules react with oxygen and water under operating
conditions, thus resulting in unstable devices®. There are, however, quite some reports on
stable n-type organic semiconductors®®, and also ambipolar organic materials have been
identified (i.e. materials showing both p-type and n-type behavior, dependent on the gate
voltage) &1, Ambipolar transport is expected to be an intrinsic characteristic of organic
semiconductors, meaning that pure undoped organic materials should allow both hole and
electron transport. However, the study of ambipolar transport behavior in these materials is
rather complex in devices due to the easy trapping of electrons by the gate dielectric .

1.6 Charge Transport in Organic Semiconductors

Many organic solids and polymers are perfect insulators and are applied extensively as such
(e.g. plastic insulation of electrical cables). There is, however, also a large number of
organic materials that has semiconductor properties. Charge transport in these organic semi-
conductors differs on several key points from classical inorganic semiconductor charge
transport. This paragraph covers the basics of organic semiconductors and illustrates what
mechanisms allow the transport of charge carriers through the material. Although this
paragraph introduces the charge carrier transport behavior through organic semiconductors
in general, the main focus will be on charge transport through ordered crystalline systems.

1.6.1  Charge transport in organic molecules

The charge transport in organic semiconductors contains two separate processes:
intramolecular transport and intermolecular transport. The intramolecular transport is
feasible as all organic semi-conductors share a common structural feature: the bonding in the
molecule or along the polymer backbone consists of alternating single and double carbon-
carbon bonds. This alternation is termed conjugation, and it is this conjugated nature that
leads to the semi-conducting properties of these organic materials.

Since the electronic properties of organic semiconductors are directly linked to the
electronic structure of an individual molecule, the electronic states of single molecules will be
discussed in some detail first. In each carbon atom, the electrons are divided over states that
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Figure 1.7 Various representations for benzene. Copyright picture: WikiCommons.

are characterized by a wavefunction, described as an orbital, and a discrete energy. For an
isolated carbon atom, the electronic configuration consists of two electrons occupying the
1s orbital, two the 2s orbital and two the 2p orbitals. The core electrons in the 1s orbital are
strongly bound to the atom and are therefore not participating in the formation of chemical
bonds. The outermost electrons, situated in the 2s and 2p orbital, are only loosely bound to
the atom. When carbon atoms bond together in a molecule, a mixing of their 2s and 2p
orbitals occurs, leading to sp-hybridization. For conjugated molecules, the sp2-hybridization
is particularly important. In the sp2-hybridization, three identical in-plane sp? orbitals are
constructed out of the 2s, 2p, and 2p, orbitals; whereas the fourth out-of-plane orbital,
2p,, remains unhybridized. Covalent o-bonds between the atoms are formed by overlapping
sp? orbitals. The 2p, orbitals of neighboring carbon atoms overlap and can form n-bonds.
The combination of a o-bond and a n-bond is referred to as a double bond .,

As is illustrated in figure 1.7A-B for the simple heterocyclic conjugated molecule benzene,
different, but equivalent configurations (i.e. different Kekulé resonance structures) exist for
the alternating single and double bonds. Interchanging the position of the single and double
bonds does not affect the electronic structure. Benzene is a relatively simple example: there
are two clearly defined isomer resonance forms that are equivalent in energy. Larger
molecules have many more resonance forms which lack the symmetry of benzene and some
will be more energetically favorable than others . The electronic structure of an actual
benzene molecule is determined by a linear combination of all the possible resonance
structure 1, This means that in a conjugated system, the n-orbitals are substantially
delocalized over the molecule or along segments of the polymer chain. As a consequence,
the electrons are delocalized as well and form a n-cloud that is shared by all atoms of the
conjugated system (see figure 1.7C-E). This delocalization of electrons in a conjugated
system lowers the overall energy of the molecule and thereby increases its stability. Within
the conjugated part, the electrons can freely move and the mobility along one molecule can
be large ™. The sideways overlap of the 2p, orbitals results in a r-system that is most dense
above and below the plane of the molecule, with a node in the molecular plane. Shortly
summarized, planar conjugated molecules possess clouds of delocalized r-electrons situated
above and below the molecular plane.

As compared to the o-bonds that form the backbone of the molecule, the
n-bonding is significantly weaker. Therefore, the m-electrons involved in the r-bonds are
responsible for many chemical and physical properties of the conjugated molecules. The
lowest energy reactions and electronic excitations of conjugated molecules are the
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n-m* transitions between the highest occupied molecular bonding r-orbital (HOMO) and
lowest unoccupied molecular anti-bonding r*-orbital (LUMO) %,

1.6.2  Intermolecular charge transport

In molecular semiconductors, transport of charge between molecules requires
adequate overlap of the n-orbitals between adjacent molecules. If two conjugated molecules
are brought together, the r-orbitals of both will overlap. The strength of the intermolecular
(van der Waals and quadrupole) interactions determines how close the molecules can
approach each other and this influences the extend of mr-orbital overlap between
neighboring molecules. If molecules are brought together in the solid state, the n-overlap is
greatly affected by the orientation and packing of the molecules.

When the conjugated molecules are put together in a crystal, the overlapping r-orbitals
hybridize together, resulting in broadening of each discrete molecular energy level into an
energy band. The filled HOMO orbitals transform into the HOMO band and the empty LUMO
orbitals into the LUMO band, corresponding to the valence band and conduction band in
inorganic semiconductors, respectively. The energy difference between these bands
corresponds to the bandgap. The energy gap between the HOMO and LUMO band of
organic semiconductors is typically in the range of 1-4 eV, leading to light absorption or
emission in the visible spectral range %,

In an organic molecular crystal, the intermolecular interactions are weak and produce only
small changes in the electronic structure of the individual molecules; the molecules maintain
their ‘identity’ ™. The weak intermolecular interactions directly affect the bandwidth of the
valence and conduction band, which is typically small compared to that of inorganics (e.g. in
the order of 0.3-0.6 eV for acene crystals compared to 10-12 eV for inorganics *7*’2). The
bandwidths for a given crystal, caused by splitting of the energy levels through the inter-
molecular interactions, can be quantified from molecular orbital calculations through the
transfer integral t. Theoretically, the narrow bands limit the intermolecular charge transport
and result in a low mobility (e.g. in the order of 10-5-10! cm2/Vs for organic semi-
conductors vs. 50-500 cm2/Vs in silicon at room temperature) 7. Due to the asymmetric
nature of the organic crystal structure, transfer integrals vary strongly with the
crystallographic directions and often show a large anisotropy .

The weak bonding of the molecules makes the organic crystal sensitive to phonons
(molecular motions like molecular and lattice vibrational modes, rotational modes and
translational modes), photons and impurities . The weak interaction between constituent
molecules in an organic molecular crystal is also responsible for the characteristic
mechanical and elastic properties, such as flexibility, low melting and sublimation
temperatures, and low mechanical strength.

1.6.3  Polaron formation

The intermolecular forces in organic semiconductors are much weaker compared to the
covalent and ionic bonds in simple inorganic semiconductors™. Due to the narrow bandwidth
in organic crystals, the charge carriers are not completely delocalized as happens in simple
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inorganic solids. If a charge carrier is localized, it induces almost spontaneously polarization
effects to the local crystal environment, which relaxes into a new equilibrium state. A
propagating charge carrier carries a polarization cloud and is therefore able to locally distort
its host material. This results in a deformation of the lattice and induces new vibrational
modes in the closest atoms. The charge carrier combined with the accompanying deformed
section of the lattice can be treated as a quasi-particle, called a polaron . Polaron
formation generally reduces the carrier mobility, as the lattice polarization hinders the
movement of the charge . The energy involved in polaron self-exchange (i.e. an electron
delocalized from one polaron and being captured again to form a new polaron) is known as
the reorganization energy A. Single-crystals with a low reorganization energy are expected to
have a high mobility, as is for example calculated for pentacene crystals 7%,

Generally, polarons formed by the localized charge and the accompanying deformation of
the lattice are called Holstein polarons "%, which have a short-range interaction (i.e. in the
order of the lattice parameter). Recently, interplay by charge carriers with the adjacent
dielectric material in field-effect devices is shown to determine the electronic transport
properties in organic molecular crystal transistors (see paragraph 2.6.4) ®4, These quasi-
particles are called Frohlich polarons ®# and consist of a charge carrier bound to an ionic
polarization cloud in the surrounding medium (i.e. the gate dielectric). Fréhlich polarons have
a longer range of interaction compared to the Holstein polarons.

1.6.4  Localization by defect states

The discussion so far on charge transport in organic semiconductors is based on perfect
defect-free organic crystal lattices. The intrinsic properties of the organic molecular crystals
can be disguised by the influence of defects in the crystal, like lattice imperfections or
chemical impurities. Every defect will act as a scattering site for charge carriers, because it
causes a distortion in the ideal periodic lattice potential. However, the effect of a defect on
charge transport is much stronger if it additionally acts as a trapping centre©®,
Imperfections in the lattice distort the intrinsic charge transport in several ways ©”. Point
defect-like vacancies may decrease the polarization energy of the surrounding molecules and
act as carrier scattering centers. Line dislocations lead to the presence of accessible energy
levels in the bandgap of the organic semiconductor, and enable the trapping of carriers. In
addition, line dislocations enhance the chemical reactivity in their vicinity, which may cause
the accumulation of impurities. Planar defects like grain boundaries and amorphous regions
strongly distort the electronic structure and can be considered as a series of carrier trapping
sites. Impurity point defects have a more complicated effect on the charge transport.

E (eV)
LUMO
$
Deep traps Figure 1.8 Schematic diagram of the distribution
of localized electronic states near the HOMO level
Shallow traps in the energy gap between the HOMO and LUMO
HOMO bands in p-type organic single-crystal OFETs.
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Impurities do not commonly act as substitutional dopants (like boron and phosphorous
dopants in silicon), but form interstitial defects and distort the original lattice geometry. In
most devices, impurities are considered as deep traps for charge transport.

Overall, most defects act as traps for electrons, holes or both®”. Each defect introduces
a distribution of traps of varying trap depth energy, E;. Traps close to the HOMO and LUMO
bands of organic semiconductors (viz. traps with E; within several hundreds of meVs of the
bands) are of special interest, as carriers captured there have the potential to be released
into the bands by external energy. Especially defects that induce one or more energy levels
in the bandgap are relevant, as a passing charge carrier prefers to occupy this lower energy
state, and the trap localizes the charge carrier at its site™. These traps generally have depths
less than 100 meV (a few kgT) from the band edge and are recognized as shallow traps.
Correspondingly, traps with an activation energy larger than 100 meV from the band edge
are tagged as deep traps (see figure 1.8). The common concept for deep and shallow traps
is that they limit charge transport by localization of charge carriers™.. The influence of defects
can be neutralized by increasing the charge carrier density; when a trap is filled with a charge
carrier, it cannot trap another carrier and has thus become ineffective.

1.6.5  Charge transport models: band-like vs. hopping transport

Along with the increased understanding of the interaction between molecules, polarons in
organic semiconductors, and the influence caused by defects, several charge transport
models have been proposed. In general, one can distinguish between two main charge
transport mechanism models: band-like transport and hopping transport.

The simplest model is the band-like transport model, which is directly duplicated from
inorganic semiconductor models. In this model, free charge carriers are treated as
completely delocalized wavefunctions in the bands of a perfect crystal (see figure 1.9A). As
the temperature increases, the lattice vibrations (phonons) are more pronounced and will
introduce extra potential barriers in the band that cause scattering of the charge carriers, and
thus limit the mobility. As a result, the charge carrier mobility p for band-like transport
decreases with increasing temperature T as poc T-h ", Band-like transport in organic
materials is only expected for highly ordered systems like single-crystals, when the mean free
path of the carrier exceeds the intermolecular distance 7. In literature, various models that
describe band transport in organic molecular crystals can be found ®°4,

Charge localized

A B by defects
Delocalized ch or disorder
elocalized charge
N\ /
Lattice vibration
_—
Scattered charge Lattice vibration
~

Figure 1.9 Charge transport models: A) band-like transport model and charge carrier scattering by a
phonon, and B) hopping transport model with the influence of phonon and crystal defects.
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Compared to the band-like transport model, the hopping transport model places
emphasis on the localization of charge carriers, which is typical for disordered materials such
as organic thin films (both polymer and small molecular). In this model, the charge carriers
are no longer considered as wavefunctions; instead, they are considered as particles
localized on individual molecules or defects (see figure 1.9B). Transport occurs via hopping
of charges between localized molecular states and strongly depends on parameters like
temperature, electric field, grain boundaries, traps present in the material and the carrier
concentration®. An external energy (e.g. thermal, optical, and electrical energy) is required
to assist the charge carriers to overcome the potential barrier for hopping to another site.
Thus, hopping transport can be thermally activated and the mobility y increases with
increasing temperature as poc exp (Exct/ kgT), With Epg the activation energy and kg the
Boltzmann constant. Various models that describe hopping transport in disordered organic
semi-conducting materials can be found in literature >,

The mobility in band-like transport models is considerably larger than 1 cm?/Vs at room
temperature, while hopping transport commonly yields lower mobility values. In practice, the
transport regime of carriers in organic molecular crystals is in the crossover regime between
band-like transport and hopping transport, as they have mobilities around 1 cm2/Vs, and is
controlled by a combination of both transport mechanisms. The charge transport in organic
crystals can be explained by the multiple trap-and-release (MTR) model *% , in which the
influence of crystal defects are treated as trap states located in the band gap. In the MTR
model, each charge carrier spends a limited amount of time inside a trap before it can be
activated. Once the carrier is released, it moves freely in the band until being captured by
another trap. Again, the mobility has an exponential relationship with temperature, since the
time of trapping is directly affected by the thermal activation energy. A comparable approach
is not focusing on the motion of individual carriers, but assumes that a large portion of the
total carriers is permanently trapped while the rest are moving along the band *%.

For polymers and other amorphous organic semiconductors, that generally have a
mobility several orders of magnitude lower than 1 cm2/Vs, charge transport is governed by
the hopping process. Here, a carrier can either hop over a short distance trap site with a high
activation energy, or hop over a long distance trap site with a low activation energy; a process
that can be described by the variable-range hopping (VRH) model ®3. Again, an Arrhenius-like
temperature dependent mobility is obtained in the VRH charge transport model.

1.7 Outline of this Thesis

The objective of the work described in this thesis is “to fabricate high-quality organic
molecular single-crystal devices”. To achieve this objective, the fabrication of complete field-
effect transistor devices, by direct deposition of metal contacts and an oxide dielectric on the
surface of organic single-crystals, without destroying the interfaces, is selected as main
approach. In this paragraph, the outline of this thesis is presented and the research described
in the following chapters to achieve the objective is introduced and placed in perspective.
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In the first chapter, a general introduction to the field of Organic Electronics and the organic
semiconducting materials that are at its basis is given. This field of research has grown
rapidly in the recent years, mainly due to the perspective of fabricating electronic devices on
large, flexible substrates at a low cost. For the manufacturing of organic electronic devices,
working with thin films is the most attractive. However, the imperfections in the thin film
structure and the polycrystalline orientation limit the study of the intrinsic properties of these
materials. The best approach to investigate the intrinsic electronic properties and explore the
physical limitations of organic semiconductors is therefore the study of single-crystalline
systems, which is best illustrated by the improved performance of the organic single-crystal
field-effect transistors developed the last couple of years. For that reason, chapter 2 will carry
on with a more in-depth analysis on the fundamentals of organic molecular crystal devices.
The basic aspects and the growth of organic single-crystals, and the methods currently used
to fabricate high-quality devices will be discussed. The chapter continues with a review on
the typical single-crystal device characteristics found in literature.

Fabrication of high-quality organic single-crystal devices demands a high control on the
applied manufacturing techniques. In this thesis, the main used fabrication technique is
pulsed laser deposition (PLD) at room temperature, in combination with (quasi-dynamic)
patterning through stencils that function as shadow mask. The basic concepts of PLD that are
of interest when combined with stencil patterning are described in chapter 3. The analytical
tools to obtain information on the electrical properties, structure, composition and
morphology of the substrate, the deposited films and patterns, and fabricated devices are
introduced as well. Special focus is on the electrical characterization of the organic
molecular crystal devices in a nano probing system.

Pentacene, the benchmark material studied in this work, is by far the most popular
organic semiconductor used in the fabrication of organic field-effect transistors for organic
electronic applications. In chapter 4, the crystal structure, growth mechanism, geometry and
surface morphology of vapor-grown pentacene single-crystals will be explored, as these
organic crystals function as substrate in the fabrication of devices in the upcoming chapters.

Chapter 5 will emphasize on the stability of pentacene single-crystals towards oxidation,
as oxidation degradation is believed to be one of the major reasons for a reduced
performance and early device failure. The most common impurity and oxidation product of
pentacene is 6,13-pentacenequinone. The presence and arrangement of the quinone
impurities in the crystal bulk and on the surface will be examined in this chapter. After that,
the possibilities of obtaining a pentacene crystal surface that is free from oxidation products
(by performing a heating treatment or cleaving the crystal) are investigated, as the quinone
molecules at the conducting interface in a field-effect geometry will form scattering sites,
reduce the mobility and, in a worst case, suppress the field-effect completely.

In order to fabricate complete organic molecular single-crystal field-effect transistors, the
direct deposition of various metals and oxide patterns through a stencil on the surface of
pentacene single-crystals with PLD is investigated in chapter 6. The fabrication of organic
molecular crystal devices by direct deposition is not straightforward and poses a
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technological challenge, as the surface of the fragile organic crystals can be damaged very
easily. Nevertheless, well-controlled interfaces between the organic crystal and the
deposited patterns (that have a well-defined geometry) can be obtained with the direct
deposition approach. By taking several precautions in the PLD process, which basically all
reduce the kinetic energy of the impinging species or reduce build-up of stress during
deposition, low-kinetic energy deposition or 'soft-landing’ of a variety of different materials
can be realized on the surface of the pentacene single-crystals, without mechanical failure of
the deposited patterns or obvious destruction to the fragile organic substrate. To investigate
the diffusion of pulsed-laser deposited species into the pentacene single-crystal lattice, the
patterning of an alkylphosphate self-assembled monolayer is investigated as well, as for this
model system the penetration of ablated species into the organic molecular material can be
easily quantified by performing electrochemical deposition experiments.

In chapter 6, it is also observed that the surface morphology of the underlying pentacene
substrate (i.e. the 1.4 nm high d(001) pentacene terrace steps) is often still noticeable on
top of the deposited patterns (with a thickness up to several tens of nanometers). To explore
this observation further, the research in chapter 7 will focus on the morphology, growth
evolution and dynamic scaling of the surface roughness for pulsed-laser stencil deposited
gold patterns on pentacene single-crystal and silicon oxide substrates.

In chapter 8, the influences of the manufacturing procedure and the heating treatment
on the electrical properties of the pentacene single-crystals will be investigated. For this,
fabricated space-charge-limited current (SCLC) and field-effect transistor (FET) devices are
electrically characterized with a nano probing system. The focus of this chapter is on the
influence of the different deposition parameters (i.e. the ‘hard-landing’ settings versus the
'soft-landing’ settings) on the final electrical properties, and on the influence of performing a
heating treatment on a pentacene crystal before applying the metal contacts.

1.8 Concluding Remarks

In this chapter, an extensive introduction to the field of organic electronics has been given.
The current status of the field, its industrial relevancy and huge potential for
commercialization have been highlighted. Besides that, many aspects that are important for
the upcoming chapters of this thesis have been introduced.
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Abstract

The fundamentals of organic molecular crystal devices are being reviewed in this chapter.
Growth of ultrapure organic single-crystals, fabrication of high-quality single-crystal devices
and their typical device characteristics are all subject of inspection. S
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Chapter 2

2.1 Introduction

In chapter 1, a general introduction to the field of organic electronics has been given.
Chapter 2 will continue reviewing the literature, but its focus is on the fundamentals of a
specific area in the field, nhamely the organic molecular crystal devices.

This chapter starts with a short introduction on organic solid materials in paragraph 2.2,
followed by a description of a special class of the organic solids, namely the organic
molecular single-crystals, in paragraph 2.3. In this paragraph, it will be discussed that
fabrication of (field-effect transistor) devices based on these organic molecular single-crystals
is the best approach for the study of the intrinsic electronic properties and the physical
limitations of organic semi-conducting materials. The various crystal growth techniques
available to obtain ultrapure and high-quality organic single-crystals are listed in
paragraph 2.4. Although the manufacturing of organic single-crystal devices poses some
technological challenges, several approaches have been employed successfully the last
couple of years. An overview of these fabrication methods is presented in paragraph 2.5.
Finally, several properties specifically observed in experiments with organic molecular single-
crystal devices are highlighted in paragraph 2.6.

2.2  Organic Solids

In the field of solid-state physics, focus has traditionally been on metals. The last decades,
inorganic semiconductors, oxide materials, ceramics and superconductors took over the
forefront of interest in basic research and applications of materials science. The last years,
research to another group of materials has greatly increased: the organic solids. Examples of
organic solids are organic molecular crystals (OMCs) of aliphatic or aromatic hydrocarbons,
weak donor-acceptor complex crystals that are non-polar in the ground state, strong donor-
acceptor complex crystals that are polar in the ground state (or charge-transfer crystals),
radical-ion salts, polymer single-crystals and inorganic-organic hybrid crystals.

The fundamental difference between inorganic solids and organic molecular solids is
illustrated in figure 2.1, This figure shows an electronic energy diagram of an individual
atom, a single molecule, a molecular solid and an inorganic solid. As can be seen, an
inorganic solid is constructed directly from a group of atoms. On the other hand, a
molecular solid is an assembly of individual molecules. Every molecule itself is made of
constituent atoms and possesses its own properties. In most molecular solids, the
molecules as such remain intact and have a direct influence on the charge transport through
the material, and thus directly determine the physical properties of the material (see
paragraph 1.6.2).

Most interest is on organic solids which contain conjugated n-systems in their skeletal
structure, as the m-electrons determine the interactions that hold together the molecules in
the solid state and mainly characterize the physical properties of the organic solid. For an
organic solid, when the periodic arrangement of molecules is perfect and extents throughout
the specimen without interruption, the result is an organic molecular single-crystal.
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2.3 Why Organic Molecular Single-Crystal Devices?

In chapter 1, the great interest in organic materials for electronic applications has been
highlighted, as they possess many fundamental advantages over their inorganic counterparts.
Over the past two decades, a large effort in the development of organic thin film transistors
(OTFTs) has resulted in an impressive improvement of the characteristics of these devices,
so that, currently, the best OTFTs have surpassed the widely used amorphous hydrogenated
silicon transistors in performance ™. However, there are several reasons why even the best
OTFTs "may not be appropriate vehicles for illuminating basic mechanisms in organic
materials” 1 and thus cannot be reliably used to investigate the intrinsic electronic
properties and physical limitations of organic semiconductors.

In thin film devices, organic semiconductors are commonly either thermally evaporated or
applied from solution to form an active layer on a pre-patterned substrate. Such thin films
are typically polycrystalline because the crystal growth starts from various nucleation sites on
the substrate surface. Besides that, the performance of the thin film devices is greatly
affected by many aspects of the fabrication procedure, such as surface treatment,
temperature, material purity, device structure, and testing and deposition vacuum
conditions ¢, These fabrication conditions have a large influence on the film growth and
morphology, as can be noticed by a varying crystallinity, different microstructure, and an
altered molecular packing and alignment. Although thin films are more attractive for organic
electronic devices, the imperfections in the film structure and the polycrystalline orientation
limit the study of the intrinsic properties of the material (viz. the properties not limited by
static disorder), as charge transport is hampered by these structural defects and chemical
impurities "%, As a result, reproducibility between labs is low due to the dependence on
fabrication processes and handling environment. Comparison of literature results is difficult,
as results may vary over an order of magnitude, even for devices with the same organic
active layer and fabricated similarly ®l. As a consequence, properties intrinsic to molecular
arrangement, such as electrical anisotropy, can be easily masked by these imperfections.

To study the intrinsic electronic properties and physical limitations of organic semi-
conductors, it is crucial to achieve the highest degree of order and minimize or eliminate
inconsistencies in molecular order and device quality. Such systems would offer the best
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overall performance, and offer an upper limit for the performance of less-ordered films
(making them ideal for screening of novel materials). Only when single-crystalline systems
are used, a correct insight on the interplay between the effects of chemical structure and
molecular orientation on the charge transport process can be accomplished. The study of
devices based on single-crystals of organic semiconductors is therefore needed, similar to the
single-crystal structures of inorganic electronics. Examples of various organic crystals are
presented in figure 2.2. Organic single-crystals typically possess a low defect concentration
and have a high purity. Variation in molecular order is minimized by a significantly reduced
(static) disorder and a near-perfect order over the crystal’s entirety (up to cm’s in size).
Single-crystals are —at the moment— not meant to be incorporated in applications, but serve
as model systems, for which structure-property correlations can be explored.

The best examples illustrating the improved performance of single-crystalline devices are
the organic single-crystal field-effect transistors developed the last couple of yearst**®, Their
significantly reduced disorder enabled to explore the fundamental processes that determine
the operation and reliability of organic electronic devices. These systems provided, for the
first time, the observation of intrinsic transport of field-effect induced charges at organic
surfaces "****1, The charge carrier mobility in these devices is an order of magnitude larger
than that in the best performing organic thin film transistors*. Another example illustrating
the benefits of single-crystalline systems is the rise of rubrene into the field that, since the
discovery of an excellent hole-transport in its single-crystalline form I, received much
attention and is deposited as a thin film as well .

Although the device quality still varies in literature, the reproducibility is high: devices
fabricated in different laboratories exhibit similar characteristics. And despite the fact that
the material performance is ultimately still limited by impurity- and disorder-induced
defects >4 the superior and relatively consistent performance of organic single-crystal
devices reflects their advantages above thin film devices.

2.4 Growth of Organic Single-Crystals

The first step in the fabrication of high-quality organic single-crystal devices is the growth of
ultrapure organic crystals™**734, The crystals can be grown either from the solution-phase or
from the vapor-phase, depending on specific material properties.

Figure 2.2 Examples of various organic molecular crystals under an optical microscope: A) anthracene
(using phase contrast microscopy), B) tetracene, C) anthracene, D) cis-TSDTB (under ultraviolet light),
and E) TCNQ (yellow) and TTF (orange) crystals. Figures with permission from [25-28].
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2.4.1  Solution-phase crystal growth

The simplest method to grow organic crystals is from the solution-phase. In this method,
crystals are obtained by drop-casting a highly concentrated or supersaturated solution of a
soluble organic semiconductor onto a substrate and allowing the solvent to evaporate
slowly, or by dip-coating the substrate into the solution and allowing the crystals to
precipitate from the solution . This approach can be applied for both small molecules® and
polymers ®3, as long as a solvent with appropriate volatility can be found to dissolve the
source material. The solvent can affect the shape and surface smoothness of the grown
crystals, and can sacrifice the crystal quality as some solvent may remain on or inside the
crystal acting as an impurity. Several groups have been successful in rendering insoluble
organic semiconductors soluble, by addition of functional side groups to the aromatic core of
these molecules, although this may compromise the original crystal properties ®**. Also not
irrelevant, many solution-grown crystals are relatively small in size and difficult to handle.
Overall, crystallization from solution usually results in substantially lower field-effect
mobilities compared to crystals grown from the vapor-phase #7.

2.4.2  Physical vapor transport crystal growth

Another method to grow organic crystals is from the vapor-phase. To date, the best results
in field-effect studies have been obtained with the organic single-crystals (e.g. rubrene,
pentacene) grown by the physical vapor transport (PVT) technique. Karl succeeded to grow
centimeter-sized anthracene single-crystals using the PVT method for the first time, in a
vertical set-up P8, After that, Laudise, Kloc and co-workers designed a more convenient
horizontal set-up, in which high-quality single-crystals of oligothiophene, anthracene,
pentacene and copper phthalocyanine were grown ™1, Up to now, most of the high-quality
single-crystals have been grown in PVT set-ups similar to the design of Laudise et al. .

In the physical vapor transport method, the starting material is loaded into the high-
temperature zone of a furnace where sublimation takes place; crystal growth occurs further
along the furnace at a lower temperature, the vaporized material carried there by an inert
transport gas (see figure 2.3) . A PVT furnace typically consists of a quartz tube with a
stabilized temperature profile created along the tube by external heaters (e.g. by
resistive heating of heater coils). Large, high-purity organic crystals can be obtained by the
PVT growth method. The crystals can grow either self-standing (for subsequent manual
manufacturing after harvesting), or directly onto pre-fabricated transistor templates. The
growth process may last anywhere from tens of minutes to several days, depending on the
type of material and the size and shape of crystals desired.

Several factors affect the size, morphology and quality of the PVT-grown organic single-
crystals. Most crystals are shaped as thin platelets or needles, and typically vary in size from
tens of nanometers to several micrometers in thickness, with the longest dimensions
reaching centimeters in platelet-like crystals. Crystal dimensions depend explicitly on the
chemical structure and packing of the organic material; i.e., more specifically on the strength
and symmetry of the intermolecular interactions. Due to the complicated nature of the
organic molecules as well as the weak van der Waals interaction, a common feature for the
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Figure 2.3 Set-up for the growth of organic
270 °C 220 °C crystals via physical vapor transport. The
Temperature gradient | temperature settings correspond to pentacene
Ar gasin Crystal gI’OWth.
= DIV —
[ Purified starting material ‘ | Crystallization area ‘

organic crystals is their low degree of symmetry. This asymmetry plays an important role in
determining the macroscopic shape of the grown single-crystal. Generally, crystals always
tend to grow faster along directions that have the lowest interaction energy, so that the total
energy can be minimized. The ‘easy-grow’ direction depends on the packing and symmetry
of the organic crystals: a needle-shaped crystal is obtained if the molecules are more easily
attached along one direction than the others, whereas platelet-shaped crystals are formed
when two or more directions in the same plane are equally feasible for growth. In practice,
the crystal shape can already be affected by a small difference in growth conditions
(e.g. temperature, pressure, distribution of impurities) and both platelet-like and needle-
shaped crystals have for example been observed in the same growth batch ¥,

Two important parameters that co-determine the speed of crystal growth and affect the
size and quality of PVT-grown crystals are the gas flow and the temperature of the
sublimation zone "2, Increasing the gas flow enhances both the sublimation of the source
material and the transport of the sublimed molecules down the growth tube. This results
in an increased availability of sublimed molecules for a growing crystal, and thus in an
accelerated crystal growth. A few reports suggest that an increased gas flow during crystal
growth leads to two-dimensional, rather than three-dimensional growth, and hence thinner
crystals 621, Increasing the temperature of the sublimation zone accelerates the
sublimation process and crystal growth as well, and is considerably more effective in
reducing the growth time than increasing the gas flow at some given temperature. Increasing
both temperature and/or gas flow too much leads to a lower yield of high-quality crystals, as
the crystal growth zone is pushed further downstream (into the steep temperature gradient
at the end of the furnace tube), where crystal growth occurs very quickly and with little or
no impurity separation “2,

Ultrahigh-purity argon, nitrogen, helium and hydrogen gasses have been used as a
carrier agent. The inert carrier gas should be as pure as possible, as residual water or
oxygen impurities can react with the sublimed molecules ™. The growth process is generally
performed in the dark, as oxygen impurities in the carrier gas will cause photo-oxidation of
most organic molecules ™. Moreover, some organic crystals need to be grown under reduced
pressure to decrease the operating temperature and prevent the source material from
thermally degrading®.. How the transport gas exactly affects the crystal quality is still unclear,
yet an influence on the crystal size is clearly present. For example, tetracene and rubrene
crystals grown in helium were very thin, yet growth in hydrogen or argon yielded rather thick
crystals B4, Then again, others observed no significant change in the growth of tetracene
crystals when switching between argon or a nitrogen-hydrogen gas ™.
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It is worth noting that not all organic semiconducting materials are suitable for PVT crystal
growth. Crystals with a preferred growth along one of the crystalline directions may result in
the formation of entangled wires or ribbons. For materials with a low vapor pressure
(e.g. copper phthalocyanine, some thiophenes), a too high source temperature is generally
required for the crystal growth, and the grown crystals are often too small to handle =,

2.4.3  Other vapor-phase crystal growth techniques

In addition to the PVT crystal growth technique, several other vapor growth methods have
been developed the last years. Most interesting is the vapor-Bridgman growth technique,
which was reported to grow large tetracene crystals for TOF studies ®**%. The conventional
Bridgman technique utilizes growth from the melt; i.e. melting the source material in a
closed glass ampoule and then allowing it to re-crystallize under reduced temperature. This
technique is only suitable for materials that are stable upon melting (e.g. anthracene) and is
inapplicable for most organic semiconductors studied today, due to decomposition upon
melting. In the modified vapor-Bridgman method, the crystal is grown in a sealed ampoule
from saturated vapor instead of the melt state. The starting material is first sublimed inside
the hot zone of the ampoule, and then re-crystallizes at the cold region. The growth front is
controlled by slowly moving the hot zone position, and eventually a bulk crystal can be
obtained in the ampoule. Finally, the crystal is released, and can even be sawed and polished
along desired crystallographic planes. In general, vapor-Bridgman grown crystals are more
brittle and measured TOF mobilities were lower compared to vapor-phase grown crystals,
probably due to a higher content of chemical impurities ®4.

Other vapor-phase growth techniques focus on controlling the growth conditions of
traditional physical vapor deposition (PVD) techniques that are originally applied to deposit
organic thin films. These methods include mask-shadowing vapor deposition !, hot wall
deposition *1, and hot wall epitaxy ®®.. So far, only small single-crystals (~10 pum) were
obtained with these methods.

2.4.4  Purification of the starting material

Another important parameter affecting the size, morphology and quality of the PVT-grown
crystals is the purity of the starting material. First of all, the density of impurities can be
reduced by performing several re-growth cycles, in which previously grown crystals are used
as starting material for the next growth BY. This in situ purification of the material is
intrinsically provided by the PVT set-up, as sublimed organic impurities will crystallize at a
slightly different temperature based on their composition (e.g. in the first growth cycle,
differently colored crystals are typically observed closer or further along the tube). For a good
separation between the desired crystals and the solidified impurities, the temperature
gradient along the tube should be sufficiently small. Besides that, a residue of unsublimed
impurities left in the crucible after the first growth cycle can be observed; this residue is
typically not present after subsequent growth cycles. Generally, the beneficial effect of the
in situ purification is limited to two or three growth cycles, after which no further increase in
mobility is observed B,
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Figure 2.4 Set-up for pre-purification of
l 160 °C Temperature gradient starting powder via vacuum sublimation under
' — Topump| @ temperature gradient. The temperature
( e 0 = settings correspond to pentacene purification.
‘ Starting material ‘ ‘ Sublimated impurity ‘

Obviously, the higher the purity of the starting material, the fewer re-growth cycles are
required and the higher the final mobility will be ™. Prepurification of the starting material is
therefore of great importance, especially as even the sublimed grade of commercial available
materials only have a 99.0 to 99.9% purity **. Several methods have been used to purify the
as-received materials; however, they can often be applied to specific organic materials only,
as the examples below demonstrate. Performing multiple recrystallizations from solution is
limited to organic materials that are well soluble in @ common solvent ®%. Zone-refinement
techniques require the existence of a coherent liquid phase (i.e. the melting temperature has
to be lower than the temperature of decomposition) . Vacuum sublimation methods are
limited to organic materials with the sublimation temperature below the melting point ¢,
Purification by chromatography can also be an option .,

In the vacuum sublimation under a temperature gradient technique, the starting powder
is placed inside a glass tube in the hot zone of a furnace, at a temperature below its
sublimation temperature (see figure 2.4) %%, A vacuum and a controlled temperature gradient
is then applied along the furnace tube. The impurity molecules having a sufficiently low vapor
pressure will sublime and condense in the cold zone of the tube, thus increasing the purity
of the material that remains in the crucible.

2.5 Fabrication of Organic Single-Crystal Devices

Fabrication of organic molecular crystal devices (i.e. field-effect transistors, FETs) to study
their intrinsic behavior poses a technological challenge, as the surface of organic single-
crystals can be damaged much more easily than that of their inorganic counterparts. Many
conventional (silicon) microelectronic processing techniques irreversibly destroy the
molecular order at the surface, creating interfacial trap sites and barriers to charge injection,
which makes the device performance very sensitive to the manufacturing conditions. Organic
crystals are therefore largely incompatible with conventional processing techniques, such as
photolithography, sputtering, etc. **\. In addition, electron-beam and focused ion-beam
deposition techniques are known to contaminate and damage the organic crystals 7.,
Instead, several alternative approaches for the fabrication of organic single-crystal
devices have been investigated. So far, four approaches have been employed successfully:
1. The ‘flip-crystal’ method, in which an organic crystal is manually placed on a pre-
fabricated transistor template, after which electrostatic ‘bonding’ of the crystal to this
template takes place 214174381,
2. Growth of an organic crystal directly on a pre-fabricated transistor template 9%,
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3. An organic crystal is brought in contact with a pre-fabricated gate dielectric substrate with
back gate; the source and drain contacts are applied next onto the crystal surface "3,

4, Fabrication of a complete free-standing crystal device by direct deposition of the contacts
and gate insulator onto the crystal surface %%,

The architecture of the resulting field-effect transistors is diverse for the four fabrication
methods: a bottom-contact, bottom-gate configuration is created with the first two
approaches; a top-contact, bottom-gate configuration in approach three; and, finally, a
top-contact, top-gate configuration in the fourth approach.

In the next paragraphs, these various manufacturing methods will be discussed in more
detail. The third approach, which has been mainly applied to fabricate organic single-crystal
nanowire transistors ®***¢*%31 will not be treated here separately as this fabrication method can
be considered a combination of the other approaches.

2.5.1  'Flip-crystal’ method on transistor template

In the first technique of single-crystal OFET fabrication, the *flip-crystal’ method, an organic
single-crystal is laminated by electrostatic bonds (i.e. attractive van der Waals forces) on a
pre-fabricated transistor template (or ‘stamp’), see figure 2.5. This method involves flipping
a single-crystal onto the substrate (with transistor circuitry on it) with tweezers or similar
tools. To laminate the crystal, a gently pressure is applied to one edge of the crystal
positioned on the substrate, after which the van der Waals forces then spontaneously cause
a ‘wetting’ front that proceeds across the crystal surface. Lamination works best for
perfectly flat crystals or very thin (<1 pm thick) and bendable crystals that stick
spontaneously to the substrate. However, it can also be applied (with a lower success yield)
to thicker crystals by gently pressing on the crystal to assist the adhesion process ™.
With this method, crystals can be aligned on the transistor circuitry with the most
homogeneous surface and along the desired orientation, which improves the device
performance and enables the anisotropy research.

Conventional microelectronic (photolithography) processing techniques can be used to
fabricate the transistor circuitry. The template contains source and drain electrodes and a
gate dielectric patterned on either a highly-doped wafer or a substrate containing a gate
electrode. As the entire device fabrication is performed separately, the need for deposition of
metals and dielectrics directly onto organic crystals is eliminated; therefore, the possibility of
crystal destruction is largely avoided. Two kinds of transistor templates have been used: rigid
silicon wafers (with either thermally grown SiO, or sputtered high-« dielectrics) "******3 and
flexible polymer (Kapton or poly-dimethylsiloxane, PDMS) substrates .

T Figure 2.5 Electrostatic bonding of a
rubrene single-crystal to a pre-fabricated
transistor template with an Al,O3 dielectric
layer and Au source and drain electrodes.
Figure with permission from [68].
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Rigid transistor templates

In the first case, the source and drain circuitry is patterned on the surface of a heavily doped
Si wafer (serving as bottom-gate electrode), covered with a dielectric layer of thermally
grown SiO, 57 or sputtered high-k dielectric (e.g. Al,03®®, Ta,05 % or ZrO,®"). As a
final step, a thin organic crystal is electrostatically bonded to the transistor template.

Good experimental results have been obtained with this method; yet leakage, hysteresis,
and other non-ideal transistor behavior were observed when bare oxide dielectrics are used.
Attempts to passivate the oxide surface included reactive ion etching ", oxygen
plasma ™, and treatment with self-assembled monolayers (SAMs) 4772 and each of these
techniques achieved an improved performance. Replacement of the oxide dielectric with
inert, non-polar dielectrics such as spin-coated polymers 7 or elastomers %! resulted also
in high field-effect mobilities with consistent transistor characteristics.

Flexible transistor templates

In the second case, the transistor circuitry is fabricated on top of a flexible polymer or
elastomer substrate (e.g. PDMS), to which an organic crystal is then laminated . The
flexibility of the PDMS stamp enables to establish a good contact, even with crystals that are
not perfectly flat (i.e. the flexible PDMS surface and the ductile Au contacts adjust easily to
the crystal shape). Moreover, the technique is reversible and non-destructive for some thick
robust crystals: the contact can be re-established many times without breaking the crystal
and without noticeable degradation to the crystal’s surface ). For this reason, the
anisotropy of the field-effect mobility within the ab-plane of rubrene single-crystals could be
observed for the first time*5**, However, some organic single-crystals, like pentacene, are too
fragile to be manipulated in this manner; the crystals would break during separation from the
PDMS stamp after the first measurement . Besides the PDMS stamp, also high-performance
transistors on flexible Kapton substrates have been demonstrated .

To preserve the pristine crystal surface, a modification of the PDMS stamping techniques
was introduced that eliminates the direct contact between the crystal and the gate dielectric.
In the so-called ‘free-space’ or ‘gap-type’ configuration, the conventional dielectric is replaced
by a micrometer-sized gap between the gate electrode and the surface of the semi-
conducting crystal ®. The gap can be vacuumt), filled with a gas (e.g. air, nitrogen) ! or
polymer gel or ionic liquid electrolyte ®2 that plays the role of gate dielectric. The free-space
configuration enables studies on the effect of different gases and other environmental agents
on the conduction channel in single-crystal OFETs %3, An important feature for the gap-type
single-crystal OFETs filled with air or another gas is their low capacitance, due to the small
dielectric constant and relative large thickness of the dielectric gas layer; hence the injected
carrier density is considerably lower compared to the conventional SiO, based organic
transistors ¥, In the gap-type transistor devices filled with an ionic liquid electrolyte, high-
speed switching and a high mobility and transconductance was achieved, due to the high
capacitance of the electric double layer #5#¢,
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Figure 2.6 DT-TTF single-crystal grown in
solution on a pre-fabricated transistor
template. Figure with permission from [59].

