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Zusammenfassung

Organische Halbleiter ebnen den Weg fiir elektronische und optoelektronische Produkte der
nachsten Generation. lhre Materialeigenschaften ermoglichen die Herstellung von groBflachigen,
transparenten, elastischen und sogar biokompatiblen Anwendungen. Innerhalb der sich ausbil-
denden organischen Schichten wird die Elektronen-Wechselwirkung von der raumlichen Anord-
nung der konjugierten Molekiile bestimmt. Die bedeutsame Ladungstragermobilitat ist somit
stark durch diese Beziehung zwischen raumlicher Struktur und Funktion gepragt. Folglich ist das
Verstehen der Wechselbeziehung von Nanokristallinitat und Ladungstransport in organischen
Diinnschichten ein wichtiger Ansatzpunkt zur systematischen Verbesserung von organischen
Elektronikprodukten. Im Rahmen dieser Arbeit verfolgen wir das Ziel, die strukturelle Anord-
nung in molekularen Halbleiterschichten zu untersuchen und gezielt zu steuern. Um dieses Ziel
zu erreichen, haben wir zwei neue Abbildungsverfahren im Forschungsgebiet der organischen
Elektronik erfolgreich etabliert. Diese Techniken ermdglichen es, die Verteilung von kristalli-
nen Phasen sowie von Ladungstragerfallen in organischen Schichten abzubilden. Als beriihmtes
Modellsystem fiir organische Halbleiter wurde in dieser Arbeit Pentacen verwendet.

Als neuen Ansatz zur Untersuchung der strukturellen Organisation von Molekiilkristallen im
Nanometerbereich haben wir Nahfeldmikroskopie (scanning near-field optical microscopy) unter
Anwendung von mittlerem IR-Licht eingesetzt (IR-SNOM). Aufgrund von Nahfeld-Verstarkung
erzeugt diese Spektroskopiemethode Infrarot-Abbildungen mit 20 nm Auflésung zusatzlich zur
AFM-Topographie. Unser Ansatz beruht dabei auf den starken IR-Resonanzen von hochge-
ordneten molekularen Systemen, deren Frequenz sich mit wechselnder Kristallanordnung der
Molekiile verschiebt. IR-SNOM ermoglicht es uns daher, die Anordnung unterschiedlicher
Kristallphasen desselben Materials in organischen Diinnfilmen abzubilden. Im Fall von Pen-
tacen fanden wir heraus, dass Kristallkdrner mit einer GroBe von Mikrometern, die vermeintlich
aus der sogenannten Diinnschicht-Phase (thin-film phase) bestehen, tatsichlich eine massive
Ansammlung der Volumen-Phase (bulk phase) aufweisen. Diese iiberraschende Phasenkoexis-
tenz in Pentacen konnten wir mittels Rontgendiffraktion validieren. Das Phanomen erlautern wir
durch eine kontinuierliche Rekristallisation von der Diinnschicht-Phase in die Volumen-Phase,
ausgelost durch eine unterschiedliche thermische Kontraktion von Pentacenfilm und dem ver-
wendeten SiO,-Substrat. Diese Beobachtung tragt dazu bei, widerspriichliche Berichte in der
Literatur tiber die Korrelation zwischen der GroBe von Kristallkérnern und der Ladungstrager-
mobilitat aufzuklaren. AuBerdem stellten wir fest, dass diese Rekristallisation selbst wahrend
einer Lagerung bei Raumtemperatur iiber Monate hinweg fortschreitet und somit die Lebens-
dauer der organischen Bauteile begrenzt.

Um die Morphologie und raumliche Struktur der Filme wahrend ihrer Herstellung und Wei-
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terverarbeitung gezielt zu steuern, haben wir speziell praparierte Substrate eingesetzt. Eine
selbstorganisierte Molekiil-Monolage von Organophosphonaten auf dem Substrat konnte uns als
Templat dienen, um in der darauf abgeschiedenen Pentacenschicht eine gerichtete Kristallanord-
nung zu induzieren. Zusatzlich wurde gezeigt, dass eine unerwiinschte Phasenumwandlung in
Pentacen aufgrund von Lésungsmittelexposition durch die Einfiihrung einer Polymer-Zwischen-
schicht effizient verhindert werden kann. Beide MaBnahmen hatten einen positiven Effekt auf
die Elektronen-Wechselwirkung und den Ladungstransport.

Als zweite Abbildungsmethode entwickelten wir Photostrom-Mikroskopie, um die Lokalisierung
und Freisetzung von Ladungstragern in organischen Halbleitern zu untersuchen und abzu-
bilden. Dazu wird der Transistorkanal eines OFETs wahrend des Betriebs mit einem gepulsten
fokussierten Laserstrahl abgerastert. Zusatzlich zu den optischen Eigenschaften der Probe
wird dabei auch die lichtinduzierte Modulation des Transistorstroms, d.h. die Photoantwort, in
Abhangigkeit vom Ort der Beleuchtung detektiert. Durch sorgfaltige Analyse der Frequenzab-
hangigkeit konnten wir eine Komponente der Photoantwort identifizieren, die sensitiv fiir die
Menge lokalisierter Ladungen in dem beleuchteten Gebiet ist. Aufgrund einer Freisetzung dieser
lokalisierten Ladung mittels Exzitonen werden Anhaufungen von Ladungstragerfallen durch
die gemessene Photoantwort abgebildet. Am Beispiel von Pentacen fanden wir direkte Hin-
weise fiir ein breites Spektrum an Einfang- und Freisetzungsereignissen auf der Zeitskala von
Milli- bis Mikrosekunden, die wir erstmals gleichzeitig in einem Experiment beobachten konn-
ten. Langsame Prozesse der Lokalisierung, die durch Warme bestimmt werden, verursachen
eine Hysterese und Verschiebung der Einsatzspannung des OFETs. Schnelle Einfangprozesse
dagegen, die wir als Textur der Photoantwort registrieren konnten, reduzieren die bedeutende
Ladungstragermobilitat innerhalb des organischen Halbleiters.

Unsere Messmethoden bieten einen neuen experimentellen Zugang, um die Korrelation zwischen
Schichtstruktur und Ladungstransport in organischen Halbleitern zu untersuchen. Diese Tech-
niken sind bereit, auch auf andere molekulare Materialien angewendet zu werden, und bergen
groBes Potenzial fiir systematische Verbesserungen auf dem Gebiet der organischen Elektronik.



Abstract

Organic molecular semiconductors pave the way for next-generation electronic and optoelec-
tronic devices. Their material properties enable simple processing of large-area, transparent,
stretchable, and even biocompatible applications. Within the evolving organic layers, the
arrangement of conjugated molecules determines their electron interaction. The crucial charge
carrier mobility is thus strongly influenced by this structure-function relationship. Consequently,
understanding the interdependency of nanocrystallinity and disorder with charge transport in
organic thin films is a key factor for systematic improvement of organic electronic devices.
Within this thesis, we strive to investigate and control the structural arrangement in molecular
semiconducting films. To reach this goal, we successfully introduced two novel imaging tech-
niques to the field of organic electronics. These techniques allow for imaging the distribution of
crystalline phases as well as charge carrier traps within the films. Being a famous model system
for molecular semiconductors, pentacene was mainly utilized in this work.

We applied scattering-type scanning near-field optical microscopy (s-SNOM) with mid-IR illu-
mination as a new approach to investigate the organization of structural phases in molecular
crystals at the nanometer scale. By virtue of near-field enhancement, we obtained infrared spec-
troscopic images with 20 nm resolution simultaneously with AFM topography. Our approach
benefits from the sharp IR resonances of highly-ordered molecular systems, which are sensitive
to the crystalline packing of molecules. Thus, IR scattering SNOM allows us to image the
arrangement of different crystalline phases of the same material in organic thin films. For the
case of pentacene, we revealed that crystalline grains of a few microns in size which appear
to be in the so-called thin-film phase are in fact subject to massive nucleation of bulk-phase
pentacene. X-ray diffraction measurements confirmed this surprising phase coexistence that we
explained by a continuous recrystallization from the thin-film phase to the bulk phase, origi-
nating from a thermal contraction mismatch between the pentacene film and the employed
SiO; substrate. This finding resolves contradicting reports in literature about the correlation
of grain size and carrier mobility in pentacene films. Further, we observed this recrystallization
phenomenon to proceed even during storage at room temperature over months, which limits
shelf time and hence should be considered when working with organic thin films.

In order to control the morphology and structure during film growth and post-processing, we
successfully applied specifically tailored substrates. A self-assembled monolayer of organophos-
phonates prepared on the substrate was shown to serve as a template for directed crystalline
alignment of pentacene on top. Further, the addition of a polymer interlayer was demonstrated
to efficiently suppress undesired phase transformation in pentacene upon solvent exposure. Both
methods also had a positive effect on electronic coupling and charge transport.
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The second imaging technique we developed is photoresponse microscopy in order to image
and study carrier trapping and release events during charge transport in organic semiconduc-
tors. Here, a pulsed laser focus is used to scan across the transistor channel of an OFET
device during operation. In addition to optical characteristics of the sample, the light-induced
modulation of the transistor current, i.e. the photoresponse, is detected in dependence on the
position of illumination. From careful analysis of the laser-frequency dependence, we identified
a particular photoresponse component that is sensitive to the amount of trapped charge carri-
ers within the illuminated area. Due to an exciton-assisted release of the trapped charge, the
recorded photoresponse mirrors the hotspots of charge carrier localization. In case of pentacene,
we found direct evidence for a wide range of trapping and detrapping events, from milliseconds
to microseconds, which we achieved to observe simultaneously in the same experiment for the
first time. Slow trapping events mediated by heat lead to hysteresis and shifts in the threshold
voltage of the OFET. Fast trapping events instead, which we recorded as photoresponse tex-
ture, lower the crucial carrier mobility within the organic semiconductor.

Our techniques provide new experimental access to study the correlation between thin-film
structure and charge transport in organic semiconductors. These tools are ready to be used for
other molecular materials and have high potential for systematic improvements within the field
of organic electronics.



1. Introduction

Semiconductor technology strongly promotes the development of our modern society and has
made its multifaceted impact on our daily life. The experimental discovery of transistor action
by John Bardeen, William Shockley, and Walter Brattain at Bell Labs in 1948 led to the Nobel
Prize in Physics in 1956 [7]. Since then, the integration of such semiconductor devices into logic
circuits and their increasing complexity at reduced size is certainly one of the main achievements
of the 20th century. Nowadays, the processors of modern computers already comprise more
than 4 billion individual transistors with dimensions down to 14 nm in size [8], consistently
approaching atomic limitations.

While the internal structure of integrated circuits for computing drastically decreased in size,
many applications based on semiconductor technology indeed remain on large scale or are
even scaled up, such as displays, lighting appliances, sensors, and photovoltaic cells. Mass
production of these applications requires simple, cost-efficient, and energy-saving processes. At
the same time, products on large area shall be light weight and easy to handle. In order to
meet these requirements, novel types of semiconducting material are currently being developed
to complement classical semiconductors like silicon and gallium arsenide.

Utilization and importance of organic semiconductors

Promising candidates are organic molecules (i.e. hydrocarbons) that exhibit semiconducting
properties. Due to chemical synthesis, these molecular semiconductors are abundantly available
either in the form of small molecules or long polymer chains, which are informally called "plas-
tic". The advantage of this class of material arises from their huge variability, as many physical
properties, e.g. the color, the solubility, thermal and chemical stability, as well as important
electronic properties, can be tailored by adding chemical side groups to the organic molecules.
Thus, molecular design allows for optimization of a specific function such as charge trans-
port, charge separation, light absorption, or luminescent activity of the organic semiconductor,
which represents a great advantage towards their inorganic counterparts. Indeed, the material
properties of inorganic semiconductors emerge from the periodic crystal lattice rather than the
individual atoms, as they are strongly bound via covalent bonds. In contrast, the properties
of organic semiconductors are mainly determined by the individual building blocks, i.e. by the
molecules themselves, as they are typically bonded by weak van der Waals forces [9, [10].



2 1. Introduction

Figure 1.1.: A flexible electronic dis-
play. Produced in collaboration between
Arizona State University and Hewlett-
Packard this flexible color display was
presented at the university's Flexible Dis-
play Center in 2008. [12]

The nature of this weakly bound organic materials also opens up the possibility for innovative
and very convenient methods of industrial processing. In many cases, these materials can be
easily processed at ambient temperature from solution via printing and spray techniques or
they are deposited via evaporation to form thin films of organic semiconductors on large scale.
These fabrication techniques of thin films can be conducted on very low-cost substrates like
glass or plastic foils that are even transparent and, in the latter case, flexible [11]. Thus, organic
semiconductors do not only meet the prerequisites for energy-efficient and low-cost industrial
production on large scale, but the compatibility with various substrate materials and even with
biological matter opens the door to a suite of innovative applications.