2.5.2  Crystal growth on transistor template

Instead of laminating an organic crystal to a pre-fabricated transistor template manually,
growing the crystal directly on this template can be an interesting option. In this situation,
the crystal is no longer handpicked and placed onto the transistor template (the handpicking
can introduce contamination and crystal damage, resulting in a lower device performance®).
Fabrication of bottom-contact single-crystal OFETs from solution has primarily been
performed by dip-coating or drop-cast formation of crystals on substrates with a large array
of pre-formed transistor templates, whereby a random number of crystals formed in solution
will bridge the source and drain electrodes and form functioning devices (see figure 2.6) %,
This technique has been employed to examine the mobility in several materials systems
(e.g. DT-TTF derivatives and substituted CH4T crystals) #>*%) however, the total device yield
is low as there is no control over where on the substrate the crystals nucleate and grow. Only
a limited amount of crystals can be found with good connection to both source and drain
electrodes. Even for these crystals, the alignment is random and the crystal orientation along
the transistor channel is uncontrollable. For vapor-grown crystals like tetracene, a non-
dissolving, volatile liquid such as hexane can be used to transfer the crystals to the substrate;
however, the final location of the crystals is again highly unpredictable ¥,

Selective nucleation of many anthracene crystals grown from solution on SAM-modified
Au substrates has been reported by Bao and co-workers in 2005 (see figure 2.7A-B) ¥,
Follow-up studies resulted in arrays of functioning transistors (see figure 2.7C), this time by
growing various organic single-crystals from the vapor phase selectively onto octadecyl-
triethoxysilane-treated source-drain electrodes of pre-fabricated transistor templates “* or
onto carbon nanotubes™!. The rough SAM domains on a further smooth surface were found
to act as preferential nucleation sites for the growth of single-crystals measuring up to a few
hundred micrometers in size ®. Using a similar approach based on solvent de-wetting to
selectively pattern the semiconductor solution, functioning transistors with crystals grown
from solution have also been demonstrated by the same group #>%.,

After these initial reports, much research has started the last years on the controlled
deposition and growth of organic crystals from vapor® or solution®**®! and of polycrystalline
films %8 on chemically modified transistor templates; and has recently been reviewed .

2.5.3  Direct deposition

Direct deposition of contacts and gate dielectric on a free-standing organic molecular crystal
acting as substrate is not straightforward. The organic single-crystals are incompatible with
most conventional thin film processing techniques, like photolithography, sputtering and
thermal evaporation **, Solvents, photoresist and elevated temperature are known to
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Figure 2.7 A) Procedure to grow organic single-crystals on SAM-patterned substrates. B) Patterned
pentacene and rubrene single-crystals. C) Arrays of patterned pentacene single-crystal transistors.
D) Characterization of a pentacene single-crystal transistor. Figure with permission from [90].

destroy the crystal structure and molecular order at the surface, making photolithography not
an option ™, Sputtering of Al,O3 and other dielectrics eroded the crystal surface, and high-
energy particles penetrating the crystal created such a high density of defects that the field-
effect in the device channel was completely suppressed™. Positioning the organic crystals in
the shadow region of the sputter chamber, where the deposition rate was zero, and attempts
to shield the surface from high-energy charged particles by electrostatic deflection did not
improve the situation. Finally, thermal evaporation of SiO, was also unsuccessful, probably
due to a too high temperature of the deposition source™. Nevertheless, direct fabrication has
been successful in a few cases, in which thick free-standing crystals (>10 pm thick) were
typically used, after manual handpicking and positioning them on a supporting substrate 2,

Direct deposition of the source and drain contacts

Two routes have been followed for the successful deposition of source and drain contacts on
the surface of organic crystals. The simplest route is applying metallic contacts on the
crystal surface by manually ‘painting’ of a conducting silver paste!>*%, a water-based colloidal
carbon or graphite dispersion ?>31%01 gor 3 solvent-free silver epoxy dispersion %2, This route
has been successfully applied to pentacene ™' and rubrene single-crystals 3. The manual
paint-on electrode technique is relatively straightforward and results in a low contact
resistance B!, Preparing small, nicely-shaped and well-defined contacts is rather difficult;
large crystal sizes are needed and the number of devices per crystal is limited. In addition, it
often resulted in formation of traps at the metal—organic interface, as space-charge-limited
transport experiments on tetracene crystals did show 2,
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The second route reported is via thermal evaporation of metals through a shadow mask on
the crystal surface ™. As a general rule, the thermal load on the crystal surface in the
deposition process has to be minimized, as it can damage the ordering of the molecules on
the crystal surface and create traps at the metal—organic interface causing irreproducible
characteristics. This phenomenon has regularly been observed in space-charge-limited
current and field-effect devices with the metal contacts evaporated on top of the organic
films 1052%1 Most thermal load originates from infrared radiation of the evaporation boat,
limiting the choice of metals to that with a relatively low evaporation temperature. Despite
the technological difficulties, successful deposition of high-quality silver electrodes by thermal
evaporation could be achieved, with minimal damage to the crystal substrate, after
optimizing to very mild deposition parameters (i.e. low deposition rate, large source to
sample distance, cooling the sample and shielding infrared irradiation from the evaporation
source) 'Y, In an optimized deposition chamber, high-quality OFETs with evaporated metal
contacts have been fabricated on the surface of several organic crystals (rubrene, pentacene,
TCNQ) 4, Vacuum deposition of Cul electrodes on perylene single-crystals has also been
reported ", Contamination of the channel area between the contacts is reported by oblique
incidence and diffusion of silver atoms under the shadow mask (presumably from scattering
by residual gas molecules); however this could be minimized by depositing through a long
narrow tube (called collimator) positioned just above the crystal surface.

In several reports on organic single-crystal nanowire transistors, top-contacts were
fabricated by thermal evaporation of gold using a copper grid 3”1 3 thin Au wire (~20 uym
in diameter) %1 or a thin polyethylene wire ' as shadow mask on the tiny organic
crystals. Long and thin, micrometer-sized organic ribbons (e.g. copper phthalocyanine, CuPc,
or anthracene-derivative single-crystalline wires) laminated on the crystal surface have been
used as mask as well; the so-called 'two-dimensional organic ribbon mask’ technique 41121,

Recently, another approach to make gold source and drain electrodes on organic single-
crystals without thermal evaporation has been developed by Zhu and co-workers; the ‘gold-
layer sticking’ technique "4, In this method, a small piece of a pre-deposited thin Au layer
is peeled off from a silicon wafer with a probe tip and mechanically transferred onto the
organic crystal, to which it is laminated by van der Waals forces.

Direct deposition of the gate dielectric

The deposition of a dielectric layer on top of the organic crystals (with or without metal
contacts already deposited) has proven even more problematic than the deposition of the
contacts. Attempts with sputtering oxides onto the crystal irreversible damaged them ™3, So
far, successful deposition of inorganic dielectric oxides onto the surface of organic crystals by
sputtering or other techniques has not been reported.

The first successful deposition of a gate dielectric on a free-standing crystal has been
achieved by coating the crystal with a thin insulating polymeric film of parylene. This method,

introduced by Podzorov et al.™, can be considered as the breakthrough in the direct
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fabrication of free-standing single-crystal OFETs. Parylene, first discovered in 1948 %, is
chemically inert and can be deposited from the vapor phase as a transparent pinhole-free film
at room temperature. It can be deposited on a free-standing crystal without apparently
destroying its surface or introducing many traps at the dielectric —crystal interface. The
transparency of the parylene film opens the possibility to perform optical studies by
illuminating the conducting channel through a transparent gate electrode "*°..

In ref. [10], parylene was deposited in a reactor with three temperature zones under a
reduced nitrogen gas pressure (see figure 2.8). The metastable parylene dimers*”, sublimed
at 100 °C, split into monomers at 700 °C and polymerize as they enter the room
temperature section of the tube, producing an insulating coating on the sample’s surface.
After the deposition, gate electrodes are painted on the parylene gate dielectric to cover the
region between source and drain electrodes.

Using this method, record-high mobilities have been reported for a variety of organic
crystals [1+22379520L1061 - Qrganic single-crystal FETs with a parylene gate dielectric are very
stable: a 2-year storage of rubrene transistors at room temperature in air and in the dark did
not affect their characteristics ®*¢1, The Hall effect in rubrene crystals™ and a controlled
threshold voltage shift by the introduction of deep traps in tetracene crystals ™ have been
demonstrated using this method too. However, a limitation of this method is that damage to
the parylene layer by the evaporation of top metal contacts has been reported ™.

Another successful direct deposition of an organic dielectric on a free-standing crystal was
shown by Jurchescu et al. ™. Their investigations on pentacene single-crystals showed that
the largest impurity fraction, 6,13-pentacenequinone, is located preferentially on the crystal
surface. By evaporating ordered 6,13-pentacenequinone films as gate dielectric, the traps are
considerably minimized as they are incorporated into the gate dielectric. A high-quality
interface could be obtained, yielding record-high FET mobilities (t/=15-40 cm2/Vs).

2.6 Organic Single-Crystal Device Characteristics

In this paragraph, literature results from time-of-flight measurements (section 2.6.1), space-
charge-limited current spectroscopy (2.6.2), and field-effect experiments (2.6.3 and further)
on organic single-crystalline systems will be discussed. Several properties specifically
observed in experiments with organic single-crystal devices will be highlighted.
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2.6.1 Time-of-flight measurements on organic single-crystals

The time-of-flight (TOF) experiments by Karl et al. in 1985 '**21 (see figure 1.7) with very
pure acene crystals were benchmark studies that initiated further research on charge
transport in organic semiconductors. Two characteristics in these experiments demonstrate
that intrinsic polaronic band-like conduction can be realized in the bulk of these organic
crystals 2124, First, the charge transport regime is characterized by a rapid increase of the
carrier mobility with decreasing temperature; i.e. the intrinsic mobility y typically varies as an
inverse power of temperature via poc T, with n= 2-3 (depending on the specific organic
molecules) ", Second, a pronounced anisotropy of the mobility is observed, which reflects
the anisotropy of the intermolecular transfer integrals 21,

Successful TOF measurements have been performed on various organic single-crystals. In
various papers, Karl and co-workers reported high mobilities at low temperature in ultrapure
naphthalene (300 cm?/Vs) 121 anthracene (50 cm?2/Vs) ¥4, perylene (100 cm?/Vs) B0123,
biphenyl (30 cm?/Vs) # and phenanthrene (8 cm?/Vs) !#! single-crystals. At room
temperature, all these crystals showed a mobility of about 1 cm?/Vs. De Boer et al. *?
measured a room-temperature mobility p=0.5-0.8 cm2/Vs for vapor-grown tetracene
crystals. Niemax et al.™ measured a room-temperature mobility y of about 1 cm2/Vs for
vapor-grown tetracene crystals. To conclude with, rubrene single-crystals were found to be
unsuitable for TOF measurements, for form and shape reasons ™. As no literature is found,
the same explanation probably holds for the even more fragile pentacene single-crystals.

2.6.2  Space-charge-limited current spectroscopy on organic single-crystals

Prior to the achievement of high charge carrier mobilities in organic single-crystal field-effect
transistor devices, high mobility values were demonstrated in space-charge-limited current
(SCLC) measurements on ultrapure organic single-crystals. In this paragraph, the results from
these measurements on pentacene and other organic single-crystals will be discussed.

Charge transport in organic single-crystals has been described by various space-charge-
limited current models using various electrode geometries (see paragraph 8.2.3). In 1962,
Mark and Hefrich "1 were the first to detect the space-charge-limited currents in organic
molecular crystals; i.e., in p-terphenyl, p-quarterphenyl and anthracene crystals. More
recently, tetracene ®>**! and rubrene "*' single-crystals with sandwich-structured electrodes
were analyzed by the Mott-Gurney model, which was also applied on TCNQ-coronene
co-crystals ™ with a gap-type geometry. Perylene crystals have been investigated at
different temperatures with both gap-type contacts and in the sandwich geometry 34,

Mattheus et al.****7 investigated the space-charge transport in pentacene single-crystals,
with evaporated metal contacts in the gap-structure geometry. The trap filling limit was
reached in none of the measurements in air. In high vacuum and darkness, however, the
current-voltage curves showed an ohmic and space-charge-limited regime, and the trap
filling limit was reached at 105 V/cm. Large differences were observed in one crystal and
reproducibility of the measurements was rather low (e.g. twelve hours waiting time
in-between measurements was necessary to observe the trap filing limit again).
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Figure 2.9 A) Typical I-V measurements on a tetracene single-crystal (Ui = 0.59 cm?/Vs; inset
Hmin = 0.014 cm2/Vs). B) Histogram of values for pim;, calculated from I-V measurements performed on
about 100 tetracene single-crystals. Figures with permission from [52].

In the follow-up project by Jurchescu ™!, a mobility y of 35 cm2/Vs was reported for
pre-purified and double-grown pentacene single-crystals at room temperature, increasing to
=58 cm2/Vs at 225 K, They also reported a gradual cross-over from the 1D to 2D space-
charge-limited models (depending on the crystal thickness h and the distance L between the
contacts), for pentacene single-crystals with parallel silver-epoxy contacts painted on the
crystal surface . For rubrene single-crystals, the 1D to 2D model transition in SCLC-
behavior has also been observed *. Jurchescu et al. ™ also investigated the electronic
transport properties of pentacene single-crystals upon exposure to (dry and ambient) air. In
the ohmic regime at low voltages, no marked changes in the conductivity were induced by
the presence of air; the SCLC regime, however, is influenced by exposure to air.

De Boer et al.®*'*® observed that the precise shape of the current-voltage characteristics
measured for more than 100 tetracene single-crystal samples exhibited large deviations and
yielded a broad distribution of different apparent mobilities, ranging from 106 to 100 cm2/Vs
(see figure 2.9B). They noticed an approximately quadratic current increase with voltage in
the lower voltage range, up to 10-100 V, depending on the sample. Around or just above
100 V, the current started to increase steeply (typically six to eight decades, for a one-decade
increase in voltage), which is attributed to the filling of deep traps. Only in a few cases, the
rapid current increase terminated by crossing over into an approximately quadratic
dependence on voltage: the trap-free regime (see figure 2.9A). In most cases the samples
failed before reaching this point. The wide range of apparent mobilities was attributed to
strongly different contact qualities and the presence of surface traps at the interface.

2.6.3  Field-effect measurements on organic single-crystals

The organic semiconductors used in OFETs are in general intentionally undoped, and mobile
charge carriers in these devices must be injected from the metallic contacts. In most single-
crystal OFET devices fabricated up to the year 2005, the injection barrier at the contact or
the field-effect threshold for either n-type or p-type conductivity was so large that the OFETs
exhibited only unipolar operation. Most commonly observed is the p-type conductivity, for
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instance in tetracene, pentacene and rubrene crystals, whereas n-type conductivity has been
observed in TCNQ crystals. However, single-crystal OFETs can potentially operate in both the
electron- and hole-accumulation modes, depending on the polarity of the gate voltage, and
ambipolar operation has indeed been observed in recent years.

Charge injection

As OFET devices are intentionally undoped, they belong to the class of injection- or Schottky-
limited FETs. This situation is significantly different compared to silicon-based semiconductor
devices, in which doping is conventionally utilized to enhance the tunneling
efficiency and carrier injection from the contacts, as well as to control p- and n-type carrier
injections. The charge carriers in OFETs are injected into the conduction channel through the
interfacial Schottky-barrier at the metal—organic semiconductor interface of height ®@g. As will
be discussed in more detail in paragraph 8.2, the charge carrier injection is a complex process
that depends on the metal work function @, the ionization energy of the semi-
conductor IE, and the interfacial dipole moment A possibly formed due to charge transfer at
the interface. The maximum height of the barrier ®g remains fixed due to pinning of the
energy levels at the interface, yet its width can be modified by an external electric field. When
a negative gate voltage Vg is applied, the effective width of the barrier for hole injection
decreases. This results in a decrease of the contact resistance Rc, which depends on the
barrier height @, its effective thickness, and temperature. Carrier injection is allowed via
thermally activated excitation above the barrier and via tunneling under the barrier, and the
resultant injection mechanism, called thermionic emission ™. This injection mechanism
is typified by an exponential increase of the contact resistance R with decreasing
temperature and a dependence of the contact resistance on the gate voltage V.

Contact resistance

The Schottky contact resistance in single-crystal OFETs is typically high; in many cases the
contact resistance R is comparable or even greater than the channel resistance Rgy
(especially at low temperatures and in short-channel transistors). However, if the channel is
long enough, the devices are not contact-limited at room temperature. Examples of reported
devices not limited by the contact-resistance at room temperature are rubrene and tetracene
single-crystal OFETs with either graphite or laminated gold contacts B*. Devices with
evaporated silver or gold contacts typically have a higher contact resistance 4.

Generally, the contact resistance R is strongly dependent on the temperature and on the
biasing regime. Typically, Rc increases with decreasing temperature T and, for a p-type
device, R decreases with an increasing positive bias Vp applied to the hole-injecting contact
and with a negative Vg applied to the gate. However, in the limit of a large enough Vg and
Vp, the contact resistance becomes small, and even the devices with evaporated metal
contacts are not dominated by the contact resistance ™!,

The total source-drain resistance Rgp can be represented by three resistors connected in
series (so that Rgp = 2R + R¢y). To measure the contact and channel resistance in single-
crystal OFETs, two-probe measurements *¥, four-point measurements (with two additional
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small voltage probes in the channel) *****¢!, and the channel length scaling analysis developed
for amorphous silicon transistors *****! have been performed. Of these methods, only the
four-probe measurements provide the characteristics of the channel resistance independent
of the contact resistances. However, for a large enough Vg and Vp, the results of two- and
four-probe measurements converge at room temperature, as Rc becomes negligible "1,

The relatively large contact resistance found for gold contacts on rubrene single-crystals
at room temperature (Rc> 100 kQcm) " could be reduced to 1-2 kQcm by modifying the
gold contacts with a self-assembled monolayer before the crystal lamination ™", Using the
channel length scaling analysis, Morpurgo et al. found that using nickel instead of gold also
resulted in a remarkable low contact resistance (0.1-0.4 kQcm) ™, In two follow-up papers,
the same authors also showed that (partly oxidized) Ni, Cu and Co electrodes have a much
better reproducibility than Au and Pt contacts (e.g. the spread in contact resistance values
ranges from two for Ni to more than three orders of magnitude for Au) ™ and modeled these
results with the thermionic emission model for Schottky diodes ™.

Single-crystal OFET operation

In this section, the operation of single-crystal OFET devices will be further introduced.
Generally, the two-point OTFT theory can be used for single-crystalline devices, assuming the
contact resistance Rc is negligible compared to the channel resistance Rcy,. In practice, this
is valid for most single-crystal OFETs with long channels at room temperature.

There are two pronounced differences that clearly indicate that the theoretical models
developed for organic thin film transistors are not one-to-one applicable to single-crystal
OFETs. First, a gate voltage V-independent mobility ¢ has been observed in devices based
on single-crystals of rubrene "7 pentacene 1, tetracene "3, and TCNQ ®. This
observation contrasts sharply with the strong Vz-dependent mobility commonly observed in
OTFTs, due to the presence of structural defects "4, The Vg-independent mobility
in single-crystal OFETs suggests that the charge transport in these devices does not require
thermal activation to the mobility edge and the mobile field-induced carriers occupy energy
states within the HOMO-band #". This is consistent with the second difference observed
between single-crystal OFETs and OTFTs, namely the dependence of the mobility on
temperature. An increase in mobility upon cooling is observed in high-quality single-crystal
OFETS, in contrast to a decrease in mobility upon cooling in OTFTs (see section 2.6.5).

n-type operation
Single-crystal OFETs operating in the p-type mode are most commonly observed, whereas
examples of n-type operation with high mobility are rare. Several factors are the cause of this
asymmetry: the HOMO bandwidth is typically larger than the LUMO bandwith ™!, a stronger
trapping of n-type polarons "? and a larger Schottky barrier for electron injection into
organic semiconductors from the most commonly used high work function metals.

An example of a single-crystal OFET with n-type operation and a high electron mobility
of 1.6 cm?/Vs is based on TCNQ crystals ™, but also crystalline ribbons of fluorinated
copper phthalocyanines (Fi5CuPc) have shown an electron mobility of 0.2 cm2/Vs 1,
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Ambipolar operation

It has been shown in TOF experiments with high-quality perylene crystals, that both electrons
and holes are mobile in the crystal bulk at room temperature "#'2*, Nevertheless, realization
of high-mobility ambipolar operation in OFETs is quite a challenge, as two difficult problems
must be solved simultaneously: both p- and n-type carriers must be effectively injected from
the contacts into the organic semiconductor, and the density of traps for both carriers in the
channel and at the organic—dielectric interface must be minimized. Therefore, organic single-
crystals with a low density of traps offer a unique opportunity to realize the ambipolar
operation with a relatively high mobility of both types of carriers.

Ambipolar operation has been observed recently in single-crystal OFETs based on metal
phthalocyanines (i.e. FePc and CuPc) ™, pentacene ', tetracene ™, rubrene %% and
other single-crystals *>***%, In the metal phthalocyanines, both electrons and holes could be
injected from contacts made with the same high work function (Au), due to the relatively
small band gap of the organic crystal (~1.5 eV) ", In tetracene and rubrene crystals, holes
were injected from a high work function metal (Au) electrode and electrons from a low work
function metal (Ca) contact™,

The realization of high-mobility ambipolar operation in single-crystal OFETs enabled the
further development of a novel class of multi-functional organic devices, namely the organic
light-emitting field-effect transistor, and a further study on the intrinsic electroluminescence
process in absence of grain boundaries (see paragraph 2.6.5).

2.6.4  Charge carrier mobility in single-crystal OFETs

The charge carrier mobility p is one of the most important parameters in the characterization
of field-effect transistors. In this paragraph, the dependence of the mobility on various
factors observed in single-crystal OFETs is reviewed.

Anisotropy of the mobility

Due to the low symmetry in the molecular packing of organic crystals (e.g. the acenes
typically form crystals with a herringbone packing of the molecules, see paragraph 4.2.3), one
can expect anisotropy in their transport properties (i.e. charge carrier transport though
different directions of the crystal proceeds at different speeds). Indeed, the transfer integrals
between the adjacent molecules in these crystals vary significantly depending on the
crystallographic direction (e.g. generally, the orientation with the best r-orbital overlap
between neighboring molecules is the most feasible direction for carrier transport) [+l
A strong anisotropy of transport properties has been well documented in the time-of-flight
experiments by Karl on the acene crystals"#'*, However, prior to the development of single-
crystal OFETs, the anisotropy had not been observed in the measurements on
organic thin film transistors. By eliminating grain boundaries and other types of defects, the
correlation between the molecular packing and the intrinsic anisotropic transport properties
could be observed in single-crystal OFETs for the first time. Currently, mobility anisotropy has
been demonstrated on the ab-surface of rubrene¢*%:23257 (functionalized-)pentacene 718,
tetrathia-fulvalene-based *? and thiophene-based ™** single-crystals.
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Figure 2.10 Anisotropic mobility in pentacene single-crystals. A) Optical microscopy image of a
pentacene single-crystal placed on fan-shaped electrodes. B) Output and transfer transistor
characteristics and a polar plot of the measured mobility. Figures with permission from [77].

In experiments based on the repeated lamination of the same thick rubrene single-crystal
with different orientations onto a metal-coated air-gap PDMS substrate (see paragraph 2.5.1),
the mobility along the crystallographic b-axis is found to be a factor of three to four larger
than along the a-axis "%, A similar ratio has been observed for a rubrene transistor with
deposited parylene insulator and colloidal graphite contacts painted on the crystal surface .

To measure the anisotropic field-effect mobility in pentacene, Lee et al. laminated a
pentacene single-crystal to a pre-patterned fan-shape transistor electrode structure on a
back-gate SiO, substrate”. Again, a pronounced anisotropic mobility was observed in the
ab-plane (see figure 2.10); however, the different transport angles were not coupled to the
precise crystallographic directions. The ratio between the highest mobility value (2.3 cm2/Vs)
and the lowest mobility value (0.66 cm?2/Vs) is again about three to four. These
measurements also showed that the threshold voltage V; and subthreshold swing S did not
depend on the charge transport direction.

Temperature-dependent mobility

Podzorov et al."™ reported on the temperature-dependent mobility for rubrene single-crystal
OFETs. Two transport regimes can be clearly distinguished in their data: an intrinsic band-like
regime observed at high temperatures, where the mobility increased with cooling, and a
shallow-trap-dominated regime at low temperatures, where the mobility decreased rapidly
with cooling. The crossover between these two regimes occured around 150-175 K for this
device. Similar behavior of temperature-dependent mobility has been observed in OFETs
based on tetracene ***2 (see figure 2.11) and anthracene "¥ single-crystals, although the
observed crossover in the tetracene device is attributed to a structural phase transition.
This mobility behavior can be explained by the multiple trap-and-release (MTR) model,
see paragraph 1.6.5. In the high temperature regime, the time a polaron spends in a shallow
trap is negligible compared to the time a polaron is propagating between traps (due to a large
kgT). Therefore, the mobility in this regime should be independent with temperature and
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Figure 2.11 Temperature dependence of the lower limit
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approximately the same to the intrinsic mobility of the material. In reality, a slight increase
of mobility upon cooling was observed due to a decrease of polaron-phonon interactions. In
the low temperature regime, the time a polaron spends in a shallow trap dominates the
carrier transport, thus the mobility is thermally activated. Consistent with the MTR model is
the observation that in the trap-dominated regime the mobility anisotropy in rubrene single-
crystal devices also vanished at low temperatures ..

A similar temperature dependent mobility has been observed in the past by
Karl et al."**% in the TOF experiments on ultrapure naphthalene and perylene crystals, and
Jurchescu et al. ™% showed in SCLC experiments on pentacene single-crystals as well that the
mobility increased with decreasing temperature (from room temperature to 225 K).

Dielectric-dependent mobility

Experiments with rubrene single-crystal OFETs by Morpurgo et al.®*” revealed a strong
dependence of the charge carrier mobility on the dielectric constant ¢ of the gate insulator.
Figure 2.12A shows that the room temperature mobility in these devices decreased with
increasing dielectric constant (approximately as £-1), for a wide variety of gate dielectrics
(TayO5, £=25; Al,O3, £=9.4; SisNg4, £€=7.5; SiO,, €=3.9; Parylene C, £=3.15; Parylene N,
£=2.65; air-gap PDMS, e=1). Earlier, a similar trend was observed for OTFTs based on
soluble polymers by Veres et al. ", The observed dependence indicates that there are
differences between polaronic conduction in the bulk and at the surface of organic crystals,
and that the mobility of charges at the interface between an organic semiconductor and an
insulator is a property of the interface, rather than of the organic semiconductor alone.

Moreover, the temperature dependent mobility results (see figure 2.12B) showed that the
charge transport changes from band-like to thermally activated hopping with increasing &.
This behavior was attributed to the formation of Frohlich polarons (see section 1.6.3) when
the gate dielectric was sufficiently polart?. Earlier, it was already predicted that the intrinsic
mobility of polarons at an interface with a highly polarizable dielectric may decrease due to
an increase of the effective polaronic mass 64,

Pressure-dependent mobility

By applying a hydrostatic pressure to single-crystal rubrene transistors, a linear increase in
drain current and field-effect hole mobility was measured with increasing pressure "'*!. The
results were reversible and threshold voltages shifts with pressure were small. These
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Figure 2.12 Influence of gate dielectric on the mobility of rubrene single-crystal OFETs. A) Decrease of
mobility u with increasing dielectric constant €, the inset shows a linear relationship between log(u) and
log(€), with slope equal to -1. B) Temperature dependence of the mobility u for various gate dielectric
materials. Figures with permission from [68,160].

experiments provided the opportunity to investigate the dependence of the polaronic
mobility on the intermolecular distance of the crystal lattice d, as the latter can be directly
tuned by the hydrostatic pressure P applied (Ad~ 1.5% at AP=0.5 GPa). These observations
are in line with expectations based on polaronic models and first principle calculations on
naphthalene single-crystals: the mobility should depend linearly on pressure for small
variations of the intermolecular distance ™. This dependence could only be observed in the
intrinsic single-crystal model systems, where trapping is not dominant.

Results of similar experiments on tetracene single-crystal transistors did not show the
clear linear trend, and the increase in mobility as a function of applied stress was attributed
to a better contact between the crystal and substrate "),

2.6.5  Other single-crystal OFET characteristics

In this paragraph, the most important other features specifically observed in single-crystal
OFETs for the first time as well will be highlighted.

Hall conductivity

One of the successful achievements of developing high-mobility single-crystal OFET devices
is the demonstration of the Hall effect in rubrene single-crystal transistors, independently
reported in 2005 by Podzorov et al."® and Takeya et al.*®!, In the Hall effect, a voltage across
the conducting channel is induced by applying a magnetic field perpendicular to the
channel ™\, The origin of this effect is the Lorentz force, which is proportional to the
microscopic velocity of the charge carrier propagating along the channel in a transverse
magnetic field; i.e. from the velocity of charge carriers that are transported ‘freely’ along the
band. A charge carrier hopping between trap sites, on the other hand, does not have a
classic velocity, and thus will not sense the Lorentz force (apart from quantum interference
mechanisms ™). For trapped carriers, the Lorentz force is zero as well, and therefore trapped
carriers also do not contribute to the Hall signal. Thus, the Hall mobility u is the intrinsic,
trap-free mobility g, even if considerable trapping occurs.
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As a result, it is strongly evidenced that intrinsic band-like transport is indeed realized for the
charge carriers generated in organic single-crystals with highly overlapping m-orbitals
between the molecules ®“%), The Hall mobility pyy continues to increase with decreasing
temperature, even at low temperature, in contrast to the mobility y from field-effect
measurements "®, At high temperatures, py and p are approximately the same and both
increase upon cooling. Therefore, charge transport can be considered intrinsic within this
temperature range. At low temperatures, p decreases, indicating the crossover from
band-like transport to thermally activated transport. As proof of its intrinsic nature, the Hall
mobility py, on the other hand, keeps increasing with decreasing temperature down to
~150 K; at even lower temperatures, the measurements were hindered by too much noise.

Photo-induced processes

Surprisingly, not so much is known about photo-induced effects in OFETs ""**"3, although
organic transistors are intended to be operated in the backplane driving circuitry in OLED
displays 3. Again, single-crystals with a low density of defects are the ideal model systems
to investigate the intrinsic photoinduced processes at organic surfaces and interfaces !,
Several light-induced effects have been observed using rubrene single-crystal transistors.
Podzorov et al.’* observed switching from an off-state into a persistent on-state by a short
pulse of light in back-gated rubrene single-crystal devices, caused by additional carriers
photogenerated in the bulk. In semitransparent front-gated rubrene devices, they observed
a shift of the threshold voltage, due to a photoinduced charge transfer across the interface
of the ordered crystal and the disordered gate insulator ™. Later studies using time-resolved
photoluminescence and measuring conductivity induced by short light pulses provided more
information on charge-carrier excitation mechanisms, their mobility, and lifetimes 165175761,

Electroluminescence

Electroluminescence in organic thin film transistors has been demonstrated for conjugated
small-molecules "7 in 2003, and later also for polymers 7*'8, In these devices, the light
emission is due to recombination radiation in the channel and can be controlled with the gate
bias. Since the discovery of this novel class of multi-functional organic devices, namely the
organic light-emitting field-effect transistor (OLET, see figure 2.13), the integration of a light
source (LED) and a switching function (FET) in one device gained considerable attention ™7,
OLET devices require an ambipolar operation with a high electron and hole mobility, and a
balanced injection of both carriers. Therefore, organic single-crystals with a low density of
traps offer a unique opportunity to realize the ambipolar operation with a relatively high
mobility of both types of carriers, and enable the investigation of the electroluminescence
process in absence of grain boundaries.

The first reported single-crystal OLET was based on a phenylthiophene derivative 5,
However, because hole and electron currents were not balanced in these devices yet, only
unipolar p-type behavior was observed, even when the device was emitting light. In the first
ambi-polar single-crystal OLET, based on rubrene, equally mobile electrons and holes were
injected from separate Au and Mg contacts, respectively, and recombined radiatively within
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the channel ™. By varying the applied voltages, the position of the emission zone could
be moved to any position along the channel. Later, electroluminescence in ambipolar
tetracene ™!, phenylpyrene derivative ", phenylthiophene derivative > and other ™ single-
crystal OLETs was demonstrated as well. These experiments demonstrate the theoretical
viewpoint, that pure organic semiconductors support electron and hole conduction equally ™8,

Organic spintronics

The field of organic spintronics is a relatively new research area, in which organic materials
are applied to control a spin-polarized signal *®*%, In spin electronics, the application of the
spin (i.e. the intrinsic angular moment) of electrons in solid-state devices, instead of or in
addition to its charge, is being studied for a new class of electronic devices (e.g. the spin-
valve). Organic materials attracted attention, as they have a potentially very long spin
relaxation time (e.g. in the order of microseconds for organic materials vs. nanoseconds for
metals and low-doped silicon at room temperature), due to their small spin-orbit coupling and
weak hyperfine interactions ['&*#7,

Organic single-crystals are ideal model systems to study the intrinsic spin injection and
transport properties in organic materials, due to their high mobility and low impurity density.
Recently, Naber et al. "% fabricated spin-valve FETs of rubrene single-crystals with ferro-
magnetic Co electrodes and Al,O3 tunnel barriers for the first time; however, the spin-valve
effect could not be realized in combination with the observed FET functionality yet.

Surface and bulk defects

The major factor that determines the record performance of high-quality single-crystal OFETs
is their low density of surface defects (e.g. the surface density of electronic defects can
be less than 1010 cm=, corresponding to distances of ~0.1 pm between defects 1),
Nevertheless, there are many phenomena that can occur at the semiconductor —dielectric
interface and thereby affect the electrical characteristics. As the polaronic transport is very
sensitive to these phenomena, a few of them will be highlighted in this section.

First of all, the density of defects in the bulk of organic crystals depends on the crystal growth
method (see section 2.4). After growing high-quality single-crystals, traps might originate
from the tendency of the organic material to react with oxygen and water from the
environment, in the presence of light. These defects related to photo-oxidation and other
processes will be reviewed and further discussed in chapter 5 of this thesis.

The defects in organic crystals can also be the result of handling the crystals in a high-
vacuum environment, in which the crystals are typically stored and handled to prevent
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oxidation related processes. In experiments with rubrene and tetracene single-crystal OFETs,
it was observed that deep and shallow traps are generated at the crystal surface in
vacuum ™., The trap generation is assigned to the gauge effect: interaction of the crystal
surface with chemically active species produced by carbon hydrocracking at vacuum gauges
or hot surfaces such as heating filaments. As a result, a decrease of the source-drain current
was observed in an operating device when the vacuum gauge was turned on.

Defects in the organic semiconductor that act as traps can also be generated during
operation of the device. The creation of such defects has been observed in tetracene,
perylene, and rubrene single-crystal OFETs with Ta,O5 gate dielectric at large gate fields ",
The defects originated from a leakage current through the gate insulator, and
resulted in an irreversible decrease of the current I and a substantial increase of the
threshold voltage Vr. Most likely, the leakage current at high V; induced degradation of the
molecular material by creating a large density of deep traps.

A controlled X-ray treatment on rubrene single-crystal OFETs showed an increase of the
threshold voltage V7 during exposure, and thus an increase in the density of deep traps™.
By breaking the molecules, X-rays can create defects in organic semiconductors. As the
mobility, and its temperature dependence, were not affected by the X-ray irradiation, it was
suggested that the created deep traps did not scatter the mobile polarons.

2.7 Concluding Remarks

In this chapter, the fundamentals of organic molecular crystal devices were extensively
reviewed. The various techniques to grow ultrapure single-crystals and the possible
techniques to fabricate high-quality devices were highlighted. Besides that, the typical
characteristics of these organic single-crystal devices were discussed as well, showing this is
the best approach to study the intrinsic electronic properties and explore the physical
limitations of organic semiconducting materials.
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Abstract

Fabrication of high-quality devices on organic single-crystals demands a high control on the
deposition and patterning techniques applied, as well as on the variety of measuring tools
used to obtain information on the structural and electrical properties of the substrate and the
fabricated thin films, patterns and devices.
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3.1 Introduction

The fabrication of high-quality devices requires a high control on deposition, thin film growth,
and patterning, as well as on characterization of the structural and electrical properties of the
substrate and fabricated devices. All these various aspects will be covered in this chapter.

This chapter is divided in two parts. In the first part, the techniques that have been used
to grow thin films, to deposit patterned structures, and to fabricate devices will be
described. Here, pulsed laser deposition (PLD) in combination with (quasi-dynamic)
patterning through stencils is used in the fabrication process. The basic principles of the PLD
process will be described in paragraph 3.2, together with a description of the
experimental set-up. Paragraph 3.3 will discuss the basic principles of stencil patterning and
its limitations, like clogging and blurring. The experimental details of the stencil design and
fabrication, and the in situ fabrication of (field-effect) devices are presented as well.

The second part of this chapter focuses on the measuring tools used to obtain
information about the structural and electrical properties of the substrate and the fabricated
patterns and devices. In paragraph 3.4, the first group of analysis techniques characterizes
the structural properties and chemical composition of the samples, and includes optical
microscopy (OM), scanning probe microscopy (SPM), scanning electron microscopy (SEM),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The second group
describes the electrical transport properties: the generally applied settings and specifications
of the used probe stations are detailed in paragraph 3.5. Special focus is on the measuring
of organic molecular crystal devices with the nano probing system.

3.2 Thin Film Growth by Pulsed Laser Deposition

Pulsed laser deposition is intrinsically a straightforward technique for depositing thin films,
based on the evaporation of material by heating with an intense pulsed laser beam. PLD is a
powerful tool for thin film research, as almost all deposition parameters can be controlled
independently over a wide range. Most important for this work is that the ablated species can
be tuned over a large kinetic energy range, enabling deposition on the fragile organic
molecular crystal substrates at room temperature; this will be further treated in Chapter 6.

A KiF excimer

laser
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N
To loadlock Laser beam Mask
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Substrate on heater
—
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Figure 3.1 Pulsed-laser deposition. A) Schematic working principle. B) Experimental PLD set-up.
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3.2.1 Historical overview

The development of pulsed laser deposition can be marked by a few events, starting by the
high-power ruby laser becoming available in the beginning of the sixties .. The first pulsed
laser experiments to deposit thin films were carried out in 1965, three years after the
initial studies on laser-evaporation and excitation of atoms from solid surfaces ™. The first
major breakthrough came in the mid-1970s, when the electronic Q-switch enabled short
pulses with high peak power density, broadening the scope of materials available for
deposition and improving the thin film quality . However, PLD remained little known until the
second major breakthrough in 1987 ©¢, when the successful growth of high-T. super-
conducting films showed PLD is able to grow high-quality thin films of complex oxide
materials (like YBa,Cu305.,) superior to other techniques.

The last two decades, PLD has evolved from an academic ‘curiosity’ into a broadly
applicable technique for thin film deposition research, and is used in the deposition of all
kinds of materials (e.g. insulators, semiconductors, metals, polymers, organic molecules and
even biological materials) ®. Also, use of PLD to synthesize nano-structures (e.g. carbon
nanotubes™, nanopowders " and quantumdots ™) has been reported.

3.2.2  Basic principles

Pulsed laser deposition is a physical vapor deposition technique based on the evaporation of
material from the source material by heating with an intense pulsed laser beam, carried out
in a vacuum system, see figure 3.1A "33, The lasers most commonly used in thin film
fabrication are pulsed gas excimer lasers (ArF (193 nm), KrF (248 nm), XeCl (308 nm)) and
solid-state Nd:YAG lasers (266 and 355 nm). In order to get the required energy, the laser
pulses are focused by a lens onto the source material (called the target). Irrespective of the
laser used, the absorbed beam energy is converted into thermal energy, causing extreme
heating of a small target volume. The locally heated source material evaporates within nano-
seconds (without forming a melt phase) into a plasma; this process is called ablation. Further
laser heating of the evaporated species creates a high-density plasma plume that expands
forwards perpendicular to the target surface into the vacuum chamber. These high energetic
particles may interact and/or react with the background gas, if present. When a substrate is
placed inside or near the plasma plume opposite to the target, a part of the evaporated
material will adsorb on this substrate and form a thin film.

3.2.3  Advantages and disadvantages

Important parameters for the PLD process are the laser fluence (energy per pulse per unit

area), the laser frequency, the laser spot size, the target-to-substrate distance, the

background gas composition and pressure, and the substrate temperature. The direct

influence of these parameters on the thin film quality gives PLD the advantages that it has

over other physical vapor deposition techniques. Some of the advantages are:

e Compatibility with background gas pressures ranging from ultra-high vacuum (UHV) to
1 mbar. The kinetic energy of the arriving particles can be controlled by the gas
pressure and composition, enabling deposition on fragile organic and polymer substrates.
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e Compatibility with substrate temperatures ranging from below room temperature to
hundreds of degrees Celsius. As the energy source (the laser) is located outside the
deposition system, there is no transfer of excessive process heat to the substrate, except
the kinetic and thermal energy transferred by the arriving species.

e The parameters can almost all be controlled independently over a wide range. Although
there are quite some ‘knobs’ to turn on, optimization is easy and can be done quickly.

e High instant deposition rates (typical 0.01 nm/pulse ™3); but ranging from 0.0001 to
0.1 nm/pulse®). Due to the pulsed nature of the laser, this material is transferred only in
the very short duration of a plasma pulse, instead of continuously. The growth takes place
in between subsequent pulses at a much longer time scale than the laser frequency.

e Stoichiometric transfer of material from a multi-component target to the substrate ®!.

The first of these advantages is the main reason why PLD is applied as deposition technique

in this work. To be comprehensive, PLD also has a few disadvantages, some of these are:

e The poor thickness uniformity of PLD grown thin films, due to the relative small volume
of the highly forward-directed plasma plume, limits the substrate size. Although this is no
problem for a materials scientist in the lab, the last two decades, however, large-area PLD
systems have been developed to enable commercial applications 4,

e The ejection of micron-size particles in the ablation process (‘droplet formation’) is
another issue often mentioned. Use of highly dense targets, laser wavelengths that are
strongly absorbed by the target and a well-defined laser spotsize on the target by
imaging a mask placed in the laser beam tend to reduce or eliminate particle formation.

3.2.4  Experimental setup

Almost all thin films, patterns and devices described in this thesis were fabricated by PLD, see
figure 3.1B (Thin Film Laboratory; University of Twente, The Netherlands). The energy
source used in the experiments is a Lambda Physik LPX 210 KrF excimer laser (Coherent;
Santa Clara, CA, USA) with a wavelength of 248 nm and pulse duration of 25 ns. Maximum
pulse energy is 1000 mJ and the repetition rate can be varied from <1 to 100 Hz. The ultra-
high vacuum chamber is turbo-molecular pumped and has a base pressure below 10-8 mbar.