First products based on organic thin-film devices are already commercially available. Most
notably, organic light-emitting diodes for lighting, as well as for displays of smart phones and
other mobile electronic appliances, found their way into market. As an example, Figure [1.1
shows a flexible display based on active organic thin films. In future, the realization of modern
trends like ubiquitous electronics, such as RFID tags, or so-called wearables, such as smart
watches, smart clothing, and accessories, is a further promising field of application for organic
semiconducting materials.

Relationship between structure and charge transport

The essential electronic devices to implement these novel applications are organic light-emitting
diodes (OLEDs) for lighting or display pixels, and organic field-effect transistors (OFETs) to
run sensors and logic circuits. While some types of OLEDs are also based on semiconducting
polymer films, the active layer in OFETs typically consists of small organic molecules, which are
superior in charge transport. The ability of a semiconductor to transport charge is described by



its charge carrier mobility 1, which is defined as the drift velocity of charge carriers per applied
electric field. This charge carrier mobility 1 is the most commonly used parameter to evaluate
the electrical performance of organic semiconductors, as it determines the switching speed, the
operation voltages, and thus the power consumption of the resulting transistor devices. In recent
decades, academic and industrial researchers made great effort to synthesize novel molecular
semiconductors and to optimize their processing into thin films that exhibit increasingly high
charge carrier mobility. Since the first OFET was experimentally realized by Tsumura et al. in
1986 [13], the mobility could thus be significantly improved from p ~ 1075 cm?V~1s7! up to
or even overcoming 10 cm?V~1s~! [14].

The origin of the charge transport ability as well as other essential properties of organic semicon-
ductors is rooted in the so-called conjugated m-electron system of these carbon-rich compounds.
The molecular core consists of carbon atoms, which exhibit four valence electrons. Three of
them are energetically identical and form covalent o-bonds with neighboring atoms, whereas
the remaining electron is higher in energy and forms an additional m-bond with one of the neigh-
boring carbon atoms. These 7-bonds result in a network of alternating (conjugated) double
bonds, which are delocalized across the carbon core of the molecule, that is, the conjugated
m-electron system. The m-electrons are less strongly bound to the molecule than the electrons
in o-bonds. Thus, the m-electrons can easily be excited and account for the main chemical,
optical, and electronic properties of these conjugated molecules [10].

In case small organic molecules are deposited on a substrate as thin film, the molecules typically
align themselves in ordered structures and form domains of periodic crystals, as shown in
Figure [I.2. Within these highly-ordered films, the m-electron systems of adjacent molecules
overlap with each other resulting in a coupling of the corresponding electrons. This electron
coupling J between adjacent molecules promotes charge delocalization and offers the possibility
of charge transfer between the corresponding molecules, the microscopic basis for a macroscopic
charge current across the organic thin film.

Therefore, the important property of charge carrier mobility 1 of an organic molecular semi-
conductor is determined on two levels. First, the molecular structure defines the evolving,
conjugated m-electron system. Second, the arrangement of the molecules defines the overlap
and thus the interaction between the 7-systems, since shorter intermolecular distances lead to
higher electronic coupling J inside the ordered material. Additionally, as molecular semicon-
ductors are held together by weak van der Waals forces, their crystalline organization is subject
to a variety of disorder, which reduces electronic coupling and hinders charge transfer. In fact,
thin films of organic molecules typically exhibit polymorphism, structural defects, impurities,
electrostatic effects, i.e. local dipoles, as well as grain boundaries between the crystalline do-
mains, all of which counteract efficient charge transport [14]. Due to weak intermolecular forces
and a strong polarizability of the 7-systems, the molecules surrounding a charge carrier exhibit
geometrical relaxation and electric polarization, which is described as small polaron [10]. Since
small polarons interact strongly with surrounding defects [15], this characteristic, polaronic
charge transport in organic crystals is very sensitive to the various types of disorder mentioned
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Figure 1.2.: The polycrystalline
grain structure of pentacene.
Image taken by atomic force mi-
croscopy (AFM) of a 80nm thick
pentacene film deposited on a SiO;
substrate. The three-dimensional
image clearly shows the terrace-like
shape of the pentacene grains that
result from stacked molecular lay-
ers. Please note that the z-scaling
is exaggerated.

above. As a direct consequence, charges show the strong tendency to localize spatially on
trapping sites, which are associated with impurities [16] and structural defects [17], and reduce
the effective mobility. Thus, charge carrier mobility is not simply a molecular property, but is
determined by the structural organization of an organic solid. Therefore, reliable techniques are
needed to monitor the nanoscopic structure and its correlation to transport in organic semicon-
ducting films, in order to control charge carrier mobility and to systematically improve device
performance.

Scope of the present work

This thesis is motivated by the idea to investigate structural arrangement and disorder in
molecular semiconducting films that are relevant for charge transport. We successfully developed
two novel imaging techniques to mirror the distribution of crystalline phases at the nanoscale
and to mirror trap states that localize charge carriers in the organic films. As a model system for
molecular semiconductors, pentacene a polyacene containing five benzene rings is mainly utilized
in this work. Pentacene is chosen since it exhibits one of the highest charge carrier mobilities
among organic semiconductors, its growth in polycrystalline films via vacuum evaporation can
be well controlled, and its crystalline structure including several polymorphs is known in detail.
In the case study of pentacene, we could reveal the coexistence of two intermixing polymorphs
and the spatial distribution of localized trap states of charge carriers. Further projects focus
on the modification of crystalline alignment and the transformation of structural phases of
pentacene to control its thin-film growth.

In Chapter[2], we introduce the theoretical background of electronic states and charge transport
in organic molecular semiconductors that is essential for comprehending the following work. In
this context, the polaron model and the basic concepts of charge transfer are described, as well
as its dependence on crystalline molecular arrangement and disorder. Chapter 3| starts with



an introduction of the crystalline structure and the growth mode of the selected model system
pentacene. In the subsequently presented study, the structure of pentacene thin films is modified
to improve charge transport. Here, a directed pentacene crystallization is achieved during
growth of the film with the help of a self-assembled monolayer (SAM) of organophosphonates,
which acts as a template. In order to further investigate the structural arrangement of organic
thin films, scanning near-field optical microscopy (SNOM) as a new tool in organic electronics
is introduced in Chapter [4] We first explain the principle of near-field enhancement and the
respective imaging concept that overcomes the diffraction limit. Afterward, this nanoscopy
technique with mid-infrared illumination is successfully applied to investigate the organization
of crystalline phases and polymorphism in molecular crystals at the nanoscale. A recrystallization
phenomenon in pentacene thin films that we discovered by IR-SNOM is further evaluated in
Chapter 5] Here, the phase transition in pentacene is systematically induced and controlled
by varying the growth condition of the films and by different post-processing steps including
thermal and solvent treatment. The beneficial influence of a suitable substrate modification
on the structural stability of pentacene is also demonstrated. In Chapter [6] our photoresponse
microscopy as a tool to image the distribution of trap states inside organic semiconductors
is presented. First, we describe the home-made laser scanning setup for spatially resolved
investigations. Subsequently, the optical characteristics of pentacene films, such as Davydov
splitting, are discussed and finally we focus on the photoresponse analysis including a consistent
model to rationalize our observations. Chapter [7| summarizes the major results of this thesis
and their impact within the field of organic electronics. In addition, further ideas for future
experiments are outlined.

The most relevant parts of this work have been published or submitted for publication in

scientific journals [IH6]. These articles as well as the related supplementary information are
attached in the Appendices to [A.4] A protocol of the sample fabrication can be found in

Appendix [B]






2. Organic Molecular Semiconductors

This chapter provides a brief introduction to organic semiconductors and covers fundamentals
necessary to comprehend the conclusions drawn from the experimental investigations in the
following chapters. Our reference model used to explain the physical properties of organic
semiconductors is a molecular crystal composed of oriented molecules with weak intermolecular
coupling. Thus, we introduce the concept of molecular orbitals as electronic states and their
excitations, as well as charge transport through the molecular crystal associated with these
electronic states. Herein, we also address the differences between organic semiconductors and
classical semiconductors such as silicon and gallium arsenide. The growth and structural features
of organic semiconducting thin-films are discussed in the following Chapter [3 using the example
of pentacene. For a more detailed description, the interested reader is directed to the elaborated
and well-established monograph of M. Pope and C. E. Swenberg [9] or to the more concise
textbook of M. Schwoerer and H. C. Wolf [10] that are likewise the basis of the present chapter.

2.1. Electronic Structure of Organic Semiconductors

Classical semiconductors feature a crystal lattice of single atoms with covalent or ionic bonds in
between. The semiconducting property rests on the collectivity of atoms in a crystal that form
a periodic lattice potential. In contrast, organic semiconductors are composed of molecules.
These molecules typically form van der Waals interactions among each other, which are less
strong and of shorter range compared to covalent and ionic bonds. For that reason, the physical
properties of the individual molecule are conserved to a large extent and only slightly altered
by the formation of an organic molecular solid, i.e. a van der Waals crystal. In fact, also the
origin of the semiconducting property of an organic solid is based on its molecular level. Thus
in the following, we first discuss the electronic states of individual molecules and subsequently
consider the resulting differences upon formation of an organic solid.

2.1.1. Electronic Orbitals of Organic Molecules

The material class of organic semiconductors exhibits a large variety of molecules, which offers
an advantageous flexibility and tunability of properties compared to classical semiconductors, as
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mentioned in Chapter [T} Despite this diversity, a common feature of all organic semiconducting
molecules is their structural backbone of carbon atoms. The distinct nature of the carbon
electron orbitals dictates the material's electronic and optical properties.

A neutral carbon atom possesses four valence electrons in its outer shell that can form chemical
bonds with neighboring atoms. The ground state electron configuration of an isolated C-
atom is 1s?2s%2p! 2p;. Here, two valence electrons are in the 2s atomic orbital and two
valence electrons in the energetically higher atomic orbitals 2p, and 2p,. When a C-atom
forms chemical bonds, the involved 2s and 2p; atomic orbitals typically hybridize to provide
equivalent and energetically degenerated orbitals for binding. These hybrid orbitals allow for
equal bond lengths and bond angles with equal binding partners and thus ensure symmetric
molecular structures.

The carbon atoms in semiconducting molecules, such as the model system pentacene used in this
work, typically have three binding partners. In this case, the carbon atoms show sp? hybridization
resulting from linear combination of the 2s, 2p, and 2p, atomic orbitals to form three equivalent
and coplanar sp? hybrid orbitals. These sp? orbitals of neighboring atoms overlap, yielding a
strong bonding o orbital and an anti-bonding ¢* orbital. The electron density of o bonds is
localized in between the atoms, i.e. within the molecular plane. The remaining atomic orbital
of carbon, 2p,, stays unaffected from sp? hybridization and is orientated perpendicular to the
molecular plane. These 2p, orbitals exhibit less overlap and thus form a weaker bonding 7
orbital and an anti-bonding 7* orbital. The corresponding m-electrons are arranged on both
sides, above and below the molecular plane. The resulting structure of alternating single (o)
and double (o and 7) bonds throughout the molecule is called conjugated electron system. The
m-electrons within this conjugated system are delocalized across the molecule and only weakly
bound.

In the ground state of the molecule, all bonding molecular orbitals are filled with two electrons
(of antiparallel spin) each, up to the highest occupied molecular orbital (HOMO), the 7 orbital.
The antibonding orbitals from the 7* orbital onwards, the lowest unoccupied molecular orbital
(LUMO), are empty. As discussed in the following, electrons from the 7 orbital (HOMO) can be
excited into a higher, vacant molecular orbital, e.g. into the 7* orbital (LUMO). The value of the
HOMO-LUMO energy gap E, that has to be overcome depends on the degree of delocalization
of the m-electron system and is typically in the range of 1.5€V to 4eV for small conjugated
molecules [10]. Consequently, these molecules are colored. In fact, the most important optical
and electronic properties, as well as charge transport across an organic semiconductor, are based
on these delocalized, easily accessible, excitable, and polarizable 7-electrons of the molecules.

2.1.2. Excited States of Organic Solids

As the molecular subunits strongly determine the properties of the organic solids, we start
the discussion of excited states from a molecular picture and consider any coupling effects
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between the molecules afterward. The energy states of a molecule as well as typical excitation
and decay processes are schematically represented in the so-called Jablonski scheme shown
in Figure 2.1l This representation also holds for molecular crystals, where all depicted terms
are narrow excitonic bands. The excited states and transitions are typically studied by optical
spectroscopy techniques in the visible and ultraviolet spectral regime.
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Figure 2.1.: Jablonski scheme of excitations of a molecule. The electronic ground state Sy,
two excited singlet states S7, S9, and three triplet states 17, 15, T3 are depicted, including possible
transitions between them (arrows). The energy differences of the vibronic sublevels are small and
their relaxation occurs via internal conversion. The boxes next to the excitation levels illustrate the
occupation of the molecular orbitals by two electrons with spin up and down. Adapted from [9] p. 18.