For the ablation, a small homogenous selection of the laser beam passes through a mask,
placed in the central part of the beam profile to keep the spatial energy variation low, and is
then focused by a lens (focal length 452 mm) through a window onto a target in the
chamber at 45° incidence. For metal depositions, a 98 mm2 mask containing seven 2 x 7 mm?2
openings in a vertical row was used; for oxide depositions, a 36 mm2 mask with six 2 x 3 mm?
holes. The laser hits the target surface with a spotsize of 1 to 5 mm?2, depending on the mask
and lens positions. The amount of material ablated from the target depends on the energy
density, which is varied between 1.0 and 5.0 J/cm2 by varying the spotsize and laser energy.

During deposition, the targets are scanned in the laser beam by a computer-controlled
Xyz-translation-rotation stage, to distribute ablation over the entire target surface. Five
different targets can be placed on the multi-target holder. The substrate holder with heater
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is placed, opposing the target, on another computer-controlled xyz-translation-rotation stage.
The heater can heat up to 950 °C (measured by a thermocouple); of course, for the room
temperature depositions the heater is not turned on. Both the target carrousel and the
sample holder can be inserted via a loadlock into the system without breaking the vacuum.
The target to substrate distance can be controlled between 30 and 80 mm.

The pressure inside the vacuum chamber during deposition (10-3 to 100 mbar) is
controlled by the pump speed and the gas mass flow rate (0 to 40 ml/min). As background
gas, inert argon gas was used during metal depositions and molecular oxygen gas during
oxide depositions. Note that the formation of droplets in the deposited films has not been
observed at all, due to the optimized deposition parameters.

For practical reasons, all in situ field-effect transistor device fabrications using quasi-dynamic
stencil deposition (see paragraph 3.3.4) have been performed on a different PLD system than
the routinely used system described above. As this system is simpler and less computer-
controlled, it gives more freedom in hands-on adjustments and experimental flexibility. In
principle, both systems function similarly, though the different design results in some
practical differences. This set-up uses a Compex 205 excimer laser (Coherent) as energy
source, no load-lock system is present, the vacuum chamber is pumped down to a base
pressure of only 106 mbar, and the targets are rotating during deposition.

3.3 Patterning and Device Fabrication

The patterning technique used in this work to fabricate devices is stencil deposition. Most
important for this work is that this method requires no photoresist or polymer processing, and
thereby eliminates the use of chemical, thermal and etch associated steps during fabrication.
Therefore, local deposition on non-conventional surfaces that cannot withstand solvents, like
the fragile organic single-crystals, are becoming possible. In this thesis, the combination of
stencil deposition and PLD is further referred to as pulsed laser stencil deposition !>**,

3.3.1 Basic principles

The main patterning technique used in this work is stencil deposition (also called shadow
mask deposition or stencil lithography). In general, it is a resistless lift-off technique, that can
be applied to pattern a wide variety of materials by various deposition techniques on a broad
range of surfaces . Basic principle is blocking the material flux at certain areas of the
substrate during deposition. A direct copy of the structures in the stencils is made on the
substrate by depositing material through the micro- and nanometer sized apertures realized
in a thin membrane stencil (see figure 3.2).

There are three main modes of operation of stencil deposition: static, quasi-dynamic and
dynamic. In the static mode, the stencil is fixed relative to a substrate during deposition. In
the quasi-dynamic mode, the stencil moves relative to the substrate in between depositions,
without breaking the vacuum. In case the stencil moves relative to the substrate during
deposition, the technique is called dynamic stencil deposition (DSD) 2%,
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Figure 3.2 Working principle of stencil deposition. The deposited material is blocked from the
substrate on areas shadowed by the stencil mask during deposition.

3.3.2  Advantages and disadvantages

Stencil deposition as a technique has not been developed with the intention to compete

with technologies like photolithography, but is applied in fields where other lithographic

techniques are deficient. As an example, photography lift-off techniques cannot be applied at

high deposition temperatures (i.e. the polymer photoresist cannot withstand the high

temperature), whereas the stencil technology is compatible with deposition at these

conditions 4., Advantages of stencil technology include (the first two advantages are the main

reason why stencil deposition is used as patterning technique in this work):

¢ No requirement of polymer resist processing; eliminating the chemical, thermal and etch
associated steps enables local deposition on non-conventional surfaces, like polymers ™,
organic SAMs ™" or carbon nanotubes™!, without damaging or contaminating them.

¢ Deposition on non-planar surfaces”; stencils can be brought in contact with 3D-objects.

e Minimal number of process steps; this direct deposition technique is less laborious and
time-consuming, as one processing step replaces several conventional lithography steps.

e Various sized features can be created in one deposition run; for instance, nanometer-sized
device features can be combined with millimeter-sized wiring in one deposition run.

¢ Stencils can be re-used many times before being clogged and, if needed, some stencil
cleaning procedures are present?3, making the technique a cost-effective method.

Clogging, blurring and other broadening effects

Like any other patterning technique, the stencil deposition technique has some drawbacks
like minimal structure dimensions and loss of resolution ?®. One of the main limitations is
aperture clogging (see figure 3.3A). Clogging is the gradual decrease in aperture dimensions
due to deposition of material directly inside the apertures, or by surface migration of
material deposited on top of the stencil inwards the apertures ®*%. Clogging has a direct
influence on the shape of the resulting patterns and the re-usability of the stencils. The
amount of clogging is known to be material dependent (e.g. on the diffusive properties of the
deposited material), but it is also dependent on the used deposition parameters 6. To
suppress the clogging phenomena, coating stencils with organic SAMs B2 or etching
procedures ¥ can be helpful to extend the stencils’ lifetime.

Another drawback of stencil deposition is related to the presence of a small gap between
the stencil and the substrate, which cannot be controlled and results in loss of resolution due
to blurring of the patterns called broadening (see figure 3.3B) .. Although the stencil is
brought in physical contact with the substrate, a gap between stencil and substrate is

66



Fabrication and Characterization of Thin Films and Devices

A 2 c
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Figure 3.3 A) Schematic representation of the limitations of stencil deposition: A) clogging of the
stencils, B) blurring due to the gap present, and C) stencil deformation due to deposition-induced stress.

I

unavoidable. This gap is caused by bending of the membrane, misalignment and curvature
of the substrate and stencil, and is assumed to be ~1 pym after proper alignment in the
static mode ™. Two main types of broadening are distinguished. First, the effect of
propagation of the material flux into the areas that are shadowed by the stencil, where one
can differentiate between geometrical broadening ***% and background gas pressure related
broadening (e.g. shockwave broadening at high gas pressures) *®. Secondly, broadening is
caused by the transport of material into the shadowed areas after adsorption on the surface,
the so-called surface diffusion broadening ™.

In an ideal situation (e.g. with no gap present), material is only deposited on the areas
of the substrate that are not shadowed from the particle flux by the stencil. After removal of
the stencil, isolated patterns of the deposited material are revealed with known feature sizes.
However, if no gap would be present, which is occasionally observed for the deposition on
non-planar substrates or deposition of thick layers of material, the deposited material would
attach the stencil to the substrate. During lift-off, the stencil will then either break and remain
on the substrate surface, or the deposited material is lift-off together with the stencil.

One more effect stencil deposition can suffer from is deformation of the stencil due to
deposition-induced stresses (see figure 3.3C). As material is deposited on top of the stencil,
bending of the membrane can be caused by e.g. differences in thermal expansion coefficient,
lattice mismatches and recrystallization processes. Bending of the membrane will result in an
increase of the substrate-to-stencil gap, and therefore in broadening and blurring of the
deposited features. The deformation can be reduced by local mechanical reinforcement 233,

3.3.3  Stencil design and fabrication

The main used stencils in this work consist of four 1 x 1 mm2 500 nm thick silicon nitride
membranes embedded in a 10 x 10 mm? silicon chip (see figure 3.4). Every membrane
contains four rows of circular and square apertures, with diameters of 5.6, 14.0, 28.2, 56.5
and 112.8 ym and width sizes of 5.0, 12.5, 25.0, 50.0 and 100.0 um, respectively. Next to

A
D DDn--uoOO
g DDDE..(,OQO
= DDDB..DooO
D DD“..QOOO
1.0 mm

Figure 3.4 Standard stencil design; A) schematic lay-out, and B) SEM image of one stencil membrane.
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this stencil design, various stencils with another custom design have been used in this work.
For the space-charge-limited current experiments, stencil designs with parallel bars have
been used (see figure 8.7). Paragraph 3.3.4 describes the stencil design used for the
fabrication of complete field-effect transistor structures.

All stencils used in this work have been created by standard UV photolithography and
silicon processing, the production procedure described in more detail by van Rijn et al. %,
Figure 3.5 gives a schematic overview of the stencil fabrication procedure. First, a
low-stressed SizN,4 thin film is deposited on both sides of a [001] oriented silicon wafer by
low-pressure chemical vapor deposition. Next, photoresist is structured on the front side to
define the stencil membrane apertures, and on the back side to define the silicon support
structures. On both sides, the structures in the photoresist are transferred by reactive ion
etching into the SisN,4 layer. Final step is a KOH wet etch of the back side, along the Si (111)
planes, to create a free standing SisN4, membrane.

The fabrication of the stencils used in this work has been carried out by C2V (Enschede,
The Netherlands). Also, a few custom-designed stencils have been fabricated at EPFL
(Lausanne, Swiss) using the same procedure.

3.3.4  In situ device fabrication

The main method used for stencil deposition is ex situ clamping of the stencil on top of the
substrate, see figure 3.6A. In this method, the stencil is glued with silver paste onto a
stainless steel holder, which is then gently pressed onto the substrate by three screws.

For the fabrication of devices in situ with stencil deposition (see ref. [16] for detailed
information), the 'quasi-dynamic stencil deposition’ technique is used in this work. In this
set-up, the substrate is mounted on a piezo-box inside the apparatus and a stencil is placed
in front of the sample (see figure 3.6C). The three-dimensional piezo position system
(Piezosystems Jena, Tritor 100; Jena, Germany) can translate the sample over 100 pm in the
Xx-, y- and z-dimensions independently, whereas the stencil position stays fixed. The whole
set-up is placed in the PLD vacuum chamber and via electrical connections controlled from
outside the system. The system can be used to fabricate quite complex patterns, when
combining several deposition steps of various materials and an optimized stencil design. For

A B Housing Substrate
substrate._ Stencil " O Sf/rews Figure 3.6 Schematic representation
’_—' v ]L_‘ I]H of the two stencil deposition methods
Mty used: A) ex situ clamping of a stencil
on a substrate, and B) quasi-dynamic
XYZ-piezo stencl  Stencil deposition set-up.
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example, complete FETs can be fabricated with this technique (see next paragraph).
Limitations to this method are broadening effects caused by the small gap between the
stencil and sample, and the presence of the stencil in front of the sample during the entire
deposition process (i.e. a thin film covering the entire substrate cannot be deposited).

In situ field-effect transistor fabrication

Complete field-effect transistors with a top-gate top-contact configuration can be fabricated
using the quasi-dynamic stencil deposition set-up. For this, a new stencil lay-out has been
designed making use of the acquired freedom in translation during deposition. These stencils
were manufactured similar as the stencils described before (paragraph 3.3.3) and the main
lay-out is also alike, only the apertures in the four silicon nitride membranes are shaped
differently. Lay-out of the stencils designed for preparing complete field-effect transistors is
depicted in figure 3.7A. In one deposition series, 16 complete FETs are fabricated through
every membrane, leading to a total of 64 devices if all four membranes in a chip are
exploited. The aperture dimensions vary between the membranes (see figure 3.7B) and small
variations in the orientation of the apertures are incorporated to reduce misalignment issues
(i.e. the stencil has to be aligned properly by eye to the xy-movements of the sample).

The three consecutive deposition steps to fabricate a field-effect transistor are depicted
in figure 3.8. In every deposition run, material will be deposited through all four apertures in
the membrane; yet in that run only one or two apertures are effectively used for
fabricating the device. In the 1st deposition run, the source and drain electrodes are
deposited, in the 2"d run the gate dielectric material and in the 3rd run the gate electrode.
Between the runs, the sample is transferred over 70 um in the x- or y-direction, so that the
dielectric gate material will be deposited between the source and drain contacts, and,
finally, the gate electrode material on top of the dielectric gate. The result is one top-contact
top-gate field-effect transistor, surrounded by eight additional deposited features. Before
each deposition, the gap between the substrate and stencil is minimized by transferring the
sample in the z-direction. After each deposition step, the substrate-stencil gap is maximized
first, before transferring the sample in the x- or y-direction.

3.3.5  Pulsed laser stencil deposition on organic molecular crystals

In paragraph 3.3.2, it was mentioned that the stencils can be brought in contact with non-
planar substrates. The pentacene single-crystals used in this work are typically not flat and

A oo o[ oQd o[ B W L
oo oo oo oo [um] [Hm]
o0 oOd 00 o0 1t 00 40 10
= oo oo oo oo E od oo
£ o
- o o
2 o0 00O o0 0O DDD DDD 30 20
oo oo oo oo
o 00O
o0 00 o0 0O gp og ¥ 30
ao oo ao ao

Figure 3.7 Stencil design for in situ field-effect transistor fabrication.
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Figure 3.9 Color scale bar
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Figure 3.8 In situ field-effect
70 pm Source / Drain transistor fabrication via quasi-
dynamic stencil deposition.

have a quite rough surface (on a sub-micrometer scale), which has certain consequences on
the success and yield of the transfer of the stencil apertures to the crystal substrate.

Figure 3.10 shows various general experimental aspects of stencil deposition on a
pentacene single-crystal substrate. In the areas marked with ‘A, a successful direct copy of
the structures in the membrane stencil to the substrate has been realized. In the ‘B’ areas, a
continuous film is observed and no individual structures can be identified. When going from
‘A’ to 'B’, an increased loss of resolution due to blurring can be noticed. This geometrical
broadening is directly related to an increasing gap between the stencil and substrate (i.e. at
'A’ the stencil was almost in physical contact with the substrate, whereas at ‘B’ a quite large
gap was present). In the ‘D’ areas no deposited features are present; the stencil must have
been in direct physical contact with the substrate, so that deposited material attached to the
stencil and was lifted-off together with the stencil. Finally, in the ‘C’ area, a thick film is
present on the substrate as the stencil membrane broke at this place before the deposition.

Of the other typical stencil deposition drawbacks mentioned in paragraph 3.3.2, aperture
clogging or stencil deformation were hardly encountered, as the fragile stencil membranes
broke or were replaced before this could become an issue.

The most encountered problem when performing quasi-dynamic stencil depositions on
pentacene single-crystals, compared to the static mode, is blurring and broadening of the
deposited features, as the gap between the stencil and substrate is less-controlled and
exposed to changes between the subsequent depositions. Due to this movement of the
stencil relative to the crystal in-between depositions, breakage of the stencil can also occur
more easily by coarse features present on the crystal surface.

3.4 Characterization Techniques

Organic crystal substrates, pulsed-laser deposited thin films, patterns and devices created by
(quasi-dynamic) stencil deposition have been characterized by a range of techniques, in order
to determine the structural properties, chemical composition and functionality of the
deposited materials. All analysis measurements were performed in the Thin Film Laboratory
(UT, NL) or at the MESA+ Central Materials Analysis Laboratory (UT, NL). This paragraph
details the equipments’ specifications and generally used settings.
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Figure 3.10 Optical microscopy image of deposited Au-dots, showing various general aspects of stencil
deposition on a pentacene single-crystal substrate; A) sharp, well-defined structures, B) thin film, C) thick
film and D) no material.

3.4.1  Optical microscopy

First step in the inspection of organic crystals, deposited patterns and fabricated devices is
by means of optical microscopy with polarized light. Optical microscopy (OM) measurements
were performed on a Nikon Eclipse ME600L (Nikon; Tokyo, Japan) optical microscope,
equipped with a Nikon E990 digital camera.

Anisotropic materials, like the organic conjugated crystals inspected, have optical
properties that vary with the orientation of incident light with the crystallographic axes.
Visualization of domain structures and presence of stress is possible due to this
birefringence of the crystals™. Therefore, OM provides a fast and useful first analysis of the
crystal quality and simplifies the selection of single-crystals for further processing 2.

3.4.2  Scanning probe microscopy

Atomic force microscopy (AFM) measurements were performed on two AFM systems. Regular
measurements were performed on a Multimode SPM (Veeco; Cambridge, UK) equipped with
a Nanoscope 1V controller (Digital Instruments; Santa Barbara, CA, USA) and a small-scale
(16 x 16 um2) e-type piezo scanner. Large-area measurements (up to 88 x 88 um2) were
performed on a Veeco Dimension Icon AFM system equipped with a Nanoscope V controller
and placed on an AVH-100 workstation. Both instruments are capable of imaging in contact
mode and tapping mode, revealing surface characteristics such as topography, morphology
and surface roughness. If present, friction contrast can be imaged in contact mode by
scanning at a 90° angle, whereas phase contrast can be revealed in tapping mode.
The resolution is tip shape, sample roughness and instrumental setting (e.g. scan speed and
feedback control) dependent, but is typically sub-Angstrom in z-direction (height).

All AFM measurements were performed ex situ at ambient conditions, directly after thin
film growth, structure patterning or device fabrication to minimize surface contamination. In
general, 10 x 10 pm2 areas were scanned at 1024 x 1024 data points and maximum
channels available (e.g. to collect both trace and retrace data). For contact mode, Al-coated
silicon probes (PPP-CONTR, Nanosensors; Neuchatel, Switzerland) were used, with a typical
stiffness of 0.2 N/m, resonance frequency of 13 kHz and tip radius of curvature <7 nm. For
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tapping mode imaging, Al-coated silicon probes (PPP-NCHR, Nanosensors) were used, with a
typical force constant of 40 N/m, 330 kHz resonance frequency and tip radius <7 nm.
All acquired data is processed either by the Nanoscope v6.14r1 or Nanoscope 8.00 software,
depending on the system used, with additional use of WSxM 5.0 Develop 1.2 software 7,

In data processing, typically, a 15t order flatten and a 2"d order XY-plane fit modification
over a selected flat area were applied to level the acquired image before obtaining the height
and roughness numbers. The flatten procedure centers the data and removes the tilt on each
scan line by a first order polynomial. The plane fit procedure calculates a second order
two-dimensional polynomial and subtracts it from the image. The thickness of the individual
Au-features was measured using the section procedure with at least six randomly chosen line
sections. Roughness data was obtained using the roughness procedure.

All AFM images in this thesis are colored according the color scale bar in figure 3.9, with
the height ranging from 0 to Zygm Nm (with Zgm given in the image caption).

3.4.3  Scanning electron microscopy

Scanning electron microscopy (SEM) surface analysis measurements were carried out on a
JSM-5610 SEM (Jeol; Tokyo, Japan), operating between 0.5 and 30 kV, and a large-chamber
JSM-6490 high-vacuum SEM (Jeol), operating between 0.3 and 30 kV. Both systems
are equipped with a secondary electron detector to image the samples’ structure and
morphology. The large-chamber SEM is part of the nano probing station (see section 3.5.2).

In general, image scans were acquired at 2560 x 1920 data points. All SEM images in this
thesis have been colored bluish by applying a cooling filter on the raw image. Effectively, this
photo filter corrects the color balance with -6 (red), 0 (green) and +19 (blue) in RGB mode.

3.4.4  X-ray diffraction

X-ray diffraction (XRD) measurements were performed on a multipurpose, two-circle X'pert
APD (Panalytical; Almelo, The Netherlands) diffractometer with a sample changer using
Cu Ka radiation. The organic crystals were analyzed using 8-26 scans to validate their
crystal structure. The X'pert system uses an X-ray source operating at 50 kV and 25 mA, and
the minimum resolution is as small as 0.001°. A graphite monochromator is used in the
diffracted beam path to eliminate high-order spectral reflections. To increase intensity, the
samples were spun with 1 Hz during the measurement.

3.4.5  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI Quantera
SCM Scanning ESCA Microprobe (Physical Electronics; Chanhassen, MN, USA). Data obtained
with XPS gives surface sensitive information on the composition and chemical bonding of the
material (i.e. typically of the first 10 nm). An Al Ka monochromatic hv = 1486.6 eV X-ray
source operating at 25 W is used to investigate the samples at a vacuum base pressure of
<1x 108 mbar. Spectra were referenced to the main Cl1s peak at 284.80 eV. Depth-profiling
is possible by using an argon sputter source.
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3.5 Electrical Transport Characterization

To characterize the electrical properties of the fabricated devices, a specialized nano probing
station has been used. With this system, it is possible to perform electrical measurements on
dimensions not reachable by a conventional micro probing station. Important for this work is
that the sample probing can be performed without damaging the fragile organic molecular
crystals or patterned structures. The specifications and generally used settings of this system,
which is located in the Thin Film Laboratory (UT, NL), are detailed in this paragraph.

3.5.1  Nano probing system

The central part of the nano probing system is the Zyvex S100 nanomanipulator (Zyvex
Instruments; Richardson, TX, USA). The four probes of the nanomanipulator can be
independently moved in xyz-directions in a coarse and fine mode, with a top speed of
3 mm/s. Maximum range of coarse motion is 12 mm in x- and z-direction, and 10 mm in
y-direction. The maximum fine positioner ranges are £50 pm in x- and z-direction, and
+10 pm in y-direction®®. Positioner resolution of the coarse axes is 100 nm; of the fine axes
is 5 nm. The probes are manually controlled one at a time by a remote joystick via the
control cabinet or by the Zyvex software &,

The Zyvex S100 nanomanipulator is positioned inside a scanning electron microscope
(viz. the large-chamber JSM-6490 high vacuum Jeol SEM described in paragraph 3.4.3), to
view and perform a careful ‘landing’ of the probes on the sample surface. The SEM is thus a
fundamental part of the nano probing system, as the probes cannot be simply placed on the
sample by eye anymore, when working at these small dimensions.

Attached to the system is a Keithley 4200-SCS semiconductor characterization system,
equipped with four 4200-SMU source-measure units and four 4200-PA remote pre-amplifiers,
and a 4200-CVU capacitance voltage unit (Keithley Instruments; Cleveland, OH, USA).

3.5.2  Carbon fiber nano-prober tips

The Zyvex nano probing station is intentionally equipped with tungsten probes with a tip
diameter of 100-200 nm. This set-up is optimized for probing inorganic nano-electronic
devices (see figure 3.11A). Tungsten wire has long been used for making probes for
scanning probe microscopy (SPM), because of the ability to sharpen the metal through
electrochemical etch techniques to tip diameters as sharp as 50 hm 0,

In general, tungsten probes have two disadvantages. First, a chemical treatment is
necessary to remove the native tungsten oxide layer and achieve clean probe tips. Following
the in air chemical treatment, an in vacuum oxide removal treatment must be performed as
well in order to acquire high-quality probes. This in situ cleaning procedure involves shorting
two probe tips, followed by locally heating the tip ends with a current sweep (e.g. with the
Keithley 4200 SCS) I, Second disadvantage; the sharp end of the tungsten probe tips
easily bends when landed too fast on the sample or when accidently touched during
mounting on the sample stage (see figure 3.11B). Difficulty with bent tips is the uncertainty
of where the lowest point of the tip is located. To preserve probe tip sharpness, the fine
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motion piezo-positioners have to be used in the final stage of approaching the surface.
However, determining when to begin movement in the fine motion mode requires quite some
hands-on experience; although the position of the tip in the plane perpendicular to the
electron beam can be resolved with an accuracy of a few nanometers, the height can only be
estimated by the focusing position of the image and the tip, resulting in an uncertainty in the
order of tens of micrometers. In practice, this results in a time-consuming surface approach
(i.e. tens of minutes per probe) before 'the eagle has landed".

When landing tungsten probes on organic molecular crystal devices, two more
disadvantages show up. As these crystals are much softer compared to the tungsten probes,
damage to the device occurs very quickly when landing too hard on the sample or when the
probe is scratching over the surface after landing (e.g. from stabilization of the fine motion
piezo-positioners). Besides that, when the sample or probe is only slightly charged by the
SEM’s electron beam, the tungsten probe tip can be pulled towards the sample during the
final approach, resulting in a crash (see figure 3.11C).

To probe the fragile organic molecular crystal devices without the problems described above,
replacement of the rigid tungsten probe tips by homemade flexible carbon fiber tips turned
out to be successful. After fabrication, no (chemical cleaning or heating) treatments are
needed anymore, as no native oxide layer is present on these probe tips. Due to the
flexibility of the carbon fiber probe tips, they can be landed on the surface of the fragile
organic molecular crystal devices without damaging them (see figure 3.12A-B). After landing,
further movement downwards of the probe positioner leads to a lateral movement of the
flexible probe tip on the sample surface. In fact, the entire surface approach can be
executed in the course motion mode and thus be performed within a few minutes.

Fabrication carbon fiber nano-prober tips

One end of a copper wire (length 20 mm, diameter 0.25 mm) is fixed with conducting silver
paste (LeitSilber 200) to a pin-connection, which fits in the Zyvex nano-prober positioner
connectors; the other end of the copper wire is flattened. An individual carbon fiber (length
6 mm, diameter ~7 um), separated with tweezers from a bundle of pelletized short-chopped
carbon fibers (Tenax-A HT C124 6 mm, Toho Tenax America Inc.; Rockwood, TN, USA), is
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Figure 3.11 SEM images from tungsten probe tips on various samples in the Zyvex nano manipulator.
A) Tungsten probe with ~100 nm tip diameter succesfully landed on an inorganic device with ~200 nm
features. B) The sharp end of a tungsten probe easily bends when landed too fast on a sample. C) A
tungsten probe crashed into an organic molecular crystal device by slight charging-up of the sample.
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carefully attached to the flattened end of the copper wire by conducting silver paste. To
reduce vibrations of the probes during a surface approach, the carbon fibers were shortened
a few millimeters. For improved electrical contact characteristics, the probe tips could be
coated with a thin gold layer (several tens of nanometer thick) by PLD or sputtering.

Characterization carbon fiber nano-prober tips

Figure 3.12C-D shows two (non-Au-coated) carbon fiber probe tips shorted to each other
within the Zyvex nano probing station and an I-V sweep through the shorted probes. Total
resistance of the complete set-up is about 2 kQ. Electrical resistivity of the carbon fibers is
1.5x 103 Qcm ™, which corresponds to the measured resistance. A similar measurement
with two shorted tungsten probe tips had a total resistance of 10-15 Q (resistivity tungsten
5.6 X 106 Qcm). These resistances show the capability of measuring samples in the nano
prober system in general, with a low series resistance.

3.5.3  Organic molecular crystal devices in the nano-prober

The main challenge of probe landing is to make a proper electrical contact of the probes to
the device electrodes, and at the same time not to modify or induce stresses in the sample.
When landing a probe on fragile organic crystals, it is therefore important not to execute a
large force with the probe on the sample.

In general, whether or not a tungsten or carbon fiber probe tip has landed on a surface,
can be best observed by the appearance of a shadowing effect (a darker region of a few
micrometers in size) around the probe tip upon landing (see figure 3.12A). When landing on
the fabricated organic molecular crystal devices, the moment of contact can be observed
even more noticeably. This is also illustrated in figure 3.12A; the two probed Au contacts
appear brighter in the SEM image than the unprobed Au contact at the bottom. After take-
off (figure 3.12B), the three Au contacts reveal the same, original contrast again

This type of contrast in the SEM is an example of passive voltage contrast (PVC) . PVC
is a popular failure analysis technique for locating gate shorts or leakage and open circuit
defects in the semiconductor process technology . As a sample is exposed to the electron
beam, floating and grounded structures acquire different surface potentials. This will
generate different amounts of secondary electron emission, resulting in variations in SEM
contrast. Areas with a path to ground appear bright, while charged areas will be darker ™,

H
Voltage (V)

Figure 3.12 A) Two carbon fiber probe tips landed on gold contacts deposited on a pentacene single-
crystal. B) The same two carbon fiber probe tips lifted-up after the landing, revealing no damage to the
device. C) Two carbon fiber probe tips shorted to each other. D) Corresponding I-V sweep through the
shorted probes (forward and reverse sweeps overlap). The dotted line corresponds to a 2kS2 resistance.
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The probed Au contacts in figure 3.12A have a conductive path to ground through the
landed carbon fiber probes. On the other hand, the path to ground for the unprobed Au
contacts goes through the insulating pentacene single-crystal. So, some charging of these
features can be expected, and thus a difference in surface potential and SEM contrast
between the probed and unprobed Au contacts.

Electron beam-induced deposition

It should be noted that the voltage contrast effect drops off if the samples’ surface gets
covered with an electron beam-induced deposition (EBID) layer, when imaging a certain area
for a longer period. The vacuum level in the nano-prober SEM is down to 7 x 106 mbar ),
so there are some residual hydrocarbon molecules present. The hydrocarbons decompose
under the electron beam radiation, resulting in an amorphous sp3-hybridized diamond-like
carbon layer deposited on the exposed area“**’), This contaminating EBID layer is normally
observed as a dark rectangle on the surface when going from high to lower magnification in
secondary electron imaging. In general, build-up of this layer is of little consequence as it
does not interfere with image collection.

However, as this carbonaceous layer is completely insulating (resistivity is in the order of
1011 Q@ cm 1), it will form a barrier for good ohmic contact during probing . As a
consequence, to achieve reliable measurements with the nano-prober system, imaging of the
(organic) devices and exposure of the sample and the prober tips to the electron beam,
especially under high magnification, should be restricted as much as possible. For this
reason, the fast surface approach that is possible with the flexible carbon fiber probe tips is
quite beneficial.

Measurements

Because the scanning electron beam induces charge on the sample surface, it must be
switched off during electrical measurements, to avoid additional current from incident
primary electrons (e.g. Noyong et al.™ observed the appearance of a saw tooth-like overlay
with currents up to 10-10 A in their nanomanipulation system when not switching off the
scanning electron beam).

Normally, the sample and the probe tips are grounded during scanning to eliminate any
charging caused by the electron beam. However, when performing electrical measurements,
this grounding of the sample to the sample stage is unwanted as it will result in additional
current paths through the sample. Therefore, an additional setup was installed on the
system to quickly enable or disable grounding of the sample relative to the sample stage.

3.6 Concluding Remarks

In this chapter, a description of the deposition and patterning techniques that are applied in
the upcoming chapters to fabricate devices on organic single-crystal substrates has been
given. Besides that, the various analysis techniques used to obtain information about the
structural and electrical properties of these devices were introduced as well.
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Abstract ™\

First, a“review o\r\fﬂﬁ crystal structure of pentacene and on-the growth mechanism models
of. vapor-grown orgdnjc molecular crystals is presented.. Next, the crystal structure,
geometry andssurface phology of pentacene single-crystals grown by physical vapor
transport-are investigated by%arious experimental techniques, as these crystals are applied
as substrate-in the fabrication ofsdevices in the upcoming chapters. Finally, it will be shown
that for pentacene a step flow type of crystal growth is the dominant mechanism, yet
several observations show that the pentacene crystal growth behavior is not limited to this
type of growth.




Chapter 4

4.1 Introduction

Pentacene, the benchmark material studied in this work, is the fifth in the linear aromatic
hydrocarbon series composed of laterally fused benzene rings. The molecules in this series
are called linear acenes (the name ‘acene’ was thought up by Clar ); yet the terms
polyacenes or oligoacenes are used in literature as well. The linear acene family (see
figure 4.1) starts with benzene, followed by naphthalene, anthracene, tetracene (also called
naphthacene) and pentacene. The next members in the series are hexacene and heptacene;
the latter molecule was synthesized only a few years ago ™. Larger members (e.g. octacene
and nonacene) of the acene family appear to be so highly reactive, photo-unstable and
poorly soluble that they cannot be synthesized, but can only be studied in theory®. In the
acene series, molecules that contain two or more fused rings are also members of a broad
group of well-studied chemicals called polycyclic aromatic hydrocarbons (PAHs) ™.

Acenes are functional materials that possess a set of interesting physical and chemical
properties (e.g. a wide range of bandgaps, tunable colors) that can be easily manipulated by
substitution of functional groups to the aromatic backbone. Anthracene, tetracene and
pentacene, and their derivatives, are extensively used in organic field-effect transistors
(OFETs) &4, organic light-emitting diodes (OLEDs) "® and organic photovoltaics (OPVs) ™.
In fact, pentacene is by far the most popular organic semi-conductor for OFET fabrication "%,

For organic thin films, it has been demonstrated that surface defects and surface
morphology both have important effects on the performance of OFETs™ 2, Accordingly, there
have been many reports about the growth and morphology of organic thin films %,
Interestingly, in contrast to its polycrystalline thin film counterpart, the nucleation and growth
processes of organic semiconducting single-crystals by physical vapor transport have rarely
evoked interest. So far, only a few studies on the surface morphology and structural defects,
and especially on the growth mechanism, have been performed on such crystals ™24, These
parameters are important for the performance of organic single-crystal field-effect transistors,
since the conductive channel will be located in the first molecular layers at the crystal
surface ?#, Furthermore, the surface morphology will influence the interface between the
organic semiconducting crystal and the dielectric layer.

The aim of this chapter is therefore to study the growth mechanism of pentacene single-
crystals, and to investigate their crystal structure, geometry and surface morphology as well,
as these crystals are applied as substrate in the fabrication of devices in the upcoming
chapters. As will be discussed in the review on the growth mechanism models for organic
molecular crystals, several different models are at present proposed in literature to describe

3 4
! 2 Figure 4.1 Chemical structures of the
OOOOO OOOOOO linear acenes: 1. benzene, 2. naph-
thalene, 3. anthracene, 4. tetracene,
5 6

5. pentacene, and 6. hexacene

80



Pentacene Single-Crystals: Growth and Morphology

Figure 4.2 A) Ball-and-stick model of a
pentacene molecule, B) constant-current STM, and
C) and D) constant-height AFM images of one or
more pentacene molecules adsorbed on Cu(111),
acquired with a CO-modified tip. Figure with
permission from [25].

the growth behavior of organic single-crystals. In this chapter, it will be shown that for
pentacene a step flow type of crystal growth is the dominant mechanism. Nonetheless,
several observations show that the crystal growth is not limited to this type of growth.

4.2 Theoretical Background

In this section, various general aspects of pentacene, like its synthesis and solubility in
solvents are introduced first, followed by a review on the crystal structure of pentacene and
on the growth mechanisms of organic molecular crystals grown by physical vapor transport.

4.2.1 Pentacene

The pentacene molecule (Cy;H14, 278.33 g/mol) is an aromatic, conjugated planar molecule
of five linearly fused benzene rings (see figure 4.1) 2%, Recently, Gross and co-workers at IBM
revealed the chemical structure of an individual pentacene molecule by imaging with AFM and
STM (see figure 4.2) ). The molecule itself is poorly soluble in most solvents and can only
be obtained by multistep synthesis; a combination responsible for the high material price
(e.g. several hundred euro per gram ™), In the solid state, pentacene has a deep blue color
and is highly crystalline. Due to the poor solubility, research has mainly focused on pentacene
thin films and single-crystals, and not on pentacene in solution or on individual pentacene
molecules. A historic overview of the number of ‘pentacene’ publications is presented in
figure 4.3, showing the enormous boost in research the last decade.
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Figure 4.4 Synthesis of pentacene as described by Clar and John ™!, A Friedel-Crafts reaction of
m-xylophenone yielded 4,6-dibenzoyl-1,3-dimethylbenzene, which is converted into dihydropentacene by

heating with copper. Dehydrogenation to pentacene was accomplished by boiling the dihydropentacene
in nitrobenzene with phenanthraquinone or by passing over copper at 350-400 °C.

Synthesis of pentacene

Pentacene cannot be directly isolated from coal or petroleum sources. The lower homologues
in the acene family, from benzene to anthracene, can be extracted from coal, while the longer
members can be obtained only by multistep synthesis®.. Already back in 1912, Mills and Mills
described the first synthesis of pentacene (named B,83,3,8"-dinaphtanthracene) and some of
its derivatives, from pyromellitic anhydride and benzene as starting materials and in the
presence of AlCl; catalyst®. Clar and John described synthesis of pentacene starting from
m-xylophenone via 4,6-dibenzoyl-1,3-dimethylbenzene and dihydropentacene in 1930 (see
figure 4.4) *1, In 1943, an improved synthesis of pentacene is reported by Allen and Gates,
by adding 1,3-diphenylisobenzofuran to benzoquinone ™. Bailey and Madoff reported in 1953
the synthesis of pentacene from 1,2-dimethylenecyclohexane by a three-step procedure B4,
The most convenient method nowadays to obtain pentacene is to synthesize it from
6,13-pentacenequinone via a reduction reaction by an aluminum-cyclohexanol mixture, as
depicted in figure 4.5. 6,13-pentacenequinone itself can be prepared by a fourfold aldol
condensation reaction between 1,2-phthalic dicarboxaldehyde and 1,4-cyclohexanedione B2,

Solubility of pentacene

The solubility of pentacene in most common organic solvents at normal conditions is
extremely poor; however, there are a few solvents in which it can be dissolved to a
certain extent. Pentacene is reported to be very slightly soluble in a cyclohexane : benzene
mixture®, and in benzene™*! and dimethyl sulfoxide®® at elevated temperatures. Pentacene
can be dissolved in some halogenated aromatic hydrocarbon solvents (e.g. 1,2,4trichloro-

(0] 0o
H + NaOH / EtOH
H
_ Al/HgCl,
Cyclohexanol

Figure 4.5 Synthesis of pentacene by reducing 6,13-pentacenequinone by an aluminium-cyclohexanol
mixture. The 6,13-pentacenequinone is the product of a fourfold aldol condensation reaction between
1,2-phthalic dicarboxaldehyde and 1,4-cyclohexanedione.
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benzene and 1,2-dichlorobenzene) at elevated temperatures as well ¥, The solution is
quite unstable, as very dilute solutions of pentacene in 1,2-dichlorobenzene bleach within
minutes unless isolated from air and light 2. Finally, pentacene has also been found to be
soluble in some heated liquid crystal materials that possess large n-electron conjugated
groups, like cyanobiphenyl or -terphenyl liquid crystal >,

A simple procedure to deposit pentacene thin films directly from solution using a common
organic solvent has not yet been found. One approach to increase the solubility of pentacene
is by adding functional side groups to the pentacene molecule that can be removed by
heating or irradiating the deposited film after solvent evaporation ***2. A soluble precursor
currently gaining much interest in the scientific world is 6,13-bis(triisopropyl-silylethynyl)
pentacene (TIPS-pentacene) 3,

Influence of solvents on pentacene

The influence of common organic solvents on the crystallographic structure and morphology
of pentacene films and single-crystals has not been investigated much. Gundlach et al. !
reported a solvent-induced phase transition in pentacene thin films. Exposure to solvents
such as acetone, isopropanol and ethanol resulted in shifting of the d(001) interplanar
spacing (see paragraph 4.2.2), accompanied by macroscopic buckling of the pentacene film.
Mattheus et al. " verified these findings.

In addition to the morphological and crystallographic transformations, the performance of
pentacene thin film transistors also dramatically degraded after exposure to solvents. Kuo and
Jackson ™! reported on the exposure of pentacene thin film transistors to water, isopropanol,
dimethyl sulfoxide and hexadecane. They connected the dramatic device degradation to
cracking and film detachment, most likely caused by swelling of the film, instead of
dissolving or a chemical reaction . Remarkably, water was the only solvent that did not
cause severe damage to the pentacene thin films and their device performance .

These structural crystallographic and morphological changes are the main reason why
photolithographic processes cannot be used in the fabrication of pentacene thin film devices.
For pentacene single-crystals, the conventional idea is to totally exclude the exposure of
solvents and photolithographic resists to the crystals as well I,

4.2.2  Pentacene crystal structure

Gavezzotti and Desijaru "> analyzed the structure of numerous organic aromatic molecules
and found that all examined compounds crystallize in layered structures. They distinguished
four possible packing modes, depending on the specific intermolecular interactions: the
herringbone structure, the y-structure (flattened-out herringbone), the sandwich herringbone
structure and the layered ‘graphitic plane’ B-structure. The ‘ideal’ complete co-facial
n-stacking, theoretically leading to a very high charge carrier mobility, is hardly ever found
in molecular crystals ®". As can be seen in figure 4.6, pentacene crystallizes in a layered
structure and the molecules pack in a face-to-edge herringbone structure within the
layers ™, In fact, all acenes from benzene to pentacene, as well as several thiophenes and
phenylenes crystallize in the herringbone arrangement .,
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Figure 4.6 Artist impression of the pentacene single-crystal morphology (based on a 3D-AFM height
image), showing the layered structure of the pentacene molecules. Within the layers, the molecules pack
in a face-to-edge herringbone structure.

The existence of more than one crystal structure for a particular material is frequently
observed for aromatic hydrocarbons and organic crystals ). The intermolecular forces
between the pentacene molecules within the two-dimensional layers are rather weak, and
result from the cooperation and competition between rn—o and n—n bond interactions®*. The
adjacent layers are bonded by weak van der Waals forces only. Due to the small interaction
forces between the molecules, little variations in the crystal packing can be present, leading
to polymorphism. Pentacene has several polymorphs, each with a specific d(001)-spacing
along the c*-axis (i.e. the c*-axis is defined as the direction perpendicular to the ab-plane).
The (001) plane spacing is the largest spacing present, and is therefore the characteristic
spacing for this material (i.e. the ‘layer periodicity”). For pentacene thin films, four polymorphs
are reported in literature, with d(001) values of 1.41, 1.44, 1.50 and 1.54 nm®3, The obtained
polymorph depends amongst others on the substrate type, the substrate temperature during
growth, the thickness of the film and the growth rate ®. For pentacene single-crystals, only
one polymorph exists, and it has a unique d(001) spacing of 1.41 nm B,

Although being a relatively small molecule, the crystal structure of pentacene is of low
symmetry and rather complicated, due to the asymmetry present in the molecule. The low
symmetry is expressed by the triclinic crystallographic structure of pentacene, with two
molecules in a unit cell (see figure 5.2), which results in anisotropy of various electrical and
optical crystal properties ..

The first crystal and molecular structure determination of bulk pentacene is reported
by Campbell et al. ®® in 1961, with slight modifications reported in 1962 . In this
work, the single-crystal unit cell parameters determined by Mattheus are followed:
a=0.6266 nm, b=0.775 nm, c=1.453 nm, a =76.475°, 8 =87.682°, y =84.684°, and
p =1.349 g/cm3 5559, The most significant difference between the Campbell and Mattheus
parameters is Campbells d(001) spacing of 1.44 nm, where Mattheus observed 1.41 nm. The
latter value is in good agreement with the results from Holmes et al. ** and Siegrist et al. ™,

84



Pentacene Single-Crystals: Growth and Morphology

and since then commonly accepted as the crystal structure adopted by pentacene single-
crystals at room temperature. Recently, Siegrist et al. * reported the presence of a phase
transition upon heating around 190 °C, and that the unit cell parameters of the high-
temperature pentacene polymorph were similar to those reported by Campbell. Conversely,
the low-temperature polymorph is consistent with the Mattheus’ unit cell parameters.