In the electronic ground state, all molecular orbitals of low energy up to the HOMO are occu-
pied with two electrons each. As the two electrons within the same orbital must have spins of
antiparallel orientation (Pauli rule), the resulting total spin quantum number is S = 0. Conse-
quently, the electronic ground state of a molecule is a singlet state denoted with Sy and shows
diamagnetic behavior.

In a (neutral) electronic excited state, one electron from the HOMO is lifted up into an ener-
getically higher molecular orbital. The two resulting unpaired electrons can be orientated either
antiparallel or parallel to each other. In the former case, the total spin quantum number is
S = 0 corresponding to a singlet excited state (Si, Sa,...). The latter case corresponds to
a triplet excited state (Ty, Ty, T3,...) with a total spin S = 1 resulting in a paramagnetic
contribution to the material’s susceptibility. All electronic states exhibit vibronic sublevels that
account for molecular vibrations. At room temperature, however, molecular vibrations are typ-
ically not considerably excited in equilibrium conditions and the system rests in its vibronic
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ground state. The most prominent C-H bending mode of pentacene, for instance, occurs at
about 900 cm™?, as discussed in Chapter . Obeying a Boltzmann distribution, the occupation
of this vibronic level relative to its ground state is 1.3 - 1072 at room temperature (25 °C) and
therefore negligible.

Upon absorption of light, a molecule can be excited from its ground state to an energetically
higher state. In case of an electronic excitation to a higher orbital, the nuclear coordinates are
considered to be constant during the fast transition of the electron due to the much higher
nuclear masses (accommodated in the Born-Oppenheimer approximation). This instantaneous
electronic transition followed by the adaptation of the nuclei typically leads to the excitation
of various vibronic sublevels, i.e. molecular oscillations, that subsequently relax non-radiatively
to the vibronic ground state. Similarly, for higher electronic excited states, a non-radiative
relaxation via the vibronic sublevels leads down to the lowest excited states S; and 77. Within
this fast relaxation at picosecond timescale, called internal conversion, the excess energy is
converted to heat and released to the surrounding crystal lattice.

As a consequence of the rapid internal conversion, a radiative decay typically occurs from
the vibronic ground state of S; or 17 into one of the vibronic excited levels of the electronic
ground state Sy (Kasha's rule). A radiative transition that originates from the singlet level S}
is denoted by fluorescence, whereas a radiative transition from the triplet level 7} is denoted
by phosphorescence. Owing to spin conservation, a transition from the singlet system (with
S = 0) to the triplet system (with S = 1), called intersystem crossing (ISC), is usually not
allowed. Thus, the triplet state 7 exhibits a long lifetime ranging from 10~*s up to tens of
seconds [10] until its phosphorescent decay to the singlet ground state Sy occurs.

The strict selection rule AS = 0, however, is softened due to spin-orbit coupling, as the
electron spin is no longer a good quantum number. In consequence, ISC and phosphorescence
are not strictly forbidden but can be observed for molecules. As the extent of spin-orbit coupling
depends on the atomic number, the ISC rate and phosphorescence can be strongly enhanced
by the incorporation of heavy atoms, e.g. Br or | (heavy atom effect). This effect is used, for
instance, to increase the efficiency of phosphorescent organic light-emitting diodes (PhOLEDs).

The specific arrangement of electronic excited states in our model system pentacene is such
that the energy of the lower S; state, i.e. the lower Davydov component (see below), relative to
the ground state Sy amounts to 1.83 V. The lowest triplet state 77 is located 0.86 €V above the
energy of the ground state Sy [18]. Hence, the singlet energy of pentacene is larger than twice
its triplet energy, AE(S)) > 2AFE(T}), and the transition from one excited singlet into two
triplet states is energetically possible. These two triplet states, each of them with spin S =1,
can couple antiparallel and the total spin vanishes. In consequence, the intersystem crossing
from one singlet into two antiparallel oriented triplets obeys the spin conservation (AS = 0) and
is thus strongly enhanced. This singlet-triplet fission process occurs in pentacene with a high
rate constant that was determined to & = 1.3-10" s7! [19]. Upon light excitation of pentacene,
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singlet fission results in quenched fluorescence and an efficient generation of long-lived triplets,
which is an important insight for the photoresponse analysis discussed in Chapter [6]

Davydov splitting

After discussing the energy states and transitions of separated molecules, we now take the
interactions between the molecules within an organic solid into account. In fact, the optical
spectrum of an organic crystal resembles the spectrum of its molecules to some extent but
exhibits a few modifications, which are explained in the following.

First, the excitation energy in the periodic lattice potential of an organic crystal is delocalized.
Therefore, the discrete energy terms in the molecules are broadened into narrow excitonic energy
bands in the crystal. The bandwidth, however, is only of the order of a few hundred meV [20]
due to the lower intermolecular interaction compared to inorganics. Second, the van der Waals
interaction between neighboring molecules results in a general shift of the energy terms. The
magnitude of this so-called "solvent shift" depends on the molecule, the crystal structure, and
the particular energy state, but is typically shifted to lower energies. Third, in the case of
non-translationally equivalent molecules within the crystal unit cell, i.e. molecules that are not
parallel orientated, each molecular term splits into a maximum of Z sublevels within the crystal,
where Z is the number of molecules per unit cell [10]. This effect, called "Davydov splitting",
is due to the resonance interaction, i.e. the exchange interaction, between excited states of
adjacent coupled molecules. Further deviations in the spectra of organic crystals compared to
molecules can arise from a lifting of degeneracies and breaking of selection rules that only hold
for the symmetry of separated molecules.

Since we achieved to directly map the Davydov splitting in pentacene thin films (cf. Chapter@,
the origin of this effect is introduced in a rough outline. Following the explanation given in
Reference [10], we consider a crystal such as pentacene with no more than two molecules within
the unit cell. This unit cell shall be represented by a dimer of two equivalent molecules 1 and 2.

In a first step, we neglect the coupling interaction between these two molecules. Their wave
functions in the ground state are denoted ¢; and ¢, and both exhibit the same ground-state
energy Ey. Accordingly, the ground-state wave function and the energy of the dimer correspond
to @ = P10 and Eg = 2- E, respectively. If the dimer is excited, the probability of molecule 1
being in the excited state ¢] with energy £} = E* is as high as that of molecule 2 being in
the excited state ¢3 with energy E5 = E*. Thus, the two wave functions of the singly-excited
dimer can be expressed as linear combinations

B, = = (6165 £ 010n). 21)

with equal energies £} = Ejy + E* for both dimer states ®* and &~ .
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In the following step, we consider the interaction between the two molecules with a correspond-
ing Hamiltonian V5. This interaction lifts the degeneracy of the two dimer states by inducing
an energy splitting 11, and also causes an additional energy shift D’. In consequence, the
energies of the two excited dimer states are:

EX =Ey+ E*+ D + I,. (2.2)

The energy shift D’ is called "Coulomb interaction energy" in the excited state. It accounts
for the Coulomb interaction between the charge distributions of the two molecules and thus
depends on their polarizability. In case of one molecule being in the excited state and the other
molecule in the ground state, we obtain

D' = <¢T¢2 |V12‘ ¢T¢2> = <¢1¢§ ’V12| ¢1¢;> . (2-3)

The Coulomb interaction between the charge distributions of both molecules being in the ground
state D% = (¢1¢ |Via| d1602) in fact corresponds to the important van der Waals interaction
in the molecular crystal. In a similar way, the Coulomb interaction is also responsible for the
solvent shift of the molecular terms to lower energies within a crystal mentioned above. For
the example of the dimer, the solvent shift of the transition from the ground state to the first
excited state equals D = D’ — D°.

The energy splitting 115 in Equation (2.2)) is due to the "resonance interaction energy":

Lio = (9102 |Vi2| ¢163) - (2.4)

The contribution I;5 describes the exchange of excitation energy from one molecule to the
other molecule of the dimer and vice versa, which can be considered as a quantum mechanical
oscillation of the excitation energy with frequency iw = AE = 2 - I15. This resonance interac-
tion energy causes the so-called Davydov splitting Ap of the initially degenerate energy state
by the magnitude Ap = 2 - I1».

To extend our model from the dimer to a molecular crystal, the resonance interaction with the
surrounding molecules has to be taken into account. Thus, one has to carry out a sum over all
translationally inequivalent neighbors of a chosen molecule. For the pentacene crystal, these
are the four nearest neighbors within the molecular plane and the Davydov splitting adds up to
Ap = 8- I15. Hence, the first excited singlet state of pentacene splits into a doublet .S; and
S} as depicted in Figure 2.2(a). The two optical transitions S; < Sy and S} < Sy from the
ground state to the particular Davydov component cause the two maxima within the absorption
spectrum of pentacene at 1.85€V and 1.97 eV (cf. Figure 2.2/(b)).

Apart from the given phonon energy, the excitation efficiency of the Davydov components also
depends on the orientation of the polarized light with respect to the corresponding transition



2.1 Electronic Structure of Organic Semiconductors 13

a Pentacene crystal
Singlet states Triplet states
g EX1.97eV
L. 4 %, Davydov
S E+1.85eV . 370 doublet 5% 0.86 eV
1 A ! A P x 0.86 €
E : : ~100fs _ ] p-s* T1 +-|—1
L s
i i i 0.86 eV . T,
: b i
I -bs}
' ' | |
. : y v
So L 2, .
b Photon energy (eV)
3 28 26 24 22 2 1.8 1.6
50 L L L AL ™1 :' LI T T
! ! ! 1.85eV
40 e
S 2780 i )
s N [
‘é’_ CT states _! ' ' '
S 20 ' : v
v Ll 1 ) )
o ' ' ' '
< b b
10 b 1 1 Ll 1 )
A
O . . . . ; . 'I . 'I ; . I' . ) . ; . . . .
400 500 600 700 800

Wavelength (nm)

Figure 2.2.: Davydov splitting in a pentacene crystal. (a) Term diagram of crystalline pentacene
illustrating the energy levels that are relevant for excitation processes of pentacene. The first excited
singlet state features a Davydov splitting with two components, S; at 1.85eV and S} at 1.97 eV,
due to the resonance interaction of the two molecules in the pentacene unit cell (see text). The fast
and efficient intersystem crossing of pentacene from singlet to triplet states is indicated by a dashed
arrow, as well. Timescales and energy values according to [18] [19]. (b) Absorption spectrum of a
50 nm thick pentacene film on a quartz substrate. The absorption bands at 1.85€eV and 1.97 &V result
from transitions into the Davydov components Sy, S7, which lead to Frenkel excitons. The absorption
bands at 2.12€V and 2.27 eV correspond to the excitation of charge transfer excitons.

dipole moments. For the excitation of the individual molecules, the transition dipole moments
are:

My g = (talerl¢i)  and  ME g = (62| 63). (2.5)
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The transition dipole moments of the dimer can be calculated as follows:

ME, g, = (®gler] @) = \}5 (3160 |eF] d10} £ 7o) (2.6)
= 5 (61621671 6163) £ (0n62 e 6102 (2.7
= ¢1§ (M T (2.8)

Thus, the transition moments of the dimer can be determined by adding the vectors of the
molecular transition moments. If the two identical molecules are orientated in parallel to each
other, their transition dipole moments M and M? are parallel (or antiparallel) as well. In
this case, one of the two transition dipole moments of the dimer in Equation ([2.8)) vanishes
Ms_lgso = 0, i.e. only one optical transition is allowed and Davydov splitting does not occur.
Only for non-translationally equivalent molecules within the unit cell, in other words molecules
that are not exactly parallel, both excited states have a transition dipole moment unequal
to zero and Davydov splitting is observed. As can be deduced from the vector addition in
Equation , the Davydov components differ in their polarization, i.e. the components have
to be excited by an electric field vector of the light with different orientation. For the monoclinic
unit cell of anthracene, the transition moments M+ and M~ are perpendicularly orientated,
whereas the less symmetric triclinic unit cell of pentacene causes an orientation of the Davydov
transitions differing from 90°. We utilized this varying polarization of the optical transitions to
map the two Davydov components in a pentacene thin film, as shown in Section [6.2]

Excitons in organic semiconductors

The electrically neutral electronic excited states within a crystal are generally called "excitons".
In molecular crystals, these states are generated by exciting an electron from the HOMO of
a molecule into the LUMO or even higher orbital of the same or a surrounding molecule. As
mentioned above, the energy eigenstates of the molecules, e.g. the HOMO and LUMO levels,
are shifted and broadened within the crystal due to the intermolecular interaction within the
lattice. After the excitation, the excited electron and the vacancy it has left, denoted by hole,
are still coupled by their Coulomb interaction. Therefore, the generated electron-hole (e-h) pair
is considered to be a quasi particle with a certain binding energy Ej.

In inorganic semiconductors such as germanium or silicon, the binding energy of the excitons
based on the Coulomb attraction E¢ = 47“10& . 1‘{—; is weak due to their relatively high dielectric
permittivity, e.g. €, ~ 12 for silicon. These weakly bound excitons called Mott-Wannier excitons
have a large spatial extension within the crystal, typically one order of magnitude larger than
the lattice parameter. A precise consideration of the delocalized excitons requires a description
by eigenfunctions constructed from Bloch waves that take the symmetry of the periodic lattice

potential into account (cf. Reference [10]). As an approximation, however, the binding energy
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of the Mott-Wannier excitons is comparable with the energy eigenstate of a hydrogen atom and
can thus be described by a modified Rydberg equation (cf. Reference [21] p.481)

et 1
E,=FE,— ——=—— 2.9
7 32m2e3e2h? n? (29)
with main quantum number n. Here, the reduced mass p
pwt=mot +my! (2.10)

is derived from the effective masses m., my, for electron and hole that take the interaction with
the lattice potential into account. The relative permittivity ¢, accounts for screening of the
electric field by the crystal.

In organic molecular crystals, however, Mott-Wannier excitons have not been observed yet.
Organic solids typically exhibit a lower permittivity than inorganics. For example, the relative
permittivity of pentacene is €, ~ 4 [22]. Electric fields are therefore less screened and the
Coulomb attraction of an e-h pair, i.e. the exciton binding energy, is much stronger in organic
semiconductors, typically in the order of 100 meV [10]. Since this binding energy is higher than
the thermal energy at room temperature kT = 25 meV, the excitons in organic semiconductors
do not dissociate instantaneously, in contrast to inorganics, but they stay bound as e-h pair and
diffuse within the crystal (see below). These strongly bound excitons in organic semiconductors
are called Frenkel excitons. In accordance with the hydrogen model, Frenkel excitons exhibit
only short expansions smaller than the lattice parameter of the crystal. The electron and the
hole are therefore located on the same molecule and the exciton can be regarded as a molecular
excitation that were discussed in Section 2.1.2]

The term charge transfer (CT) exciton in organic crystals is used for excitons with an expansion
that is comparable with or slightly larger than the distance of the lattice sites. Consequently, the
electron and the hole are located on two different adjacent molecules. Since a larger separation
of the charges is needed counteracting against the Coulomb attraction, the excitation of a CT
exciton requires more energy and the CT exciton itself is less strongly bound compared with a
Frenkel exciton.

The excitation of excitons for the example of pentacene can be deduced from the characteristics
of its absorption spectra shown in Figure (b) Due to spin conservation, the absorption
transitions starting from the ground state S all take place within the singlet system. The first
two absorption bands at low photon energy 1.85€eV and 1.97 eV correspond to the excitation
of Frenkel excitons in pentacene. They appear at two different energies due to the Davydov
splitting discussed before. The absorption bands at 2.12 €V and 2.27 €V can be assigned to the
excitation of CT excitons that require more energy, as expected. The CT transition at 2.12eV
is assigned to electron transfer from a pentacene molecule located at the origin of the unit cell
(000) to its nearest neighbor at (1 10), whereas the CT transition at 2.27 €V is assigned to
electron transfer to the next nearest neighbor at (010) [23].
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The absorption spectrum in Figure 2.2](b) was taken with unpolarized light and is thus an
average over all polarization directions. In general, the absorption properties of pentacene are
strongly anisotropic due to the rod-shaped molecular structure and the triclinic crystal structure
of low symmetry. The excitation efficiency of an optical transition depends on the polariza-
tion direction of the incident light with respect to the orientation of the respective transition
dipole moment, as discussed for the Davydov components. Hence, for a fixed polarization of
the incident light, excitons in pentacene are excited with varying efficiency depending on the
orientation of its crystal structure. This is used in Section to image the orientation of
polycrystalline grains within a pentacene film by polarized light.

Exciton motion in molecular crystals

The intermolecular coupling, which provokes the energy broadening to excitonic bands due to
delocalization, also causes a certain mobility of the excitonic quasi-particles within the organic
crystal. Since excitons are neutral, their motion does not contribute to charge transport within
an organic solid. In the same way, the motion of excitons is not influenced by a homogeneous
electric field, as their monopole moment vanishes Y ¢, = 0. Though, the exciton exhibits
a dipole moment ji = —edr; based on the electron and hole being separated by an effective
distance d in the direction 7. In the case of an inhomogeneous electric field, this dipole moment
causes a drift to higher electric field strengths, i.e. the exciton is a "high-field seeker". In the
following considerations, the drift caused by such an inhomogeneous electric field is neglected
and the excitons feature diffusive motion.

Even though no charge is transported, the movement of excitons is a very significant process
to transport energy within a molecular crystal and is therefore discussed in the following. First,
we focus on the fundamental step of energy transfer from one donor to an acceptor molecule.
Afterward, the energy migration is discussed that refers to the movement of an exciton by a
series of transfer processes (cf. Reference [9] p. 96 ff.).

Energy transfer via excitons

The fundamental energy transfer of excitons includes two different mechanisms called trivial
energy transfer and Forster resonant energy transfer. The trivial energy transfer involves the
radiative process of photon reabsorption. Here, an excited donor molecule recombines by
fluorescence and emits a photon. This photon is subsequently reabsorbed by an acceptor
molecule that hereby hosts the exciton as a new excited state. Obviously, this transfer requires
an overlap between the emission spectrum, i.e. fluorescence spectrum, of the donor and the
absorption spectrum of the acceptor molecule, which is typically present in an organic crystal.
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The transfer rate of the photon reabsorption depends on the donor-acceptor distance Rp4 as
follows:

2
b ( ! ) (2.11)
Rpa

Due to the relatively weak distance dependence, the trivial energy transfer is dominant at long
distances > 10 nm. Triplet excitons, however, cannot propagate via this radiation reabsorption
process since their interaction with ground-state molecules is forbidden by selection rules. In-
stead, a trap-to-trap transfer of triplet excitons in molecular crystals is suggested and has been
experimentally observed, as shown in [24] and [9] p. 116 f.

The second energy transfer mechanism of excitons is known as Forster resonant energy transfer
(FRET). Although the Forster theory was originally developed to describe the energy transfer
between diluted dye molecules [25] [26], it can also be applied to exciton motion in organic
solids. In contrast to the trivial photon reabsorption mentioned above, the Forster transfer is
a radiationless process mediated by direct coupling of the two dipoles of the donor and the
acceptor molecule via Coulomb interaction. The transfer rate k52ED for the Forster process is

given by [25]

rrer _ L ( Ro )6
kpia —\Gox (2.12)
where 7p denotes the donor lifetime and Rp 4 the donor-acceptor distance. The critical transfer
distance Ry is called Forster radius at which the efficiency of the resonant energy transfer is
50 %, i.e. the FRET rate is equal to the radiative decay rate 7;,* of the donor. The FRET process
also requires sufficient overlap of the emission spectrum of the donor Fp(\) and the absorption
spectrum of acceptor, i.e. the absorption cross-section o 4(\). This overlap is included in the
definition of the Forster radius [25, [27]

O 1287504

R 2 / A Fp(\)oa(\)dA (2.13)
via the integration over all wavelengths \. Further parameters are the refractive index of
the medium n as weighted by the spectral overlap and the fluorescence quantum yield of the
donor ®r. The dipole orientation factor  is given by

K= fip - jia—3(fip - Tpa) (fia-Tpa) (2.14)

where jip and ji4 denote the unit vectors parallel to the transition dipole moments of donor and
acceptor and 7p 4 denotes the normalized vector separating the two molecules. This orientation
factor varies between 0 < k? < 4 and is at maximum for parallel orientation of the dipole
moments, resulting in a maximum of the FRET transfer rate. As an average value, k? = 2/3 is
typically used in case of freely rotating molecules.



18 2. Organic Molecular Semiconductors

The characteristic R, dependence of the FRET process can be rationalized since the trans-
ferred energy is proportional to the product of the inducing dipole field of the donor (which
varies with R;,%) and the induced dipole moment in the acceptor (which also varies with R?).
Due to this strong distance dependence, the Forster resonant energy transfer occurs at short
distances < 10nm.

The radiationless Forster resonant energy transfer is extended by the Dexter theory [28]. In
contrast to Forster energy transfer, the Dexter energy transfer only requires a conservation
of the total spin of the donor-acceptor pair, whereas the spins of the individual molecules
can change. Hence, electric dipole-forbidden transitions can occur through Dexter transfer via
electron exchange, which is the dominant mechanism for triplet-triplet energy transfer in organic
crystals. The Dexter transfer rate for the triplet-triplet energy transfer is given by [9] p. 100

2T
6pa = 5 Hoal’ [ Fo(E)FA(E)E (215)

where Fp(FE) and F4(F) are the normalized spectra of the donor phosphorescence and the
acceptor absorption, respectively, both in dependence on the energy E. The resonance exchange
interaction Ip4 between the molecules D and A can be derived according to Equation ([2.4))
on page [I12] Since the Dexter transfer based on electron exchange interaction requires a wave
function overlap between the molecules, this energy transfer occurs at even shorter distances
than the Forster transfer based on dipole-dipole coupling.

Exciton migration

The migration of an exciton within a molecular crystal in the absence of an inhomogeneous
electric field is described by diffusion. This exciton diffusion is a multitude of energy transfer
steps that results in a stochastic process of hopping between lattice sites, also called random
walk. In polyacene crystals, such as pentacene, typical hopping rates of singlet excitons between
neighboring molecules are 103 s™! and for triplet excitons 10! — 102571 [9] p. 57, determined
by the resonance interaction I;5 specified in Equation ([2.4)).

The characteristic physical property is the diffusion length L that indicates how far an exciton
moves on average from its starting point during its lifetime. It is a measure of the average
distance of a straight line only between starting and end point, whereas the actual distance
traveled by the exciton during its random walk is much longer. On the basis of an isotropic
motion, the exciton diffusion length can be derived from

Lp=vZ-D-1 (2.16)

with a diffusion coefficient D and an exciton lifetime 7. The parameter Z takes the dimension-
ality into account and equals 2, 4 or 6 for strictly one-, two-, or three-dimensional diffusion,
respectively. In a real molecular crystal, however, the diffusion is typically highly anisotropic
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due to the asymmetric molecular and crystal structure. Hence, individual diffusion coefficients
are assigned to different directions within a molecular crystal. The diffusion coefficient D of
excitons can be related to their mobility x via the Einstein relation

D =u-kyT. (2.17)

where kgT is the thermal energy. Note that here the mobility is defined as the drift velocity per
applied force ;1 = v/F, in contrast to charge carrier mobility of electrons and holes i/, = v/E
that is defined as velocity per applied electric field and is used in this work as well.

For our model system pentacene, the isotropic diffusion coefficient of singlet excitons is Dg =
5-107*cm? /s, that of triplet excitons is Dy = 13.5-107* cm?/s [18]. In combination with the
lifetimes of singlets 7¢ ~ 30 ps [18] and triplets 7 ~ 10 ps [22], the diffusion lengths can be
deduced according to Equation ([2.16)). For the assumption of a three-dimensional diffusion in
a pentacene crystal (dimensionality parameter Z = 6), the exciton diffusion lengths for singlets
and triplets are Lg =~ 3nm and Ly ~ 3 pm, respectively.

Thus, the diffusion length of triplets is about 1000 times larger than for singlets. Long-lived
triplet excitons that are efficiently excited by light due to strong intersystem crossing can trans-
port their energy over distances of several micrometers within a pentacene layer. This enables
sufficient energy transport across long distances for example to trap states or to other reaction
centers, even if they occur in low concentrations. A subsequent non-radiative recombination of
the triplet exciton with the trap state results in excess energy. This triplet energy is either trans-
ferred to the crystal lattice or eventually a charge carrier can be released from the trap state
(cf. Reference [9] p. 164). This mechanism of triplet-assisted trap release is of great importance
for the analysis of the photoresponse measurements in Section [6.3 and Appendix [A.1]
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2.2. Charge Transport in Organic Semiconductors

Organic molecular crystals consisting of molecules with conjugated m-systems are inherently
insulators at room temperature and below [29]. This raises the question how these materials
become semiconductors with the ability to transport charge. The electrical conductivity

o=enpu (2.18)

is a product of the elementary charge e, the charge carrier concentration n, and the carrier
mobility p. Thus, for a material to be conductive, there have to be charges available and these
charges must not be immobilized. In organic semiconductors, excess charge carriers that are
necessary for electric conductivity can be either injected from metal electrodes by an applied
voltage or induced within the material by the internal photoeffect upon irradiation with light
or particles [10]. If excess charge carriers are injected from electrodes by application of a high
voltage, the organic crystal, i.e. the intrinsic insulator, is electrically charged and obtains a
conductive behavior. This charge is denoted as space charge and comprises a mobile and an
immobile fraction. The immobile fraction of excess charge determines the electric field and
limits the current of the mobile charge fraction through the material. This situation is therefore
called space-charge-limited current (SCLC) [30]. Due to the influence of the immobile charge
and a strong dependence on the temperature and applied voltage, the SCLC exhibits a strongly
non-linear current-voltage behavior. The analysis of this rather complicated non-ohmic behavior,
however, offers valuable insights into transport processes and their relation to charge traps in
organic semiconductors [9] p. 379ff..