Note that in this work, the common crystallographic convention for a triclinic system is
adopted: the lattice parameters of the axes are chosen as short as possible, |a| < |b| <|c]|,
and g, Band y<90°5, The last years, in literature, a different unit cell choice is sometimes
adopted, with the a-axis defined as the longest axis in the xy-plane (i.e. |a| > |b]) .

4.2.3 Growth mechanism models for organic molecular crystals

As mentioned in the introduction, the growth mechanisms of organic single-crystals by
physical vapor transport (PVT) have not evoked much interest %, in contrast to its poly-
crystalline thin film counterpart. Thin film formation processes and growth kinetics of
organic small molecules by physical vapor deposition (PVD) and molecular beam epitaxy
(MBE) have been widely investigated ***¢*¢4, Many parameters influence the thin film growth,
structure and morphology, like the substrate nature and temperature, the deposition rate, the
background gas pressure, and the kinetic energy of the molecular beam. In general, the
conditions for a certain thin film growth mode depend on the delicate balance of anisotropic
interactions between the molecules, and between the molecules and the substrate .

There are a few differences between the growth of organic thin films and organic single-
crystals. Due to the limited or absent influence of a substrate in the formation process of
crystals grown by PVT, the main driving force depends solely on the interactions between the
molecules in the crystal itself. Another difference is that the (PVD and MBE) thin films are
grown far away from thermodynamic equilibrium, whereas the organic single-crystals are
grown at (near-) thermodynamic equilibrium in PVT.

In literature, there is a small discrepancy on the onset of crystallization in PVT crystal
growth. On the one hand, it is reported that the crystals grow in the tube furnace without
any contacts to the wall, due to spontaneous gas phase nucleation ", On the other hand,
it is reported that the crystals grow in the tube furnace hanging on the tube wall "), as is
the case for the pentacene single-crystals grown for this work ©®. In the initial stage of
crystal nucleation and growth, several molecules nucleate, either spontaneously or in the
form of two-dimensional islands on the inner surface of the glass tube, and then other
molecules combine with the previously nucleated molecules by intermolecular interactions.
The main point is that only some initial molecules might be influenced by the tube wall
substrate. For virtually the entire crystal growth process, the main driving force is the inter-
action between the molecules.

The final crystal shape is controlled by the anisotropy of these intermolecular interactions.
For many materials, the largest dimensions of the final crystal shape correspond to the
direction of the strongest interactions. Most of the PVT-grown organic crystals are shaped as
thin platelets or needles. In platelet-like crystals, the largest facet typically corresponds to the
ab-plane or (001) crystal plane ™, which is also the case for pentacene .
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According to a note in [69] for tetracene and TCNQ crystals, the slow crystal growth in the
direction perpendicular to the ab-facet proceeds by the flow of steps at a very low growth
rate (<10 pm/h). This results in molecularly flat facets with a low density of molecular steps,
separated by wide (0.5-1.0 pm) terraces.

In the crystal formation model proposed by Wang et al."™” for tetracene and three other
slice-like crystals, first several molecules in the form of two-dimensional islands nucleate on
the inner surface of the furnace tube and form a small crystal plane vertical to the wall. Then,
other molecules grow on the crystal plane forming monolayer thick islands, while the primary
crystal plane continues expanding. The two-dimensional islands on the crystal expand and
join each other, creating an intact molecular layer (a new crystal plane). The large-scale
crystal is formed ultimately by layer-plus-island periods growth. Besides the step-like
morphology observed in most regions of the crystal surface by AFM, regions characteristic for
two-dimensional joint islands have been found verifying the layer-plus-island growth mode.

Zeng et al.'! and Zhang et al."® proposed a somewhat different crystal formation model,
as they observed an array of parallel large straight steps on the surface of pentacene and
anthracene single-crystals, besides the elementary molecular steps. Although they mentioned
that two-dimensional nucleation processes can also occur on the crystal surface, they
observed no two-dimensional joint islands and proposed a layer-by-layer growth model. In
this case, each large step on the large-scale crystal is formed from the piling of elementary
steps. Overall, it is concluded that the growth mechanism is a two-dimensional nucleation —
elementary steps — large straight steps — layer-by-layer periods growth.

In the papers discussed so far, no (large) spiral steps grown from screw dislocations
were found on the surface of the PVT-grown crystals. Jo et al. " did observe spiral steps
originating from screw dislocations present on the (001) plane of anthracene single-crystals
grown from the vapor phase (see figure 2.2A). Cuppen et al.* even concluded that screw
dislocations are a requirement for the crystallization of platelet-like acene crystals under
normal conditions, as the nucleation barrier for growth on the (001) face is much higher
compared to the other crystal faces, which limits two-dimensional nucleation of new islands.
They observed that the (001) faces of vapor-grown naphthalene, anthracene and tetracene
crystals are indeed fully covered with spiral steps protruding from screw dislocations.

4.3 Experimental Procedure

In this paragraph, the experimental details of the purification and growth of the pentacene
single-crystals and the applied analysis techniques are being discussed.

4.3.1  Purification and growth of pentacene single-crystals

The pentacene and rubrene single-crystals used in this study have been grown by the
PVT method 773, after purification of the starting powder by vacuum sublimation under a
temperature gradient ®>”**1, by Jurchescu and Arkenbout (Solid State Chemistry group;
University of Groningen, The Netherlands); see refs. [52] and [54] for specific details.
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First, the as-received pentacene powder (Sigma Aldrich; Germany) is purified by a vacuum
sublimation process. After placing several tens of milligram of the starting powder in an
alumina boat inside a glass tube and applying the vacuum, the purification process takes
places at T= 160 °C for ~70h, in the dark (see figure 2.4). The sublimed impurities (i.e. 6,13-
pentacenequinone) can be found afterwards as a brown powder on the tube walls, whereas
the purified violet pentacene powder is used as starting material for the single-crystal growth.

30 to 40 mg of the pre-purified powder is then placed in an alumina crucible in a
horizontal glass tube reactor set in the dark to prevent photo-oxidation (see figure 2.3). The
material is placed in the hottest region of the tube where it vaporizes (~270 °C); the crystal
growth occurs about 30 cm further along the tube at a lower temperature (~220 °C), the
vaporized material carried there by an inert transport gas (e.g. ultrapure dry argon). Presence
of hydrogen in the transport gas is avoided, to prevent hydrogenation of the acene at the
middle ring, forming 6,13-dihydropentacene impurities =4,

Typically, the growth process takes around 3 days. After growth, the crystals were
harvested and stored in vacuum or dry nitrogen atmosphere and darkness before further use,
as exposure to oxygen and light may cause slow oxidation ®2. The grown platelet-like
pentacene crystals vary in size, with in-plane dimensions up to several millimeters and
thicknesses of several tens of micrometers. Typically, no needle-like crystals were present.

4.3.2  Characterization of pentacene single-crystals

To verify and check the quality of the vapor-grown pentacene single-crystals, room
temperature X-ray diffraction (XRD) measurements were performed on a X'pert APD
diffractometer. To inspect the crystal shape, structure and geometry, optical microscopy (OM)
measurements were performed on a Nikon Eclipse ME600L microscope and scanning electron
microscopy (SEM) measurements were carried out on a Jeol JSM-6490 high-vacuum SEM,
operating at a low acceleration voltage between 0.3 and 2.0 kV. Finally, to study the surface
morphology of the crystals, atomic force microscopy (AFM) measurements were performed
on a Veeco Multimode SPM and a Veeco Dimension Icon, on several areas of various crystals.
For more details of the used equipment, see paragraph 3.4.

4.4 Results and Discussion

With the aim of acquiring more information on the growth mechanism of organic molecular
crystals, the crystal structure, geometry and surface morphology of vapor-grown pentacene
single-crystals have been investigated and the results will be discussed in this paragraph.

4.4.1  Shape and crystal plane orientation of pentacene single-crystals

To verify and check the crystal quality, room temperature X-ray diffraction analyses have been
performed on the crystals used in this work. A typical 6-26 diffraction pattern of vapor-grown
pentacene single-crystals is shown in figure 4.7. In the experiments, the crystals were
mounted parallel on an amorphous polymer substrate, with the largest facets facing upwards.
The small curvature in the baseline is due to the polymer substrate, and can be further
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ignored. The actual diffraction peaks are sharp, indicating the crystalline quality of the
crystals is good. The equidistant diffraction peaks confirm the ordered layer structure of the
crystals. The peaks can be indexed as 00/ reflections. The strong diffraction peak at
260 =6.388° corresponds to the (001) crystal plane. Other equivalent periodic peaks can be
observed, corresponding to (00/) crystal planes, with /from 2 to 8, respectively. According to
the Bragg equation ™, the thickness of one pentacene monolayer is found to be 1.404 nm.
This measured d(001) spacing is in accordance with the 1.41 nm d-spacing value reported
in literature for vapor-grown pentacene single-crystals >4,

The theoretical shape of a crystal can be derived from the relative growth rates of various
low-index faces, since the growth rate of a crystal face is assumed to be proportional to its
surface formation energy "*”’), The surface energies of several low-index pentacene single-
crystal surfaces have been calculated by Northrup et al."® (e.g. the surface energy is the
energy required for cleaving a surface from a bulk material). Using density functional
calculations, they predicted an equilibrium crystal shape in terms of the surface energy of the
crystal structure. The unit cell parameters used by Northrup, however, are defined
differently compared to the parameters used in this work. The calculated formation and
surface energies for pentacene with the unit cell parameters redefined are presented in
table 4.1, and these surfaces are indicated schematically in figure 4.8.

Table 4.1 Formation energy Eg,, and surface energy y of pentacene surfaces™.,

Pentacene surface E torm/cell [eV] y [meV/A2]

(001) 0.15 3.1
(010) 0.45 4.8
(1-10) 0.71 4.7
(110) 0.72 4.8
(100) 0.75 6.4
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During crystal growth, pentacene molecules are expected to deposit preferentially on the
planes that have the largest surface energy, in order to minimize the surface energy. As
expected, the (001) surface is found to have the lowest surface energy in the calculation, so
it should be the largest natural facet of the platelet-like pentacene crystals, which has been
proven by the XRD analysis. The basal (001) plane is surrounded by the lateral (010), (1-10),
and (110) planes; however, their areas are much smaller. The (100) facet has the highest
surface energy, thus pentacene molecules are likely to cohere to this surface and this facet
will mostly be absent in the equilibrium crystal shape. Hence, the crystal growth was
theoretically predicted to proceed preferably along the minor axis in the ab-plane of the
pentacene crystal under equilibrium conditions 7®,

Figure 4.8 A single ab-layer of pentacene is %

o

For thermodynamically grown crystals, these planes can be often recognized in the
overall crystal shape and geometry. Jo and Takenaga " showed images of platelet-like
pentacene single-crystals with a pair of large parallelogram planes and with a pair of large
dendrite-shaped planes. The shape of these crystals is clearly dissimilar, however, there are
no large differences; both crystal shapes have the basal (001) plane and the lateral planes
in common (i.e. the (1-10) and (110) planes). The main branch of the dendritic crystal is
parallel to the [010] direction. Natsume et al." reported for pentacene crystals grown from
solution that a low cooling rate leads to platelet-like crystal growth, whereas a high cooling
rate (i.e. a high supersaturation) results in dendritic pentacene crystals.Figure 4.9 shows OM
images of a platelet-like and a dendrite-like pentacene single-crystal obtained by physical
vapor growth. In contrast to [18], here the lateral (010) planes can also be identified in the
crystal shape and large terrace steps present on the (001) basal plane, besides the (1-10)
and (110) planes. However, identifying the crystal planes in the overall pentacene crystal
shape is not so easy in all cases; in these situations a more detailed XRD analysis to obtain
the correct crystal orientation has to be performed.

4.4.2  Surface morphology of pentacene single-crystals

In figure 4.10, two optical microscopy images of selected areas of the (001) pentacene
crystal plane are presented. On the surface of the crystal in figure 4.10A, an array of straight
features can be distinguished. The straight features are parallel with each other, but the width
between the features is variable. Besides these horizontal features, the surface appears to be
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Figure 4.9 Optical microscopy image of the (001) surface of A) a flaky, platelet-like pentacene single-
crystal, and B) a dendrite-like pentacene single-crystal. The white lines indicate the (010), (1-10) and
(110) crystal planes.

rather flat. In figure 4.10B, these straight parallel features are again present on the crystal
surface. Yet, also bent features with a random curvature are now clearly visible. These two
types of features appear to continue their own path upon intersecting each other. A
noticeable characteristic in both figures is that some of the straight parallel features peter out
at a certain moment. A similar view is obtained when observing the pentacene crystals with
the SEM (see figure 4.11).

Obviously, these features on the pentacene crystal are (quite large) terrace steps on the
surface. To get more insight in the height of these terrace steps, AFM measurements were
performed on different areas of several crystals.

The AFM images presented in figure 4.12 show the diverse step-like structures observed on
the surface of the platelet-like pentacene single-crystals. For every scan, the height data, the
deflection data and three cross-section curves are given.

Figure 4.12A shows a 5.0 x 5.0 um?2 area of a pentacene crystal with a step-like structure
of four terraces. The width of the terraces extends over 2-3 micrometers. The terraces were
found to be flat at the molecular level and defects like pinholes, cavities or cracks were not
observed. It is also noteworthy that individual two-dimensional islands were not found on the
terraces. The appearance of wide terraces with no islands suggests that the as-grown single-

A B
50 pm 50 pm

Figure 4.10 Optical microscope images of selected areas of a pentacene single-crystal under normal
illumination, showing A) straight, parallel features, and B) a combination of straight, parallel features and
randomly curved features on the surface.
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Figure 4.11 Scanning electron microscopy images of selected pentacene single-crystal areas showing
A) straight, parallel features, and B) randomly curved features on the surface.

crystals are perfect with no defects. On a few very flat crystals, surprisingly wide terrace with
widths of several tens of micrometers have been seen, even up to 50 pm width (not shown).
Note these crystals with very large terraces and only occasionally a monomolecular terrace
step are the best for fabricating field-effect devices with a high charge carrier mobility .

All terrace steps observed in figure 4.12A are ca. 1.3-1.5 nm high, see the cross section
lines. This height matches the interlayer d(001) spacing value of 1.41 nm obtained in the XRD
measurements on single-crystalline pentacene. Therefore, it can be concluded that the
surface of the platelet-like pentacene single-crystals corresponds to the (001) crystal plane.
Obviously, these terrace steps are elementary pentacene steps that have a height of one
pentacene monolayer. More statistics on these steps will be presented in chapter 5. The
pentacene crystal surface structure as shown in figure 4.12A is the morphology presented in
most literature ™%, Typical for this morphology is that the terrace steps are straight and run
parallel, suggesting that the samples are single-crystalline.

On the 5.0 x 5.0 ym2 crystal surface area shown in figure 4.12B, again monomolecular
terrace steps of about 1.4 nm high are present. In this case, the terrace steps are neither
straight nor aligned parallel, but curved. There is no particular preference in the curvature or
direction of the steps, yet the steps do not cross each other. The width of the terraces extends
over 0.1-3.0 micrometer. In Figure 4.12C, an 80 x 80 pm2 AFM image of a pentacene single-
crystal area is displayed. Large terrace steps up to several tens of hanometers in height are
present, besides the curved 1.4 nm high monolayer steps. The terraces are continuous up to
reaching a large terrace step, i.e. the 1.4 nm high terrace steps do not intersect. The
resemblance of this morphology with rice fields on an oriental hill side is striking.

In Figure 4.12D, a 10 x 10 um? scan of a pentacene crystal, an array of large straight and
parallel terrace steps can be observed. On the first hand, the step-like structure looks similar
to the one shown in figure 4.12A. However, the height of these multilayer terrace steps
ranges between 4-6 nanometers and no individual 1.4 nm monomolecular steps are present.
The steps consist of three or four pentacene monolayers together, having a height of about
4.2 nm and 5.6 nm, respectively. Other AFM measurements (not presented) showed the
presence of very large many-layer terrace steps, with step heights up to tens and even
hundreds of nanometers. Clearly, such large terrace steps will demote the in-plane charge
carrier mobility, as the mobility y in the ab-plane is larger than u along the c* axis ©2,
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Figure 4.12 AFM images on different areas of several as-grown pentacene single-crystals showing the
diverse step-like structures observed on the surface of the plate-like crystals. For every scan, the height
and deflection data and three cross-section curves are given. For more details, see the text.
(Zaem = 10, 20, 150, 50, 50 and 75 nm, respectively).

A similar multilayer structure can be seen in the 10 x 10 pm?2 map in figure 4.12E. Eight large
straight vertical steps, 4 to 9 nm high, are present in the image from right top to left bottom.
Superimposed on this structure are four curved monomolecular terrace steps, 1.4 nm high,
running from left top to right bottom. Note the prolongation of the monolayer steps over the
different terraces, irrespective of the larger terrace steps they go across.

Finally, the morphology shown in figure 4.12F of a 10 x 10 pm2 pentacene crystal area
illustrates the sixth surface morphology observed. Present here are over twenty terraces
(width <1.0 pm, length > 10.0 pm), with curved monolayer terrace steps. Interesting here are
the five straight and parallel steps present in the right bottom of the image that seem to
originate at this place.

Note that in the surface morphology study on pentacene single-crystals by Zeng et al.", no
two-dimensional joint islands or screw dislocations were found, as has been for other
organic molecular single-crystals, but only monomolecular and larger terrace steps™*!. The
AFM and dark-light OM images presented in figures 4.13 show that both two-dimensional
joint islands and spiral dislocations in fact can be found on the pentacene (001) crystal plane.

4.4.3  Growth mechanism of pentacene single-crystals

From the surface morphologies observed in figures 4.12 and 4.13, the following conclusions
on the growth mechanism of pentacene single-crystals are drawn. First, the terraces are very
flat and no small two- or three-dimensional islands are present on the individual terraces.

The morphology in figure 4.12A-C point towards a step flow type of crystal growth in the
direction perpendicular to the ab-plane of the crystal. The molecularly flat terraces have a
low density of molecular steps that are separated by wide terraces. At the crystal growth
temperature, pentacene molecules deposited on the (001) terraces have enough energy to
diffuse towards a step edge, where they will remain as this minimizes the surface energy. The
result is that the terrace step edge ‘moves forward’ over the crystal surface. It can be seen
in figure 4.12C that some larger terrace steps are the result of piling of elementary steps
(i.e. step bunching), as the monomolecular terrace steps coincide together.
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Figure 4.13 AFM (height, deflection and cross-section curves) and two dark-light optical microscopy
images of a pentacene single-crystal surface, showing the presence of A-B) two-dimensional joint islands
(Zarm =20 nm), and C) spiral screw dislocation surface steps.

The aspect that in figure 4.12A the terrace steps are straight and aligned parallel, indicates
the thermodynamically most stable crystal planes have been formed. The randomly curved
terrace steps in figure 4.12B-C show this is not always the case. To acquire more insight on
this, it is recommended to correlate the surface morphology with the exact growth
temperature (viz. the location of crystal growth in the tube furnace).

Nucleation of new ‘islands’ on the (001) crystal plane is not easy, due to the increase in
surface energy 7% thus step flow is the predominant crystal growth mode. Nevertheless, the
nucleation of new individual islands on the crystal surface happens occasionally, as can be
seen in figures 4.13. Now, obviously from the spiral steps, the three-dimensional island in
figure 4.13C is the result of a spiral dislocation. However, different to the acene
crystals in [21], this was only observed occasionally and the (001) faces of pentacene single-
crystals are typically not covered with spiral steps protruding from screw dislocations. As the
two three-dimensional islands in figure 4.13B seem to originate at a huge terrace step, it can
be expected that these islands started to nucleate at a defect spot or impurity. Yet, after
nucleation, further growth of these islands proceeds via two-dimensional step flow as well.

The array of large straight steps observed in figure 4.12D can be explained by the piling
of elementary steps (i.e. step bunching), similar to [16] and [18]; yet, it remains remarkable
that no monomolecular steps are observed at all on the terraces in-between the large steps.

For the crystal surface morphologies of figure 4.12E-F, an additional model is needed. The
concurrent presence of monomolecular (curved) terrace steps and larger (straight and
parallel) terrace steps that extend over the crystal surface can be described by the
introduction of stress-induced steps after crystal growth, see figure 4.14. The left side of the
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.

Figure 4.14 Model for the stress-
induced terrace steps observed on the
surface of pentacene single-crystals in
A) Figure 4.12E and B) Figure 4.12F.

image shows the as-grown crystal surface, the right side the crystal surface after a stress is
applied perpendicular or with an angle on the crystal. The resulting morphologies in
figure 4.14A and B correspond to the ones observed experimentally in figure 4.12E and F,
respectively. In other words, the original crystal surface only had monomolecular terrace
steps, and the array of large steps is the result of stress-induced sliding of crystal planes at
a later moment. The origin of this crystal plane sliding can be either temperature-induced
stress from cooling the crystals after growth too rapidly, or results from applied forces
during harvesting or subsequent handling on the crystals.

4.5 Concluding Remarks

In this chapter, the crystal structure, geometry and surface morphology of pentacene single-
crystals grown by physical vapor transport were investigated by XRD, OM, AFM and SEM, as
these crystals are applied as substrate in the fabrication of devices in the upcoming chapters.
The experimental results show that the basal surface of the platelet-like pentacene single-
crystals corresponds to the (001) crystal plane, and often the lateral (1-10), (010) and (110)
planes can be identified in the crystal shape as well.

On the crystal surface, pentacene monomolecular terrace steps of 1.4 nm high are
present, yet also larger terrace steps up to tens and even hundreds of nanometers can be
found. In some cases, the terrace steps are straight and parallel aligned, which indicates the
thermodynamically most stable crystal planes have been formed; however, in other cases, the
steps are randomly curved.

The observed pentacene single-crystal morphology shows a step flow type of crystal
growth is the dominant growth mechanism. Nevertheless, the presence of large terrace steps,
two-dimensional joint islands and screw dislocations on the pentacene surface shows that the
crystal growth is not limited to this type of growth. Finally, the observed prolongation of
monolayer steps over different terraces, irrespective the presence of larger terrace steps, can
be described by the introduction of stress-induced steps after crystal growth.
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Abstract

The arrangement and morphology of 6,13-pentacenequinone impurities on-the surface and
in the bulk of pentacene single-crystalsthave been studied. By using the combination of
low-kV SEM contrast, AFM step height differences and AFM tapping-mode phase contrast, it
is observed that the quinone material is preferentially/located as'a 0.9 nm thick monolayer
(partly) covering the pentacene crystal surface.Cleaving experiments showed no large
patches of quinone impurities are-present in the crystal bulk.

In order to remove the 6,13-pentacenequinone monolayer selectively from the
pentacene single-crystal surface, the partly-oxidized crystals were heated in vacuum at a
fixed temperature overnight. Performing the heating treatment at 75-80 °C removes the
quinone material completely, yielding an unoxidized pentacene single-crystal with a clean and
undamaged surface morphology that is suitable for éubsequent device fabrication.
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5.1 Introduction

One of the crucial aspects for the realization of long-term reliable organic electronic
applications is the aging and air stability of the organic materials applied in the devices.
Oxidation degradation is widely encountered in conjugated organic materials and is believed
to be one of the major reasons for early device failure. It is well known that organic
materials are sensitive to photo-oxidation, when they come into contact with oxygen under
light exposure. As it may be needed to process and handle the materials at ambient
conditions (to fabricate at a low cost), degradation of organic films at these conditions has to
be minimal and prevented as much as possible. Therefore, it is important to investigate the
oxidization process.

For pentacene, the most common oxidation product is 6,13-pentacenequinone 2, As
pentacene is normally synthesized from this quinone (i.e. small traces will still be present
after purification), it is also the most common impurity that affects the conductivity of
pentacene . The quinone molecules can act as trapping centers for charge carriers™ or can
create scattering centers by distorting the pentacene lattice locally (i.e. the quinone
molecules are non-planar and larger than pentacene molecules) ™.

If 6,13-pentacenequinone is present on the surface of pentacene thin films or crystals,
either originating from impurities or due to photo-oxidation, it will form scattering sites at the
conducting interface in the field-effect geometry and alter the level alignment significantly
(see paragraph 8.2.2) . The quinone molecules will reduce the mobility and, in a worst case,
suppress the field-effect completely. The lower mobility of FET devices built on the surface of
pentacene single-crystals, compared to the mobility observed for bulk pentacene (e.g. with
SCLC spectroscopy), indicates the necessity of a structurally and chemically clean interface as
well. From a fundamental point of view, a better understanding of the stability of organic
semi-conductors in air is also important in connection with the *flip crystal’ technique, which
has been used to study the intrinsic electronic properties of organic molecular crystals.

The aim of this chapter is therefore to study the stability of pentacene single-crystals
towards oxidation, to examine the presence and arrangement of quinone impurities on the
crystal bulk and surface, and to investigate the possibilities of obtaining a clean pentacene
crystal surface that is free from oxidation products, as these crystals are applied as substrate
in the fabrication of devices in the upcoming chapters.

5.2 Theoretical Background

In this section, two different aspects of the oxidation degradation of pentacene will be
discussed. First, the degradation of pentacene upon exposure to oxygen and ambient
conditions is reviewed. Second, the most common oxidation product of pentacene, namely
6,13-pentacenequinone, is looked into with more detail.

Investigating the influence of ambient conditions on organic molecular crystals similar to
pentacene is important too (i.e. many similarities can be expected in the oxidation
mechanisms due to the resemblance of the molecules involved and the intermolecular forces
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present in these materials); therefore, a few results from studies on tetracene ®¢,
rubrene ™ and anthracene® crystals will be mentioned as well.

5.2.1  Okxidation of pentacene

Some effects of ambient oxygen on the electrical properties of a pentacene film were already
reported by Kuroda and Flood in the year 1961 "%, Due to the rise of organic electronics,
many studies have investigated the oxidation effects of exposing air to pentacene thin
films in the last years™'**], Also, the device characteristics have improved by investigating
the effects of environmental factors on pentacene field-effect transistors #1168  Both
instantaneous and reversible effects, as well as long-term irreversible effects due to the
presence of oxygen and water present in air on pentacene have been reported. When
pentacene is exposed to oxygen, the oxygen molecules diffuse into the pentacene film and
may interact with the pentacene molecules™. Several parameters seem to be important for
the oxidation process: the presence of oxygen (and ozone), the presence of water (e.g. the
humidity) and the presence of light to create ‘reactive oxygen species’.

Purification of pentacene powder and crystal growth

Purification of pentacene powder to a high purity is quite a difficult task . Normally,
pentacene is synthesized from 6,13-pentacenequinone (see paragraph 4.2.1), and small
traces of the quinone can still be found in the pentacene powder ™. In fact, 6,13-
pentacenequinone is present as the most dominant impurity in pentacene powder, as is
shown by infrared (IR) spectroscopy and mass spectroscopy (MS) measurements by
Jurchescu et al. ®. With high-pressure liquid chromatography (HPLC), a 6,13-
pentacenequinone impurity concentration of 0.68% is determined in commercial pentacene
powder obtained from Aldrich (see Table 1). Without further purifying the pentacene powder,
these quinone impurities will for a part be incorporated in the pentacene film or crystal after
growth. In a typical pentacene single-crystal, vapor-grown from untreated pentacene
powder, 6,13-pentacenequinone was found to be present at a concentration of 0.11% ™.

To improve the purity of pentacene powder, vacuum sublimation under a temperature
gradient (see paragraph 2.4.4) is the only suitable technique; pentacene decomposes around
its melting point disabling zone refining techniques ™. The carbonyl groups at each side of
the middle ring reduce the sublimation enthalpy of the quinone compared to the host
molecule, The sublimation enthalpy of 6,13-pentacenequinone is 116.4 kJ/mol, which is
about 24% lower than the 156.9 kJ/mol value for pentacene, both calculated from thermal
desorption spectra™. Purification of pentacene powder takes place at ~160 °C in vacuum for
several days Pl. Under these conditions, pentacene does not sublime yet, however the
quinone impurities will sublime and thus be removed.

HPLC measurements revealed a 0.49% 6,13-pentacenequinone concentration in the pen-
tacene powder after one vacuum sublimation purification step, and a 0.17% concentration
after two purification steps. Single-crystals, vapor-grown from the double-cleaned powder,
show a 0.028% 6,13-pentacenequinone concentration (the quinone concentration in single-
crystals grown from once-purified powder is not mentioned) .
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Table 5.1 6,13-pentacenequinone impurity concentration in pentacene measured by HPLC in different
stages of purification. Data obtained from [2].

[6,13-pentacene-

Pentacene Stage of purification quinone] (%)
Powder As-received 0.68
Crystal Vapor-grown from as-received powder 0.110 £ 0.006
Powder After one sublimation step 0.49
Powder After two sublimation steps 0.17
Crystal Vapor-grown from double-cleaned powder 0.028 + 0.004

Location of impurities in pentacene crystals

A common assumption was that the pentacenequinone impurity molecules are evenly
distributed throughout the pentacene crystal lattice. Jurchescu et al. ™' demonstrated that
this is not the case, but that the quinone is located preferentially at the surface of the
pentacene crystals instead. From AFM measurements, they concluded that the quinone
molecules agglomerate in patches that are distributed over the surface of the pentacene
crystals. No detailed quantitative analysis is presented; however, it is remarked that the
observed pentacenequinone d(001) steps of 1.8 nm high are five times more abundant on
the surface than the 1.4 nm high pentacene d(001) steps. A consequence of their findings is
that, if the pentacenequinone molecules are more located on the surface of the crystal than
in the bulk, the measured mobility in field-effect devices will be significant lower than the
mobility obtained by space-charge-limited current spectroscopy measurements.

Similar effects have been reported by Pflaum et al. ® for 5,12-tetracenequinone
(C4gH190,) impurities in tetracene (CigH;;) crystals. Gas chromatography (GC)
measurements on the surface and the bulk of tetracene crystals show that the density of the
quinone impurities is strongly enhanced at the surface of the crystals. The quinone
concentration at the crystal surface is about one order of magnitude larger than the bulk
impurity concentration (see figure 5.1). Faltermeier et al. ™ found no indication for an
additional oxidation layer on the pentacene single-crystal surface. In later work, the presence
of a 5,13-tetracenequinone surface layer of defined thickness on top of tetracene films
exposed to ambient conditions is calculated, however %1,

Oxidation conditions

When pentacene crystals are exposed to ambient conditions for up to a few hours, minimal
degradation is observed . A possible explanation for this stability could be that the crystal
structure of pentacene does not allow diffusion of oxygen molecules into the crystal lattice.
However, pentacene packs in a herringbone arrangement with spacing between the planes of
around 0.4 nm; large enough for diffusion of oxygen into the crystal . Thus, when pentacene
is exposed to ambient conditions, oxygen molecules can diffuse in and out the crystal lattice
easily. The time required for oxygen molecules to penetrate the pentacene crystal bulk is on
the order of tens of minutes (~100 minutes for a 15 pm thick crystal "),
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o — curface Figure 5.1 Gas chromatography spectra obtained for
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retention time peak belongs to 5,12-tetracenequinone.
A C A Figure with permission from [6].
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Jurchescu et al. ™ investigated the diffusion of oxygen in pentacene crystals and observed
that this process is reversible and that no irreversible chemical reactions (e.g. oxidation to
quinone) are taking place. Vollmer et al.">** and Parisse et al.*¥ confirmed these results, as
they observed no irreversible changes in the electronic structure of pentacene films and
crystals after exposure to oxygen in their ultraviolet photoelectron spectroscopy (UPS)
measurements on the timescale of several hours, as long as the oxygen exposure is
performed in the dark or under visible or near-UV light. XPS measurements by Yang et al. ™
are consistent with these findings. Kalb et al.™™ also showed that several hours of exposure
to oxygen, in the presence of light, are necessary to observe significant and irreversible
changes in the transfer characteristics of pentacene thin film transistors. Consequently,
pentacene films and crystals are not very sensitive towards oxidation, as long as the samples
are not exposed to UV-light.

Exposing the pentacene films to UV-light leads to a rapid degradation of the conjugated
molecules 2. A mixture of ‘reactive oxygen species’ (oxygen atoms, singlet oxygen and
ozone) present under UV-irradiation readily oxidizes the pentacene molecule. De Angelis and
co-workers™ confirmed these results, as their mass spectroscopy experiments on pentacene
thin films exposed to air indicate that light is essential to activate the reaction mechanism.
Thus, it can be concluded that only the simultaneous presence of oxygen and UV-light can
produce a significant oxidation of pentacene thin films.

Oxidation mechanism and oxidation products

There is much consensus on the fact that organic thin films and crystals are susceptible to
oxidation and degradation, when exposed to ambient conditions. The reported data on the
formed products after the exposure are however contradicting. For pentacene, most reports
assume the formation of 6,13-pentacenequinone, by oxidation of the molecule at its most
reactive positions (e.g. the 6 and 13 positions on the middle ring) . Northrup et al. *
reported first principle calculations for several hydrogen- and oxygen-related additions onto
a pentacene molecule, showing the 6 and 13 positions are indeed the most reactive positions.

Theoretical studies predict various types of oxidation-related defect mechanisms for
pentacene ™+7% The formation of an intermediate endoperoxide across the most reactive
central ring (an intramolecular bridge of a single oxygen atom) is a possibility. Also, the
formation of a transitional intermolecular bridge, where a single oxygen atom is covalently
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bound to the carbon atoms on the center rings of two neighboring pentacene molecules, is
an option. An alternative is the replacement of a hydrogen atom by an oxygen atom in a
pentacene molecule, forming an intermediate C,,H;30 molecule.

Besides the formation of 6,13-pentacenequinone, various other oxidation products can be
formed, especially when pentacene is exposed to reactive oxygen species created by UV-light.
Vollmer et al."? conclude, from a combination of UPS, IR and AFM experiments on the
influence of reactive oxygen species on pentacene thin films, that small volatile products are
formed. IR spectroscopy on pentacene films upon exposure to UV-light in air indicate the
formation of a variety of oxidized intermediate species, but no 6,13-pentacenequinone
absorption could be identified. Significant mass losses of the films during UV-exposure
observed by Yang et al.™ in XPS measurements are consistent with the pentacene being
oxidized by reactive oxygen species to highly volatile reaction products.

Mass spectroscopy measurements by De Angelis et al.™ show a little formation of the
oxidation products 6-hydroxypentacene, 6,13-pentacenequinone and 6,13-dihydroxy-
pentacene in pentacene films stored for weeks in ambient conditions. Mattheus provided
experimental evidence for the existence of C,,H;¢ molecules in pentacene, when H, is used
as carrier gas for growth of pentacene crystals #.

Niemax et al. " investigated the content of chemical impurities present in tetracene crystals
by gas chromatography. Several contaminants were visible in the spectra, with 5,12-
tetracenequinone being the most significant impurity. In a follow up paper, Pflaum et al.®
showed a more complete impurity profile for tetracene crystals grown by sublimation of two-
step purified tetracene powder. In the GC spectra, besides 99.8% tetracene, four impurities
were identified: 0.08% 5,12-tetracenequinone, 0.02% 5,12-dihydroxytetracene (C;gH1,0,),
0.04% 5-hydroxytetracene (C;gH40) and 0.01% 5,12-dihydrotetracene (CigH;4).

Rubrene (5,6,11,12-tetraphenylnaphthacene, C4,H,g) is expected to be much less prone
to oxidation than tetracene or pentacene. In rubrene, a phenyl side group is located on the
four most reactive sites towards oxidation of the tetracene backbone. Nevertheless, rubrene
also reacts with oxygen and forms rubrene endoperoxide; however, the oxidation of rubrene
is restricted to a thin surface layer . Analysis on rubrene films after exposure to air by mass
spectrometry analysis identified only rubreneperoxide (C4,H,50,) as impurity .

For anthracene (Cy4Hg), the 9,10-anthracenequinone (C;4HgO,) impurity is mentioned as
the major impurity present®.

Morphology after oxidation

The few AFM studies on pentacene thin films after exposure to air give a somewhat

dissimilar view on the photo-oxidation process. First of all, in [2] it is reported that exposure

of pentacene crystals to air and light will cause slow oxidation, which preferentially takes

place at the dislocations present. However, no further proof for this statement is presented.
Vollmer et al. " showed with AFM measurements that after UV-irradiation in air for one

day (e.g. thus upon exposure to reactive oxygen species) the terraces of a pentacene film
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became corrugated and sieve-like. The reactive species corroded the films both at the step
edges as well as on the terraces, indicating no preferential reaction site. Yang et al. ™
investigated the aging of pentacene thin films stored in air and in light or dark for months.
The films stored in light displayed pronounced surface corrugations, while the films stored in
dark revealed fewer morphological changes.

An AFM study by Qiu et al."® showed the pentacene film morphology had changed after
storage in ambient conditions for a week. The surface showed new features: small grain-like
matter appeared in the pores between the pentacene grains. Based on IR adsorption
spectra and phase contrast in AFM images, they contributed the degradation to adsorption of
water molecules on the pentacene film.

5.2.2  6,13-pentacenequinone

Pure 6,13-pentacenequinone (C,,H;,0,, 308,33 g/mol) has a yellow color. This oxidized form
of pentacene belongs to the family of linear para-acenequinones, which are organic
compounds formed by replacing two hydrogen atoms by two oxygen atoms in polycyclic
aromatic hydrocarbons (PAHS). Para-quinones and their derivatives play an important role as
industrial dyes, pigment materials and photochromic molecules ®®\. Thin films of
6,13-pentacenequinone are stable in air® and have an insulating character *®, with a
dielectric constant of 3.5, Jurchescu et al.™! made use of these properties, by applying a
6,13-pentacenequinone film as gate dielectric in pentacene single-crystal OFETs (see
paragraph 2.5.3). In this paragraph, the crystal structure of 6,13-pentacenequinone crystals
and thin films is presented.

Crystal structure

The 6,13-pentacenequinone molecule is strictly planar, apart from the two carbonyl (C=0)
side groups. The middle p-quinone ring adopts a flattened chair-like form, with the planar
carbonyl groups at an angle of 3.1° out of the molecular plane .

A common packing motif adopted in crystals of planar organic molecules is the layered
face-on-edge herringbone structure. 6,13-pentacenequinone in contrast has an almost co-
planar stacking: the molecules are packed parallel within the layers and no internal herring-
bone structure exists (see figure 5.2). The long molecular axes and planes of molecules in
neighboring layers are tilted with respect to each other, which is also dissimilar to pentacene.

The pentacenequinone bulk phase has a monoclinic structure packed along the long axis
of the molecule ™. The first crystal structure and molecular packing analysis on 6,13-
pentacenequinone was performed by Dzyabchenko and co-workers in 1979 B4, In this work,
the single-crystal unit cell parameters are as follows: a = 0.495 nm, b =1.778 nm,
¢=0.817 nm, a=B=90.00°, y=93.26°, and p =1.426 g/cm3 [20,31]. For the bulk, the
d(001) plane spacing is 1.779 nm ™, Due to tilting of the long molecular axis in neighboring
layers, the pentacenequinone single-crystal also exhibits a layered structure along the (002)
cleavage plane, with a d-spacing of 0.887 nm 2,
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Figure 5.2 Individual molecule and crystal structure of A) bulk pentacene, where molecules form a face-
on-edge herringbone packing motif and a layered structure of upstanding molecules, and B) bulk 6,13-
pentacenequinone, where the molecules are coplanarly stacked, forming a zigzag layered structure of
upstanding molecules. Figure with permission from [20].

Various studies on quinone thin films grown on inorganic substrates by thermal evaporation
at room temperature show the existence of a thin film phase, besides the crystal bulk
phase 3%, XRD measurements show the presence of a metastable substrate-induced
strain phase (d(001) =1.27 nm), besides the diffraction peaks from the bulk crystal planes
(d(002) =0.87 nm) %I, AFM height histograms on evaporated 6,13-pentacenequinone films
show an interplanar distance of 1.3+0.2 nm® or 1.4+£0.2 nm©%; both are comparable with
the reported 1.27 nm interplanar distance of the strained film phase. Upon further film
growth, the co-appearance of the bulk phase with steps of 1.8 nm was also observed

As a result, two distinct crystallographic phases with two different orientations exist for
6,13-pentacenequinone, namely the bulk crystal phase with an interplanar distance
d(001) =1.779 nm and a metastable substrate-induced strain thin film phase with inter-
planar distance d(001) =1.27 nm. As mentioned above, the bulk phase also exhibits a
layered structure with d(002) =0.887 nm; however, this structure is so far only observed in
XRD measurements and not in AFM measurements. In other words, no 6,13-pentacene-
quinone monolayer films with the bulk phase and with vertical d(002) terrace steps of 0.9 nm
have been reported so far.

5.3 Experimental Procedure

The pentacene single-crystals used in this study were grown by a physical vapor transport
method %), after purification by vacuum sublimation under a temperature gradient ?*¢
(see chapter 4 for more details). In order to investigate the presence and arrangement of
6,13-pentacenequinone impurities on the surface and in the bulk of pentacene single-
crystals, various crystals were investigated by low-kV SEM and contact- and tapping-mode
AFM (see chapter 3 for specific details). These techniques (and OM) were also applied to
investigate the crystal surface morphology after the cleaving experiments, the water
adsorption tests and the heating treatments.
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For the Scotch-tape method cleaving experiments to investigate the crystal bulk, pentacene
single-crystals were subtly positioned on a piece of double-sided carbon adhesive tape (SPI
Supplies, 8 mm carbon tape) attached on a solid substrate for handling. A second piece of
tape, attached on another solid substrate, was gently pressed to the sample and then
removed, thereby cleaving the crystal.

For the heating treatment to selectively remove the quinone surface impurities, pentacene
single-crystals were fixed with a small droplet of thermally conducting silver paste (Leitsilber
200) on a supporting silicon chip, and placed on a heater block in a vacuum chamber with
base pressure <107 mbar. All heating treatments were performed at a fixed temperature
between 70 and 110 °C overnight (~16 h).

5.4 Results and Discussion

In this paragraph, the results from various experiments on the location and arrangement of
6,13-pentacenequinone impurities on the pentacene crystal surface and bulk will be
discussed, as well as the results from the surface treatment experiments to obtain a clean
pentacene crystal surface that is free from oxidation products.