A typical, non-perfect organic semiconductor is subject to deviations of its crystal structure,
contamination, and dopants in the form of impurity atoms and molecules. The resulting defects
in the material can often be thermally ionized at moderate temperatures leading to a release
of charge, which is a further source of excess charge carriers. On the other hand, such defects
can also act as traps, which permanently or temporarily localize excess charge carriers. These
localized states reduce either the concentration n of excess charge carriers or their mobility p
and thus reduce the electric conductivity according to Equation . The specific nature
of charge carriers and trap states within an organic semiconductor therefore mainly determines
the charge transport, which is further discussed in the following sections.

2.2.1. Polaron Model

Charge transport in an organic semiconductor requires an additional charge carrier on the
molecular unit either externally injected or internally induced, as mentioned above. On the one
hand, an electron as excess charge carrier can be accommodated in the LUMO of a molecule
that hereby turns into a negative ion. On the other hand, a hole as excess charge carrier can
occupy the HOMO of a molecule, i.e. an electron is removed from the HOMO, and hereby
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turns the molecule into a positive ion. Subsequently, the corresponding molecules are no longer
in the ground state, but in a charged excited state. Note that these charged excited states are
fundamentally different from excitons, as excitons are neutral excited states.

The emerging charged molecules affect their surrounding by electrically polarizing the neigh-
boring molecules in the crystal. Compared to the fast propagation of this polarization, the
transition of a charge carrier to an adjacent molecule is much slower due to the weak inter-
molecular coupling in the organic solid. Thus, the electronic polarization of the surrounding
follows the motion of the charge carrier instantaneously within the molecular crystal. The entity
of a charge carrier and its induced polarization of the adjacent matter is therefore considered as
a quasi-particle called "polaron", a concept that was first introduced by Landau [31]. In organic
solids, the electric field of the charge is screened and the electronic polarization is thus limited
to its proximity, which is termed "small polaron".

The electronic polarization energy that is associated with a polaron in the molecular crystal is
denoted by P. and P, for a negative electron-induced polaron or a positive hole-induced polaron,
respectively. Due to the strong polarizability of the conjugated m-system of the molecules
(cf. Section these polarization energies are rather high. They can be estimated by adding
up the interaction of the excess charge with the dipole moments that are induced in all N — 1
remaining molecules of the crystal. With the assumption of an average isotropic polarizability @,
the polarization energy is given by [10] p. 230

N-1 e2
Pe = Ph X Z
k=1

Ql

(2.19)
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Tk

with the distance 7 between the center of the charge and molecule k. Due to this polarization,
the energy levels of the polarons in organic crystals deviate from the molecular energy levels,
as sketched in Figure 2.3] Since the organic semiconductor pentacene is used as a model
system in this work, we indicate the specific values of pentacene in brackets for the following
energy quantities (taken from [9] p. 204). The electronic polarization energy of hole polarons P,
reduces the ionization energy of a separated molecule I (6.7 €V) to the lower ionization energy
of the crystal I (5.1€V). This results in an upwards shift of the molecular ground state .S, i.e.
of the HOMO level of the separated molecule, to form the transport level of hole polarons Ej,
in the crystal, corresponding to the valence band. In a similar way, the electron affinity of a
separated molecule A (1.2€V) is increased by the polarization energy P, to the electron affinity
of the crystal Ax (2.9€V). This shift to Ac defines the transport level of electron polarons E.,
corresponding to the conduction band.

In the calculation of the polarization energy according to Equation , the interaction with
quadrupole moments of adjacent molecules is not taken into account. A possible correction that
includes the quadrupole moments, however, shifts both transport levels E;, and E. collectively
to slightly higher energies. This shift does not affect the important value of the energy gap
E,=E. — E; (2.2¢V) and is thus neglected.
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Figure 2.3.: Energy states of charge carriers in a molecular crystal. Left hand side: the relevant
molecular states, Sp, S1, S2 (singlet) and T} (triplet), of a separated molecule exhibit discrete energies.
Right hand side: due to the changed environment of the molecules in a crystal, their discrete energy
states are shifted by the polarization energies P, and P;,. These energy shifts vary due to disorder
inside the crystal, which results in Gaussian distributions of the available energy states. Further details
are explained in the text. Adapted from Reference [10] p. 131 and p. 230.

The energy gap E, between the transport levels of positive and negative polarons, i.e. between
the valence and conduction band, is therefore reduced as compared to the molecular energy
states by the electronic polarization mentioned above. In addition to the electronic polarization,
there is also a vibronic polarization induced by charges in the molecular lattice. This vibronic
polarization corresponds to a relaxation of the crystal structure in the surrounding of the charge.
This lattice relaxation is associated with a deformation energy, also known as reorganization
energy, which leads to a further reduction of the energy gap £, and thus to a self-localization
of the charge. The so-called adiabatic energy gap E;‘d of the relaxed crystal is therefore
distinguished from the larger optical energy gap E;Dpt without, or rather before, relaxation.

Discrete energy states as previously assumed are only obtained for ideal crystals. In real crys-
talline solids, deviations from a perfect lattice periodicity occur due to structural defects of
the crystal, especially in poly- or paracrystalline materials. These deviations from the ideal
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crystal vary the distances r4 in Equation ([2.19)) on page [21} which results in a local variation
of the polarization energies P. and P, and thus of the transport levels E, and Ej,. At local
compressions of the crystal structure, for example, the polarization energy is increased due to
smaller distances 7. The energy levels of these local states are therefore within the energy
band gap £,. A local dilatation instead reduces the polarization energy and the corresponding
energy states are outside of the energy gap £,. In general, the position of the energy levels
in a molecular crystal according to Equation (2.19)) arises from a large number (N — 1) of
contributions that vary statistically by small amounts due to deformations. Thus, the density
of states (DOS) of the transport level for holes can be expressed by a Gaussian distribution

G (E) = \/%ho—h exp (-VE;U?’Z)) (2.20)

and similarly G.(E) as the DOS of the transport level for electrons (cf. Figure 2.3). Here,
N},/e denotes the overall density of states and Ej /. the average energy of the transport level
in both cases for holes and electrons, respectively. The parameter o describes the width of the
Gaussian distribution.

The large number of states around the centers of these two Gaussian distributions G,(E) and
G¢(E) correspond to the valence and the conduction band that facilitate the charge transport
within the organic semiconductor. In contrast to inorganic semiconductors, the origin of these
energy bands is not a periodic potential but the spatial disorder of the material. The energy
states at the tails of the Gaussian distributions also influence the transport behavior. Tail states
within the energy gap E, act as trap states and those outside F; act as scattering centers during
charge transport. Trap states inside the band gap are attractive to charge carriers that become
localized, i.e. they get stuck, at these traps. As the trapped charge carriers can typically be
thermally re-activated and released from these tail states, they are denoted as "shallow traps".

Apart from local compression and dilatation, defects within an organic crystal can also origi-
nate from other effects such as impurities, structural modifications or grain boundaries. The
corresponding energy states may be located deep inside the energy gap E, with an energy
distribution approximated by a Gaussian G (F) that is centered at the average trap depth E;,
as shown in Figure [2.3] Here, the energy states are closer to the valence band edge and thus
represent traps for holes. In case the states within the band gap are closer to the conduction
band edge, they are traps for electrons. Depending on the energy distance E; to the respective
band edge, the traps states are classified as shallow traps for E; < kg1 or deep traps for
Ey > kT, where kgT' denotes the thermal energy. A charge carrier captured by a deep trap
remains localized, whereas a charge inside a shallow trap can be thermally released, which is
investigated in Chapter [6]



24 2. Organic Molecular Semiconductors

2.2.2. Marcus Theory

Whether the charge transport within an organic semiconductor is better described by a band-like
transport or hopping transport depends on the purity of the crystal. In case of an ultra-pure
crystal, the mean free path of the charge carriers [ is much longer than the lattice constant
of the crystal [ > ay. The states of the charge carriers can thus extend coherently over
many unit cells. A defined wave vector E as well as a momentum h/;, can be assigned to the
carriers. The propagation of these electron or hole waves in ultra-pure molecular crystals can
be described in terms of the energy-band model known from inorganic semiconductors (see e.g.
Reference [21] p.181ff.). Similar to inorganic semiconductors, the mobility o of the charge
carriers in the high-temperature regime is then mainly determined by scattering from phonons.
As the number of phonons increases with increasing temperature, the probability of scattering
increases as well, thereby reducing the carrier mobility. In a first approximation, the mobility
at high temperatures obeys the dependence (7)) oc T~3/2 taking the scattering from acoustic
phonons into account [10] p.264. Such a behavior of a decreasing charge carrier mobility
with increasing temperature is characteristic for a band-like transport in highly-pure organic
semiconductors, typically in single crystals [32].

We now consider disordered organic semiconductors that are prepared, for example, as thin films
and play a major role for organic electronic devices. The preparation of organic thin films is often
done by controlled evaporation onto a substrate in vacuum (for a more detailed description see
Appendix. The macroscopic carrier mobilities of such disordered films are orders of magnitude
lower than in highly-pure and ordered crystals. Additionally, the temperature dependency is
inverted, i.e. the carrier mobility increases with increasing temperature for a large temperature
range. This temperature dependence of the mobility is characteristic for a thermally activated
hopping transport in disordered organic films.

The electron wave functions of adjacent molecules in disordered organic semiconductors do
not overlap sufficiently to enable band transport due to a lack of long-range crystalline order.
Instead, the localized charge carriers are transported via hopping processes from one molecule
to the neighboring one. The standard quantum theoretical formulation of this charge transfer
via hopping is described by the Marcus theory [33] [34]. Here, R. A. Marcus et al. derived the
charge transfer probability between molecules from Fermi’s golden rule. In first approximation,
this leads to the semi-classical expression for the hopping rate v;; of a local charge transport
from site ¢ to site j:

2

Vij =

1 (A +AGY)?
I T P AN T

Here, )\ denotes the reorganization energy that accounts for the lattice relaxation and the
polarization associated with a polaron (cf. Section . The reorganization energy A thus
tends to localize the charge carrier on a single molecule. The transfer integral I;; describes the
overlap of the wave functions of sites i and j and promotes charge delocalization instead [14].
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The exponential term in Equation is a Boltzmann expression that describes the probability
to overcome the difference in Gibbs free energy AG;; of the two sites i and j. Thereby, the
distribution of the energy states in disordered systems is commonly described by a Gaussian, as
mentioned above.

2.2.3. Bassler Model

On a microscopic scale, the charge transport between organic molecules can be described by the
Marcus theory that was introduced above. For the macroscopic scale, Bassler et al. developed
the so-called "Gaussian disorder model" (GDM) to describe the charge transport in disordered
organic solids [35]. The origin of Béssler's GDM model is likewise the motion of localized
polarons via hopping between molecular sites. The energy states of these transport sites are
assumed to follow a Gaussian distribution based on the stochastic variation of the polarization
energies (cf. Section 2.2.1)). This energy distribution is denoted as "diagonal disorder" and
exhibits the width o. In contrast to Marcus theory, the hopping rate of the charge carriers in the
Bassler model is described by a more basic alternative developed by Miller and Abrahams [36].
Equivalent to a tunneling process through an energy barrier, the Miller-Abrahams hopping
rate v;; from site 7 to site j is expressed by:

exp (_E‘jfEifeF(:L”j*Ii)> Ej —_ Ez —eF ({Ej — [L‘Z) >0

k5T
(hopping up),
Ej—Ei—eF(acj—a:i) <0
(hopping down).

Vij = )y eXp (—2’7 ARU)

(2.22)

where 14 is a constant prefactor (a "trying frequency"), v is the decay constant of the wave
function, AR;; is the distance between the two sites, E; and £ are the energy levels of the
sites, and F' is an externally applied electric field.

The first exponential expression in Equation takes the overlap of the wave functions
into account and represents the tunneling contribution. The corresponding overlap parameter
27 AR;; exhibits a statistic distribution due to spatial disorder of the organic solid. This spatial
variation is denoted as "non-diagonal disorder" and is assumed to obey a Gaussian distribution
with a width 3.

A second exponential, in case of hopping upwards in energy, takes the thermal activation into
account via a Boltzmann factor with the energy difference £; — I; between the states ¢ and j.
Thus, for hopping to an energetically higher state, thermal activation is necessary. In contrast,
for hopping downwards in energy, no activation is needed and the respective exponential term
equals one. In the absence of an external electric field, i.e. for F' = 0, there is no preferred
spatial direction for the hopping process and the overall motion of charge carriers cancels out.
If an electric field F' is applied, e.g. along the x direction, an additional electrostatic energy



26 2. Organic Molecular Semiconductors

occurs according to the term eF (x; — ;). Hereby, hopping along the x and —z direction is
not equiprobable anymore and a net current of charge carriers occurs, as sketched in Figure[2.4]
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Figure 2.4.: Hopping transport in a disordered organic semiconductor. In the Bassler model,
the energy distribution of the states is assumed to be a Gaussian G(E) with a width o. Due to an
applied external electric field F, the probability for a charge carrier to hop to neighboring molecules
on the left and on the right is not equal anymore. This results in a net current of charge parallel to
the electric field. Adapted from Reference [10] p. 282.

As the GDM model cannot be solved analytically, Bassler et al. employed the Miller-Abrahams
hopping rate to simulate the charge transport in disordered organic solids via a Monte Carlo
method [35]. The results obtained from the Monte Carlo simulations are in good agreement with
experimental observations [10] p. 283 ff.. One important outcome of the Bassler model shows
that an excited charge carrier thermalizes and relaxes to an equilibrium energy (E) = —0?/kgT
below the maximum of the DOS. This equilibrium energy (E) depends on the width o of the
Gaussian distribution of the energy levels as well as on the temperature 7. (F) defines a
transport energy around which the charge carrier transport via hopping takes place.

The carrier mobility in disordered organic semiconductors according to the Bassler model can
be summarized in the following parametric equation

LGN = Ho eXp l— (;l&)z +C ((;&)2 - 22) \/F] (2.23)

as a function of the temperature T" and of the electric field F, for high fields F > 10° V /cm.
The factors 2/3 and C' are empirical constants. The expression shows the dependencies
1 o< exp(v/F) and g1 oc exp(—T~2), which are observed in experiments.

Note that also in disordered organic solids, the mobility values of charge carriers can be high
on the microscopic scale due to high hopping rates. In organic devices such as field-effect
transistors, however, the macroscopic carrier mobility is crucial. This mobility on a macroscopic
scale can be strongly reduced compared to the intrinsic microscopic mobility due to trap states,
which is discussed in the following section.
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2.2.4. Multiple Trap-and-Release Model

On a macroscopic scale, the mobility of charge carriers in organic films is reduced from the
microscopic mobility due to the interaction with trap states. Charge carriers moving across the
transport states of an organic semiconductor constantly get stuck in empty trap states. After
a certain time, however, the carrier can be released from the (shallow) trap due to thermal
activation and participates in transport again until it is retrapped. This mechanism is described
by the multiple trap-and-release (MTR) model. As only the fraction of carriers in conducting
states contributes to charge transport, an effective overall mobility has to take the ratio between
free and trapped carriers into account. Hence, this effective mobility pi.rs is deduced from the
microscopic (lattice) mobility 1o according to [37]

Te 7,771
erf = o (T) - =10 (T)- |1+ 2 2.24
pess = 0 (1) - —— = i (1) - [ 14 ] (224)

where 7. is the time a charge carrier spends in a conducting state until it is trapped (the carrier
lifetime) and 7, is the average time a charge carrier stays within a trap (the trap release time).
The ratio of these two time scales can be expressed as derived by Shockley and Read [38]

E,
Te _ _ 22
- N, eXp( kBT) (2.25)

with N, being the density of states in the respective carrier band, e.g. in the conduction band
for electron transport, and N; the density of trap states. F; denotes the energy difference
between the trap and the carrier band, i.e. the trap depth.

Inserting Equation (2.25)) into Equation (2.24]) yields the following Hoesterey-Letson formula
for multiple shallow trapping [32], 39]:

B N, E, )]‘1
pess = o (1) - |1+ 5 o0 (5 (2.26)

For low temperatures, the effective mobility p.rs varies exponentially as —1/7" and for the
limit of the temperature approaching zero, the mobility vanishes %il%ﬂeff = 0. For high
_>
temperatures and considering N; < N, the effective mobility approaches the microscopic
mobility Tlim tefr = o (T') and thus exhibits the same temperature dependence.
—00






3. Substrate-Directed Growth of
Pentacene Films

This chapter aims to describe the growth mode and crystalline structure of pentacene films
as a common model system for small-molecule organic semiconductors. While for pentacene
single crystals the crucial parameter of charge carrier mobility is inferior compared to competing
materials such as rubrene, the mobility of pentacene thin films exhibits outstanding values (on
the order of 2—3 cm?V ~!s~! [14]). Therefore, large scientific effort focuses on the investigation
of pentacene thin films, which are especially interesting for organic electronic applications and
are compatible with mass production techniques in contrast to single crystals.

3.1. Structure and Growth of Pentacene Films

Pentacene is mainly used as a prototype organic semiconductor in the present work. The pen-
tacene molecule belongs to the group of polyacenes as it consists of five linearly fused benzene
rings. Thin films of pentacene molecules can be prepared under very controlled conditions in
ultra-high vacuum using a technique called organic molecular beam deposition (OMBD). Here,
a purified powder of pentacene is heated up in vacuum until sublimation of the molecules starts.
In case the sublimed pentacene molecules encounter a relatively cool substrate, they condense
and form molecular films onto it. The resulting film morphology strongly varies for different
substrates [40, 41], as the arrangement is mediated by the weak van der Waals forces (forming
van der Waals crystals). In fact, the orientation of the molecules depends on the ratio of the
interaction of the molecules with the specific substrate and the molecule-molecule interaction.

One of the most relevant substrates for technical applications is SiO,. The initial growth mode
of pentacene on SiO;, and similar flat inert substrates is described by the theory of diffusion-
limited aggregation (DLA) [42, 43]. Within this model, the molecules that condense on the
substrate initially diffuse across the surface. Once they hit a critical number of molecules or
encounter an impurity on the surface, they get stuck and form a nucleation site. For pentacene,
a critical size of four molecules was determined to form a stable nucleus [44]. The nucleation
sites subsequently grow during film deposition by the aggregation of further diffusing molecules,
which results in a characteristic fractal shape of the sub-monolayer islands. The distance
between the initial nucleation sites, and thus also the size of the crystalline islands in the first
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monolayer, depends on the diffusion length of the molecules. This diffusion length is very
sensitive to imperfections and impurities of the substrate surface, but it also depends strongly
on the substrate temperature and the deposition rate, i.e. the rate of incoming molecules [44-
40). At a slightly later stage of the deposition process, pentacene molecules may land on top of
an existing molecular layer but face a similar situation. These molecules diffuse on top of the
existing layer until they meet the critical number of molecules or they encounter an edge of the
layer. At such an edge, a molecule faces an energy barrier called Schwoebel barrier [40]. If the
thermal energy is sufficient, the molecule can overcome this barrier and can thus hop down to
the lower molecular layer, where the molecule gets incorporated. This growth mode of closed
layers up to a critical thickness, followed by islands on top is called Stranski-Krastanov growth.

According to the pentacene growth described above, every molecular layer is a template for epi-
taxial growth of the subsequent layer on top. Therefore, a crystalline order (with an orientation
defined by the initial nucleation site) is maintained during growth in all three dimensions. The
emerging crystalline grains of varying orientation to each other form a polycrystalline thin film
of pentacene. As a result of this growth mode, the crystalline grains exhibit a dendritic pyramid-
like shape, which can be observed in an AFM micrograph image, shown in Figure [1.2l The
characteristic texture of terraces in the pentacene film corresponds to steps of single molecular
layers with a height of 15.4 A as discussed below.

For our studies, we optimized the growth of pentacene films to obtain large crystalline grains
with several micrometers in diameter. This allows us to investigate the pentacene films and to
resolve individual grains with our diffraction-limited laser scanning setup (cf. Section . The
dependence of the pentacene grain size on various deposition parameters has been extensively
studied, e.g. the dependence on the substrate temperature [41] 145, 47-49], the deposition
rate [46), [47], the substrate roughness [45, 48], and the kind of substrate [40} [48]. This effort is
mainly motivated by the quest to maximize the size of the crystalline grains, as films with larger
grains, i.e. with increased homogeneity, are expected to feature improved charge transport
properties. However, the dependence of the charge carrier mobility on the pentacene grain
size is indeed reported contradictorily in literature [46, 47, 50-52]. A possible explanation is
based on the formation of different pentacene crystal structures within the thin film, which was
investigated in the scope of this work (cf. Section [4.2)).

Pentacene molecules crystallize in at least four different polymorphic structures that can be
distinguished by the z-spacing d(go1) of the layer periodicity perpendicular to the substrate:
14.1A, 14.4A, 15.0A, and 15.4A [49]. All these four polymorphs can be obtained as thin
films by the right choice of growth parameters. The crystal structure with d(1) = 14.1A,
however, also appears in pentacene single crystals and is thus the energetically most favored
one. This 14.1 A single crystal phase is also denoted "Holmes phase" as it was first determined
by Holmes et al. [53]. The 14.4 A pentacene phase was first analyzed by Campbell et al. [54] 55]
and is accordingly referred to as "Campbell phase". Since this polymorph mainly develops on
inert substrates like SiO, in case of higher film thicknesses (> 50nm) [49], it is also called
"pentacene bulk phase". The two polymorphs with d 1) of 15.0 A and 15.4 A are considered to
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be induced by appropriate substrates, e.g. by polyimide and by SiO, substrates, respectively [49].
Consequently, these two polymorphs are metastable and only appear for thin pentacene films
in proximity of their substrate. In case of a higher film thickness, a transition into the 14.1 A
or 14.4 A phase is observed [49]. Besides, the phase transition from the 15.4 A to the 14.4 A
polymorph can also be induced via elevated substrate temperature or solvent treatment, as
discussed in Chapter . The substrate-induced 15.4 A polymorph is denoted "pentacene thin-
film phase". This thin-film phase is most relevant for organic electronic applications as it
develops at room temperature on technologically relevant substrates like SiO, and also exhibits
convenient mobility properties [56]. The 15.4 A thin-film phase is thus further discussed in the
following.

The exact structure analysis of the 15.4 A pentacene thin-film phase was realized by Schiefer
et al. [57]. The unit cell is triclinic, i.e. all three side lengths of the unit cell are unequal just as
the three angles between the basis vectors are unequal and differ from 90°. This triclinic unit
cell comprises two molecules in the so-called "herringbone configuration". The angle between
the molecular planes, called herringbone angle, varies for different substrates [57], e.g. 54.3°
on SiO, and 59.4° on a substrate of COC also used in this work. The two molecules are thus
translationally invariant, which gives rise to the Davydov splitting of electronic states explained
in Section [2.1.2 and experimentally observed in Section [6.2l The two pentacene molecules
within the unit cell are oriented almost upright on the substrate with an angle between their
long molecular axis and the surface normal of 5.6° and 6.0° [57]. This upright orientation results
in the observed z-spacing of 15.4 A for the thin-film phase, comparable to the length of the
pentacene molecule, which can be verified in AFM measurements (cf. Chapter [4)).

Within the crystal structure of pentacene, the (001) surface plane exhibits the lowest surface
energy [58]. For inert substrates, whose interaction with the molecules is small compared to
the molecule-molecule interaction, pentacene films form with their (001) plane parallel to the
substrate surface as mentioned above. On metallic surfaces, however, the pentacene molecules
exhibit a strong interaction with the substrate, leading to a parallel orientation along the sur-
face [41]. Accordingly, the growth mode on metallic substrates differs strongly from the one
described above [59]. A monolayer of flat lying molecules is developed first. Further incoming
molecules pile up on top of this wetting layer with their long axis along the surface and thus
form small grains of "lying down phase". This rather uncontrolled film growth is mediated by
dewetting and island formation [60, [6I] and results in a rugged and inhomogeneous film of
separated, highly-stacked grains.

The contact structures of organic thin-film transistors (OTFTs) are typically manufactured from
a metal layer, such as thermally evaporated polycrystalline gold (see Appendix . Depending
on the OTFT device layout, the growth mode of pentacene on the metal contacts has to be
considered, as it strongly differs from the thin-film phase on SiO, dielectric inside the transistor
channel. For bottom-contact OTFTs, in fact, the pentacene thin film within the channel is
already disturbed in the vicinity of a gold contact, which results in a reduced grain size [62].
Owing to the different surface energies, pentacene molecules are observed to propagate from the
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SiO; surface onto gold contacts leaving a gap next to the contact behind [63], which causes an
increased contact resistance. In order to prevent such dewetting effects, the contact structures
can be coated by a self-assembled monolayer (SAM) to passivate the contact and to reduce its
surface energy. Thereby, the growth mode of the pentacene film can be adjusted by the SAM
to resemble the one on inert surfaces [59, 64]. In addition, such a self-assembled monolayer of
specific molecules can also be utilized to tailor the growth mode of the pentacene film inside
the transistor channel, as presented in the following Section .