5.4.1 The surface of partly-oxidized pentacene single-crystals

In order to investigate the presence and arrangement of 6,13-pentacenequinone impurities
on the surface of pentacene single-crystals, various crystals were investigated by scanning
electron microscopy. As can be seen in figure 5.3, the electron beam acceleration voltage has
an enormous impact on the way a pentacene crystal appears in the final image. At a 5.0 kV
beam voltage, no much contrast is observed on the pentacene crystal surface in the image;
the only visible details (cracks, large surface steps, etc.) originate from topographic image
contrast (see figure 5.3A). Charge build-up also occurs easily at this beam voltage, as can be
noticed by some bright features at the right bottom side of the image. At a 0.5 kV beam
voltage, a substantial contrast is observed on the surface of the pentacene crystal (see
figure 5.3B). Interestingly, much detailed information about the surface morphology of the
pentacene crystal becomes visible when imaging with this low beam voltage. An additional
advantage of the lower acceleration voltage is no charge build-up is observed.

P

Figure 5.3 SEM images of a pentacene single-crystal at A) 5.0 kV and B) 0.5 kV electron beam voltage.
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Figure 5.4 SEM images of selected areas on three different, partly-oxidized pentacene single-crystals,
illustrating the contrast difference observed on the crystal surface at a low 0.5 kV acceleration voltage.
Please note the different magnifications between the images: x100, x250 and x1000, respectively.

Figure 5.4 presents low-voltage SEM (LVSEM, i.e. imaging in a SEM with a low beam
acceleration voltage between 0.1 and 5.0 kV %) images of selected areas on three
different, partly-oxidized pentacene single-crystals at higher magnifications. Again, a clear
contrast is visible on the crystal surface; light gray areas and dark gray areas are present next
to each other. In figures 5.4A and C, the shape of the light and dark features appears to be
related with the terrace steps on the surface. The features in figure 5.4B, on the other hand,
seem to be more randomly orientated.

Reducing the energy of the electrons incident on a solid has a profound effect on the
interactions that occur within that material ™. Electrons in the energy range up to a few keV
interact much stronger with the material through which they travel than is the case at
higher energies. As a consequence, the distance an electron will penetrate a material
decreases rapidly with decreasing incident energy. Besides that, the rate at which secondary
electrons are produced (the SE yield) also increases rapidly with decreasing incident energy,
making the SEM more sensitive to the chemical nature and topography of the surface.

By performing Monte Carlo simulations of the electron trajectories in a specimen, Joy %
displayed the variation in beam interaction volume with beam energy. Both the electron range
(i.e. the penetration depth of the primary electrons) and the interaction volume of the
incident electrons are significantly reduced at low energies. Based on data for carbon
samples in [41], it is calculated that for pentacene the range depth of the primary electrons
decreases from ~800 nm at 5 kV to only ~20 nm at 0.3 kV energy.

Due to their low energy (<50 eV, by definition), only secondary electrons (SE) ejected
from within a few nanometers from the sample surface can leave the specimen. The escape
depth A of SE is typically 3-6 nm (which corresponds to the first two to five top pentacene
layers) B9, Type 1 secondary electrons (SE1) are the electrons ejected from the outer
shells of the specimen atoms near the surface by inelastic scattering with the primary
electrons (PE). Besides the SE1 generated by incident primary electrons, also secondary
electrons (SE2) produced by backscattered electrons (BE) that have enough kinetic energy to
leave the sample are detected (see figure 5.5). Detected as well are secondary electrons
(SE3) generated by BEs outside the sample (which will be further ignored).
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Figure 5.5 Generation of SE1 and SE2 secondary
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It is important to distinguish between the SE1 and SE2 signals, since these two
components have very different spatial distributions. At all voltages, the SE1 signal is
localized within a few nanometers of the beam impact position and contains information from
the specimen surface. The SE2 signal comes from a larger surface region around the beam
point, that has a size of about one third of the total penetration depth of the primary
electrons in radius. The SE2 signal is thus largely dependent on the beam acceleration
voltage ™. For pentacene, this corresponds to ~250 nm at 5 kV to ~6 nm at 0.3 kV. Typically,
the SE2 signal is two to three times the SE1 signal in total intensity . Therefore, the SE1
signal is greatly diluted by the SE2 signal at higher acceleration voltages, reducing the
resolution that can be obtained. Only at low beam voltages, the emission volume for the SE2
becomes of the same order as that for the SE1, due to the decreased range depth of the
primary electrons. To conclude, the similar emission volumes for the SE1 and SE2 signals,
combined with the larger total SE yield, are the main reasons for the increased surface
contrast observed in low-voltage SEM %,

In general, electron-sample interactions are quite complicated, especially when low-energy
electrons are used ™. Depending on the material of interest, many factors can contribute to
the observed image contrast: material composition, topography, crystal orientation, voltage
contrast, magnetic contrast, charging contrast, etc. . Using LVSEM, also the chemical
contrast between materials based on the differences in secondary electron yield can be
measured: the ‘true’ SE1 contrast. This contrast that does not result from a change in SE2
yield (e.g. caused by different elements inside the specimen), but results from differences in
the position of the energy levels between materials.

Several examples can be found in literature showing true chemical contrast in LVSEM:
p- and n-doped multilayers in a GaAs sample %, doping contrast in InP/InGaAsP hetero-
structures ! and Al-doped SiC samples 4. Since these composites were only ppm-doped,
the contrast is not due to variations in the mean atomic number Z, but is allocated to a
change in the work function of the material. Recently, the effect of bandgap variations and
ionization energy on the SE emission has been demonstrated in GeSi heterostructures ! and
undoped SiC heterostructures ¢,

For a metal, substantial SE emission will occur if the generated electrons have an energy
greater than the work function @y, which is defined as the energy required to take an
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electron from the Fermi level Er to a position at a macroscopic distance from the surface
(i.e. the vacuum level VL), due to the high electron population and high density of states at
the Fermi level. For semiconductors, however, having a relatively low occupation of the
conduction band, the most relevant value for SE emission yield is the difference between the
nearly fully occupied states at the valence band edge (i.e. the HOMO level for organics) and
the vacuum level ™. This energy is called the ionization energy IE (or ionization potential IP).
Koch et al.™ measured an ionization energy IE of about 5.0 and 6.5 eV, for pentacene and
6,13-pentacenequinone thin films, respectively. Consequently, the ~1.5 eV difference in
ionization energy IE between pentacene and 6,13-pentacenequinone is attributed as the main
reason for the observed contrast in SE yield in figures 5.3 and 5.4.

In the end, the contrast in a SEM image is a number contrast: the intensity of the signal
depends on the number of SE reaching the detector. Based on its lower ionization energy,
pentacene should have a higher SE emission than 6,13-pentacenequinone, and thus appear
brighter in a LVSEM image. Figure 5.6A presents a SEM image of another selected area of a
partly oxidized pentacene crystal surface. Again, a clear contrast is visible on the crystal
surface; light gray pentacene areas are present in an overall dark gray 6,13-pentacene-
quinone matrix. To examine the crystal surface in more detail, atomic force microscopy
measurements were performed.

The inset in figure 5.6A shows an AFM height and deflection image of the area marked
by the white square. The scanned area contains three terraces of several microns wide,
separated by two distinct terrace steps running vertically over the image. The terrace planes
themselves are partly covered by another layer, which is markedly thinner. The morphology
imaged by AFM corresponds clearly with the structure visible in the marked SEM area: the
SEM dark gray and light gray areas are visible as the higher-lying yellow and lower-lying red
areas in the AFM image, respectively. Thus, the contrast observed in the SEM image between
the pentacene and the quinone areas can be imaged as a height difference in AFM scans.

Cross sections of the six horizontal lines in the inset AFM height image are presented in
figure 5.6B. Several step heights that have a different value than the 1.4 nm high d(001)-
spacing of pentacene are observed. From the combined SEM and AFM data, one can
distinguish three different step types on the crystal surface, as indicated by the yellow, red
en green circles. Figure 5.6C presents a histogram of the three vertical terrace step heights
present in the AFM height image. The color of the histogram bars corresponds to the
different step types present. For the histogram, every individual AFM scan line has been
analyzed separately, to exclude noisy steps in the final results (e.g. from scratches, dirt).
Average height of the three step types present is 0.89 £ 0.13 nm (green bars),
1.44£0.12 nm (yellow bars) and 2.37 £0.15 nm (red bars). Combining all data, it can be
concluded that the pentacene crystal terraces are partly covered by a thin oxidized layer.

Let's, for clarity reasons, define the normal, unoxidized 1.41 nm high d(001) pentacene
crystal terrace step (see chapter 4) as step type 1, with abbreviation P;-P,. The most
predominant step value encountered in figure 5.6 is the 0.89 nm step (green bars): the
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Figure 5.6 A) Scanning electron microscopy image of a partly-oxidized pentacene single-crystal. The
inset is an AFM height image with corresponding deflection image of the area marked by the white
square (Zueq = 10 nm). B) Cross sections of the six horizontal lines in the AFM height image.
C) Histogram of the vertical terrace step heights present in the AFM height image. The Gaussian curves
in the histogram are a guide for the eye. The yellow, red en green circles indicate the three different
vertical steps encountered.
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thickness of the oxidized material on an unoxidized pentacene terrace plane. This step will be
defined as step type 2 and abbreviated as P;-P;Q. The next step type observed, with a height
of 1.44 nm (yellow bars), has the same height as a normal P;-P, step. However, all
encountered 1.44 nm steps here are different, in the way that they originate from oxidized
material on one terrace to oxidized material on the next terrace. Therefore, these steps will
be defined as type 3 and abbreviated P;Q-P,Q. A closer look to the last step type observed
in the AFM image (i.e. the 2.37 nm step, red bars) reveals that this step can be considered
a combination of step types 1 and 2. This combination of a P,-P, step and a P,-P;Q step will
be called step type 4, and abbreviated as P;-P,Q.

Scanning another crystal area displayed a similar presence in step types; however the
morphology is somewhat different, as can be seen in figure 5.7. In this AFM image all four
step types defined so far can be identified; both 1.4 nm high P;-P, and P;Q-P,Q step are
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Figure 5.7 A) AFM height and deflection image of a partly-oxidized pentacene single-crystal surface
(Zaem = 10 nm). B) Cross sections of the horizontal lines in the AFM height image. C) Histogram of the
vertical terrace step heights present in the AFM height image. The Gaussian curves in the histogram are
a guide for the eye. The circles indicate the different vertical steps encountered.
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present here (the P;-P, blue bars and P;Q-P,Q yellow bars overlap in the histogram).
Histogram statistics (figure 5.7C) give the following step height information: P;-P;Q:

0.89+0.15 nm, P;Q-P,Q: 1.43£0.12 nm, P;-P,: 1.44%0.10 nm, and P;-P,Q: 2.29+0.19 nm.

The somewhat different morphology will be further discussed later.

1Q step corresponds to the 0.9 nm d(002)-spacing of bulk 6,13-
. This correspondence implies the pentacene single-crystal surface is

partly covered by a single monolayer of 6,13-pentacenequinone. Additionally, it indicates that
only the outmost layer of the pentacene crystal is prone to oxidation.

-P

The 0.9 nm high Py

[32]

pentacenequinone

From AFM measurements on pentacene single-crystals directly after growth, Jurchescu

et al.™ concluded that 6

-pentacenequinone impurities agglomerate in patches that are

13

’

distributed over the crystal surface. They observed terraces at the surface that exhibited step
heights with, predominantly, two values: 1.41 £0.05 nm and 1.78 £ 0.08 nm. The former

value corresponds to the d

spacing of single-crystal pentacene (i.e. P{-P, step), and the

latter to the d(001)-spacing of 6,13-pentacenequinone.

Looking at the molecular packing in the bulk 6,13-pentacenequinone unit cell (see
figure 5.2), a 1.78 nm high d(001) step implies the presence of a doublelayer of quinone
molecules on the pentacene crystal surface. This double molecular step will be further

abbreviated as P4-P;QQ. A d(002) spacing step implies the presence of a quinone

monolayer, conversely.

After the SEM and AFM results described above, a model is proposed, based on the presence

of a 6,13-pentacenequinone monolayer on the pentacene crystal surface, see figure 5.8. For

Figure 5.8 Schematic for the various step heights observed in AFM measurements on the surface of

partly-oxidized pentacene single-crystals. For comparison, also the 1.8 nm high P;-P;QQ step found in

literature is added.
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comparison, also the P;-P;QQ doublelayer step found in literature is included. A consequence
of this model is that even more step types can exist, depending on the precise location of the
quinone impurities relative to the pentacene terraces. Two new step types are defined in this
figure: a P1Q-P, step of ~0.5 nm and a P;Q-P5 step of ~1.9 nm high. It should be noted that
both P;Q-P5 and P;-P;QQ steps are approximately 1.8 nm high.

In figure 5.9, more AFM data is presented for a 6,13-pentacenquinone monolayer partly
covering the surface of a pentacene single-crystal. Here, tapping-mode AFM was applied, and
a clear contrast is observed in the phase data signal. The phase contrast is consistent with
the different step heights observed before (i.e. the yellow and red areas in the phase image
correspond to 6,13-pentacenequinone and pentacene, respectively), and with the contrast in
the low-kV SEM images (not shown). Thus, using the contrast in the phase image, a clear
distinction can be made in the AFM images between the oxidized and unoxidized crystal areas
(dark orange regions and light yellow regions, respectively).

A few things should be noted on figure 5.9. First, the morphology of the quinone
material is quite different than observed in figures 5.6 and 5.7. This observation will be
discussed more a few sections below. Second, experimental proof is presented for the two
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Figure 5.9 A) AFM height, amplitude error and phase image of a partly-oxidized pentacene single-
crystal surface (Zysy = 10 nm). B) Cross sections of the horizontal lines in the AFM height image.
C) Histogram of the vertical terrace step heights present in the AFM height image. The Gaussian curves
in the histogram are a guide for the eye. The circles indicate the different vertical steps encountered.

114



Pentacene Single-Crystals: Oxidation and Surface Treatment

Table 5.2 Overview of all encountered terrace step types in AFM imaging of the surface of (partly-
oxidized) pentacene single-crystals.

Step type Name Height [nm]
1 Pi-Py 1.42 £0.08
2 P;-P:iQ 0.92+0.15
3 P1Q-P,Q  1.44+0.13
4 P1-P2Q 2.34+0.17
5 P1Q-P; 0.39+0.14
6 P1Q-P3 1.87+0.15
Lit. 1 P:-P;QQ 1.78+0.08
"""""""""""" Pi-P3  2.84+0.11
P1-P4 4,16+0.16
P1-P; 8.23+0.16

new step types defined in the model in the previous paragraph. Step type 5, the P;Q-P, steps
(pink bars/circle), and step type 6, the P;Q-P3 steps (gray bars/circle), can be found in the
data. Histogram statistics (figure 5.9C) give the following step height information: P;Q-P,:
0.39£0.14 nm, P;-P1Q: 1.04£0.15 nm, P;-P,: 1.45+0.14 nm, P;Q-P,Q: 1.45%0.15 nm,
and P;Q-P3: 1.87 £0.15 nm. An overview of all encountered terrace step types on the
surface of partly-oxidized pentacene single-crystals is presented in table 5.2.

In all AFM measurements performed on partly-oxidized pentacene crystal surfaces, the
double molecular quinone P4-P;QQ step described in[3,15] has not been encountered. Most
likely, their 1.8 nm steps appointed to P;-P;QQ should have been appointed as P;Q-P3 steps,
which have the same height: the difference between these two steps is clear from the AFM
phase contrast images. As the statistic data in[3,15] is limited (it covers only terrace steps
between 1.2 nm and 2.0 nm), it remains unclear if there were monomolecular 0.9 nm high
P;-P;Q quinone steps present on their examined crystals.

All the data together shows the 6,13-pentacenequinone material is present as a molecular
monolayer (partly) covering the pentacene crystal surface. The 0.89 nm thickness of this
layer corresponds with the d(002) spacing of the bulk or crystal phase.

Various AFM and XRD studies on 6,13-pentacenequinone thin films grown on inorganic
substrates show the existence of a meta-stable thin film phase (with terrace steps of
1.27 nm), besides the bulk phase ***%1, Also, when pentacenequinone is deposited on a
pentacene thin film, the quinone film is induced to grow preferentially in the thin film
phase P4, This 6,13-pentacenequinone thin film phase was not at all observed in the
experiments discussed in this work. Using the powerful combination of low-kV SEM contrast,
AFM step height differences and tapping-mode phase contrast, only the presence of mono-
molecular 6,13-pentacenquinone layers with bulk phase d(002) thickness was encountered.
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Figure 5.10 Model showing the possible
locations of the 6,13-pentacenequinone patches
on a pentacene crystal surface. In case I, the
quinone moiety is located on top of the
outmost pentacene layer. In case II, the quinone
is embedded within the outmost pentacene layer.

When investigation the position of the quinone material on the pentacene crystal terraces in
the AFM images, two possible locations are encountered, as depicted in figure 5.10. In case
I, the quinone monolayer is situated as patches on top of the outmost pentacene layer. This
is the situation encountered in AFM figures 5.6 and 5.7, where quinone patches can be found
all over the pentacene terrace planes. In case II, the quinone moieties are embedded within
the outmost pentacene layer; the situation encountered in AFM figure 5.9. In this figure, all
quinone areas are located at the edges of the terrace planes. However, other AFM images
(not included) do also show the occurrence of quinone *pit holes’ in the middle of a plane
(i.e. type II quinone patches completely surrounded by the outmost pentacene layer).

The characteristic difference between the two cases, as long as the normal pentacene
terrace steps are monomolecular, is the lack of P;Q-P5 steps in case I, and the lack of P;-P,Q
steps in case II.

Classifying the location of the quinone moieties is important for specifying the origin of
the oxidized material. As mentioned in paragraph 5.2.1, the 6,13-pentacenequinone patches
on the pentacene crystal surface can derive from impurities already present in the pentacene
starting powder. On the other hand, the pentacene crystals may also have oxidized after
growth or during storage, in the presence of oxygen and light. The morphology observed in
case I points towards deriving from crystal growth dynamics (i.e. not incorporating the
quinone molecules in the pentacene crystal lattice during growth). The case II morphology,
conversely, suggests oxidation of the outmost pentacene layer after crystal growth. The
structure indicates the oxidation has proceeded from the terrace edge inwards, which is
reasonable as the step edge molecules possess more degrees of freedom.

Although the crystals were stored in a dark and dry nitrogen environment, some oxidation
after crystal growth cannot be excluded. To investigate the stability of the investigated
partly-oxidized pentacene crystals towards further oxidation, a second series of SEM images
of the samples was made after storage in a dark and dry nitrogen environment for one and
a half year. As can be seen in figure 5.11, the SEM images are almost identical. Thus, further
oxidation of the crystals when stored in a dark and dry nitrogen environment is limited.
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Figure 5.11 SEM images of a partly-oxidized pentacene single-crystal surface with 12 year in between,
showing no significant further oxidation during storage of the crystal in a dark and dry nitrogen
environment. A) Image made on t=0, B) made on t= 1.5 years.

5.4.2  Adsorption of water on the surface of pentacene single-crystals

At this point, a small detour has to be made to exclude the presence of adsorbed water on
the pentacene single-crystals. That is to say, Qiu et al."® presented AFM height and phase
images of a pentacene thin film which had been stored in ambient conditions. They
distinguished two different phases in their AFM phase image and concluded that, although
pentacene is highly hydrophobic, water is adsorbed on the polycrystalline film. As no other
images of pentacene films or crystals have been found in literature, it has to be confirmed
that the phase contrast observed in figure 5.9 does not originate from adsorbed water.

In order to exclude the presence of adsorbed water on the surface of the partly-oxidized
pentacene single-crystals, two experiments were performed. First, a pentacene crystal was
dipped in water for 5 s and then blown dry with nitrogen gas. Figure 5.12 presents AFM data
of the subsequent surface. As can be seen in the figure, the normal surface morphology was
maintained: the typical 1.4 nm high P;-P, surface steps are still present and no abnormal
swelling of the crystal could be observed on this scale. Clearly present on top of the
pentacene crystal surface are small patches (or droplets) of residual water, that appear in the
AFM friction image with a red color. The cross section lines show that the water patches have
a smooth rounded shape and a clearly different height of several nanometers. Compared to
the previous AFM phase image in this chapter (figure 5.9), it can be concluded that the phase
contrast in the AFM images cannot be explained by adsorbed water.

In a second experiment, the surface of a pentacene single-crystal was touched with a wet
pair of tweezers, so that it was locally wetted. Figure 5.13 shows a series of consecutive SEM

%
-

Length [um]

Figure 5.12 AFM height, deflection and friction image, and three cross-section curves of a pentacene
single-crystal with water adsorbed on its surface (Zygy =35 nm).
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Figure 5.13 SEM image sequence of a pentacene single-crystal with water adsorbed on its surfaced
imaged. Time between image A and B is 5 minutes; between B and C 30 minutes.

images of the wetted crystal area, which appear with a darker color. The darker area
disappears in time, which shows the adsorbed water is desorbing from the crystal surface in
the vacuum environment of the electron microscope. This desorption behavior has not been
observed during the imaging of the partly-oxidized pentacene single-crystals in the SEM
(i.e. the 6,13-pentacenequinone moieties did not change shape upon imaging in time).

Based on these two experiments, it can be concluded that the presence of adsorbed water
on the surface of the examined (partly-oxidized) pentacene single-crystals can be excluded,
and that the AFM phase contrast does not originate from absorbed water.

5.4.3  The bulk of partly-oxidized pentacene single-crystals

In paragraph 5.4.1, it was shown that the 6,13-pentacenequinone impurities are present as
a monolayer on parts of the pentacene crystal surface. In order to verify if no quinone is
present in the bulk of the pentacene crystals as well, the internal composition of these
crystals was investigated by AFM, directly after cleaving by the ‘Scotch-tape method".

The ‘Scotch-tape method” is a well-established technique to cleave for instance a
graphite sample and prepare a fresh non-contaminated graphite surface. In this dry
mechanical exfoliation method (to give the method its formal name), a piece of Scotch-tape
is gently pressed to a graphite sample to peel off the uppermost layers from the bulk,
leaving a freshly exposed graphite surface, for example for STM experiments . Using this
approach, micrometer-wide sheets of graphene were obtained in 2004, by repeatedly peeling
flakes off a graphite sample, which is essentially a stack of graphene sheets .

An example of a relatively flat area of a freshly-cleaved pentacene single-crystal surface is
given by the AFM images in figure 5.14. In the height image, the monomolecular 1.4 nm high
d(001) P;-P, pentacene terrace step (blue bars/circle) is present most. Two other steps, not
defined so far, are encountered as well: a 2.8 nm high step (purple bars/circle) and a 4.2 nm
high step (pink bars/circle). From the surface morphology and the step height numbers, one
can simply deduce that these steps must originate from a double and a triple mono-
molecular pentacene step; they will be defined as P;-P; and P4-P4, respectively. Histogram
statistics (figure 5.14C) give the following step height information: P;-P,: 1.42 £0.07 nm,
P1-P3: 2.84+0.11 nm, P;-P4: 4.16 £0.16 nm, and P;-P;: 8.23+0.16 nm (not shown).

Most importantly, not one of the 6,13-pentacenequinone-related terrace steps defined so
far could be found on any of the cleaved pentacene single-crystal surfaces investigated;
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Figure 5.14 AFM height and deflection image of a freshly cleaved pentacene single-crystal by the
Scotch-tape method (Z,ry =20 nm). B) Cross sections of the horizontal lines in the AFM height image.
C) Histogram of the vertical terrace steps present in the AFM height image. The Gaussian curves in the
histogram are a guide for the eye. The circles indicate the different vertical steps encountered.

i.e. no large patches of quinone impurities are present in the crystal bulk, similar to
Jurchescu’s findings "*1. This again strengthens the conclusion that the 6,13-pentacene-
quinone material is preferentially present as a monomolecular layer (partly) covering the
pentacene crystal surface, and not present in or evenly distributed through the bulk.

Manual cleaving as surface treatment

As shown in the previous paragraphs, the 6,13-pentacenequinone impurities are present as
a monolayer on parts of the crystal surface. These molecules form scattering centers at the
conducting interface in a field-effect transistor, thus reduce the charge carrier mobility ..
Therefore, aim is now to remove the quinone moieties selectively from the crystal surface and
obtain a clean, molecular flat and quinone-free surface that is suitable for fabricating devices
with a well-controlled interface. As both graphite and crystalline pentacene are layered
materials, it is first investigated if the Scotch-tape method can be used to achieve this aim.
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Figure 5.15 Optical microscopy images of a cleaved pentacene single-crystal by the Scotch-tape
method. A) Crystal part remaining from original crystal after cleaving. B) Crystal part peeled off from
original crystal.

Cleaving the fragile pentacene single-crystals was not straightforward; in contrast to
graphite, the peeling off is not restricted to only the uppermost layers of the bulk. A large
platelet-like pentacene single-crystal, with practical dimensions for OFET studies of a few
millimeters, is impossible to cleave in two useful parts. Although large areas of the crystal are
cleaved, some parts of the original crystal remained completely on the substrate, whereas
other crystal parts transferred completely with the tape.

Figure 5.15 presents two optical microscopy images of both fresh sides of a manually
cleaved pentacene single-crystal by the Scotch-tape method. Figure 5.15A shows the crystal
part remaining on the substrate after cleaving, whereas the crystal part peeled off is shown
in figure 5.15B. Similar (mirrored) features can be distinguished on the surfaces of both
crystal parts, though some dissimilarities are present as well. Due to the fact that the OM
images show large (terrace) steps on the crystal surface, it can directly be concluded that the
cleaved crystal is not molecularly flat on a large millimeter-wide scale. However, both cleaved
crystal parts show micrometer-sized areas that may be molecularly flat.

A series of AFM images of both fresh sides of the manually cleaved pentacene single-
crystal is presented in figure 5.16. Figure 5.16A presents two AFM images showing the
surface of the crystal part remaining on the substrate after cleaving, whereas the two AFM
images in figure 5.16B reveal the surface morphology of the peeled-off crystal part. Upon
comparing the images, it can be clearly observed that similar features are present on both
surfaces: in principle the two parts fit precisely together like two mirrored puzzle pieces. This
observation holds for both the monomolecular steps and the larger terrace steps observed
(up to several tens of nanometer); the only large difference is the presence of additional large
steps in the peeled-off crystal part (from the left top to the right bottom corner). The latter
large steps on the peeled-off crystal part probably originate from sliding of crystal parts due
to the relative large forces acting on the fragile crystal during the cleaving procedure. Note
that this morphology is consistent with the surface morphology observed in figure 4.12E and
supports the model for stress-induced surface steps in figure 4.14A.

The fact that graphite, a layered material of essentially a stack of graphene sheets, can be
cleaved so easily with the Scotch-tape method, originates directly from the internal
arrangement of the carbon atoms. Within the flat sheets, each carbon atom is covalently
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Figure 5.16 Series of AFM images presenting the surface morphology of a cleaved pentacene single-
crystal by the Scotch-tape method. A) Crystal part remaining from original crystal after cleaving.
B) Crystal part peeled off from original crystal. For every scan, height data (Zary =300 nm (A) and
250 nm (B)), deflection data, and three cross-section curves are shown.

bonded to three other carbon atoms. The layers themselves are held together only by weak
van der Waals interactions originating from delocalized n-orbitals ™. In other words, the
forces between the layers are quite weak compared to the strong covalent bonds within the
sheets, which enables the sharp cleaving of graphite along the graphene sheets. The inter-
molecular forces between the molecules in single-crystalline pentacene are rather weak, as
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discussed in paragraph 4.2.2, and the intralayer interactions are not so much stronger than
the forces between the layers. As a consequence, cleaving of pentacene crystals is not
restricted to occur along the layers only, and can proceed through the molecular sheets as
well. The cleavage plane, as it can be viewed in figure 5.16, shows that cleaving through the
molecular layers happened to a great extend.

In conclusion, the Scotch-tape method is suitable for obtaining a pentacene single-crystal
surface that is free of 6,13-pentacenequinone impurities and molecular-flat on a micrometer-
large scale. However, the method is too destructive to prepare a millimeter-large pentacene
crystal substrate for consecutive device fabrication, as the fragile crystals are easily crashed
in pieces, and the cleaving is not restricted to occur along the layers, but proceeds through
the molecular sheets to a great extend. Furthermore, sliding of crystal parts can take place
easily, due to the relative large forces acting on the crystal during the cleaving procedure.

5.4.4  Heating treatment on partly-oxidized pentacene crystals

With the aim of removing the 6,13-pentacenequinone monolayer selectivity from the
pentacene surface, the crystals were heated in vacuum at fixed temperatures overnight. The
selective separation in the heat treatment is based on a difference in sublimation
enthalpy: 116.4 kJ/mol and 156.9 kJ/mol, for bulk 6,13-pentacenequinone and pentacene,
respectively. These values are calculated from thermal desorption spectra, measured by
subliming polycrystalline powder of both materials under vacuum conditions (see
figure 5.17) ®I, The spectra show there is a small temperature window in which 6,13-
pentacenequinone begins to sublime, whereas pentacene does not and remains solid. Onset
of sublimation is around 44 and 60 °C (begin tail desorption peak), whereas the flank of the
exponentially increasing desorption peak (start linear fit) gets stable around 67 and 85 °C,
both for 6,13-pentacenequinone and pentacene, respectively.

Figure 5.18 presents low-kV SEM images of a pentacene single-crystal before and after an
overnight heating treatment at 70 °C in vacuum. The surface contrast observed in the images
before the treatment has disappeared completely after the treatment. The only remaining
contrast originates from a few large terrace steps (see figure 5.18D, right side) and dirt
particles. The same observation is found after the heating treatments at the other
investigated temperatures (figures not shown).
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Pentacene Figure 5.17 Thermal desorption spectra (TDS) of
pentacene and 6,13-pentacenequinone. The inset
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Figure 5.18 SEM images of a pentacene single-crystal before (A,B) and after (C,D) an overnight
heating treatment at 70 °C in vacuum. Images B and D are close-ups (x500 magnification) of the same
area, indicated by the white square in image A.

After heating at 100 and 110 °C, areas with extensive structural damage on the crystal
surface could be observed with the OM and SEM. This observation indicates the crystal
structure breaks down as pentacene molecules start to sublime (see figure 5.19). The large
damage extends in both cases over a crystal area larger than 100 micrometer, clearly
showing the heating treatment conditions were too harsh for the fragile crystal.

Figure 5.20 presents in a series of AFM images the influence of the temperature during the
overnight heating treatments on the pentacene crystal morphology. The crystals were
heated in vacuum at temperatures between 70 and 110 °C (70, 80, 85, 90, 100 or 110 °C).
Based on the AFM height data, all quinone material seems to be removed after the
overnight heating at 70 °C, as only 1.4 nm terrace steps are found on the smooth terraces
(see figure 5.20A). The phase image, however, still shows some contrast within the terraces,
indicating no complete removal of the oxidized material. This observation may imply that
some of the quinone material is embedded deeper in the pentacene crystal, and is not
present on the surface alone. However, this consideration is not further included in the model
of figure 5.8, as no confirmation is found in the AFM or SEM data so far supporting this.
After heating a crystal overnight at 80 °C or higher (figure 5.20B-F), a clean pentacene
surface was obtained with no obvious presence of quinone material. No quinone-related
terrace steps (see figure 5.8) are detected and no phase contrast is observed anymore.
The crystals heated at 80 and 90 °C (figures 5.20B and D) show smooth terraces and
normal step edges after the treatment. All 6,13-pentacenequinone areas have sublimed from
the surface, leaving behind a well-defined and clean pentacene single-crystal morphology.

10pm  ©  0430SEl 258 H@efm ;| danou

Figure 5.19 Two SEM images of a pentacene single-crystal after the overnight heating treatment in
vacuum at a temperature of A) 100 °C, and B) 110 °C. Markedly visible is the substantial structural
damage to the crystal surface after heating at this temperature. SEM images before the treatment show
this damage was not already present before applying the heat (not shown).
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Figure 5.20 Series of AFM images presenting the influence of the temperature during the overnight
heating treatment on the pentacene crystal surface morphology. The crystals were heated in vacuum at
a fixed temperature: A) 70 °C, B) 80 °C, C) 85 °C, D) 90 °C, E) 100 °C and F) 110 °C. For every scan,
the height, deflection and phase data, and three cross-section curves are shown (Zey = 10, 30, 20, 10,
30 and 20 nm, respectively).
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Starting around 85 °C, the pentacene began to sublime as well, as can be observed in
figure 5.20C. Although the terraces are still smooth at the molecular level, they contain quite
a lot 1.4 nm deep and up to several hundreds of nanometer large voids. At this point, the
separation process is not selective anymore; the sublimation is not limited to the quinone
material and pentacene molecules will sublime from the outer layers as well.

At the highest temperatures investigated (100 and 110 °C, see figure 5.20E-F), the
pentacene crystal structure started to break down. The layered terrace morphology cannot
be recognized in the AFM images after the heating treatment anymore. The samples
contained numerous cavities and the surface was no longer molecularly smooth, as the spikes
in the cross sections in figure 5.20F show. The spikes indicate an uncontrolled sublimation of
the pentacene terraces; yet they may also originate from re-deposition of elsewhere-
sublimed material.

In literature, various studies on post-deposition annealing of pentacene thin films (e.g. to
achieve a more uniform film morphology and improve the transistor characteristics) confirm
there is a maximum temperature to which a heating treatment can be applied before
pentacene molecules start to re-evaporate 3, Wu et al.®™ find a maximum temperature of
100 °C for pentacene thin films (which is quite higher than the maximum of 70 °C they find
for pentacenequinone films). However, various factors can influence the desorption of
organic films, and therefore different desorption temperatures may be observed for the same
material. Ye et al.®" found that pentacene re-evaporation started to occur at 95 °C,
whereas the as-deposited films were completely evaporated from the substrate after
annealing at 105 °C. Guo et al."™ observed similar behavior at temperatures 10-15 °C lower,
where a 70 °C annealing temperature caused obvious desorption.

Investigating the effects of annealing on pentacene single-crystals is limited to a few
remarks in one study, in which Takenobu et al. ¥ observed an identical surface morphology
before and after annealing the crystal at 100 °C for 1 h in a nitrogen atmosphere in AFM
images, indicating no obvious degradation.

Since the sublimation of pentacene and 6,13-pentacenequinone takes place under near
identical conditions, a slow surface treatment is preferred. As described in chapter 4,
removal of pentacenequinone impurities from pentacene powder by vacuum sublimation
under a temperature gradient is a slow process. The purification process typically takes
several days (~70 h at 160 °C is mentioned in [2]). Initially, it can therefore be expected that
the selective sublimation of 6,13-pentacenequinone monolayers from the surface of
pentacene single-crystals would proceed at a similar temperature.

However, there are some intrinsic differences between pentacene powder and pentacene
single-crystals, and the location of the impurities in both configurations. Pentacenequinone
impurities in pentacene powder are most likely uniformly distributed throughout the bulk. As
shown in this work, this assumption is not correct for pentacenequinone impurities in
pentacene crystals: the quinone is preferentially located as a monolayer on the crystal
surface. Therefore, the surface treatment procedure of partly surface-oxidized pentacene
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crystals will completely be dominated by surface kinetics, instead of bulk kinetics that
dominate the powder purification. This is the main reason for the much lower sublimation
temperature encountered in the heat treatment of the pentacene crystals, than is needed in
the purification process of commercial pentacene powder.

Based on combining above OM, SEM and AFM results, heating a partly-oxidized pentacene
single-crystal at 75-80 °C overnight in vacuum conditions removes the 6,13-pentacene-
quinone material completely from the crystal surface, yielding an unoxidized pentacene
single-crystal with a normal, clean and undamaged surface morphology.

5.5 Concluding Remarks

The arrangement and morphology of 6,13-pentacenequinone impurities on the surface and
in the bulk of pentacene single-crystals were studied. By using the combination of
low-kV SEM contrast, AFM step height differences and AFM tapping-mode phase contrast, it
was observed that the quinone material is preferentially located as a thin layer (partly)
covering the pentacene crystal surface. Thickness of this layer is about 0.9 nm, which
corresponds to the d(002)-spacing of bulk 6,13-pentacenequinone. Therefore, a model is
proposed that describes the pentacene single-crystal surface is partly covered by a single
monolayer of 6,13-pentacenequinone, which contradicts with findings in literature that
describe the presence of a 1.8 nm thick quinone doublelayer. Cleaving experiments showed
no large patches of quinone impurities are present in the crystal bulk.

In order to remove the 6,13-pentacenequinone monolayer selectively from the
pentacene single-crystal surface, the partly-oxidized crystals were heated in vacuum at a
fixed temperature fixed overnight. Performing the heating treatment at 75-80 °C removes the
quinone material completely, yielding an unoxidized pentacene single-crystal with a clean and
undamaged surface morphology that is suitable for subsequent device fabrication.
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Abstract

In this chapter, a direct deposition technique for the patterning of various materials with a
well-defined geometry -on pentacene single-crystals and alkylphosphate. self-assembled
monolayers is presented, without obvious destruction of the fragile organic molecular
substrates, mechanical failure of the deposited film or diffusion of the deposited material into
the soft organic substrate.

By taking several precautions in the pulsed laser stencil deposition process, which
reduce the kinetic energy of the impinging species or reduce build-up of stress during
deposition, low-kinetic energy deposition or 'soft-landing’ of arrays of isolated Pt top contacts
on TDP-modified Nb-STO substrates is achieved with a high yield of 99.8%. With
optimized 'soft-landing” settings, the patterning of smooth, well-defined and isolated méta
top contacts (i.e. Au, Pt, Pd, Ni and Co) and medium-« oxide dielectric materials (i.e. Al,03,
HfO, and CeO,) on the surface of pentacene single-crystals is realized as well.
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6.1 Introduction

In order to fabricate complete organic single-crystal field-effect transistors, four different
approaches have been employed successfully so far (see paragraph 2.5). One of these
approaches —the direct deposition of metal contacts and gate dielectric materials onto a
free-standing organic molecular crystal- is not straightforward, but has great potential.
In principle, well-controlled interfaces between the organic crystal and the deposited patterns
with a well-defined geometry, can be obtained when using the direct deposition approach.
Besides that, the manufacturing of hybrid (spintronic) devices and more complex electronic
circuitry on one crystal substrate can be accomplished.

The fabrication of organic molecular crystal devices by direct deposition poses various
technological challenges (see paragraph 2.5.3), as the surface of the fragile organic crystals
can be damaged very easily. The organic single-crystals are incompatible with most
conventional (silicon) microelectronic processing techniques, as these techniques damage the
molecular order at the surface, creating interfacial trapping sites and barriers to charge
injection. Metallic contacts are therefore often applied by manual ‘painting’ of a conducting
silver paste on the crystal surface or by thermal evaporation of metals through a shadow
mask, yet defects at the interface are still observed. Successful deposition of inorganic
dielectric oxides onto the surface of organic crystals by sputtering or other techniques,
without damaging the fragile crystal substrate, has not been reported so far. As a
consequence, the amount of materials that can be patterned successfully on organic
molecular crystals is quite limited at the moment.

A straightforward method to directly deposit metal top contacts on fragile organic
substrates, without the use of lithographic process steps, was demonstrated by Steen!,
Vroegindeweij et al. @ and Speets et al. ®%, who investigated the stencil deposition of
metallic nano- and micropatterns on organic self-assembled monolayers (SAMs) with pulsed
laser deposition (PLD). In their research, 10-20 nm high hexagonal arrays of metal islands
(viz. Au, Pt, Pd and Cu) were stencil deposited onto n-octadecanethiol (ODT, C;gH37-SH) and
1,9-nonanedithiol (NDT, SH-CqH;g-SH) self-assembled monolayers on gold **. Besides that,
metal nanoclusters with sizes in the order of 1 to 3 nm were deposited locally on ODT and
n-decane-thiol (DT, CygH»1-SH) SAMs #¢. The use of SAMs as substrate for landing of
(silicon) nanoparticles fabricated by laser ablation is demonstrated by Hata et al.™ as well.

Overall, literature describing pulsed laser depositions of thin films and patterns onto soft
organic substrates (i.e. molecular thin films, self-assembled monolayers or single-crystals) is
quite limited. The heat, plasma and ions generated during the laser ablation process are
generally believed to be harmful for soft organic materials and limit their use as substrate 4,
However, pulsed laser deposition on organic polymer materials has been explored quite
extensive, and the combination of polymers with functional and protective inorganic (oxide)
coatings can be found in a broad variety of applications (e.g. anti-reflection coatings,
transparent conductive coatings and gas-barrier protection coatings) ***!,
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PLD enables the direct deposition of various materials on soft and fragile organic molecular
substrates by controlling the kinetic energy of the ablated species in the gas phase by means
of a background gas ®*. To obtain patterns on organic substrates with a well-defined
interface, several precautions were taken in the PLD process that lower the kinetic energy of
the impinging species, leading to the deposition of thermalized particles that do not diffuse
into or damage the organic substrate.

To investigate quantitatively if the deposited gold patterns damaged the ~2nm thick SAM,
electrochemical deposition experiments of copper from solution were carried out by
Speets et al.®4. Electrochemical copper deposition is a quick method to investigate if a gold
island is electrically insulating from the underlying gold substrate by the SAM layer, see
figure 6.1. In this wet-chemical technique, Cu2+ is reduced from an aqueous CuSO, solution
to Cu (s) on the substrate at an overpotential. Au islands with short circuits to the bottom
electrode (i.e. the SAM is locally damaged by the Au deposition) behave as small electrodes
and hence copper will grow on them. Provided that modest potentials are used, no copper
will grow on the electrically insulating Au islands without short circuits, showing the SAM
remained intact. The bare SAM acts as a reference to see if the SAM shields the conducting
substrate and copper deposition does not take place everywhere.

It was found that only for specific PLD deposition parameters no copper growth is
observed on some of the gold islands %, At deposition pressures of 10-3 mbar or lower, no
insulating islands were obtained: all Au patterns were shorted to the gold substrate below
and showed Cu deposition. This shows the kinetic energy of the ablated Au particles was too
high and the impinging Au species were not thermalized. The best results so far were
obtained for gold patterns deposited at a 102 mbar argon background gas pressure on ODT
SAMs. Using these settings, 15 % of the gold islands did not show the growth of copper on
them, indicating the organic monolayer beneath these islands remained intact during
deposition. However, 85 % of the gold islands did still show copper growth on them,
indicating the process is far from optimal. When deposition pressures of 10-1 mbar or higher
were used, the plasma plume entered the shockwave regime™: the patterned Au islands
were blurry and grew together laterally, and could no longer be distinguished individually.

In order to minimize the possibility of metal diffusion into the organic molecular substrate,
the kinetic energy of the arriving particles must be as low as possible. In practice, there are
two ‘knobs’ that can be used to reduce the kinetic energy of the ablated species in PLD.
Besides increasing the background gas pressure, increasing the target-to-substrate distance

Counter electrode
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«—SAM Figure 6.1 Schematic electrochemical copper
_(WWWWWW% deposition on non-insulating metal islands
Substrate Short  patterned on a self-assembled monolayer.
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lowers the kinetic energy as well ¥\, In fact, these two parameters are coupled: the kinetic
energy of the ablated species in the plasma is reduced through an increased number of
collisions with the background gas molecules in both situations .,

In stencil deposition, however, the background gas pressure has a direct influence on the
blurring and broadening of the patterned features ™. At vacuum or low pressures, well-
defined features can be achieved in stencil deposition, due to the low angular distribution of
the material flux. Upon increasing the background pressure, the plasma gets more diffuse
and less material will reach the substrate per pulse at a lower speed through multiple
collisions with the background gas. As a consequence, larger feature sizes will be obtained
when depositing through a stencil. This geometrical broadening is caused mainly by the
increased angular distribution of the material flux, and the intrinsic gap that is present
between the stencil and the substrate (see paragraph 3.3). At even higher pressures, the
plasma plume enters the shockwave regime, resulting in huge undergrowth and blurring of
the features when depositing through a stencil "4,

As a consequence, a compromise has to be found in stencil deposition on fragile organics
between the patterned feature size and the kinetic energy with which the atoms or atom
clusters reach the substrate (i.e. the kinetic energy has to be reduced as much as possible
by increasing the background gas pressure, but without entering the shockwave regime).

Another important issue when depositing on organic substrates is build-up of stress during
deposition, which may lead to cracking and subsequent delamination of the deposited
material **. Key factor in the coating of organic substrates with inorganic films is the
adhesion of the deposited film, as the mechanical properties of the two compound materials
are very different. Mechanical failure of thin oxide films due to thermal stress is a well-known
problem in the coating of plastics at and above room temperature .

In general, tensile stresses greater than the cohesive strength of the coating lead to
cracking, whereas excessive compressive stresses result in buckling phenomena. The two
main sources for internal stress generation during deposition are temperature gradients and
intrinsic disorder during growth 3. The intrinsic disorder is associated with defects and
internal stresses ¥, To reduce possible thermal stress originating from the difference in
expansion coefficients between film and substrate, deposition at room temperature is
favored (i.e. the difference in expansion coefficients is quite large; the thermal expansion
coefficient for organic materials is typically one order of magnitude larger than that of
inorganic materials ***”!). However, besides performing the deposition at room temperature,
the deposition process itself can also increase the substrate temperature during growth.

At the substrate surface, most of the kinetic energy of the impinging species is available
to be converted to thermal energy, increasing the temperature locally. Due to the pulsed
character of PLD, heating up of the substrate during the deposition process is supposed to
be minimal. Only for the top several micrometers of the substrate for a period of a few micro-
seconds after each pulse, a significant variation of the substrate temperature is to be
expected ¥, After landing, the thermal energy has to dissipate and the surface
temperature declines back in a certain time period. However, if this dissipation process takes
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longer than the time given between two pulses, the surface temperature will increase. As an
example, a 14 °C rise in substrate temperature was observed after room temperature
deposition of ZnO on PET at 10 Hz for 360 seconds, which was proposed as the main cause
for the cracking of the deposited ZnO film &,

The total increase of the temperature at the substrate surface is approximately inversely
proportional to the square root of the thermal diffusivity « of the substrate material, where
k is defined as the ratio between the thermal conductivity (A.) and the volumetric heat
capacity (pqCp) "**.. The thermal diffusivity of solid organics (polymers) is typically
1-2 x 107 m2/s, which is two orders of magnitude lower than k of most metals and oxides .

By decreasing the laser repetition rate, the sample is given more time to relax between
pulses and heating up of the sample is averted. To avoid mechanical failure of inorganic films
on organic substrates due to the large differences in thermal expansion coefficient and the
low thermal diffusivity of the organic substrate, the laser pulse frequency should therefore be
as low as possible, without becoming inconvenient (<1 Hz).

In order to fabricate complete field-effect transistors on organic molecular single-crystals, the
direct deposition and patterning of metal contacts and inorganic gate dielectrics on the
surface of fragile organic substrates (i.e. alkylphosphate self-assembled monolayers and
pentacene single-crystals) by pulsed laser stencil deposition is examined in this chapter. As
described above, the direct deposition of materials on these fragile organic materials is not
straightforward, and the amount of different materials that can be patterned successfully at
the moment is limited. Aim of this investigation is therefore to pattern a variety of different
materials with a well-defined geometry, and without obvious destruction of the fragile
organic molecular substrate, mechanical failure of the deposited film or diffusion of the
deposited material into the soft organic substrate.

Investigating the penetration and diffusion of pulsed-laser deposited species into a
pentacene single-crystal lattice on a nanometer-scale in a direct way is very difficult and
expensive to perform. Both the sample preparation required for the analysis, as the
characterization technique itself, quickly result in contamination and measurement errors
(damage of the organic crystal, penetration of metal atoms into the crystal, etc.). Besides
that, the sensitivity of many analysis techniques is too low for this system. The patterning of
the alkylphosphate SAM is therefore regarded a model system for the patterning on a
pentacene single-crystal surface, as for this system the penetration of pulsed-laser deposited
metal species into the organic molecular material (i.e. the quality of the metal —organic
interface) can be easily quantified by performing electrochemical deposition experiments.

As will be demonstrated, successful patterning of various metals and oxides can be
achieved on the surface of the organic substrates with the pulsed laser stencil deposition
technique, by taking several precautions in the PLD process that reduce the
kinetic energy of the impinging species or reduce build-up of stress during deposition. As a
result, low-kinetic energy deposition or ‘soft-landing’ was realized on the surface of
pentacene single-crystals and on alkylphosphate SAMs for the first time, without mechanical
failure of the deposited patterns or obvious destruction to the fragile organic substrate.
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6.2 Experimental Procedure

In this paragraph, the experimental details of the sample preparation, the used deposition
and patterning techniques and of the applied analysis techniques are being discussed.

6.2.1  Deposition of Pt patterns on SAMs and electrochemical Cu deposition

The preparation of SAM-modified Nb-doped SrTiO; (Nb-STO) substrates was performed
according to literature procedures 2, Polished (100) 0.5 wt% Nb-STO (1 x 10 x 10 mm3)
substrates (SurfaceNet GmbH; Rheine, Germany) were cut into 5 x5 mm2 pieces with a
diamond saw and cleaned by ultrasonication in acetone and ethanol for 30 min each. After
oxygen plasma-cleaning, the Nb-STO substrates were immersed into a 0.125 mM n-tetra-
decylphosphoric acid (TDP, C;4H,4-OPO3) solution in 100:1 v/v hexane:isopropanol for two
days at room temperature. After that, the SAM-functionalized samples were rinsed with the
solvent mixture, and dried under a flow of N, gas.

Water contact angle (CA) measurements on SAM-functionalized samples were done with
a goniometer (model G10, Kriiss GmbH; Hamburg, Germany) equipped with a CCD camera
and Milli-Q water (18.4 MQcm) as probe liquid. The CA of oxygen plasma-cleaned Nb-STO
was below 10°, which increased to 115° for a TDP-covered surface. This high value points to
a hydrophobic surface, which confirms the CHs-termination and, thus, indicates the
successful formation of the TDP SAM on Nb-STO. AFM and STM measurements confirmed the
smooth surface without any defects upon SAM formation (data shown in [23]). Earlier work
on TDP SAMs on alumina showed a height of the TDP layer of 1.5 nm, which is lower than
the extended adsorbate length (2 nm), indicating a tilt in the SAM %,

Si3N4 membranes embedded in a silicon chip with large arrays of 5 and 10 pm?2 square
and circular features were used for the patterned deposition of platinum top contacts on the
SAM-modified samples by pulsed laser stencil deposition, as described in more detail in
chapter 3 (see table 6.1 for experimental settings).

In the electrochemical copper depositions, the Nb-STO / TDP/ Pt substrates were used as
working electrode and an aqueous solution of CuSO4 (10 mM) and H,SO,4 (10 mM) as the
electrolyte. A Pt mesh functioned as counter electrode, a 3 M KCl Ag/AgCl reference
electrode (model REF321, Radiometer Analytical SAS; Lyon, France) was used and the
depositions were performed with a precision potentiostat (model POS 73, Bank-IC
Elektrotechnik GmbH; Pohlheim, Germany). Cu deposition occurred at 0.05 V vs. reference
potential at short-circuited Pt-islands.

6.2.2  Deposition of metal and oxide patterns on organic single-crystals

Micrometer-sized and tens of nanometer thick patterns of various metals (i.e. Au, Pt, Pd, Co
and Ni) and oxides (i.e. Al,05, HfO, and CeO,) were deposited on the surface of pentacene
single-crystal substrates by pulsed laser stencil deposition at room temperature, as has been
described in more detail in chapter 3. For all materials, the optimized PLD parameters are
listed in table 6.1. During the depositions, besides the SisN, membrane stencils depicted in
figure 3.4, stencils with arrays of micrometer-sized circular features were applied for
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Table 6.1 Overview optimized PLD settings.

Target Au Au Pt Pt i

Material [soft] [hard] [soft] [harq] ©d ~ €@ NI ALO; HO; CeO,
Gas type Ar Ar Ar Ar Ar Ar Ar 0, 06 0
Gf[“;g;ffsure 0.05 0.003 0.05 0.003 0.5 0.02 002 0.025 0.05 0.005
TSdistance 55 45 55 45 75 75 75 75 75 65
[mm]

Laserfluence g5 50 50 50 50 50 50 10 30 30
[3/cm?]

Laser freq.

e 1 5 1 5 1 1 1 1 1 1
M[ans’ll;ﬁ] TX2X7 TX2XT7 TX2X7 TX2XT7 7X2X7 7TX2X7 7X2X7 6X2X3 7X2X7 6X2X3
Spotsize 176 176 176 176 176 176 176 0.88 235 0.60
[mm2]

Dep.rate 4006 0.017 0.001 0.005 0.014 0.002 0.004 0.012 0.015 0.003
[nm/pulse]

patterning as well. Prior deposition, the stencil membranes were positioned above the
crystals and gently pressed onto the substrate by ex situ clamping.

Details on the growth of the pentacene single-crystals were described in chapter 4. The
organic crystals were glued on a 10x10 mm2 and 0.5 mm thick silicon (p-type doped Si, with
a native oxide layer), polyethylene (PET) or polydimethylsiloxane (PDMS) chip for
mechanical support during deposition with thermally conducting silver paste (LeitSilber 200)
or with a two-component solvent-free conductive silver epoxy (CircuitWorks CW2400; Farnell;
Maarssen, The Netherlands). In a few cases, the organic crystals were ‘bonded’ to the
supporting chip by electrostatic forces only. Before introducing the crystals, the supporting
chips were first cleaned by rinsing ultrasonically in acetone and ethanol for 1 minute, and
subsequently blown dry in a nitrogen gas stream. No cleaning or heating treatment was
applied on the pentacene single-crystals.

6.2.3  Analysis of deposited patterns

Optical microscopy (OM) measurements were performed on a Nikon Eclipse ME600L optical
microscope and atomic force microscopy (AFM) measurements were performed on a Veeco
Multimode SPM and on a Veeco Dimension Icon system to investigate the influence of the
deposition parameters on the thickness, structure and morphology of the deposited patterns.
All AFM measurements were performed ex situ at ambient conditions. Elemental composition
was analyzed by performing X-ray photoelectron spectroscopy (XPS) measurements on a PHI
Quantera SCM Scanning ESCA Microprobe. For a more detailed description, see chapter 3.
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6.3

In this paragraph, first the various deposition parameters used in this work will be defined
(i.e. the ‘hard-landing’ and 'soft-landing’ settings). After that, the experimental results from
the stencil deposition of metal top contacts on an alkylphosphate self-assembled monolayer
model system, and subsequent electrochemical Cu deposition, will be discussed. Finally, the
results from various experiments on the patterning of metals and oxides through a stencil on
the surface of pentacene single-crystals by PLD will be discussed.

Results and Discussion

6.3.1

In earlier work on the deposition of gold and platinum patterns on oxide substrates through
a stencil by PLD >*1, the optimal depositions parameters were found to include a laser
fluency of 5 J/cm2 with 5 Hz repetition rate, a target-to-substrate distance of 45 mm and an
argon background gas pressure of 3 x 10-3 mbar. These settings were used as starting point
in this work, as it was shown for these settings that a direct copy of the stencil’ apertures on
the substrate can be made without hindrance by broadening effects (see paragraph 3.3.2).
However, these parameters were initially optimized for pulsed laser stencil deposition of Au
or Pt on robust inorganic substrates, and not for patterning on fragile organic
substrates. As mentioned before, the kinetic energy of the impinging species is an important
factor when depositing on organic molecular substrates™*. Irissou et al.>>*! investigated the
correlation between the background gas pressure and the target-to-substrate distance with
the velocity of the ablated gold species impinging the substrate and the final gold thin film
structure (see figure 6.2). Based on their findings, the starting deposition parameters
described above correspond to a particle velocity of about 9.0 km/s for the gold species when
arriving at the substrate, which is equivalent to a kinetic energy of about 80 eV. Obviously,
the impinging Au and Pt species are not thermalized with these settings; therefore, these
parameters will be further referred to as the ‘hard-landing’ settings in his work.

Optimization of deposition parameters
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Figure 6.2 A) Target-to-substrate distance vs. argon background pressure diagram for Au thin films
deposited with PLD, showing the deposition conditions with the different types obtained (see legend).
B) Velocity of the neutral gold species as a function of the distance along the plasma plume (i.e. target-
to-substrate distance). The symbols represent the type of structure of the Au thin films prepared in the
same conditions. Figures with permission from [25].
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After investigating the influence of various experimental parameters (which will not be furt-
her discussed), the most optimal low-kinetic Au and Pt deposition settings were found to
include a laser fluency of 5 J/cm2 with 1 Hz repetition rate, a target-to-substrate distance of
75 mm and an argon background gas pressure of 5x 102 mbar. Compared to the ‘hard-
landing’ settings, the particle velocity for the gold species when arriving at the substrate is
reduced significantly using these parameters. As a consequence, there is a strong reduction
in the kinetic energy of the impinging species as well. Calculated with the results of
Irissou et al.**, these parameters correspond to a gold particle velocity of about 2.0 km/s,
which is equivalent to a kinetic energy of about 4 eV. However, these numbers can only be
regarded as an indication for the actual velocity and kinetic energy of the impinging species
in this work, due to important differences in the experimental settings (e.g. dissimilar laser
spotsizes, resulting in a different plasma behavior). In this work, the low-kinetic energy
parameters will be further referred to as the ‘soft-landing’ settings.

6.3.2  Deposition of Pt patterns on SAMs and electrochemical Cu deposition

The experimental results from the deposition of Pt patterns onto alkylphosphate
self-assembled monolayers by pulsed laser stencil deposition are discussed in this paragraph.

Arrays of 10-20 pm-sized and 15-20 nm thick platinum patterns were deposited by PLD
on Nb-doped SrTiO3 (Nb-STO) substrates modified with a n-tetradecylphosphate (TDP,
Cy4H59-OP0O3) SAM, using the ‘hard-landing” and ‘soft-landing’ deposition parameters. As a
control experiment, Pt patterns were deposited on bare Nb-STO substrates as well, with the
‘hard-landing’ settings. After patterning, the diffusion of Pt into the organic monolayer was
investigated by performing electrochemical copper deposition experiments. In this case,
deposition of Cu could only occur at the places with electrical shorts between the Pt top
contact and the conducting substrate, as the TDP monolayer is non-conductive (i.e. Cu
growth only occurs on short-circuited Pt islands, where the SAM is damaged) 3.

Figure 6.3 shows optical microscopy images of Pt top contacts on bare and TDP-covered
Nb-STO after pulsed-laser stencil deposition at ‘hard-landing’ and ‘soft-landing’ settings, and
after electrochemical Cu growth. As can be seen, stencil deposition by PLD created many
clean, uniform and well-defined Pt features on the bare and SAM-covered substrates in a
single deposition step. Corresponding AFM images are presented in figure 6.4.

In the control experiments on bare Nb-STO substrates with the ‘hard-landing’ settings,
a uniform Cu growth was observed on all of the Pt top contacts after the electrochemical
deposition. On these substrates, the Pt patterns were in direct contact with the substrate.
No Cu growth was observed on the bare substrate regions, indicating the necessity of Pt to
initiate Cu growth. Thus, the control experiment proves that Cu growth occurs if a Pt pattern
is in contact with the bottom electrode (i.e. the Nb-STO substrate).

In the ‘hard-landing’ experiments on the SAM-modified Nb-STO substrates, Cu growth
was seen on most of the Pt dots after electrochemical Cu growth, but with lower density
when compared to the bare substrate in the control experiment. In this case, the SAM layer
acts as a barrier between the conducting substrate and the top contact to a certain degree.
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Figure 6.3 OM images of Pt dots deposited with A) ‘hard-landing’ settings on bare Nb-STO, B) ‘hard-
landing’ settings on TDP-covered Nb-STO, and C) 'soft-landing’ settings on TDP-covered Nb-STO. For all
series, the first image is of the deposited Pt dots before, and the second and third images after the
electrochemical Cu growth. The white square in C) indicates the XPS mapping area (see figure 6.5)

It also shows that no copper did grow on the SAM itself, indicating that there are no
significant defects in the TDP monolayer 7.

Conversely, after electrochemical Cu deposition in the 'soft-landing’ experiments, almost
all of the Pt patterns remained unchanged. The Pt features without shorts are clean and have
the same height as before the electrochemical experiments, indicating that no deposition had
occurred on these. This shows Pt top contacts without any shorts were successfully prepared
on the SAM-modified substrate using the ‘soft-landing’ PLD settings, with a yield of 99.8%.
Only at two places out of thousand, shorts between the contact and the substrate could be
seen, as indicated by the growth of 30-300 nm high non-uniform Cu deposits.

Figure 6.5 shows an XPS mapping of Pt and Cu of a selected area of the ‘soft-landing’
sample, where the two shorts between the top contacts and the substrate were observed
after the electrochemical Cu growth. The red parts representing Cu match well with the
elevated parts seen in the OM and AFM images. Similar to the AFM images, the Pt patterns
(green) are much more uniform than the Cu patterns, and do not contain Cu.

6.3.3  Deposition of metal and oxide patterns on organic single-crystals

In this paragraph, the experimental results from the deposition of various metals and oxide
patterns on the surface of pentacene single-crystals by pulsed laser stencil deposition are
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Figure 6.4 AFM images of Pt dots deposited with ‘hard-landing’ settings on bare Nb-STO before (A) and
after (B), and on TDP-covered Nb-STO before (C) and after (D) electrochemical Cu growth; and Pt dots
deposited with 'soft-landing’ settings on TDP-covered Nb-STO before (E) and after (F) electro-
chemical Cu growth (Zagy =25, 50, 25, 50, 50 and 100 nm, respectively).
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Figure 6.5 XPS mapping showing the Pt-rich regions
(green) and Cu-rich regions (red). Note that the resolution in
the y-direction is less good than in the x-direction, due to the
dispersive properties of the Quantera XPS analyser.

discussed. Micrometer-sized and tens of nanometer thick patterns of various metals (i.e. Au,
Pt, Pd, Co and Ni) and oxides (i.e. Al,O5, HfO, and CeO,) were deposited through a stencil
on the pentacene crystal substrates by PLD. The noble metals Au, Pt and Pd were patterned
using both the ‘hard-landing” and ‘soft-landing’ deposition parameters, and the influence of
the applied settings on the morphology of the deposited patterns was investigated by OM,
AFM and XPS measurements. The deposition of the other metals and oxides turned out to be
much more sensitive to the applied deposition parameters. The objective for these materials
was therefore to fabricate well-defined patterns without mechanical failure or obvious
destruction to the organic crystal substrate, but still with the kinetic energy of the impinging
species as low as possible.

Au patterns

Figure 6.6 presents optical and atomic force microscopy images of deposited Au features on
the surface of pentacene single-crystals using the ‘hard-landing’ settings (more AFM images
are presented in figure 7.3). These images demonstrate that smooth and crack-free Au
patterns can be fabricated with PLD, without obvious destruction of the organic crystal. Due
to the roughness of the crystal surface and thus variations in the stencil-to-substrate gap, loss
of resolution and deviations in broadening of the features (see paragraph 3.3.5) occurred
along the sample, as can be observed in the OM images in figure 6.6A around some
deposited patterns on the non-planar crystal surface. Yet, on flat surface areas, the
deposited features are well-defined and completely isolated from each other.

Besides the substrate-to-stencil gap, blurring of the deposited features can arise from
surface diffusion; highly-mobile materials like gold can diffuse over the hydrophobic crystal
surface "1, However, surface diffusion can be neglected in these experiments, as all
depositions were performed at room temperature ™. The observation that some deposited
features are surrounded by a ‘corona’ of individual small gold particles (see figure 7.3A
and C) is therefore attributed to geometrical broadening as well.

Figure 6.7 presents OM and AFM images of deposited Au features on the surface of
pentacene single-crystals using the 'soft-landing’ settings (more AFM images are presented
in figure 7.4). The deposited dots and squares are sharp and well-defined. Due to a small
substrate-to-stencil gap during deposition, there is hardly any geometrical broadening and,
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Figure 6.6 A) Optical microscopy images, and B) AFM height, deflection and cross section images of Au
dots stencil deposited on a pentacene single-crystal with PLD at ‘hard-landing’ settings (Z4em = 150 nm).
AFM images of the Au dot indicated with the white arrow are presented in figure 7.3A-B.

as a consequence, almost no appearance of small individual gold particles around the
deposited features. In the contact-mode AFM friction image (see figure 6.7B), and in the
tapping-mode AFM phase image (see figure 6.7C), a clear material contrast can be observed
between the deposited Au dots and the underlying pentacene single-crystal substrate. Based
on this material contrast, it is concluded that the features in the stencil are well-duplicated
on the substrate, and that the deposited dots are indeed sharp and not surrounded by a
‘corona’ of gold material.

The AFM images in figure 6.6B and figure 7B-C show that the terraced morphology of the
underlying pentacene single-crystal substrate (i.e. the 1.41 nm high d(001) terrace steps)
is still noticeable on top of the deposited gold dots (of about 85, 45 and 40 nm high,
respectively) for both settings. This observation indicates a high-quality growth, without
obvious destruction of the fragile pentacene crystal substrate and most likely with a
well-defined interface; i.e. the deposition process did at least not destruct the original
morphology of the pentacene crystal. A more detailed study on this duplication of the
substrate morphology is presented in chapter 7.

It is important to note here that the difference in deposition parameters between the
‘hard-landing’ and ‘soft-landing ~ settings does not seem to influence the structure and
morphology of the deposited gold features (e.g. smooth films were obtained with both
settings), but only influenced the broadening effect and the deposition rate (reduced from
~0.017 to ~0.006 nm/pulse, respectively). However, the surface roughness of the deposited
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Figure 6.7 A) Optical microscopy images, B) AFM height, deflection, friction and cross section images,
and C) AFM height, deflection, phase and cross section images of Au dots stencil deposited on a
pentacene single-crystal substrate with PLD at 'soft-landing’ settings (Zssy = 100 nm and 150 nm,
respectively). AFM images of the Au dot indicated with the white arrow are presented in figure 7.4B-C.

Au features is dependent on the applied settings, as will be shown in chapter 7. Also, the
amount of penetration and diffusion of the pulsed-laser deposited gold species into the
pentacene single-crystal lattice is dependent on these settings, as can be concluded from the
experiments performed on the organic SAM model system described earlier in this chapter.
Current-voltage measurements on pentacene single-crystal devices with ‘hard-landed” and
‘soft-landed’ gold top contacts will be presented in chapter 8.

Pt and Pd patterns

For the deposition of platinum (Pt) and palladium (Pd) patterns on the surface of organic
molecular crystal substrates, it was found that the ‘hard-landing’ and 'soft-landing’ settings
used for Au could be applied as well: the ablation, deposition and growth conditions of
these noble metals were found to be comparable. This is illustrated by the AFM images in
figure 6.8, in which a ~15 nm thick Pt and a ~150 nm thick Pd square feature deposited on
a pentacene single-crystal with the ‘soft-landing’ settings is presented, respectively, showing
the same duplication of the substrate morphology on top of the patterned features.
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Ni and Co patterns

To broaden the set of metals that can be applied as top contacts on the surface of organic
molecular crystals (a very low contact resistance was recently reported for nickel (Ni) and
cobalt (Co) contacts on rubrene single-crystals *), the direct deposition of these two less-
noble metals on pentacene single-crystals by pulsed laser stencil deposition was investigated.

In contrast to the noble metals discussed in the previous paragraph, the deposition ‘window’
leading to successful patterning of these metals was found to be narrower. For the Ni and Co
deposition series, the ‘soft-landing’ settings optimized for Au deposition on pentacene
crystals were chosen as starting point, as the ‘hard-landing’settings resulted in cracked films.
To explore these settings further, the argon background gas pressure was varied between
0.005 mbar and 0.05 mbar, whereas all other parameters remained the same.

At argon pressures of 0.005 and 0.01 mbar, no smooth Ni and Co films could be
obtained. A few examples of the encountered mechanical failures are presented in figure 6.9.
The larger patterns show buckling phenomena, cracking or delamination. Based on the
structure of some cracked films, the presence of large terrace steps on the pentacene
crystal surface seems to play an important role in the occurrence of mechanical failure. Some
of the smaller patterns (5.0 and 12.5 pm?2) did not crack, but the large curvature of these
patterns indicates the presence of large internal stresses in the film (see figure 6.9C).

Lowering the kinetic energy of the impinging particles by utilizing a high background
pressure of 0.05 mbar resulted in very porous feature structures (see figure 6.10A-B).
Collisions with the background gas lowered the kinetic energy so much, that the impinging
particles hardly have any energy left for surface diffusion and stick more or less to where they
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Figure 6.8 AFM height, deflection and cross section images of a A) Pt dot and a B) Pd dot deposited on
a pentacene single-crystal with PLD at 'soft-landing’ settings (Zygm = 75 and 300 nm, respectively).
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hit the substrate, resulting in an island-like growth. Probably, the high background pressure
also resulted in the formation of cluster particles in the plasma®*!, which limits the growth
of a smooth film as well. However, the local deposition of large cluster particles is typically
not encountered when depositing through a stencil in PLD, as for most materials the
shockwave broadening regime is entered first upon increasing the background pressure 4,

Deposition at an intermediate pressure of 0.02 mbar Ar gave the best results. At this
pressure, smooth Ni and Co thin films and patterns were obtained (see figure 6.10C-D). The
impinging particles have a low kinetic energy for 'soft-landing’, yet are mobile enough to form
smooth pinhole-free films.

The encountered mechanical failure of the Ni and Co patterns (deposited at low background
pressures) can also be caused by internal stresses induced by oxidation reactions after
deposition. Ex situ XPS sputter profiling showed the outmost layer of a ~10 nm thick Ni film
deposited on a pentacene single-crystal has oxidized (figures not shown). As the oxygen O1s
peak disappeared faster during sputtering than the nickel Ni2p peaks, it is concluded that
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Figure 6.9 Examples of mechanical failure (buckling, cracking or delamination) in Ni dots deposited on
pentacene single-crystals by PLD at an Ar background pressure of 0.005 mbar; A) optical microscopy
images, B) and C) AFM height, deflection and cross section images (Zjmy =25 nm and 200 nm,
respectively). The white square in A) indicates the area imaged with AFM in C).
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Figure 6.10 AFM height, deflection and cross section images of A-B) Ni and Co (0.05 mbar), and C-D)
Ni and Co (0.02 mbar) features stencil deposited on pentacene single-crystals with PLD at various argon
background pressures (Zxgy = 100, 25, 20 and 35 nm, respectively).

the film was only oxidized on the outer surface and there is still metallic nickel on the
Ni — pentacene interface. However, this observation may also derive from a preferential
sputtering of oxygen relative to nickel during profiling, implying a complete oxidation of the
deposited Ni thin film cannot be excluded. Similar results were observed for Co thin films
deposited on a pentacene crystal.

As the (partial) oxidation after deposition is expected to occur for all Ni and Co patterns,
irrespective of the deposition gas pressure, it is remarkable that no significant mechanical
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failure is encountered for the patterns deposited at 0.02 and 0.05 mbar argon. Therefore, it
can be concluded that the oxidation reactions are not the main cause for the mechanical
failure of the patterns deposited at 0.005 and 0.01 mbar. More likely, the mechanical failure
at these low pressures can be attributed to a higher kinetic energy of the impinging species.

Al,03, HfO, and CeO, patterns

Besides deposition of metallic features suitable as contacts, deposition of insulating films of
dielectric materials are needed in the direct fabrication of (field-effect) devices on organic
molecular crystals. Therefore, the patterning of three medium-« oxides, namely alumina
(Al,053, £=9), hafnia (HfO,, £=25) and ceria (CeO,, £=26), on pentacene single-crystals by
pulsed laser stencil deposition was investigated. Initially, the deposition parameters were
chosen similar to those optimized for deposition of oxide dielectric films on silicon at room
temperature ®#%, However, using these settings, mechanical failure and cracks appeared
in the film surfaces after stencil deposition of the oxide onto the organic crystal (see
figure 6.11). An increased temperature of the film and substrate surface during deposition
(i.e. the thermal diffusivity k of the organic substrate is about two orders of magnitude lower
than k of most metals and oxides (see paragraph 6.1)) is suspected to be responsible for the
build-up of strain, which is later released by cracking and buckling of the patterned material.
Based on the structure of some cracked films, the presence of large terrace steps on the
pentacene surface played an important role in the occurrence of mechanical failure as well.
After tuning the deposition parameters (i.e. going to milder settings by lowering the laser
repetition rate, increasing the target-to-substrate distance and increasing the background gas
pressure), which effectively lower the kinetic energy of the impinging particles and reduce

Height [nm]

Length [um]

Figure 6.11 Examples of mechanical failure (buckling, cracking or delamination) in CeO, dots
deposited on pentacene single-crystals by PLD; A) OM images, B) AFM height, deflection and cross
section images (Zry = 750 nm). The white square in A) indicates the area imaged with AFM in B).
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heating-up of the sample, crack-free, smooth and pinhole-free oxide patterns could be
obtained on the pentacene single-crystal surface (see figure 6.12). Besides that, relatively low
undergrowth and blurring of the features was observed. As observed in the deposition of
metal contacts, again the substrate morphology is duplicated on top of the deposited
features. This implies that high-quality growth of oxide dielectric materials on fragile organic
crystals with PLD and stencil patterning is achievable.

Using the optimized PLD parameters (see table 6.1), crack-free metal and oxide films
completely covering a pentacene single-crystal were obtained as well (not shown), so these
settings are not restricted to deposition through a stencil. Besides performing stencil
depositions on pentacene crystal substrates, the potential of this technique was
demonstrated by depositing Au and CeO, patterns on rubrene single-crystals. Similar results
were obtained in these experiments (not shown); i.e. smooth, crack-free and well-defined
features were patterned on the surface of rubrene crystals, with the 1.34 nm high d(001)
terrace steps 3 for example clearly noticeable on top of the ~125 nm high ceria dots.
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Figure 6.12 AFM height, deflection and cross section images of A) an Al,O3 dot, B) a HfO, dot, and
C) a CeO, feature stencil deposited on pentacene single-crystals with PLD at the optimized settings
(Zarmy =40, 100 and 100 nm, respectively).
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6.4 Concluding Remarks

In order to fabricate complete field-effect transistors on the surface of organic molecular
crystals, the direct deposition and patterning of various metals and inorganic dielectric
materials on pentacene single-crystal and on alkylphosphate self-assembled monolayer
substrates by pulsed laser stencil deposition was investigated in this chapter. Successful
deposition of patterns with a well-defined geometry, and without obvious destruction of the
fragile organic molecular substrates, mechanical failure of the deposited film or diffusion of
the deposited material into the soft organic substrate was achieved, by taking several
precautions in the PLD process that reduce the kinetic energy of the impinging species or
reduce build-up of stress during deposition.

As a result, low-kinetic energy deposition or 'soft-landing’ of arrays of isolated Pt top
contacts on TDP-modified Nb-STO substrates was achieved with a high yield of 99.8%
without damaging the SAM layer, as shown by electrochemical deposition experiments of
copper from solution. With these optimized ‘soft-landing’ settings, the direct deposition and
patterning of smooth, well-defined and isolated metal top contacts (i.e. Au, Pt, Pd, Ni and Co)
and medium-k oxide dielectric materials (i.e. Al,03, HfO, and CeO,) on the surface of
pentacene single-crystals was realized as well.
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Abstract

The structure and morphology of gold patterns deposited on pentacene single-crystal and
silicon oxide substrates by pulsed laser stencil deposition at room temperature have been
studied. From the analysis of atomic force microscopy measurements, it was found that the
rms surface roughness o (ranging from 0.4 nm to 2.3 nm) of all deposited patterns
generallyincreases with the layer thickness (ranging from 30 nm to 150 nm). The growth and
morphology of gold films deposited on silicon oxide and pentacene single-crystals with ‘hard-
landing’ settings is found to be similar on both kinds of substrates. For gold features
deposited on pentacene single-crystals using ‘soft-landing” parameters, a smoother film
morphology is observed than in the ‘hard-landed” films, which is attributed to various
differences in the deposition parameters (viz. kinetic energy, angular plume distribution and
deposition rate).




Chapter 7

7.1 Introduction

In the previous chapter, the patterning of metal and oxide features by pulsed-laser stencil
deposition on the surface of pentacene single-crystals has been investigated. Interestingly, it
was found that the terraced structure of the underlying pentacene substrate is often still
noticeable on top of the deposited patterns. For some specific deposition parameters, this
duplication of the 1.4 nm high pentacene terraces steps is observed on deposited patterns
with a thickness up to several tens of nanometers. As an example, figure 7.1A shows the
morphology of 45 nm thick Au dots patterned on a pentacene single-crystal surface. Both the
normal monomolecular 1.4 nm high d(001) P;-P, pentacene crystal terrace steps
(i.e. the parallel thin black features, from top to bottom), as well as larger stress-induced
terrace steps (i.e. the larger steps going from left to right), are clearly observable on top of
the deposited dots. However, as depicted in figure 7.1B, on top of 125 nm high Au stripes
patterned on a pentacene crystal surface using other deposition settings, the morphology of
the underlying substrate can no longer be recognized.

Earlier work™ on pulsed laser stencil deposition at room temperature showed that the
typical 0.4 nm high TiO,-terminated SrTiO5 substrate terrace steps® were still visible on top
of 5 nm high deposited Ni islands. Although not clearly demonstrated, the authors claim that
the terrace steps are still present on top of 70 nm high Ni dots, indicating the possibilities of
PLD to grow ultra-smooth thin films ™.

These observations raise a couple of questions on the growth behavior of patterned
features by PLD on the surface of organic single-crystals. To name a few, how special is this
observed duplication of the substrate morphology? To what thickness of the deposited
patterns can this duplication be detected? And, what is the influence of the deposition
parameters on the progression of roughness and morphology with increasing film thickness?

To answer these questions, the growth dynamics and scaling of the surface roughness for
pulsed-laser deposited patterns are further examined in this chapter. Micrometer-sized gold
patterns with different thicknesses have been deposited on the surface of pentacene single-
crystal and silicon oxide substrates by pulsed laser stencil deposition and the pattern
morphology has been investigated by means of atomic force microscopy (AFM).

Figure 7.1 Three-dimensional AFM height images of Au patterns on pentacene single-crystals prepared
by pulsed-laser stencil deposition. A) 'soft-landing’ settings, thickness Au-dots is ~45 nm, B) ‘hard-
landing’ settings, thickness Au-lines is ~125 nm.
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7.2 Theoretical Background

The observed substrate morphology duplication depends on the evolution of the film
roughness and morphology with increasing film thickness. The study of (kinetic) surface
roughening under far-from-equilibrium conditions has attracted the interest of researchers in
recent years®®., In particular, it has been shown that the surface roughness in many cases
exhibits scaling relations as a function of film thickness and lateral length scale. Scaling
theories for the surface morphology and dynamics of a growing film have been successfully
applied to describe experimental results from growth studies with various deposition
techniques 2. These findings have practical importance in thin film growth, as kinetic
roughening is related to the spatial and temporal correlations of surface roughness as the
growth proceeds. This kind of study is especially relevant when different scaling laws,
displayed by the kinetic roughening, can be related to specific growth mechanisms™**3, From
the application point of view, surface morphology is quite relevant in order to optimize the
electrical, optical, and heat conductivity properties of materials in the form of thin films.

The growth of a film by particle deposition is typically a far-from-equilibrium process, and
different growth models are applied to explain the observed morphology. The growth process
is principally determined by the interplay of deposition, desorption, and surface diffusion
(relaxation) of the atoms or molecules arriving at the surface ™. For the global surface
morphology, statistical models are often employed. Most common are the surface width,
often represented by the root-mean-square (rms) roughness value, and the lateral
correlation length, which gives the average distance between features in the surface profile
within which the surface variations are correlated *..

The main quantity characterizing the surface is the rms roughness o which is defined as:

N2
o(h)= <h(x) > (7.1)
where h is the local relative height (the difference between the local absolute height H and
the mean film thickness d) of all data points x. For a constant deposition rate, and in the so-
called dynamic scaling regime, the rms surface roughness ¢ scales with both the thickness d
(or growth time t) and the image size L following a Family-Vicsek scaling relation t**4:

o(d,L)~ L"f(%j 7.2)

with z=a/ B. The scaling exponents a and 3 are called the roughness exponent and the
growth exponent, respectively, and 1/z is called the coarsening exponent. All these
exponents are determined by the mechanism of the film growth.
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The image size L is chosen large enough, so that the surface roughness o saturates as a
function of image size. This simplifies the equation for the roughness to:

o(d)~d* for small film thicknesses (7.3)

o(d)=const. for large film thicknesses (saturation) (7.4)

The rms surface roughness o of a film can be calculated directly from AFM measurements.
Typical values for the growth exponent § are between 0.2-1.0, depending on the deposition
method, material and deposition conditions like substrate temperature . Standard diffusion-
deposition models give values in the range 8=0-0.5, with @ maximum of 8=0.5 for a pure
random deposition model (i.e. no surface diffusion takes place) ™. Characteristic for an
unstable growth process is a growth exponent 3> 0.5, Under these conditions, the growth
is favored in the vertical rather than lateral (along the substrate plane) direction™. In kinetic
Monte Carlo simulations on the amorphous growth of sputtered SiO, and Nb,Os films, this
rapid kinetic roughening with 8> 0.5 can be explained by including random surface binding
energy fluctuations that mimic the amorphous film structure I,

Many of the reported B-values for films grown by sputtering are in the 0.4-0.6 range &,
For pulsed laser deposition, most growth studies remain limited to the initial nucleation stage,
so typical PLD-values for 8 are scarcely found. Vasco et al.™ report a 1 =1.0+0.1 and
B, =0.6 £0.01 for two subsequent regimes in the growth of ZnO films on InP(100)
substrates with PLD at elevated temperatures. Alvarez et al. report a B=1.0 and 8=0.3
for ZrO, thin films pulsed-laser deposited on a silicon wafer at room temperature and
at 600 °C, respectively. Using Monte Carlo (MC) simulations, they attributed this change in
surface topography with film temperature to the existence of two different growth regimes:
a regime dominated by shadowing of incident deposition particles growth, occurring at low
temperatures (Bmc=1.00), and a regime dominated by thermally activated diffusion growth
that takes place at high temperatures (Byc = 0.15).

Besides the growth exponent B, a further characteristic often employed in kinetic growth
dynamic studies is the lateral correlation length & which is related to the lateral size of
certain features on the surface®*®. The correlation length & is also proportional to the film
thickness d (or growth time t) via a power law, and results in the coarsening exponent
1/ z®. Another characteristic quantity is the so-called roughness exponent g, linked to the
self-affine scaling properties of the surface™. The coarsening exponent 1/z and the growth
exponent g are not investigated in this work, due to the small grain sizes in the deposited
thin films and the large sample-to-sample variation in the pentacene crystal morphology.

For many systems prepared by different deposition methods, it is rather common that the
imperfections of a given layer are transferred partly or fully to the layers subsequently
deposited on top ">*1. The lower the value for B, the longer these imperfections play a role
and remain visible. The effect of vertical correlations between interfaces can be taken into
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Figure 7.2 Contact-mode AFM height image
with line scan of a 68.1 nm thick Al,O3 film
sputtered on diindenoperylene (DIP).
The inset shows the terraced structure of the
native DIP film. Figure with permission
from [15].

DIP/SiO,

Height [nm]

2 ” 0 200 400 600 800
| ALO,/DIP/SIO,  2%mm, Length [nm]

account by normalizing the roughness of the deposited film (or pattern) by the roughness of
the underlying substrate ™**!, according to:

norm.

— 2 2
Ufilm - 0-film_o.substr. (75)

Sellner et al.™ found a growth exponent S=0.38 for sputtered aluminum oxide (Al,O5) films
on both inorganic and organic substrates (silicon oxide and diindenoperylene, DIP,
respectively) after normalization. Native films of the organic semiconductor DIP possess a
characteristic topography with large flat terraces of monomolecular (1.65 nm) step height
(see inset in figure 7.2), comparable to the pentacene crystal surface investigated in this
work. Figure 7.2 shows an AFM image of a 68.1 nm thick Al,O5 film sputtered on top of a DIP
film. The terraced structure of the underlying DIP film can still be recognized, which implies
the Al,03 surface roughness has a certain degree of correlation with the DIP surface
roughness. A close-up shows the Al,O5 layer on a DIP terrace has a small granular structure
itself (not shown). The sputtered aluminum oxide film thus reflects some features of the
underlying substrate morphology added to its ‘own’ grainy morphology. In addition,
transmission electron microscopy (TEM) images in an earlier study showed a well-defined
Al,03-DIP interface, dominated by the DIP substrate roughness #.

7.3 Experimental Procedure

In order to investigate the growth dynamics and scaling of the surface roughness for pulsed-
laser stencil deposited patterns, the following three experimental series were produced.
Various micrometer-sized gold patterns with increasing thickness were deposited on the
surface of pentacene single-crystals at ‘hard-landing’” and ‘soft-landing’ settings, and on
p-type silicon oxide substrates using the ‘hard-landing’ settings, by pulsed laser stencil
deposition at room temperature (for more details, see chapter 3).

Before deposition, the SiO,-substrates were cleaned by rinsing ultrasonically in acetone
and ethanol for 1 min, and subsequently blown dry in a nitrogen gas stream. No cleaning
treatment was applied on the pentacene single-crystal substrates prior to deposition.