Pentacene, just as most organic semiconductors, shows a strong anisotropy in many of its
material properties. This anisotropic behavior originates from two levels: the asymmetric rod-
like shape of the pentacene molecule on the one hand and the triclinic crystal structure of
pentacene (which represents the least symmetric Bravais lattice) on the other hand. These
two origins of asymmetry in pentacene already suggest a varying magnitude of its physical
properties along different spatial directions. The charge carrier mobility, for example, depends
on the direction of the current and is thus a tensor quantity. Its anisotropy, i.e. the ratio of
the maximum to the minimum mobility, in small-molecule organic semiconductors is relatively
small, e.g. the ratio is about 5 for holes in naphthalene [10] p. 266. For pentacene, the mobility
tensor of its thin-film phase is more anisotropic than the mobility of the other polymorphs,
which was shown in a theoretical study [56]. This higher anisotropy with increased in-plane
mobility emphasizes the thin-film phase to be the pentacene polymorph of choice for OTFT
application.

In the course of this work, the anisotropy of several pentacene properties plays an important
role and is investigated, such as the thermal expansion, the optical absorption, the Raman
scattering, the Davydov splitting of electronic states, and the charge carrier transport. In the
following Section [3.2] the anisotropy of the Raman signal is analyzed to investigate the growth
mode of pentacene films on different substrates.
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3.2. Surface-Directed Assembly of Pentacene on SAMs

The work described in this section has been submitted for publication [6]. The full text of the
submitted manuscript including the experimental data and the resulting conclusions is attached

in Appendix|[A.4,

Within a research cooperation with Anna Cattani-Scholz and co-workers (Walter Schottky Insti-
tute, TU Munich), we utilized self-assembled monolayers of organophosphonic acids (SAMPs)
to functionalize SiO, dielectric surfaces and studied their influence on pentacene growth and
charge transport in pentacene based OTFTs. Organophosphonate monolayers had successfully
been used to enhance the crucial interface between the organic semiconductor and the gate
dielectric in OTFTs due to their excellent interfacial passivation properties and high stabil-
ity [65, [66]. For our study, we chose the aromatic organophosphonate molecule 9,10-diphenyl-
2,6-diphosphonoanthracene (PPA) depicted in the upper inset of Figure to form SAMPs
on the SiO; substrates. SAMPs with a similar anthracene structural motif have already shown
to improve OTFT performance [65], whereas the PPA molecule selected by us features an
additional phosphonic acid group at its distal end. This additional phosphonic acid group en-
ables the preparation of three-dimensional, well-organized multilayers by means of coordination
chemistry [67] and might thus allow for more complex dielectric functionalization in the future.

The deposition of PPA on SiO, substrate was realized by the T-BAG technique [68], resulting
in the formation of uniform, closed packed monolayers (the SAMPs) that are strongly bound to
the substrate. This result is confirmed by AFM and X-ray photoelectron spectroscopy (XPS)
characterization. A sketch of the fabricated SAMP on SiO, substrate is shown in the lower inset
of Figure[3.1] A comparison of the molecular footprint, i.e. the projection of the molecules on the
substrate, measured by quartz crystal microgravimetry [69] with the calculated footprint [70]
showed the compactness of this kind of SAMP. As the phenyl side groups of the molecules
overlap with each other (see inset Figure , the side groups conveniently control the spacing
and orientation of the molecules in the dense SAMP film [65].

In order to investigate the impact of the SAMP functionalization on charge transport within
a pentacene layer on top, we prepared pentacene thin-film transistors (TFTs) from inferior,
commercial SiO, substrates. In this study, six TFTs were fabricated with pentacene deposited
on the SAMP-covered SiO, substrate and six TFTs with pentacene deposited directly on the
bare SiO, substrate for comparison. All TFTs were produced in top-contact geometry. The
corresponding process steps such as cleaning, deposition of the pentacene film, and deposition
of the contact structures were done simultaneously for all samples in order to ensure com-
parability. The detailed procedure of the sample preparation is described in Manuscript M1
(cf. Appendix . As the electrical characterization led to very reproducible results for each
type of device, representative characteristics for one TFT based on bare SiO, and one TFT
based on SAMP/SiO, substrate are presented in Figure [3.1]
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Figure 3.1.: SAM of organophosphonic acids improves pentacene TFTs. Transistor character-

istics for devices based on (a) (b) pentacene grown on bare SiO» substrate and (c) (d) pentacene

grown on SAMP-covered SiO,. The upper inset depicts the organophosphonate molecule used in this
study and the lower inset its arrangement on the SiO; substrate with pentacene molecules on top.

All pentacene TFTs prepared on bare SiO, exhibit very poor transistor characteristics, as ex-
pected by virtue of the inferior SiO, substrate. In particular, the transistor current Isp be-
tween the source and drain contact is only weakly influenced by the applied gate voltage V5.
Hence, Isp cannot be properly suppressed even for a gate voltage up to 75V, as shown in
Figure (a,b). A persistent accumulation of positive charge carriers (holes) within the pen-
tacene film is presumably induced by localized negative charges inside deep trap states at the
pentacene-SiO, interface. Such trap states arise at open surfaces, for example, from dangling
bonds or OH groups that attach to the SiO, surface. Due to these trapped charges, the elec-
tric field associated with an applied gate voltage is screened. This screening by neg. interface
charges may result in such a high threshold voltage of several tens of volts, which is often
observed for devices prepared on untreated SiO».
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The transistor characteristics drastically change upon functionalization of the SiO, surface with
the SAMP, as shown in Figure (c,d). The threshold voltage of the SAMP-treated TFT
is shifted towards zero gate voltage and is even slightly negative, which is in agreement with
the study by Liao et al. [65]. The current Isp through the device is nearly zero for Vgg = 0.
In addition, Isp can be well controlled by the gate voltage Vs and exhibits a defined on-off
behavior. Obviously, the molecular dense SAMP film on top of the SiO, dielectric passivates
the SiO; surface, removes its OH groups, and thus prevents the formation of deep charge traps
at the pentacene-SiO, interface.

At the same time, however, the transfer curves of the SAMP-treated TFT exhibit a pronounced
hysteresis between off-on and on-off sweeps (marked with arrows in Figure [3.1](d)). This hys-
teresis indicates an increased density of shallow trap states at the pentacene-dielectric interface
associated with the SAMP formation. According to the trap-and-release model discussed in Sec-
tion , the density of shallow trap states /V;, which can be thermally cleared, also determines
the effective charge carrier mobility in organic semiconductors. Therefore, the increased hystere-
sis due to shallow traps is in line with a reduced charge carrier mobility of 1.7-107% cm?V 15!
determined for the SAMP-treated TFT, compared to 3- 1072 cm*V~1s™! for the TFT prepared
on untreated SiO,. The origin of the additional shallow traps has to be related with the SAMP
coverage. The respective PPA molecules are consciously chosen to be based on an anthracene
structural motif, which exhibits a band gap larger than that of pentacene itself [10]. Thus, the
anthracene core does not create inherent trap states. In contrast to previous work [65], however,
the molecule we used is terminated with an additional phosphonic acid group. This hydrophilic
group can form strong bonds with pentacene molecules on top and thereby presumably creates
trap states in the semiconductor band gap, which are observed in the transistor characteristics.

The morphology of the pentacene films on the bare SiO, substrates and on the SAMP-treated
SiO, was investigated by AFM measurements shown in Figure [3.2] Pentacene deposited on
bare SiO, develops large grains with a diameter exceeding 1pum, which show a terrace-like
texture due to the pentacene molecular layers. In contrast, pentacene deposited on the SAMP-
functionalized SiO, yields considerably smaller grains with a diameter of about 200 nm, which
appear to be tightly packed. According to the model of diffusion-limited aggregation described
above, the untreated SiO; substrate apparently exhibits a low density of nucleation sites for the
pentacene molecules. Hence, the incoming molecules diffuse over a large distance until they are
incorporated into a growth seed. The SAMP surface instead appears to provide a high density
of nucleation sites, where growth seeds are formed at shorter distances. The polymorphic
structure on both types of substrates corresponds to the pentacene thin-film phase with higher
crystallinity on bare SiO,, as confirmed by X-ray reflectometry (see Supplementary Information
of Manuscript M1).

In order to analyze the growth behavior of pentacene in more detail, a thorough Raman study was
conducted on the films. Figure (a) shows a representative plot of angle-dependent polarized
Raman measurements of pentacene deposited on the SAMP-functionalized SiO,. Here, the
short-axis C-C aromatic stretching mode of pentacene at 1374 cm™ was analyzed, as this mode
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Figure 3.2.: Pentacene growth on SiO; and SAMP substrate. AFM amplitude images of a 80 nm
thick pentacene film simultaneously deposited (a) on bare SiO, substrate and (b) on SAMP-covered
SiO5. Scale bar, 1pm.

can be used to probe the molecular orientation of pentacene molecules [71]. A linearly polarized
Kr laser with a wavelength of 676.4 nm was used to illuminated the pentacene film with a focus
of 840 nm in diameter. While the polarization of the excitation was varied in steps of 20°, two
components of the scattered light were collected with perpendicular polarization; horizontal (H)
and vertical (V) with respect to the optical table plane. The detected Raman intensity for both
components H and V varies strongly depending on the polarization of the incident light and
thus exhibits a strong anisotropy with a value & = (Inaz — Imin) /Imax of up to 0.8. The
relative orientation between the two intensity maxima of the H and the V component (dashed
lines in Figure (a)) corresponds to an angle of nearly 90°, which indicates a high symmetry
of the pentacene structure (see Supplementary Information of Manuscript M1).

The observed strong anisotropy indicates that a large proportion of the pentacene molecules
within the probed focus are aligned in the same direction. This observation is surprising,
considering that the diameter of the laser focus is about four times larger than the diameter of
the pentacene crystalline grains. Thus, about 16 pentacene grains within the focus are probed
and averaged in the measurement, whereby a random orientation of the crystalline grains would
result in vanishing anisotropy. Consequently, the detected high anisotropy of the Raman signal
implies that the pentacene grains within the probed focus are aligned in a predominant direction.
The pentacene film grown on top of the SAMP-functionalized substrate accordingly develops
crystalline pentacene grains of similar orientation with respect to their neighboring grains.
The emerging, so-called "low-angle grain boundaries" imply enhanced interconnectivity of the
pentacene domains grown on the SAMP. This relative in-plane orientation of the molecules in
adjacent grains is indeed of great importance for the performance of transistor devices [72].
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Figure 3.3.: Pentacene growth directed by SAMP substrate. (a) Horizontal (H) and vertical (V)
component of the polarized Raman scattering signal at 1374cm™ measured on a pentacene film
on SAMP substrate. The dashed lines are sine fits to the data. (b) Polarized Raman spectra of
pentacene film on SAMP collected in parallel (circles) and crossed (squares) configuration (see text).
The Lorentzian shaped contributions of individual oscillators are depicted below for parallel (solid

lines) and crossed (dashed lines) configuration. Measurements and analysis performed by S. Yazji and
l. Zardo [6].

Additional information about the molecular interaction related to charge transfer can be de-
duced from Raman spectra. Figure[3.3|(b) displays two Raman spectra of pentacene on SAMP
recorded with excitation and detection polarization in a parallel configuration (PC) and in
crossed configuration (CC). In contrast to pentacene on bare SiO, (see Figure 3 in Manuscript
M1), pentacene deposited on the SAMP-treated SiO, shows a splitting of the in-plane C-H
bending mode at 1158 cm™, marked with arrows in Figure [3.3|(b). This effect corresponds to
Davydov splitting owing to the interaction between the two translationally invariant molecules
in the unit cell, as introduced in Section 2.1.2] An increased Davydov splitting Aw is an in-
dicator of stronger intermolecular vibrational coupling between the pentacene molecules. As a
measure, the vibrational coupling energy w; = /2wy - Aw can be determined, where wq denotes
the frequency of the mode at the higher frequency [73]. The observed Davydov splitting of
pentacene on SAMP Aw = (2.9 £0.1) cm™ corresponds to a vibrational coupling energy of
w; = (10.1 £0.2) meV. The increased intermolecular coupling for pentacene on SAMP, ob-
served via splitting of the Raman signature, implies a higher transfer integral and thus a faster
electron transfer rate between the molecules according to Marcus theory (cf. Section [2.2.2)).
Indeed, a strong relation between the detected Davydov splitting and the measured field-effect
mobility in pentacene TFTs has been observed [74].

A second parameter, the reorganization energy A, which determines the electron transfer rate as
described in Section [2.2.2] can be evaluated from Raman spectra. The reorganization energy A
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decreases with increasing degree of intermolecular order and is thus related to the full width at
half maximum (FWHM) of the vibrational Raman modes. It turns out that the in-plane C-C
stretching modes between 1310 cm™ and 1380 cm™ account for 70 % of the total A for pentacene
molecules [73]. For pentacene deposited on the SAMP-treated SiO;, the observed FWHM of the
mode at 1351cm™ is reduced to (13.2 4+ 1.1) cm™ compared with (18.7 4 2.6) cm™ on bare
SiO;. The lower FWHM indicates a higher intermolecular order within the pentacene film on
the SAMP and thus a lower \. As the reorganization energy A tends to localize charge carriers, a
reduced A promotes charge transfer within pentacene deposited on the SAMP substrate, which
is in line with the increased molecular coupling energy w; deduced from the Davydov splitting.