Optimization of the deposition parameters for gold on pentacene single-crystals by PLD
has been described in the previous chapter. For the gold depositions, a laser fluence of
5 J/cm? is achieved on a 1.76 mm?2 target spot size by focusing the laser beam through a lens
and a 98 mm?2 mask. Here, for the ‘hard-landing’ depositions, a laser repetition rate of 5 Hz,
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a target-to-substrate distance of 45 mm and an argon background gas pressure of
3 x 10-3 mbar were used. For the 'soft-landing’ experiments, a laser frequency of 1 Hz, a
target-substrate distance of 75 mm and a background gas pressure of 5x 10-2 mbar were
applied. The thickness of the deposited Au-features was 30-150 nm.

After the stencil deposition, the surface morphology of the deposited Au patterns and the
surrounding pentacene single-crystal or SiO, substrate (shadowed by the stencil during
deposition) were analyzed ex situ by means of contact-mode atomic force microscopy (AFM).
All AFM measurements were performed using a Veeco Multimode SPM equipped with a
Nanoscope 1V controller and v6.14r1 software (see chapter 3). Roughness data was obtained
using the software’s roughness procedure. To distinguish between the substrate and the
deposited feature, five non-overlapping areas of 1.00 um?2 were selected for both regions and
the obtained roughness values were averaged. Although randomly chosen, the selected areas
excluded AFM-artifacts and other irregularities. For this reason, and for the samples with
smaller-sized Au-patterns, the selected area size was reduced to 0.50 um?2 or 0.10 umZ2 in a
few cases.

An advantage of this stencil patterning approach is the possibility to directly measure the
thickness of the deposited film. Another advantage is that the actual local morphology of both
film and substrate can be captured within one image, showing the possible prolongation of
surface characteristics on the deposited patterns and enabling a more accurate surface
roughness normalization. The stenciling procedure is not expected to have a significant
influence on the pattern morphology, as the shockwave broadening regime (see paragraph
3.3.2) is not entered in both settings and the aspect ratio of the stencil’s apertures is large.

7.4 Results and Discussion

Figure 7.3 shows a selection of AFM images of Au features with increasing thickness,
deposited on pentacene single-crystal substrates using the ‘hard-landing’ settings. For every
image, the height and deflection data is presented, and three line scans to reveal the
sample topography. Analogously, figure 7.4 presents an AFM series of deposited Au patterns
on pentacene single-crystals using the ‘soft-landing’ settings. The AFM images of gold dots
deposited on flat SiO, substrates with the ‘hard-landing’ settings will not be presented here.

In figure 7.3A, the terraced structure of the underlying pentacene single-crystal can clearly
be recognized on top of the deposited Au dot of 40 nm thick. This implies the Au surface
roughness has a certain degree of correlation with the pentacene crystal surface roughness.
Figure 7.3B, a close-up of the selected-area in figure 7.3A, shows the deposited Au layer has
a granular structure, yet the pentacene terrace steps can also be clearly distinguished. Similar
to the Al,O5-DIP system described by Sellner et al. ™, the deposited Au film thus reflects
some features of the underlying pentacene single-crystal substrate morphology added to its
‘own’ inherent grainy morphology. Figure 7.3C shows a patterned Au square of 75 nm thick.
Here, the morphology of the underlying substrate is weakly visible on top of the gold film.
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Figure 7.3 Au dots on pentacene single-crystals, with PLD at ‘hard-landing’ settings at different
thicknesses: A) 40 nm (Z,ry = 75 nm), B) selected area of the dot shown in A, as indicated by the white
square (Zyry = 10 nm), C) 75 nm (Zygm = 150 nm), and D) 125 nm (Zugy = 300 nm).

With increasing the Au film thickness to 100 nm (not shown) and 125 nm (figure 7.3D), the
deposited features no longer display the (monomolecular terraced) morphology of the
pentacene substrate. Overall, this corresponds to a transition from a morphology whose
height correlations are dominated by the underlying substrate to a morphology whose
correlations are defined by the deposited film.
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Figure 7.4 Au dots on pentacene single-crystals, with PLD at 'soft-landing’ settings at different
thicknesses: A) 50 nm (Zyry = 200 nm), B) 65 nm (Zxry = 150 nm), C) selected area of the dot shown
in B, as indicated by the white square (Zyry = 35 nm), and D) 125 nm (Z4gy = 300 nm).

In figure 7.4, a similar series of deposited micrometer-sized Au patterns on pentacene single-
crystal substrates is presented, this time using the 'soft-landing” deposition settings. In
contrast to the preceding ‘hard-landing’ series, the morphology of the underlying pentacene
single-crystal substrate can still be recognized on top of 125 nm thick deposited gold
features (see figure 7.4D).
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3 Figure 7.5 Progression of the film roughness o
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In figure 7.5, the progression of the rms film roughness o of the Au features (after
measuring and renormalizing according to formula 7.5) as a function of the film thickness d
is presented for the three experimental series. The surface roughness, ranging from 0.4 nm
to 2.3 nm, of all deposited patterns generally increases with the layer thickness (ranging from
30 nm to 150 nm).

It is concluded that the morphology of the underlying substrate is recognizable when
0<1.4 nm (i.e. as long as the normalized roughness of the deposited gold patterns remains
smaller than the monomolecular P;-P, terrace steps of the pentacene single-crystal).
For films with o > 1.4 nm, the film roughness is so large that the substrate morphology
duplication is no longer present.

This transition from a morphology whose height correlations are dominated by the
underlying substrate to a morphology whose correlations are defined by the deposited film
(i.e. when o= 1.4 nm, gray line in figure 7.5), occurs around a film thickness of about 90 nm
for the ‘hard-landing’ series. For the ‘soft-landing’ series, this transition is observed around a
film thickness of about 140 nm.

For both ‘hard-landing’ series (i.e. gold patterns on pentacene single-crystal (blue squares)
and on silicon oxide (red triangles) substrates in figure 7.5), a clear linear dependence of film
roughness o on the film thickness d can be observed. The slope of the linear fits to the data
corresponds to the following growth exponents: B=1.20 (blue line, with R2=0.97) for ‘hard-
landing’ on pentacene, and B =1.09 (red line, with R2=0.97) for ‘hard-landing’ on SiO,
(e.g. R2 is the square of the Pearson product-moment correlation coefficient ). These
B-values are remarkably similar, despite the very different chemical nature of the organic and
inorganic substrates. Combined with the similar morphology of gold patterns on flat SiO,
substrates and on the terraced surface of pentacene crystals, it appears that the growth and
local structure of the gold films is similar on both kinds of substrates. In other words,
although the first arriving gold species encounter a chemically different substrate, this has no
influence on the subsequent film growth (i.e. the later arriving particles encounter a similar
‘gold film" substrate upon landing). Sellner et al. ™! came to the same conclusion for their
sputtered Al,03/SiO, and Al,03 / DIP systems (although they found lower B-values).
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The two ‘hard-landing’ B-values revealed here are comparable to the experimental and
simulated values of B =1.0 found by Alvarez et al.™ for ZrO, thin films pulsed-laser
deposited on a silicon wafer at room temperature (i.e. meaning the roughness increases
approximately linearly in time). Therefore, it can be concluded that our system is also in a
regime where growth is dominated by shadowing of incident deposition particles.

For the 'soft-landing’ series of gold patterns on pentacene single-crystal substrates (green
circles), an overall growth exponent value of 8=0.51 (green line, with R?2 =0.70) is found.
Compared to both ‘hard-landing’ series, this ‘soft-landing’ B-value is considerably lower. The
lower R2-value indicates the fit has a less pronounced linear correlation. The observed
B-value corresponds with the growth exponent 8 = 0.5 that is found in models for pure
randomly deposited amorphous films . In the random deposition model, particles move
along straight line trajectories until they reach the top of the column in which they were
dropped, at which point they stick to the deposit and become part of the aggregate (i.e. there
is no surface diffusion) "3, Introduction of surface diffusion in the model results in the
surface becoming smoother (8 <0.5) 24,

There can be several reasons why the ‘soft-landing’ B-value is considerably lower than the
‘hard-landing” B-values. One difference between the two series is the particle velocity or
kinetic energy of the ablated gold species when arriving at the substrate ™!, as discussed in
chapter 6. As stated in ref. [26], deposition of particles with a larger incident kinetic energy
results in a greater downhill movement of particles from the top layers, producing a flatter
and smoother film surface. This statement contradicts with our findings, as here the films
with a high kinetic energy of the arriving species have a higher S-value than the films with
low incident particle kinetic energy. However, Elsholz et al. ¢*"*® showed that the growth
exponent S for amorphous thin film growth depends on the deposition temperature T and an
‘energy fluctuation strength’” A. By introducing A in their Monte Carlo simulations, they
mimicked the amorphous structure of a thin film by including a randomly fluctuating surface
binding energy for arriving atoms. For depositions at room temperature, a small increase in
A directly resulted in B-values exceeding the value of 0.5 for random deposition and reaching
up to 1.0. Thus, minor differences in the surface binding energy of the impinging species
(i.e. a minor difference in A) between the ‘hard-landing’ and ‘soft-landing’ series, which can
be expected due to the large difference in the kinetic energy of the arriving species between
both series, can explain the difference in growth exponents.

The second difference between the ‘hard-landing’and ‘soft-landing’ series is the incident
angle distribution of the impinging species (i.e. the arriving species do not impinge normally
on the growing surface). In general, the quite high B-values for pulsed-laser deposited thin
films at room temperature (compared to other physical vapor deposition techniques) are the
result of a broadening of the plume angular distribution due to scattering of the ablated
species with background gas molecules™. The incident angular distribution of a material flux
is often described by a cosn(@) distribution, where n depends on the technique, source
dimensions and the deposition parameters . Model calculations show that a broader
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incident angle distribution function of the deposition species produces wider surface
mounds ™. This effect is expected to gain relevance (i.e. higher values of o) for high
background gas pressures and for long distances between the target and the substrate. In
the ‘hard-landing’ and ‘soft-landing’ series, both parameters are dissimilar. However, if we
look at the results, this statement contradicts with our findings as well. Here, the films
deposited with a high background gas pressure and a large distance between the target and
substrate ('soft-landing”) are smoother and have a lower B-value than the films deposited
with a low background gas pressure and a small target-to-substrate distance (‘hard-landing’).
However, the result matches with Bakalova et al. *, who investigated the surface
morphology of AIN films on silicon synthesized by PLD at various deposition pressures. They
also observed a decrease in the surface roughness with increasing background gas pressure
and attributed this to a change in the surface diffusion length of the adatoms.

The third difference between the ‘hard-landing’ and 'soft-landing’ series is the deposition
rate of the Au film. Experimentally, a gold deposition rate of about 0.02 and 0.01 nm/pulse
was measured, for the ‘hard-landing’ and ‘soft-landing’ settings, respectively. Although
Alvarez and co-workers mentioned in the abstract of ref. [19] that the thermally activated
diffusion dominated growth at high temperatures in PLD (resulting in a low B-value of
0.15-0.30) also occurs for low deposition rates at room temperature, no further evidence is
given to support this statement. In general, because of the instantaneous deposition under
typical PLD conditions, the adatoms rearrange on the surface by migration and are
subsequently incorporated through nucleation and growth after the deposition pulse ™. If the
deposition rate is lowered, less ablated Au species arrive at the sample per pulse. This will
decrease the possibility to encounter other adatoms during surface migration. The chance
that an adatom is trapped at a kink or side of an existing cluster has now become larger than
that it nucleates with other atoms into a new cluster. Overall, this process will result in a
smoother film surface, and thus in a lower S-value when the deposition rate is lowered.

However, the three different parameters discussed above (viz. kinetic energy, angular
plume distribution and deposition rate) depend to a certain extent on each other, opening
space for further research and discussion.

7.5 Concluding Remarks

The morphology of gold patterns deposited on silicon oxide and pentacene single-crystal
substrates by PLD has been studied. From the analysis of AFM measurements, a growth
exponent of f=1.09 and 8 =1.20 is found for gold films deposited with ‘hard-landing’
settings on SiO, and pentacene crystals, respectively. As these B-values are remarkably
similar, it appears that the growth and local structure of the gold films at these deposition
settings is similar on both kinds of substrates. The lower growth exponent of f=0.51 found
for gold features deposited on pentacene crystals using 'soft-landing’ parameters is
attributed to various differences in the deposition parameters (viz. kinetic energy, angular
plume distribution and deposition rate), resulting in a smoother film.
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Abstract

The influence of the deposition parameters applied in the device fabrication (‘hard-landing”
VS. 'soft-landing”) and the influence of the heat treatmentto remove the quinone impurities
on the electrical properties of pentacene single-crystals is discussed in this €hapter.

The highest charge carrier mobility values found in the SCLC measur@ments were close
to valués reported in literature, illustrating metal contacts can be reprodii€ibly patterned on
organic molecular crystals by 'soft-landing’ in pulsed-laser stencil deposition; ‘hard-landing®
resulted in"@amore distorted interface and a lower mobility. Applying the heat treatment
resulted in a sighificant decrease of the mobility as'well:

The in sitgffabrication of complete. field-effect transistor devices on the pentacene single-
crystal surface'is realized by using the “quasi=dynamic stencil deposition”technique in PLD;
however, the transistor characteristics do not show the presence of a field-effect.
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Chapter 8

8.1 Introduction

In order to study the intrinsic electronic properties of organic semiconducting materials, the
fabrication of devices based on organic molecular single-crystals is the best approach, as
discussed in paragraph 2.3. One of the approaches to fabricate these organic molecular
crystal (field-effect) devices —the direct deposition of metal contacts and gate dielectric
materials onto a free-standing organic crystal— has great potential, but is not straightforward
and poses various technological challenges, as the surfaces of the fragile crystals are
damaged easily (see paragraph 2.5.3).

In chapter 6, the direct deposition of smooth, well-defined and isolated metal (i.e. Au, Pt,
Pd, Ni and Co) and medium-k oxide (i.e. Al,05, HfO, and CeO,) patterns on surfaces of
pentacene single-crystals and organic self-assembled monolayers by pulsed laser stencil
deposition was presented. By taking several precautions during the PLD process, which
reduce the kinetic energy of the impinging species, low-kinetic energy deposition or 'soft-
landing” was realized, preventing obvious damage to the fragile organic molecular
substrate or mechanical failure of the deposited film.

In chapter 5, it was presented that the pentacene crystal surface is (partly) covered with
a thin layer of 6,13-pentacenequinone impurities. In order to remove these quinone
molecules selectively from the pentacene crystal surface, it was found that performing a
heating treatment procedure at 75-80 °C in vacuum removes the quinone material
completely, yielding an unoxidized pentacene single-crystal with a clean and undamaged
surface morphology that is suitable for subsequent device fabrication.

The influences of the manufacturing process and the heating treatment procedure on the
electrical properties of the pentacene single-crystals were not discussed so far. Although the
deposition of smooth and well-defined patterns on the fragile organic molecular substrate
was achieved, without obvious damage to the pentacene crystal or mechanical failure of the
deposited films, it remains unclear whether the pulsed laser stencil deposition technique
results in devices with a comparable or better performance than the currently employed
processing techniques. Similar questions can be asked for the heating treatment that
selectively removes the quinone impurities from the pentacene single-crystal surface.

In this chapter, the influence of the device manufacturing procedure and the heating
treatment on the electrical properties of the pentacene single-crystals will be investigated. For
this, fabricated space-charge-limited current (SCLC) and field-effect transistor (FET) devices
were electrically characterized in a nano probing system (see paragraph 3.5). Focus will be
on the influence of the different deposition parameters (i.e. the ‘hard-landing’ settings versus
the ‘soft-landing’ settings) on the electrical properties, and on the influence of performing the
heating treatment on a pentacene crystal before applying the metal contacts.

Similar to investigating the quality of the metal — pentacene and oxide — pentacene
interfaces in a direct way (see chapter 6), this chapter will show that the fabrication and
electrical characterization of devices on the surface of pentacene single-crystals is quite a
challenge and not straightforward.
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8.2 Theoretical Background

In charge transport studies on organic semiconductors, the electrical conductivity of the
material is measured under varying circumstances. The conductivity o in a solid depends on
two parameters; the charge carrier density n and charge carrier mobility p, and is given by:

0 =ney (8.1)

with e the elementary charge. The mobility is an intrinsic material parameter that reflects the
drift velocity of the charge carriers in the material, influenced by all the interactions they
encounter. The intrinsic drift mobility u is defined as the magnitude of the drift velocity v of
a charge carrier per unit electric field E, via:
— Vd
K= E (8.2)

Scattering by defects, impurities and phonons (lattice vibrations) decreases the drift velocity
of charges, and thus decreases the electronic mobility. In other words, the mobility is a
measure of the ease with which the charge carriers migrate through the material. The value
of the charge carrier mobility, and its temperature dependence, gives an indication of the type
of charge transport in a material: band-like transport or incoherent hopping transport. The
value of the mobility also directly affects the performance of the material in devices, as it is
related to the maximum switching speed.

Organic semiconductors are typically wide bandgap and small bandwidth semiconductors.
The energy gap between the HOMO and LUMO bands of organic semiconductors is in the
range of 1-4 eV®2, From the large bandgap, together with the normally fully occupied HOMO
levels (resulting in a completely filled valence band and empty conduction band), it might be
expected that pure organic semiconductors are actually insulators (viz. an electron requires
a large thermal energy to excite from the valence band to the conduction band). However,
there are some effective methods to generate charge carriers in the organic semiconducting
materials (see figure 8.1):

e Optical excitation; creation of electron-hole pairs.

¢ Injection of charge carriers from metallic electrodes.

¢ Field-effect doping or chemical doping.

TOF FET I-v

T omtEm T

Figure 8.1 Various opto-electronic methods used for charge transport characterization of organic
crystals: time-of-flight photoconductivity, field-effect transistor measurements and (space-charge-
limited) current-voltage measurements (A: sandwich-type geometry, B: gap structure).
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In the next paragraphs, the working mechanisms of these three methods will be discussed
(the characteristics of these methods on organic single-crystal devices were reviewed in
paragraph 2.6).

8.2.1 Time-of-flight measurements

An effective method to create charge carriers in organic semiconductors is optical excitation,
in which electron-hole pairs are created by light. This routine is employed in time-of-flight
(TOF) experiments. TOF is a direct measurement technique to determine the mobility u of
charge carriers through the bulk of a crystal slice®?\. In fact, TOF experiments by Karl et al.
in 1985 7 with ultrapure acene crystals (see figure 1.7), were benchmark studies that
initiated further research on charge transport in organic semiconductors.

In TOF experiments, a platelet-like organic single-crystal is sandwiched between (and
capacitively coupled to) two metal electrodes, of which the front one is semi-transparent.
A thin ‘sheet’ of photo-excited charge carrier pairs are generated in the photoconductor near
the interface with the semi-transparent electrode, by absorption of a short pulse of light of
sufficient photon energy (i.e. greater than the materials’ bandgap), admitted through the
semi-transparent electrode. Depending on the polarity of the field E, established by applying
a constant voltage bias V between the two electrodes, the sheet of electrons or holes is
pulled across the crystal (with thickness L) at a velocity v, with v=pE. The charge sheet
generates a constant displacement current I, whose magnitude diminishes rapidly as soon as
the moving carriers have been collected by the opposite back electrode. The average
travelling time 7 (i.e. the duration of the displacement current pulse) is a direct measure of
the average drift velocity v of the carriers, via v=L/T. In the absence of traps, the intrinsic
mobility of the organic material can then be calculated via:

H=ro=o (83)

Indirectly, the TOF method provides information on the concentration of (shallow) traps in
the bulk: the decrease of mobility at low temperatures is caused by multiple-trapping-and-
release processes ®%. If many shallow traps are present, the measured mobility is just an
effective mobility pess , and more complex models have to be applied .

An important aspect of TOF measurements is that the results are not sensitive to contact
effects, as the charge carriers are photogenerated and not injected from a metal electrode.
This simplifies the contact preparation and improves the reproducibility. A second advantage
is that the transport properties for electron and hole transport can be studied independently,
by reversing the polarity of the external field. Disadvantages of the technique are that the
organic single-crystal has to be very pure and almost defect-free, as the lifetime of the
carriers against charge trapping has to be greater than the time-of-flight between the
electrodes. The crystal should also have sufficiently parallel opposite facets and be quite thick
(i.e. typically a few tenths of a millimeter), to make sure the displacement current pulse is
longer than the apparatus time resolution and can be measured. Because of these
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limitations, the TOF measurements can be performed only on a small portion of the organic
semiconducting crystals available (e.g. not on pentacene single-crystals) 1.,

8.2.2  Charge injection from metallic contacts

In the devices investigated in this work, the charge carriers are introduced from the
electrodes. In general, charge injection into the organic semiconductor is of crucial
importance for the device performance. The charge injection is strongly dependent on the
quality of the interface between the metallic electrodes and the organic semiconductor, which
involves impurities, structural defects or disorder, charging, dangling bonds, dipoles, and
other effects, in which also the fabrication method of the device plays a significant role ™4,

In an ideal device, the contacts are Ohmic; they do not affect the device characteristics,
are a non-limiting source of charge carriers and have a linear and symmetrical current-
voltage relation. This means the value of the contact resistance R¢ is negligibly small in
comparison with the channel resistance Rg, of the semiconductor (i.e. the device is
‘transport-limited” and not ‘injection-limited”). Creating a low-resistance contact requires
alignment of the metal Fermi level (Eg) with the energy levels of the semiconductor. As a
starting point, it is assumed that the Mott-Schottky rule (established for the interface of
metals with inorganic semiconductors™) holds: namely, that the vacuum levels of the metal
and organic semiconductor are aligned (see figure 8.2A) ™1, With this assumption, one can
estimate the offset of the conduction band (LUMO) and valence band (HOMO) from the metal
electrode Fermi level Eg (and thus to the metal work function ®y), which is a good
estimate of the potential barrier to charge injection from the metal to the semiconductor. The
interface barriers heights for hole (®@g,) and electron (®g.) injection can be expressed as
(with IE the ionization energy and EA the electron affinity of the organic material):

@y, = Evomo = E¢ = IE- D, (8.4)
Dy =E - Ejuo =Py -EA (8.5)

When a metal and semiconductor are brought in contact, the Mott-Schottky model predicts
that their bulk Fermi levels will align, causing band bending in the semiconducting solid ™%
Due to the band bending at the interface, a non-Ohmic Schottky barrier can be formed
for electrons or holes, when the Fermi level in the semiconductor is higher or lower than the
Fermi level in the metal, respectively. The resulting Schottky barrier, which gives rise to

Y RV — R Ey.. S IRV E— ~ X A
o Evac ‘
0 IE |EA
oy ] LUMO
ELUMO
EF CDBE H
E. Ecap E. N Ee Figure 8.2 Band model for
[ HOMO Pgn 3 contact between a metal and an
Evomo organic semiconductor.
A) Before contact.
Metal Organic Metal Organic B) After contact with dipole.
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non-linear diode-like behavior, usually directly scales with the metal work function (as
opposed to the case of inorganic semiconductors, where the barrier only weakly depends on
the metal work function ™). The height of the Schottky barrier is given by the difference
between the work function @y of the metal and the edge of the semiconductor band into
which carriers are injection. Hence, low work function metals such as Ca (®y=2.9 eV) are
used to inject electrons, and high work function metals such as Au (®y=5.1-5.4 eVI**) are
typically used to inject holes into the organic semiconductor. Reported IE values for
pentacene vary between 4.9 and 5.2 eV ™, resulting in a theoretical interface barrier for
hole injection @g,, of a few tens of eV.

In reality, however, many metal — organic semiconductor interfaces do not follow the
Mott-Schottky rule and the electronic situation is more complicated “*. Often, an interface
dipole (4) is present that shifts the vacuum level of the semiconductor with respect to the
metal (see figure 8.2B). Interface dipoles have several possible origins, including charge
transfer between the semiconductor molecules and the metal, and reduction of the metal
work function by adsorption of the organic layer 4. If an interface dipole A is present, it
should be incorporated as additional term in the equations 8.4 and 8.5. Another aspect that
can have a major influence on the injection of charge carriers is the presence of traps at the
metal—organic interface that are induced by the contact fabrication.

In literature, IE values between 4.9-5.2 eV and 6.5-6.6 eV are reported for pentacene and
6,13-pentacenequinone, respectively ", For pentacene—gold interfaces, the formation of an
interface dipole A of 0.9 to 1.1 eV is typically reported, resulting in a hole injection barrier
®p;, of 0.5-1.0 eV =159, For 6,13-pentacenequinone—gold interfaces, reported dipoles A
vary between 0.4 and 0.9 eV, resulting in hole injection barriers @g, of 2.0-2.6 eV in
practice ™. The drastically increased hole injection barrier @g;, measured for 6,13-pentacene-
quinone, compared to pentacene, is the main reason for the negative influence incorporated
quinone impurities have on the performance of pentacene devices, as this will lower the
overall current and achievable charge carrier mobility. To be complete, reported EA values
vary between 2.7-2.8 eV, for both materials *¢.

8.2.3  Space-charge-limited current spectroscopy

Since the bandgap of organic single-crystals is about a few electronvolts, high-purity
undoped organic single-crystals essentially behave as insulators. Nevertheless, it is possible
to pass a current through the crystals by applying a sufficiently large voltage, which acts both
to transfer the charge from the electrodes into the crystal and to accelerate that charge. This
approach will be further investigated in this chapter.

In general, the maximum current density flowing through a device is limited either by the
contacts or the bulk material properties. A device is found to be ‘injection-limited” when the
current is determined by the injection process of the charge carriers into the device. In case
the injection barriers between the metal contacts and the organic semiconductor are small,
and charges can be effectively injected into a device, the device limiting factor is the ability
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of the material to transport these charges through the bulk. When the charge injected from
the contacts is larger than the charge present in the material in equilibrium, the current-
voltage characteristics become non-linear. The excess electric charge present in the bulk of
the material, which is treated as a continuum of charge distributed over a region of space
rather than distinct point-like charges, is now limiting the maximum current that can flow
through the material. Charge transport in such 'space-charge-limited’ or 'bulk-limited’ devices
can be described using the theory of space-charge-limited currents (SCLC) 24,

Space-charge-limited current models
The theory of space-charge-limited currents in insulators and semiconductors between plane
parallel electrodes was first investigated by Mott and Gurney . In the absence of any
trapping effects, the current density is given by the Mott-Gurney Law:
9
Jscic = geoeru— (8.6)
with Jgc ¢ the current density in the SCLC regime, V the applied voltage across a length L
between two contacts, &; the permittivity of free space, €, the dielectric constant of the
semiconductor (&, =3 for pentacene single-crystals '), and p the charge carrier mobility. The
current is assumed to be due to carriers of one sign only, the effect of diffusion is neglected,
and the mobility is assumed to be independent of the field. Other assumptions are that the
contacts are Ohmic and the injecting contact is an infinite source of charge carriers.
In the case of a single set of homogenously distributed traps that have one discrete
energy level, a modified form of equation (8.6) can be derived (see [23]), yielding **:
9 v?
Jscrc = 8 'go’grel"F (8.7)
This equation has the form of the Mott-Gurney law, except that the current density is

reduced by a factor 8. This trap factor 0 represents the ratio between the free carriers nf and
the total number of charge carriers nyy introduced in the material:

g="r = 1

ntot nf + nt

(8.8)

with n; the trapped carriers density. In literature data, it is often unclear if the trap-free
regime is reached, i.e. if the charge carrier mobility p is extracted with or without taking the
trap factor 6 into account. The number of traps n; can be estimated from the value of the
trap-filling voltage Vg (see below), with e the elementary charge:

2
_2el (8.9)

TFL — o t
3 g8
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However, this is valid only under the assumption that the traps are uniformly distributed in
space throughout the bulk of the crystal.

From the voltage Vq, at which the transition between the Ohmic and space-charge-
limited regime with traps occurs (see below), the thermally generated electron density ng
(or free carrier density ng) can be estimated **:

_ VoBseE,

n, =225 (8.10)

Device structures

There are two basic architectures to evaluate the space charge transport in organic semi-
conductors, see figure 8.1. The Mott-Gurney theory describes the current-voltage
characteristics for sandwich-type contact geometries, in which the electrodes are on the
opposite face of the semiconductor. This is a 1-dimensional theory in which the electric field,
as well as the space charge, is confined to the channel.

The other geometry is the gap-structure, where both electrodes are deposited on the
same side of the film or crystal. For this 2-dimensional model, the longitudinal component of
the electric field is responsible for the charge transport and the transversal component,
perpendicular to the conduction channel, is determined by the magnitude of space charge.
Since the excess density of mobile charge in the layer is controlled by the transversal
component of the electric field, side effects can play a dominant part in the model.

Two limiting cases can be considered in the gap structure, as Grinberg et al.* pointed
out. In the first case, the 'film regime’, the thickness h of the film or crystal is negligible
with respect to the distance L between the contacts (h— 0). This case corresponds to the
2-dimensional geometry first analyzed by Geurst?? and leads to the following equation for
the current density J* (in A/m):

. 2 v?
J ==&, l— 8.11
n 0 rl" L2 ( )

Zuleeg and Knoll *® introduced the width W of the electrodes into this expression, improving
the approximation of Geurst of infinite long contact length, resulting in a current I (in A):

2

2 Vv
I=—¢geuW—- 8.12
n 0 rlJ Lz ( )

In the second case, the 'bulk regime’, the thickness h is larger than the distance L between
the electrodes. Under these circumstances, the current is thickness h dependent and can be
described by an equation similar to that originally developed by Mott and Gurney for the
1-dimensional sandwich structure (i.e. the current density J is assumed to be uniform over
the whole section of the crystal and filled in as J=1I/Wh in equation 8.6):

9 v?
I=§é:oé:rthF (8.13)
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For single-crystals with gap structure electrodes, an intermediate situation between the 1D
and 2D cases can be present, depending on the ratio between the parameters h and L™
For h/L»1, it is expected that the 1D model will dominate, whereas the 2D model is valid
when h/L« 1™, As a consequence, the space-charge-limited current at high voltages varies
with L3 to L-2 in the cross-over from the Mott-Gurney 1D model to the Geurst 2D model %2,
Unfortunately, the transition point between the Ohmic and SCLC regimes increases as L2 (see
equation 8.10), which can have the consequence that the SCLC regime starts outside the
explored voltage range if the contacts are separated too far !,

Measurement characteristics

In the evolution of current density with applied electric field through an insulator or semi-
conductor, generally, four separate regions can be distinguished (see figure 8.3)2**%1, At low
voltages, the current-voltage characteristics demonstrate Ohmic behavior, and the current
density depends linearly on the electric field (Jgoc V1). At higher voltages, the space-charge-
limited behavior becomes apparent, and the current-voltage characteristics follow the
modified Mott-Gurney equation (Jgc coc V2). This transition is marked by a change from slope
1 to slope 2 in the logarithmic current-voltage characteristics, with the transition voltage Vg
being proportional to the carrier concentration ng (see equation 8.10). Small deviations from
the linear and quadratic regimes are often attributed to non-ideal contact behavior
(e.g. Schottky barriers formed at the metal—organic semiconductor interfaces) .

In the first part of the SCLC-regime, the injected carriers are trapped and the current is
reduced by the trap factor 6. At the trap-filling voltage Vqf, the amount of charge injected
by the contact is sufficient large to fill all traps and the trap-free SCLC-regime is reached
(6 =1). Before reaching the trap-filling voltage Vi, the current experiences an almost
vertical rise and increases many decades for a one-decade increase in voltage, the specific
curve shape depending on the energy distribution of the traps in the crystal®®. The shape of
the current-voltage curve is also dependent on the presence of surface traps beneath the
contacts caused by damage to the organic crystal during device fabrication &4,

In the trap-free space-charge regime, the mobility is no more affected by impurities or
defect states and the current-voltage characteristics follow the trap-free Mott-Gurney law
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Figure 8.3 Schematic current density vs.
applied voltage graph on a double-logarithmic
scale. Four different regimes are clearly visible:
a) at low voltage the current rises linearly; the
ohmic regime, and b) becomes space-charge-
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(Jscrcoc V2). Access to the trap-free regime can be obtained only when the trap density is
significantly low. In most cases, however, samples fail before that limit is reached, as either
too much power has to dissipate through the crystal or because the contacts detach from the
crystal at these high voltages.

In literature, in case the trap-free SCLC-regime is not reached experimentally, the value
of the current I measured at the maximum applied voltage V,,, is used to calculate a lower
limit y,, for the charge carrier mobility (with pin < H)-

8.2.4  Organic field-effect transistors

The second approach investigated in this chapter to generate charge carriers in organic semi-
conductors is by field-effect doping. The operation principle of a field-effect transistor (FET)
was introduced by Lilienfeld, who filed several patents describing the basic idea of the
construction and operation of field-effect transistors in the 1930s5%*3I, A similar device was
patented by Heil in 1934 53, In 1947, Shockley, Bardeen and Brattain discovered the
transistor effect and fabricated the first point-contact transistor **7, for which they were
given the Nobel Prize in Physics in 1956 “for their researches on semiconductors and their
discovery of the transistor effect” 8. The first metal—oxide—semiconductor FET (MOSFET)
was introduced in 1960 by Khang and Atalla ™. MOSFETs, based on inorganic semi-
conductors, have been extensively studied the past 50 years and are the workhorses of many
integrated circuits at the moment ™.,

The last 25 years, research to organic field-effect transistors (OFETs) has gradually
increased and OFETs are now routinely applied in organic electronics (see paragraph 1.4).
Owing to similar current-voltage characteristics between organic field-effect transistors
(OFETs) and MOSFETs, the theory developed for MOSFETs is often used as a starting
point in modeling and understanding the behavior of OFETs. However, as described in
paragraph 1.6, the electrical charge transport in organic semiconductors is intrinsically
different compared to inorganic semiconductors. Therefore, it is still unknown to what extend
the theory developed for MOSFETs can also be applied to organic FETSs.

Device structures and working mechanism

The field-effect transistor is a three-terminal device that effectively acts as a switch. The
three contacts are referred to as gate (G), drain (D) and source (S). A schematic cross
section of the four configurations of lateral OFET structures is drawn in figure 8.4. All of them
consist of a gate insulator (or gate dielectric), organic semiconductor, and gate, source and
drain electrodes. The different stacking structures may influence the performance of the
transistor, but the working mechanism is the same.

A FET can be considered as a parallel plate capacitor: the two capacitor plates are
formed by the gate electrode and the semiconductor, separated from each other by an
insulating gate dielectric layer. The source and drain electrodes contact the semiconductor
and are used to inject charge carriers and probe the conduction in the semiconductor. When
an electric field is applied at the gate electrode, charge carriers accumulate capacitively at
the semiconductor—insulator interface. This, in turn, creates an active channel in which the
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Figure 8.4 Cross-sections of the four different

types of lateral OFET structures: A) top-gate, e ‘ o deedrc |
bottom-contact (staggered) configuration, B) — i
Top-gate, top-contact (coplanar) configuration, | support \ support
C) bottom-gate, bottom-contact (inverse- D
coplanar) configuration, and D) bottom-gate, source drain
top-contact (inverse-staggered) configuration. ng

o dlegl::;rlc dlegl:::rlc

[ support | [ support |

charge carriers can transport between the source and drain electrodes. The charge carrier
density accumulated at the interface is determined by the gate voltage; this directly
modulates the current between source and drain electrodes and thus controls the switching
of the device between its on and off states.

OFET devices typically operate as accumulation mode devices, whereas MOSFETs are
generally depletion or inversion mode devices. For example, during the operation of a
p-channel OFET, negative gate and drain voltages (Vg Vp) are applied, compared to
the source voltage (Vg). With an increase of the gate voltage Vg towards a threshold
voltage V4, positive carriers are injected from the source electrode into the semiconductor as
a result. The injected carriers from the metallic contacts usually dominate the total amount
of charge carriers inside the device. The contact-injected carriers are accumulated at the
interface and contribute first to filling of trap states in the band gap of the organic semi-
conductor. These localized in-gap states are associated with impurities and defects in the
channel and their energy is separated from the edge of the HOMO band by more than a few
kgT (i.e. filling of the deep traps, see figure 1.13). As a result, the Fermi level at the organic
surface Ef, initially positioned within the HOMO-LUMO gap, approaches the edge of the
HOMO band Epgmo (see figure 8.5). As soon as Eg- Eygmo becomes smaller than a few kgT
(i.e. when Vg reaches V7), the OFETs conductance increases by several orders of magnitude
due to the thermal excitation of the carriers from the localized states into the HOMO band.
Consequently, a thin active layer is formed at the interface between the organic semi-
conductor and the gate dielectric, facilitating the carrier transport through the channel.

An important issue in OFETs is that charge transport is practically two-dimensional: the
carriers are usually accumulated in the first few monolayers of the organic semiconductor
close to the interface with the gate insulator **, The bulk of the semiconductor is hardly
(or not at all) affected by the gate-field, due to screening by the charge in the active layer.
The channel thickness of the transistor is thus very small and, therefore, a defect-free
interface is desirable in OFET fabrication.

Measurement characteristics

During OFET operation, the carrier concentration of the channel is controlled by the gate
voltage V. The transistor channel is active only when the gate voltage Vg exceeds the value
of the threshold voltage V;. The threshold voltage V1 is a measure for the amount of
electrostatically induced charges needed to switch the electrical conduction in the transistor
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on. The magnitude of V1 depends on several factors, such as the charge trap density at the
interface, the presence of impurities and the quality of the contacts. Below this point, the
transistor is turned off, and there is no conduction between drain and source.

In the operation of a unipolar FET, two distinct regimes can be distinguished: the linear
regime and the saturation regime (see figure 8.6A) 2. In the linear regime (small drain
voltage, |Vg- V1| » [Vpl), the current between drain and source (Ip) depends linearly on the
applied voltage Vp and V. The value of the drain current I is given by:

w
I =G, (Ve Vo)V (8.14)

where L and W are the channel length and width, p the mobility and C; is the capacitance
per unit area of the gate dielectric, which depends on the permittivity € and the thickness ¢
of the dielectric layer. This model assumes constant charge carrier velocity, electric field and
charge carrier density in the channel. A more realistic model accounts also for the variation
of the charge carrier density between source and drain, and yields the following expression
for the drain current Ip:

w vz
ID=qu|:(VG_VF)VD _5:| (8.15)
In the second operation regime, referred to as saturation regime (high drain voltage,
|Vg- V1l «|Vpl), the current I is quadratically dependent on the gate voltage Vg and
relatively independent on the drain voltage V. At these higher Vp voltages, the channel is

not continuous, but a depletion area forms at the drain contact; the onset of this region is
called pinch-off. The value of the drain current I is now given by:

w 2
I =5 HG(Ve-1r) (8.16)

174



Charge Transport Measurements on Pentacene Single-Crystal Devices

The two primary characterization curves that investigate the variance of channel current Ip
during device operation are shown in figure 8.6 and are defined as the output characteristics
(Ip vs. Vp) and the transfer characteristics (Ip vs. Vg), respectively.

Output characteristics reveal the current change by sweeping the drain voltage. For a
p-channel device, V is always swept from positive to negative, while in n-channel devices
the sweeping is along the opposite direction. For p-type devices, the current experiences a
transition from linear increase to level off (saturation) with increasing drain voltage.

Transfer characteristics reveal the current change by sweeping the gate voltage. For a
p-channel OFET, the current is kept at a low level before a certain turn-on voltage V. Below
this point, the transistor is off with an current Ioer. When the gate voltage passes Vi, the
injected carriers start to flow and lead to a sudden jump in current. The threshold
voltage Vi is obtained by extrapolating the quasi-linear part of the Ip vs. Vg curve to zero
current. The region between Vgy and Vi is called the subthreshold region. The charge
induced in the subthreshold regime fills the traps that immobilize the charge carriers.

The equations so far represent expressions that yield values for the mobility of the
semiconductor. The mobility can also be obtained from the slope, also known as
transconductance g, in the linear region of the transfer characteristics, at low drain
voltages Vp. The expression for the transconductance is:

S| _w
= =—GCuV, 17
v, = LM% (8.17)

Im

All these expressions assume an electric field independent mobility and that all the charges
induced by the gate voltage are mobile. Other important parameters include the on-off
current ratio Ioy/ Iorr, Which denotes the quality of switching the current, and the sub-
threshold swing S that represents the sharpness of turning the transistor on:

3V,

5=m (8.18)

As the subthreshold swing S depends on the capacitance of the insulating layer C;, it is
convenient to introduce a normalized subthreshold swing S;=SC,.
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Figure 8.6 Typical A) output and B) transfer characteristics for single-crystal OFETs.
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In practice, the transistor performance can be strongly affected by carrier traps, which may
arise from a variety of sources; like impurities and structural imperfections, the selection of
dielectric and electrode materials, the fabrication techniques, as well as the environment. See
reference [42] for a detailed discussion of these non-idealities that hinder the performance
of organic single-crystal transistors.

8.3 Experimental Procedure

In this paragraph, the experimental details of the SCLC and FET device fabrication techniques
and of the applied electrical characterization techniques are discussed.

8.3.1  Fabrication of space- devices

Micrometer-sized and tens of nanometer (~50 nm) thick patterns of Au were deposited on
the surface of pentacene single-crystal substrates by pulsed laser stencil deposition at room
temperature, as has been described in chapter 3. For details on the vapor-transport growth
of the pentacene single-crystals used in this study, see chapter 4. The lay-out of the stencils
used for the deposition of various line patterns on the pentacene single-crystals, to perform
the SCLC-measurements, is presented in figure 8.7.

Optimization of the deposition parameters for the growth of gold on pentacene crystals
by PLD has been described in chapter 6. For the Au depositions, a laser fluence of 5 J/cm?2
was achieved on a 1.76 mm? target spot size by focusing the laser beam through a lens and
a 98 mm?2 mask. For the ‘hard-landing’ depositions, a laser repetition rate of 5 Hz, a target-
to-substrate distance of 45 mm and an argon background gas pressure of 3 x 10-3 mbar were
used. For the ‘soft-landing’ experiments, a laser frequency of 1 Hz, a target-substrate
distance of 75 mm and a background gas pressure of 5 x 10-2 mbar were applied.

Prior deposition of the Au contacts, a heating treatment was performed in vacuum at
80 °C overnight (~16 h) on some samples, to selectively remove the 6,13-pentacene-
quinone monolayer from the surface of the pentacene single-crystal (see chapter 5).

8.3.2  Fabrication of FET devices

To fabricate complete FET devices in situ on the surface of pentacene single-crystals, the
‘quasi-dynamic stencil deposition’ technique has been used (see chapter 3 for all details).
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Figure 8.7 Schematic stencil lay-out for the deposition of various line patterns on a substrate; viz.
stencil design for the fabrication of space-charge-limited current devices. The bars are sized: 100-200
x 50 um, 100-200 x 25 um, and 50-75-100 x 25 um, respectively. The vertical spacing between the lines
increases with steps of 10, 5 and 5 um per spacing, respectively.
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Figure 8.8 In situ fabrication of various field-effect transistor structures by quasi-dynamic stencil
deposition. In step I, the source and drain electrodes are deposited on the semiconducting substrate.
After translating the stencil vertically over 70 um, the gate dielectric material is deposited between the
patterned source and drain electrodes in step II. Finally, in step III, after translating the stencil over
70 um horizontally, the gate electrode is deposited on top of the patterned dielectric material.

The three consecutive deposition steps to fabricate the top-gate top-contact field-effect
transistors, without breaking the vacuum in-between, are depicted in figure 8.8 (see
figure 3.7 for the stencil lay-out). In the 1st and 3rd deposition run, Au contacts (~50 nm
thick) were deposited with the 'soft-landing’ settings described above. In the 2nd run, cerium
oxide was deposited as gate dielectric material (50-500 nm thick). Optimization of the
deposition parameters for various gate dielectric materials on pentacene single-crystals by
PLD has been described in chapter 6. For the CeO, depositions, a laser fluence of 1 J/cm2
was achieved on a 0.88 mm?2 target spot size by focusing the laser beam through a lens and
a 36 mm? mask. Further, a laser repetition rate of 1 Hz, a target-to-substrate distance of
75 mm and an oxygen background gas pressure of 2.5 x 10-2 mbar were used.

8.3.3  Electrical characterization

To characterize the electrical properties of the fabricated SCLC and FET devices, the samples
were analyzed in a nano probing station. This analytical probing station consists of a Zyvex
S100 nanomanipulator, a large-chamber JSM-6490 high vacuum Jeol SEM and a Keithley
4200-SCS/F system. Therefore, all current-voltage measurements were performed in vacuum
(P<7x10% mbar), at room temperature and in the dark. For a more detailed description of
the nano prober, see chapter 3. To characterize the fragile organic molecular crystal devices
without problems, the Au contacts were probed by the flexible carbon fiber tips.

To prevent build-up of an insulating electron beam-induced deposition (EBID) layer on the
sample surface, imaging of the sample with the SEM’s electron beam was restricted to fast
scanning at low magnification for a minimal time, only to be able to land the probes on the
device contacts. Initial investigations showed that the performance of the SCLC devices
deteriorated tremendously if a thin EBID-layer is present on the sample surface (e.g. V¢
increased to voltages in the range of 50-100 V, and i, dropped to below 106 cm2/Vs).
Besides that, the passive voltage contrast (see paragraph 3.5.3) between probed and
unprobed Au contacts (patterned on a pentacene crystal) in the nano prober disappeared.

To ensure a high reproducibility (i.e. a measurement not influenced by charge carriers in
filled trap states from earlier measurements), a waiting period of at least 12 hours was
applied after every measurement. For a proper detection of the Ohmic and SCLC regimes at
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low voltage, the SCLC measurements were performed rather slowly, by applying a large
measuring time, a high filtering factor to reduce noise and small voltage steps (0.05 V).

To evaluate the space charge transport in the pentacene single-crystals, the Geurst
2D-model with the Zuleeg-Knoll modification (see equation 8.12) was applied on all
measurements, as the local thickness h of the pentacene single-crystals could only
approximately be obtained. In case the trap-free SCLC-regime was not reached
experimentally, a lower limit y,, for the charge carrier mobility was calculated by using the
value of the current I measured at the maximum applied voltage V/,,, of £200 V.

8.4 Results and Discussion

In this paragraph, the electrical characterization of the fabricated SCLC and FET devices on
pentacene single-crystals is discussed. Focus will be on the influence of the different
deposition parameters applied in the manufacturing of the devices (‘hard-landing’ vs. ‘soft-
landing”) and on the influence of performing a heating treatment on the pentacene crystal
(before applying the contacts) on the final electrical properties.

8.4.1  Space-charge-limited current measurements

Prior to the SCLC analysis of the fabricted pentacene single-crystal devices, probing the gold
contacts by the flexible carbon fiber tips in the nano probing system was investigated first.

Probing of the Au contacts

Figure 8.9A presents a SEM image of a circular gold contact deposited on a pentacene
single-crystal, with two carbon fiber probe tips landed on the Au dot. The accompanying
graph shows the forward (dark grey) and reverse (light grey) voltage sweeps, starting at 0 V
to £1 V, from one probe through the sample to the other probe. The forward and reverse
sweeps overlap, and the curves are symmetrical and linear from zero to 0.5 V. At 1 V, a
current of about +£1.8 x 104 A is measured, resulting in a resistance of 5.6 x 103 Q.

The ‘sheet resistance’ values of various Au contacts on different pentacene crystals vary
between 6.2 x 102 and 9.8 x 103 Q/0, with an average of 3.8 x 103 /0. Although the series
resistances of the cabling and probes are still included in these numbers, the measured
values are several orders of magnitude lower than the resistances measured in the SCLC
measurements (see next paragraph). In other words, the SCLC-measurements are

Figure 8.9 SEM images of gold dots deposited on a pentacene single-crystal, which are contacted by
two carbon fiber tips in the nano prober system. A) Typical electrical results used to calculate the sheet
resistance of the deposited Au pattern, and B) example of mechanical failure, before and after applying
a too high current (>10-3 A) through the tens of nanometer thick gold contact.
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completely dominated by the bulk resistance of the pentacene single-crystal, and not by the
contact or cabling-probe resistances.

Figure 8.9B presents an example of mechanical failure, before and after applying a too
high current (>10-3 A) through the tens of nanometer thick gold contact deposited on a
pentacene single-crystal. The cracking and delamination of the thin Au film occurred already
at quite low voltages (2-5 V), and is ascribed to overheating of the sample, combined with
the low thermal diffusivity of the pentacene single-crystal substrate (see paragraph 6.1).

Space-charge-limited current measurements

In figure 8.10, three representative current I versus applied voltage V characteristics are
presented, measured on pentacene single-crystal devices that were all fabricated in a
different manner. The Au contacts on the pentacene single-crystal measured in figure 8.10A
were pulsed-laser stencil deposited using the ‘hard-landing’ settings, whereas the
'soft-landing” settings were applied in the fabrication of the devices characterized in
figure 8.10B-C. Prior deposition of the Au contacts, a heating treatment was performed in
vacuum at 80 °C overnight on the pentacene single-crystal characterized in figure 8.10C, to
selectively remove the oxidation products from the crystal surface (i.e. the 6,13-pentacene-
quinone monolayer, see chapter 5). No heating treatment was performed on the crystal
devices shown in figure 8.10A-B. The presence of a 6,13-pentacenequinone monolayer
partly covering these pentacene single-crystals can be seen by the color contrast in the inset
SEM images in figure 8.10A-B, which is absent in figure 8.10C.

For all current-voltage characteristics, the behavior at low bias is associated with Ohmic
behavior (I« VX, with x=1). The observed value for x over all measurements (n =103) is
found to be 0.97 +£0.15, for which the error can be related to the quality of the contacts ™!,

Upon increasing the applied voltage, a transition from the linear Ohmic regime to a
non-linear regime occurs. Starting from the voltage V¢, marking the onset of this transition
(see figure 8.3), the quadratic increase (I« V2) of the space-charge-limited regime with traps
can be detected in the curves. In some cases (see figure 8.10C), the square law of the SCLC
regime with traps is not so clearly observable, and filling of the traps can be observed almost
right away by a steeper increase of the curve.

At higher voltages, the current increases by many decades for a one-decade increase in
voltage (typically between four to eight, depending on the sample). Failure of the samples at
these high voltages, due to too much power dissipating through the crystals or detaching of
the gold contacts from the crystal, typically did not occur. In most cases, the maximum
applied voltage was not sufficient to fill all traps in the device (i.e. V1r and the SCLC trap-
free regime were not reached). Occasionally, the rapid current increase did terminate by
crossing over into a lower dependence on voltage (see figure 8.10B), which was at times
approximately quadratic. A second vertical rise, a characteristic that could represent either
the filling of another discrete trap level, or the breakdown of the system at high injected
current density !, was also observed in a few cases (not shown). In general, the value of the
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Figure 8.10 Space-charge-limited current measurements in the nano prober on pentacene single-
crystals with the pulsed-laser stencil deposited Au contacts probed by the flexible carbon fiber tips.
A) 'Hard-landing’ settings, L =15 um, W =200 um, Umi, = 5.7 x 102 cm?/Vs, B) 'soft-landing’ settings,
L=50 ym, W =100 um, {py, = 1.6 x 100 cm?/Vs, and C) 'soft-landing’ settings with overnight heat
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current measured at the maximum applied voltage (V,,ax = £200 V) was used to calculate
Hmin Using equation 8.12.

The precise shape of the current-voltage characteristics measured on different crystals
exhibited large deviations, but substantial differences could also be observed between
different pairs of Au contacts on one crystal. For example, the trap filling limit is reached in
the I-V characteristics of figure 8.10B, whereas between other pairs of contacts (a few tens
or hundreds of micrometers further on the same crystal) the trap filling limit was not reached.
This indicates a large spread in the quality of the pentacene single-crystals, but it may also
indicate the quality of an individual crystal is not consistent on this length scale (i.e. the traps
are not homogeneously distributed throughout the crystal bulk or on the crystal surface).

An overview of all calculated space-charge-current mobility ., values is presented in
figure 8.11. In total, 103 current-voltage measurements were performed: 25 on ‘hard-
landing’ and 59 on 'soft-landing’ samples without a heat treatment; and 2 on ‘hard-landing’
and 17 on 'soft-landing’ samples with heat treatment applied. The I- V characteristics yielded
a broad distribution of different apparent mobilities, similar as the observations of
De Boer et al."**'* on tetracene single-crystal samples (see paragraph 2.6.2).

The largest p,, mobility value found for a ‘soft-landing” sample is 8.4 x 100 cm?2/Vs,
which is close to the highest mobility values reported for pentacene single-crystals
(15-40 cm2/Vs) @441 About one third of the measured ‘soft-landing” mobility numbers fall
in the category 100- 101 cm2/Vs. This illustrates metal contacts can be reproducibly
patterned on organic molecular crystals by ‘soft-landing’ in pulsed laser stencil deposition,
without damaging the fragile organic substrate.

The largest ppm, value found on a ‘hard-landing’ sample is 9.2 x 10-1 cm?2/Vs. As can be
seen in figure 8.11, the highest i ,values of the ‘hard-landing’ samples (green bars) are
about one order of magnitude lower than found for the ‘soft-landing’ samples (red bars). The
major difference between the two series is the kinetic energy of the gold species, when they
arrive at the pentacene single-crystal surface (see chapter 6). The larger kinetic energy of
the impinging Au species will result in more and deeper diffusion of Au particles into the
pentacene crystal matrix, with a more distorted interface as a consequence. Therefore, it is
very likely that more deep traps were formed under the gold contacts at the crystal surface
when using the ‘hard-landing’ settings, with the lower y,,;, values as a result.

If the samples with applied heat treatment are compared to the samples that did not
undergo a heat treatment, it can be concluded the heat treatment resulted in a significant
decrease of the charge carrier mobility.

The highest i, mobility values of the 'soft-landing” samples with heat treatment (blue
bars) are about three orders of magnitude lower than found for the ‘soft-landing” samples
without heat treatment (red bars). The largest y.,, value found for the ‘soft-landing’
samples with heat treatment is only 2.3 x 10-3 cm2/Vs. Not present in figure 8.11 are the two
‘hard-landing’ samples with heat treatment; they both have a i, value of <10-3 cm2/Vs.
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The large spread in the calculated values of i, can be observed best in the series most
investigated; i.e., the ‘soft-landing’ samples without heat treatment (red bars). The
calculated mobility ranges from values below 10-3 up to 10! cm2/Vs. De Boer et al. 1034
concluded that the large sample-to-sample variations they observed in their y,, values
mainly originated from the quality of the metal contacts (i.e. manually painted solvent-
free silver epoxy contacts).

In this work, the gold contacts were stencil deposited on the pentacene single-crystals by
PLD. Variations between the individual gold contacts (e.g. morphology, structure, thickness)
are small on this length scale and can be neglected. Variations between the various
gold—pentacene interfaces (e.g. amount of Au diffusion into the crystal lattice) deriving from
the PLD stencil patterning process are also expected to be small. However, as the SEM insets
in figure 8.10A-B show, a 6,13-pentacenequinone monolayer is present on some parts of the
pentacene single-crystal surface. This implicates that the pentacene—gold interface, and thus
the charge injection into the crystal, is influenced by the presence of quinone molecules at
the interface. As the 6,13-pentacenequinone monolayer is not homogeneously covering the
entire crystal surface, but only partly, the amount of quinone traps at the interface will vary
between contacts. A small amount of traps located at the metal —organic interface can
already have a large effect in suppressing the current flow (see paragraph 8.2.2) "%, which
makes these traps a logical explanation for the large sample-to-sample variations.

Nevertheless, the spread in mobility values p,, observed between various contacts on
one specific pentacene single-crystal is typically only about one order of magnitude large. The
main contribution to the large spread in p,, values can therefore not be attributed to the
quality of the metal contacts or the metal—organic interface. Instead, the main contribution
to the large spread in p.,, values is attributed to large quality differences between the
various crystals. In other words, the main contributor to the observed mobility y,;, values is
the bulk resistance R, and not the contact resistance R.. Nevertheless, for high-quality
pentacene single-crystals, the quality of the contacts (viz. the different amounts of
6,13-pentacenequinone present at the pentacene—gold interface) has a large influence on
the charge carrier mobility.
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Optimization of the heat treatment to the current parameters has been discussed in
chapter 5. A possible reason for the large decrease in mobility is that the 6,13-pentacene-
quinone molecules were not selectively removed, but that pentacene molecules sublimated
from the crystal surface as well. If this is the case, the sample may have degraded to a large
extend, resulting in a largely increased resistance of the pentacene crystal bulk.

The fact that the patterning stencil had to be positioned on the heat-treated crystal
before deposition of the Au contacts may also be of influence (e.g. the entire procedure was
not performed in vacuo): parts of the pentacene crystal surface may re-oxidize in this short
period. Actually, it can also be argued that the quinone monolayer prevented the adsorption
of water or other molecules directly on the pentacene crystal and that, by selectively
removing the ‘protective’ quinone molecules by the heat treatment, an interface with much
more traps is created compared to not removing the quinones, resulting in the decreased
mobility values. Note that the option that the pentacene single-crystals investigated in these
heat treatments were not of the highest quality possible can also not be excluded, as no
pre-treatment measurements were performed on these samples as reference.

Based on these results, it is concluded that more research is needed to optimize the
heating treatment of the pentacene single-crystals, as carrying out the treatment with the
current conditions resulted in a too large decline of the device performance. Nevertheless, as
results by Jurchescu et al. =1 and the sample-to-sample variations in mobility show for the
'soft-landing’ series without heat treatment, removing the 6,13-pentacenequinone molecules
selectively from the crystal surface (before applying the metal contacts or gate dielectric) to
obtain well-defined interfaces ought to improve the device performance.

8.4.2 Field-effect transistor measurements

The SEM images in figure 8.12A demonstrate the proof of principle of the in situ fabrication
of complete field-effect transistor devices with the ‘quasi-dynamic stencil deposition’
technique in PLD (see paragraph 3.3.4). Using the principle shown in figure 8.8, sixteen top-
gate top-contact FET structures were manufactured in three consecutive deposition steps on
the surface of a pentacene single-crystal, without breaking the vacuum in-between. As can
be seen in the SEM images, smooth, crack-free and distinct patterns can be deposited during
all three stages, resulting in well-defined FET structures. However, some blurring and
broadening was encountered around the patterns of several transistors, due to local
variations in the stencil-to-substrate gap. Consequently, the geometry of the final FET
structures is less well-defined. Occasionally, the FET structures were not suitable for
electrical characterization, as excessive blurring and broadening of the Au patterns resulted
in shortage paths between the contacts, which ended up in mechanical failure of the device
when applying a few volts between the contacts (not shown).

Figure 8.12B-C shows SEM images of the probing of two FET structures with the flexible
carbon fiber probes in the nano probing system, each with two graphs of the final output
characteristics and the accompanying gate leakage current data. The output characteristics
reveal the drain current Iy change by sweeping the drain voltage Vj, for a constant gate
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Figure 8.12 A) SEM images of (top-contact, top-gate) field-effect transistor devices fabricated in situ on
a pentacene single-crystal substrate by quasi-dynamic pulsed-laser stencil deposition, B-C) Output
characteristics with accompanying gate leakage current data of two FET devices, and D) Transfer
characteristics with accompanying gate leakage current data of the FET device shown in figure 8.12B.
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voltage V. In figure 8.12B, V} is swept from 0 to -50 V, while a V; between 0 and -50 V is
applied. In figure 8.12C, Vp is swept from 0 to -100 V, with a V; between +50 and -50 V.
The transfer characteristics in figure 8.12D reveal the drain current Iy change by sweeping
the gate voltage Vg from 0 to +50 V, for a constant drain voltage V|, between +10 and
-10 V, with accompanying gate leakage data, of the FET device shown in figure 8.12B.

The leakage current graphs in figure 8.12B-C show a reproducible increase in leakage
current I when a higher gate voltage Vj is applied. The leakage currents I measured
instantaneously during the In-V sweeps are about one to two orders of magnitude lower
than the measured drain currents Ip. In the transfer characteristics of figure 8.12D, all
sweeps roughly overlap and again do not show a typical field-effect behavior. In this case,
however, the gate leakage currents I are about two times larger than the measured drain
currents I, for all sweeps.

The output and transfer characteristics presented in figure 8.12B-C do not show the
presence of a field-effect in a semiconductor. In figure 8.12B, the drain current I sweeps do
increase when a higher gate voltage V( is applied, but these observations are not
reproducible (e.g. see Vg = -20 V and -40 V) and the arrangement of the curves is random.
In the output characteristics of figure 8.12C, all drain current sweeps roughly overlap,
regardless of the applied gate voltage. The fact that voltages this high can be applied on the
device contacts demonstrates that no shorts were present between the individual gold
contacts and that the gate dielectric layer withstands these high voltages as well.

As mentioned, these characteristics do not show the presence of a field-effect, but give
the impression of space-charge-limited conduction between the source and drain contacts
through an insulator, regardless the presence of the deposited dielectric material and the
applied gate voltage. In fact, when calculating the space-charge-limited current mobility with
equation 8.12 for, amongst others, the drain current sweeps in figure 8.12C,
Hmin Values between 2.9 x 10! and 7.2 x 10"1 cm2/Vs are obtained, with no correlation to the
applied gate voltage Vg (with a constant value between -50 and +50 V). Note that these
mobility values are not included in figure 8.11.

From these observations, it is concluded the largest problems arise in the dielectric layer. At
low gate voltages, no channel is induced in the semiconductor between the source and drain
contacts, due to too much screening by the relatively thick dielectric layer (~500 nm). When
higher gate voltages are applied, the gate leakage currents start to dominate the
measurements and no field-effect is induced as well. The SCLC measurements discussed in
paragraph 8.4.1 show that at these high voltages, large currents can be injected into the
pentacene single-crystals by the ‘soft-landed’ Au contacts without problems. However, in the
FET design, the amorphous CeO, thin film (patterned at room temperature) is too leaky at
these high voltages to function as insulating layer in the ‘capacitor’ between the gate
electrode and the conductive channel. As a consequence, no field-effect is induced in the
organic semiconductor. Reducing the thickness of the dielectric layer (down to ~50 nm) was
not an option, as it resulted in increased gate leakage currents.
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Another possible reason why no field-effect is present is that the pentacene single-crystals
were still damaged too much by the deposition of the cerium oxide layer, even though the
deposition parameters were optimized for patterning onto soft fragile organic substrates.
However, as the SCLC-mobility i, values for the drain current sweeps of the FET devices
are quite reasonable (i.e. between 10-1-100 cm?/Vs), the molecular order of the crystal at
the interface is largely maintained during deposition. In fact, these values indicate a
successful 'soft-landing’ of the oxide material on the pentacene crystal.

Finally, note that there is quite some geometrical overlap between the gate contact and
the source and drain contacts in the manufactured top-gate, top-contact transistors (see
figure 8.12A) in most cases, resulting in large parasitic overlap capacitances.

8.5 Concluding Remarks

In this chapter, the influence of the deposition parameters applied in the device fabrication
procedure (‘hard-landing’vs. 'soft-landing’) and the influence of performing a heat treatment
(before applying the metal contacts) on the electrical properties of pentacene single-crystals
was investigated. For this investigation, SCLC and FET devices fabricated on the surface of
pentacene single-crystals were electrically characterized in a nano probing system.

The precise shape of the SCLC characteristics measured on different crystals exhibited large
deviations, indicating a large spread in the quality of the pentacene single-crystals. This large
quality difference is attributed as the main contributor to the large spread observed in the
apparent mobility yp,i,, with values from below 103 up to 10! cm?/Vs. However, as
substantial differences were also observed between different pairs of Au contacts on
individual pentacene single-crystals, the quality of the contacts (viz. the different amounts of
6,13-pentacenequinone present at the pentacene—gold interface and gold particles diffused
into the crystal lattice) has a substantial influence on the mobility as well.

The largest pn,i, apparent mobility values were found for the ‘soft-landing’ samples
(i.e. 100-101 cm2/Vs), which are close to the highest mobility values for pentacene single-
crystals reported in literature. This illustrates metal contacts can be reproducibly patterned
on organic molecular crystals by 'soft-landing’ in pulsed laser stencil deposition, without
damaging the fragile organic substrate. The largest p,, mobility values measured for the
‘hard-landing” samples were typically one order of magnitude lower, indicating a more
distorted interface at these settings.

By comparing the samples with applied heat treatment to the samples that did not
undergo a heat treatment, it is concluded the heat treatment procedure is not completely
optimized vyet, as it resulted in a significant decrease of the charge carrier mobility.

The in situ fabrication of complete top-gate, top-contact field-effect transistor devices on the
surface of pentacene single-crystals is realized by using the ‘quasi-dynamic stencil
deposition’technique in pulsed laser deposition. However, the characteristics do not show the
presence of a field-effect in the organic crystal.
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Summary

Summary

Organic semiconductors —an extremely interesting class of materials— are at the basis of the
new and broad field of Organic Electronics. This field of research has grown rapidly in the
recent years, mainly due to the perspective of fabricating electronic devices on large, flexible
substrates at a low cost. For the manufacturing of organic electronic devices (e.g. RFID tags,
displays, solar cells), working with thin films is most attractive; however, structural
imperfections and polycrystalline orientations limit the study of the intrinsic properties of
these materials. The best approach to explore the intrinsic properties of organic semi-
conductors is therefore the study of single-crystalline systems, as this provides an upper limit
of the performance physically attainable by thin films of the same material.

The objective of the work described in this thesis is “to fabricate high-quality organic
molecular single-crystal devices”. The fabrication of high-quality organic crystal devices is not
straightforward and poses various technological challenges: the fragile single-crystals are
incompatible with most conventional thin film deposition and patterning techniques, and the
molecular order at the surface can be damaged very easily. To achieve the objective, the
fabrication of complete field-effect transistor devices by direct deposition of metal contacts
and oxide gate dielectrics on the surface of free-standing organic single-crystals at room
temperature, with well-defined interfaces, is selected as main approach.

Pentacene, the benchmark material studied in this work, is by far the most popular organic
semiconductor used in the fabrication of organic field-effect transistors (OFETs) for organic
electronic applications. The crystal structure, geometry and morphology of vapor-grown
pentacene single-crystals are investigated by various analytical techniques, as they are
applied as substrate in the device fabrication. On the pentacene crystal surface, mono-
molecular terrace steps of 1.4 nm high are present, yet also larger terrace steps up to tens
and even hundreds of nanometers are found. In some cases, the terrace steps are straight
and parallel aligned, which indicates the thermodynamically most stable crystal planes are
formed; however, in other cases, the steps are randomly curved. The observed pentacene
single-crystal morphology shows a step flow type of crystal growth is the dominant growth
mechanism, yet several observations show that the crystal growth behavior is not limited to
this type of growth.

It is well known that organic materials are sensitive to photo-oxidation when they come
into contact with oxygen under light exposure. For pentacene, the most common oxidation
product is 6,13-pentacenequinone. This quinone is normally also the largest impurity present,
as pentacene is synthesized from this material. The presence and arrangement of 6,13-
pentacenequinone impurities on the surface and in the bulk of pentacene single-crystals is
studied, as these molecules reduce the charge carrier mobility and conductivity. By using the
combination of low-voltage scanning electron microscopy (LV-SEM) contrast, atomic force
microscopy (AFM) step height differences and AFM tapping-mode phase contrast, it is
observed that the quinone is preferentially located as a thin layer (partly) covering the
pentacene crystal surface. Thickness of this quinone layer is about 0.9 nm, corresponding to
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the d(002)-spacing of bulk 6,13-pentacenequinone, which contradicts with findings in
literature that describe the presence of a 1.8 nm thick d(001) quinone doublelayer. Cleaving
experiments showed no large patches of quinone impurities are present in the crystal. In
order to remove the 6,13-pentacene-quinone molecules selectively from the pentacene
single-crystal surface, the partly-oxidized crystals are heated in vacuum at a fixed
temperature overnight. Performing the heating treatment at 75-80 °C removed the quinone
material completely, yielding an unoxidized pentacene single-crystal with a clean and
undamaged surface morphology that is suitable for subsequent device fabrication.

In order to fabricate complete organic molecular single-crystal field-effect transistors, the
direct deposition and patterning of various metals (i.e. Au, Pt, Pd, Ni and Co) and medium-«
oxide dielectric materials (i.e. Al,03, HfO, and CeO,) through a stencil on the surface of
pentacene single-crystals by pulsed laser deposition (PLD) is investigated. By taking several
precautions in the PLD process that reduce the kinetic energy of the impinging species or
reduce build-up of stress during deposition, low-kinetic energy deposition or 'soft-landing’is
achieved. Smooth and isolated patterns with a well-defined geometry are successfully
deposited, without obvious destruction of the fragile organic substrate or mechanical failure
of the deposited film. A well-controlled interface between the organic crystal and the
deposited patterns is obtained with this approach and diffusion of the deposited material into
the soft organic substrate is limited, as is demonstrated by a model system of Pt top contacts
‘soft-landed’ on an alkylphosphate self-assembled monolayer.

After the depositions on pentacene single-crystals, it is observed that the terraced
structure of the underlying pentacene substrate (i.e. the 1.4 nm high d(001) terrace steps)
is often still noticeable on top of the patterned metal and oxide features (with a thickness up
to several tens of nanometer). A series of gold patterns with increasing thickness is 'soft’
deposited on silicon oxide and pentacene single-crystals with PLD; the results show that the
morphology and growth evolution of the surface roughness is similar on both kinds of
substrates. Gold features deposited using the 'soft-landing’ parameters have a lower
roughness compared to the ‘hard-landed’ films.

Finally, the influence of the deposition parameters applied in the device fabrication
procedure (‘hard-landing’ vs. ‘soft-landing”) and the influence of performing a heat treatment
(before applying the metal contacts) on the electrical properties of pentacene single-crystals
is investigated, by characterizing space-charge-limited current (SCLC) and field-effect
transistor (FET) devices fabricated on the surface of pentacene single-crystals in a nano
probing system. The highest charge carrier mobility values found in the SCLC measurements
are close to values reported in literature, illustrating metal contacts can be reproducibly
patterned on organic molecular crystals by 'soft-landing’ in pulsed laser stencil deposition;
‘hard-landing’ resulted in a more distorted interface and a lower mobility. Applying the heat
treatment resulted in a significant decrease of the mobility, indicating the procedure is not
completely optimized yet. The in situ fabrication of complete FET devices on the pentacene
single-crystal surface is realized by using the ‘quasi-dynamic stencil deposition’technique in
PLD; however, the transistor characteristics did not show the presence of a field-effect.
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Samenvatting
(Summary in Dutch)

Organische halfgeleiders —een zeer interessante groep materialen— vormen de basis van de
Organische Elektronica. Dit nieuwe en brede onderzoeksgebied is de laatste jaren erg in
opmars, voornamelijk door het vooruitzicht om zeer goedkoop elektrische schakelingen te
kunnen vervaardigen op grote, flexibele oppervlakken. Voor de fabricatie van commerciéle
producten (bv. anti-diefstal labels, beeldschermen, zonnecellen) is het werken met dunne
lagen het meest aantrekkelijk. Voor het onderzoeken van de intrinsieke eigenschappen van
de organische halfgeleiders zijn dunne films door de poly-kristallijne oriéntatie en
structurele wanorde echter minder geschikt. Daarom is het bestuderen van halfgeleidende
één-kristallen een beter idee.

Doel van het werk dat beschreven staat in deze thesis is “het fabriceren van organisch
moleculaire één-kristal werktuigen van hoge kwaliteit”. De fabricage van elektrische
schakelingen op organisch één-kristallen is niet eenvoudig en vergt ettelijke technische
uitdagingen; de meeste conventionele depositie- en structureringstechnieken beschadigen
namelijk de moleculaire structuur aan het oppervilak van de fragiele kristallen. Daarom is
ervoor gekozen om veldeffect transistor structuren te construeren op het opperviak van de
halfgeleidende één-kristallen door de metallische contacten en oxidische dielektrische
materialen buitengewoon voorzichtig aan te brengen.

Pentaceen, het materiaal dat bestudeerd wordt in deze dissertatie, is veruit de meest
populaire organische halfgeleider die gebruikt wordt in de fabricatie van veldeffect transistors
voor toepassingen in de organische elektronica. Als eerste zijn de kristalstructuur, geometrie
en morfologie van pentaceen één-kristallen onderzocht met behulp van verscheidene
analysetechnieken. Het pentaceen kristaloppervlak wordt gekarakteriseerd door de
aanwezigheid van 1.4 nm hoge mono-moleculaire terrasstappen, als wel door terrasstappen
van tientallen tot wel honderden nanometers hoog. In een aantal gevallen zijn de terras-
stappen recht en parallel georiénteerd. Dit geeft aan dat de thermodynamisch meest
stabiele kristalvlakken zijn gevormd. In andere gevallen hebben de terrasstappen een
willekeurig gekromde vorm. De morfologie van de pentaceen één-kristallen laat zien dat stap-
toeloop groei het dominante mechanisme is tijdens de kristalgroei; echter de kristalgroei is
niet gelimiteerd tot dit mechanisme.

Organische materialen zijn over het algemeen gevoelig voor oxidatie wanneer ze onder
belichting in contact komen met zuurstof. Het meest voorkomende oxidatieproduct van
pentaceen is 6,13-pentaceenchinon. Dit chinon is tevens de grootste vervuiling aanwezig in
pentaceen, aangezien het normaliter hieruit gesynthetiseerd wordt. De aanwezigheid en
positionering van 6,13-pentaceenchinon vervuilingen aan het oppervlak en in de bulk van
pentaceen één-kristallen is onderzocht door (al dan niet gekliefde) kristallen te bestuderen
met behulp van raster elektronen microscopie (SEM) en atomaire kracht microscopie (AFM).
Uit deze experimenten blijkt dat het chinon preferentieel als een moleculaire
monolaag het pentaceen kristal oppervlak (gedeeltelijk) bedekt; in de bulk van het kristal zijn
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geen grote hoeveelheden chinon aanwezig. De dikte van deze dunne laag is ongeveer
0.9 nm. Dit komt overeen met de d(002)-afstand van bulk 6,13-pentaceneenchinon en
spreekt bevindingen in de literatuur van de aanwezigheid een 1.8 nm dikke d(001) chinon
dubbellaag tegen. Om de 6,13-pentaceenchinon moleculen selectief te verwijderen van het
pentaceen één-kristal oppervlak, zijn de (gedeeltelijk) geoxideerde kristallen gedurende een
nacht op een constante temperatuur verwarmd in vacuiim. Door deze warmtebehandeling uit
te voeren rond 75-80 °C, sublimeert het chinon materiaal volledig, resulterend in een schoon,
ongeoxideerd en onbeschadigd pentaceen één-kristal oppervlak.

Met het oog op de fabricage van veldeffect transistors op het oppervlak van de pentaceen
één-kristallen, is het groeien en structureren van verscheidene metalen (Au, Pt, Pd, Ni en Co)
en oxiden (Al,03, HfO, en CeO,) door een stenciimasker met behulp van gepulste laser
depositie (PLD) verder onderzocht. Door diverse maatregelen te nemen in het PLD proces die
de kinetische energie van de landende deeltjes reduceren of de opbouw van stress in de film
tijdens de groei verminderen, zijn de ‘hard-landende’ parameters geoptimaliseerd tot een
'zacht-landende’ depositie. Met deze aanpak zijn gladde structuren met een goed
gedefinieerde geometrie succesvol gegroeid, zonder zichtbare beschadigingen aan het
fragiele organische substraat of de film. Er wordt tevens een goed gecontroleerd grensviak
tussen het organische kristal en de gedeponeerde patronen verkregen; een model systeem
van ‘zachte-landing’ Pt elektrodes op een zelf-geassembleerde alkylfosfaat monolaag toont
aan dat diffusie in het organische substraat zeer beperkt is.

Op het oppervlak van op pentaceen één-kristallen gegroeide metaal en oxide structuren
(met een dikte van tientallen nanometers) is vaak de terrasvormige structuur van het onder-
liggende substraat nog steeds duidelijk zichtbaar (d.w.z. de 1.4 nm hoge d(001) pentaceen
terras-stappen). Deze observatie is verder onderzocht, door goud te structureren op
siliciumoxide en pentaceen één-kristal substraten met PLD. De resultaten tonen aan dat de
evolutie van de morfologie en oppervlakteruwheid vergelijkbaar is op beide substraatsoorten.
Ook resulteren de ‘zacht-landende’ parameters in een minder ruwe film dan de ‘hard-
landende’ parameters, waardoor de substraat morfologie langer zichtbaar blijft.

Tenslotte is de invioed van de depositie parameters (‘harde-landing’ t.o.v. ‘zachte-
landing”) en de invloed van de warmtebehandeling op de elektrische eigenschappen van de
pentaceen één-kristallen onderzocht door deze te karakteriseren in het ruimtelading-
gelimiteerde-stroom regime (SCLC) en door veldeffect transistors (FET) die op het oppervlak
zijn aangebracht. De hoogs gevonden waarden voor de mobiliteit in de SCLC metingen
liggen dicht bij waarden gemeld in de literatuur, wat illustreert dat metaal contacten
reproduceerbaar gestructureerd kunnen worden op de organisch moleculaire kristallen door
‘zachte-landing’ in PLD; ‘harde-landing’ resulteerde in een meer verstoord grensvlak en een
lagere mobiliteit. Het toepassen van de warmtebehandeling resulteerde in een significante
afname van de mobiliteit; echter de warmtebehandeling is nog niet volledig geoptimaliseerd.
De in situ fabricage van complete FET structuren op het pentaceen één-kristal oppervlak is
gerealiseerd door gebruik te maken van de ‘quasi-dynamische stencil depositie’ techniek in
PLD; de transistor karakteristieken tonen echter niet de aanwezigheid van een veldeffect.
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Goed, na ruim 4 jaren van onderzoek, na het maken van 13 posters en het geven van
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groeien van een dunne film met PLD, na het bestuderen van 432 artikelen, en na het maken
van 714 scans met de AFM, 1038 foto’s met de SEM en 1290 foto’s met de optische
microscoop... Oftewel, na een aanzienlijke inspanning is de voltooiing van mijn proefschrift
een feit en kan het promotieonderzoek afgerond worden. Nu is het moment dan ook daar om
terug te blikken en alle mensen te bedanken die dit mogelijk hebben gemaakt en mij in deze
jaren verder op weg hebben geholpen.
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twee professoren met wie je net zo makkelijk je laatste wetenschappelijke resultaten
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Naast de financiéle support vanuit NanoNed, wil ik graag de goede sfeer binnen ons
NEM-cluster benoemen (Evert, hulde!). In het bijzonder gaat mijn dank uit naar ‘Groningen’,
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één-kristallen voor mijn onderzoek. Evenzo wil ik graag Gertjan (ook voor het corrigeren van
dit proefschrift en de goede slechte woordgrappen), Wilfred (voor de nuttige discussies) en
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de mensen die altijd tijd voor je vrij maken. Allereerst Henk, Frank en Dick, uiteraard voor de
technische ondersteuning in het lab, maar ook voor de ontspannen werksfeer waardoor het
fijn samenwerken is geweest met jullie. Marion en José, uiteraard voor de ondersteunende
werkzaamheden, maar ook voor de gezellige momenten tussen de arbeid door.

Gerard, je enthousiasme en vindingrijkheid in het lab heeft mijn onderzoek zeker verder
geholpen. Ook onze wekelijkse artikelbespreking heb ik erg gewaardeerd; eindelijk een
partner die net zo veel plezier beleefde in het verkennen van de organische elektronica als ik
had. Adit, jouw experimenten in het lab hebben evenzo een belangrijke bijdrage geleverd aan
dit proefschrift. Oktay en Michiel, het combineren van onze expertises in het lab is mij goed
bevallen, met als resultaat een mooi artikel.

De afgelopen jaren heb ik met verschillende kantoorgenoten mijn werkplek gedeeld. Eerst
waren daar Matthijn, Paul en Frank, daarna Hans (grote dank voor je positieve commentaar
op het conceptproefschrift) en Xin, en Josée. Ik heb me prima met jullie vermaakt, wat wel
blijkt uit het feit dat ons kantoor menigmaal als laatste het licht uit mocht doen! Gaandeweg
veroverde ik alle vrijheid om de muziek te verzorgen op ons kantoor; enfin, bij deze nogmaals
excuses voor mijn soms enigszins discutabele muzieksmaak.
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Conferenties, symposia, workshops, studiereizen, colloquia, skién, karten, duiken, zeilen,
feesten, barbecues, etentjes, borrels en koffiepauzes waren allen lang niet zo leuk geweest
zonder de staf en de vele promovendi, postdocs en afstudeerders die in de loop der jaren een
periode bij IMS hebben vertoefd. Uiteraard wil ik alle collega’s bedanken met wie ik een fijne
tijd heb gehad, maar in het bijzonder noem ik Jeroen, Ruud, Rik, Brian, Nicolas, Michelle,
Willem, Minh, Eddy, Herman, Andreas, André en Bernard. Ook Koray, Vittorio, Ole, Gerrit,
Wouter, Sjoerd, Werner, Kai, Bouwe, Hajo, Nirupam, Rogier, Peter, Gerard, Antony, Suresh,
Ronald, Maarten, Tomasz, Arjen en Joska worden bedankt voor een plezierige periode.
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vedette Mark in het bijzonder, die wekelijks dit uurtje ontspanning mogelijk maakten. Ik ben
verheugd dat ik, door het winnen van het UT-zaalvoetbaltoernooi 2011, mijn futsal carriére
op het hoogtepunt heb kunnen afsluiten.
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flesjes de verhalen te horen over hoe goed men eigenlijk wel niet was die wedstrijd. Conform
het 3e team van E.F.C. Prinses Wilhelmina 1885, heeft ook die andere trots uit Enschede het
een en ander laten zien de afgelopen jaren, met als absolute hoogtepunt het bereiken van
het landskampioenschap op 2 mei 2010. Gerjan en Michiel, ik hoop dat we samen nog vele
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‘stadionopstelling” te mogen voeren. En Erwin, met jou van gedachten wisselen op
vrijdagavond is altijd een mooi begin van het weekend! Maar vooral ben ik jullie alle drie
erkentelijk voor jullie bijzonder goede vriendschap!

Uiteraard gaat hier ook een woord van dank uit naar de studenten van B.S.V. Moedt ende
Kraght, ofwel de MEK. Ik, trotse erevledbewoner zijnde, verwacht dan ook om —net als de
afgelopen jaren— nog lang gastvrij ontvangen te worden aan de Campuslaan 23.

Lindsey, Kirsten, ik wil jullie bedanken voor de mooie momenten die we samen beleefd
hebben. Wat ik van jullie heb mogen leren staat niet in dit boekje beschreven, maar jullie
hebben mij —beide op je eigen manier— veel waardevols meegegeven voor m’n toekomst!

Tot slot wil ik mijn familie, en vooral mijn ouders, Bram en Coby, en mijn broer Robert,
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Stellingen

behorende bij het proefschrift

INTERFACE ENGINEERING FOR ORGANIC ELECTRONICS

MANUFACTURING OF HYBRID INORGANIC-ORGANIC MOLECULAR CRYSTAL DEVICES

0.

Peter de Veen

Het is vanuit een chemisch oogpunt fundamenteel onjuist om kleine, organische
moleculen met een laag moleculair gewicht, zoals pentaceen en rubreen,
te labelen als ‘oligomeer’, ‘oligoaceen’ of ‘polyaceen’. Hoofdstuk 1 van deze thesis.

Het is subliem om selectief de geoxideerde oppervlaktelaag van een organisch
één-kristal te sublimeren. Hoofdstuk 5 van deze thesis.

Juist slechte films zijn het bekijken waard. Hoofdstuk 6 van deze thesis.

De invoering van studieprogramma’s voor promovendi, de zogeheten ‘graduate schools’,
belemmert de academische vrijheid van de jonge onderzoeker.

Zelfs het maar met mate opSchénen van je meetdata is niet toegestaan.

Wetenschappers moeten oppassen om zich niet te gaan gedragen als
sportcommentatoren, door het stellen van teveel clichématige vragen.

Promoveren zonder kampioenschap is als bier zonder schuim.

In tegenstelling tot het nasynchroniseren van een Engelstalige film in het Nederlands,
verhoogt een Duitse nasynchronisatie juist vaak het kijkplezier.

Herhaling is de kracht van de humor.

10. Iej kont better plat proat’n as vals kuiern. (Twents)



Propositions

accompanying the thesis

INTERFACE ENGINEERING FOR ORGANIC ELECTRONICS

MANUFACTURING OF HYBRID INORGANIC-ORGANIC MOLECULAR CRYSTAL DEVICES

0.

Peter de Veen

It is, from a chemical point of view, fundamentally wrong to label small, organic
molecules with a low-molecular weight, like pentacene and rubrene,
as ‘oligomer’, ‘oligoacene’ or ‘polyacene’. Chapter 1 of this thesis.

It's sublime to selectively sublimate the oxidized surface layer from an organic
single-crystal. Chapter 5 of this thesis.

Especially bad films are worth viewing. Chapter 6 of this thesis.

The introduction of study programs for doctoral candidates, the so-called ‘graduate schools’,
hampers the academic freedom of the young researcher.

It is not allowed to Schén your experimental data even only moderately.

Scientists must be careful not to behave like sport commentators,
by asking too many clichéd questions.

A promotion without championship is like beer without a head.

As opposed to dubbing an English spoken movie into Dutch,
German dubbing often does enhance the viewing pleasure.

Repetition is the strength of humor.

10. Iej kont better plat proat'n as vals kuiern. (Twentish)
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