In conclusion, a functionalization with an organophosphonate SAM was successfully utilized to
enhance the transfer characteristics of pentacene TFTs based on an inferior, commercial SiO,
substrate. The fabricated dense SAMP films remove deep charge traps such as OH groups from
the SiO,-pentacene interface and thus serve as a convenient dielectric passivation layer. Owing
to the overlapping chemical side groups of the PPA molecules, the intermolecular distance and
orientation is well controlled to form a highly-ordered SAMP film, which acts as a template and
induces pentacene nucleation with predominant direction. Consequently, adjacent pentacene
crystallites grown on the SAMP surface are aligned in the same direction as confirmed by
the anisotropy of the Raman intensity. The resulting low-angle grain boundaries increase the
interconnectivity of the pentacene domains and are thus expected to enhance charge transport.
Additional Raman analysis reveals an increased intermolecular coupling energy and a decreased
reorganization energy for pentacene deposited on the SAMP, which should both lead to an
enhanced charge transfer between the molecules. Even though the microscopic charge carrier
mobility is thus expected to be higher for pentacene on the SAMP-treated SiO, compared to
untreated SiO,, the measured effective (macroscopic) mobility is in fact reduced. This reduced
effective mobility is presumably due to a high density of shallow trap states induced by the polar
phosphonic acid group at the distal end of the PAA molecules. This chemical group, however,
was intentionally added to the molecules in order to enable the formation of three-dimensional,
organized multilayers that allow for a more complex functionalization of dielectrics.

In future experiments, such a multilayer functionalization should be finalized with modified
molecules in the topmost layer that do not possess the phosphonic acid group at their distal
end. Through this, all beneficial aspects of the dense and highly-ordered SAMP film as an
epitaxial template for pentacene growth are maintained including the potential of multilayer
preparation, but the formation of trap states can presumably be inhibited.



4. Sub-Micron Phase Coexistence in
Pentacene Films

In organic electronics, controlling the degree of crystallization and domain size is a major
challenge to optimize molecular films for charge transport. For instance, R. Friend et al. recently
demonstrated that crystallinity is a crucial factor to separate charges via delocalization at organic
interfaces [75] and thus to enhance the efficiency of photovoltaic devices. An experimental
technique to address the arrangement of crystalline phases in organic material at the intrinsic
nanoscale is therefore highly desirable.

Infrared (IR) spectroscopy is a sensitive tool not only for chemical fingerprint recognition by IR
spectra but, as it turns out, also for recognition of crystalline phases. The sharp IR resonances
of highly-ordered molecular systems indeed slightly shift with the packing of the molecules and
are thus sensitive to the crystalline structure. The appropriate mid-infrared illumination with
wavelengths of about 10 um, however, determines a diffraction-limited resolution of several
micrometers, which has to be overcome to study the nanoscale crystallinity. Traditionally, light
is controlled and focused by manipulating the free propagating radiation with elements such
as lenses, mirrors, and diffractive gratings. In contrast, optical antennas allow for controlling
light on the sub-wavelength scale. In fact, an innovative imaging technique based on a tiny
gold particle as optical antenna to locally probe a biological sample was already proposed by
Edward H. Synge in a letter to Albert Einstein in April 1928 and subsequently published [76].
Generally, such an optical antenna is utilized to efficiently convert the energy of free propagating
radiation into localized energy and vice versa. This principle is also exploited for diffraction-
unlimited imaging in a technique called scattering-type scanning near-field optical microscopy
(s-SNOM), which uses the metalized tip of an AFM as an optical antenna. In the presence
of the probing tip, the enhanced resolution originates from the conversion of non-propagating
field components (with an imaginary-valued wave vector E) confined on the sample surface
into propagating radiation that can subsequently be detected [77]. Intriguingly, the achievable
spatial resolution is independent of the wavelength A and only determined by the apex diameter
of the probing tip. Via an interferometric detection, the s-SNOM technique allows for recording
local IR absorption spectra of the sample with nanoscale resolution, typically about 20 nm.

In this work, we show that IR s-SNOM is suited to image the nucleation and distribution
of crystalline phases in thin films for organic electronics. Different polymorphs of the same
chemical material can thus be identified. For the case of our model system pentacene, a
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surprising coexistence of two crystalline phases is revealed with potential impact on charge
transport within the film. The technique of scattering-type SNOM and the experimental setup
used for IR spectroscopic nanoscopy are introduced in this chapter and exemplary measurements
on pentacene thin films are presented. A detailed description of the experimental data on
pentacene thin films and the resulting conclusions are presented in Publication P2 [3] attached

in Appendix [A.2]

4.1. Infrared-spectroscopic near-field nanoscopy

The principle of the near-field interaction between the metalized probing tip and the sample
utilized in scattering SNOM can be illustrated by a simple point-dipole model that qualitatively
explains most of the experimental observations. While the absolute scattering efficiency (which
determines the detected signal intensity) mainly depends on the geometry of the tip's shaft,
the important relative scattering (which causes a contrast when probing different materials)
is described in the following by a simplified model of the tip's apex, according to Keilmann
et al. [78] [79]. In this model, the probing tip is approximated by a homogeneous, polarizable
sphere within the apex of the tip, as sketched in Figure 4.1} For a radius a much smaller than
the wavelength of the incident light a < A, the polarizability « of the sphere with a dielectric
value ¢; corresponds to:

a =4ma (4.1)

&t + 2
Optical currents can be induced within the probing tip much stronger in parallel orientation to
the shaft than perpendicular to it. Hence, such a polarization of the incident light in z-direction,
i.e. parallel to the surface normal of the sample, is considered in the following (p-polarized light).
In the near-field regime, for distances z < \ from the sample’s surface, the retardation of phase
and energy propagation is neglected and the near-field interaction between tip and sample can
be described in the quasi-electrostatic approximation.

As illustrated in Figure [4.1] the polarized sphere, which in the following is considered as a point
dipole in the tip, induces a mirror point dipole within the sample. The induced mirror dipole p’
is oriented parallel to the tip dipole p and exhibits a dipole moment

p/ = Bp = ﬁa Eloca (42)
where Ej,. is the local electric field at the tip dipole and

€s— 1
_ 4.3
p es+ 1 (4.3)
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Figure 4.1.: Model of the near-field interaction in s-SNOM. In a quasi-electrostatic model, the
probing tip of the s-SNOM can be described as a point dipole with a polarizability determined by
a small sphere with complex dielectric value e; of the tip material. Near-field interaction induces a
mirror point dipole in the sample depending on its complex dielectric value €5 and the distance z to
the tip. This model allows for prediction how the near-field contrast of s-SNOM depends on (and thus
measures) the dielectric value ¢4 of the sample.

is the dielectric surface response function of the sample with a dielectric value £,. Since the
mirror dipole itself interacts with the inducing tip dipole, the local electric field at the tip
corresponds to a superposition of the incident light E; and the field of the mirror dipole E':

/

P
Eo,=E+FE =E; 4.4
: * - 2723 (4.4)

In order to describe the response of the coupled dipoles to the incident light, a combined effective
polarizability a.sy is assigned to the system of the tip and mirror dipole. The addition of the
two dipole moments p and p’ yields the effective polarizability of the tip-sample system [80]:

a(l+p8) (4.5)
1— 28 '
167 (a+z)>

Qeff =

The scattered field F is related to the incident field £; by the complex scattering coefficient [79]
81]
oc=s5¢%=FE,/E;. (4.6)

In the quasi-electrostatic approximation, o is proportional to the polarizability o and the scat-
tered field from the coupled dipole system of tip and sample can thus be expressed by

Es=0FE;=se¥ E; x apy Fi, (4.7)
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where s is the relative scattering amplitude and ¢ is the phase shift between the incident and
the scattered light. Both values s and ¢ can be determined in our s-SNOM measurements
owing to the interferometric detection described in Section [4.1.1]

As evident from Equation (4.7]), within the assumptions of this point-dipole model, the scattered
light £ is directly proportional to the effective polarizability c.¢s. The expression of a. s in
Equation is therefore successfully used to describe the relative intensities observed in s-
SNOM experiments. In a refined model, the additional illumination and backscattering of the
tip via far-field reflection at the sample surface are also taken into account, which yields a
slightly modified expression [82]
o
E,=(1+r,)’ p— (4.8)

167 (a+2)>

where 7, denotes the Fresnel reflection coefficient for p-polarized light, which is defined in

Section 6.2, Equation ((6.4)).

According to Equation , the fluctuating quantity during the s-SNOM measurement, which
determines the effective polarizability and thus the observed scattered light, is the complex
dielectric value ¢, of the sample, which enters in the parameter 5. Consequently, the s-SNOM
technique essentially probes the local dielectric function of the sample evaluated at the wave-
length of the utilized light source. This important material property deduced from the near-field
interaction can be used, for instance, to identify the material according to its known (far-field)
optical and IR dielectric spectra [79] B1].

Another valuable insight that can be derived from Equation (4.5 is the z-distance dependence
of the scattered light. The scattering amplitude s and the scattering phase ¢ both increase
strongly for short distances z < a, which emphasizes the near-field character of the interaction.
The characteristic decay length in z-direction is comparable to the lateral extension of the
near-field within the tip-sample gap. Both dimensions are defined by the apex radius a, which
results in a very small probing volume. The strong nonlinear increase of the scattering signal
that occurs in case the s-SNOM tip approaches the sample has further practical implications,
e.g. to suppress the background scattering, which is pointed out in the following section.

4.1.1. Monochromatic imaging mode

The experimental s-SNOM setup that we used for the near-field enhanced measurements cor-
responds to an asymmetric Michelson interferometer, as illustrated in Figure [4.2] In this setup,
the light in one of the beam paths is backscattered from an illuminated AFM tip that probes
the near-field interaction with the sample.
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Figure 4.2.: Configuration for ssSNOM and nano-FTIR measurements. The setup is operated
either with a coherent broadband mid-infrared source (for nano-FTIR spectroscopy) or a tunable sin-
gle line laser, e.g. a 13C1°0, laser (for s-SNOM imaging, not shown). Within a difference frequency
generator (DFG), two pulsed near-infrared laser beams (green and blue) with slightly different wave-
lengths are superimposed in a nonlinear crystal. In consequence, a mid-infrared continuum beam is
emitted, which is used to illuminated the metal tip of an AFM. The backscattered light from the tip is
analyzed with an asymmetric Michelson interferometer that involves a beamsplitter (BS), a reference
mirror (RM), and a detector. The interferometer is operated either as a Fourier transform spectrom-
eter (for nano-FTIR spectroscopy) or in pseudo-heterodyne mode (for s-SNOM imaging). Reprinted
with permission from [81]. Copyright 2012 American Chemical Society.

In the monochromatic imaging mode of the s-SNOM setup, a line-tunable mid-infrared 13C°0,
laser adjusted to a specific wavelength in the order of 11 pm is utilized for illumination. After
appropriate attenuation to 10 mW, the laser beam (1) is split into two beam paths (2) and
(3) by a ZnSe plate as beamsplitter (BS). The light in the reference arm (2) is reflected by a
reference mirror (RM), while the light in the sample arm (3) is backscattered from the AFM tip
with the sample underneath. The AFM cantilever with the probing tip has a metallic coating
of a platinum-iridium alloy and exhibits a resonance frequency of about 2 ~ 300kHz. The
mid-infrared light is focused on the tip by a parabolic mirror with an effective focal length
of 22mm and the scattered light is collected by the same mirror. While, in principle, other
scattering geometries are also possible, this backscattering configuration is beneficial since only
one focusing mirror has to be adjusted. The electric field of the scattered light E; (from the
sample arm) and the field of the reflected light £, (from the reference arm) are superimposed by
the beamsplitter and the intensity of their interference I o |E; + ETIQ is subsequently recorded
by a liquid nitrogen cooled HgCdTe infrared detector. An impression of our measurement setup
is provided by the overview shown in Figure and more detailed photographs in Figure [4.4]
Further information about the experimental setup of the s-SNOM measurements can be found
in Reference [83].
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Figure 4.3.: Experimental setup for s-SNOM and nano-FTIR measurements. The photograph
provides an overview of the applied experimental configuration including the light sources and the IR
s-SNOM module. The main components of the setup are labeled.

The AFM involved in the measurement is operated in tapping mode with its cantilevered tip
oscillating at frequency €2 with small amplitudes of 50 nm or less. Thus, the scattered light E; is
modulated by the tip oscillation, which is essential to suppress the large background scattering
inherent with the s-SNOM principle. In fact, a large proportion of the mid-infrared light focused
on the tip does not contribute to the near-field interaction at the apex but is scattered from the
tip’s shaft, the cantilever, or the sample. The field of this background scattering Ej, does not
contain information of the near-field interaction with the sample and thus has to be suppressed.
Fortunately, the background scattering only varies slightly with the distance between tip and
sample, on a length scale of the mid-infrared wavelength. The distance dependence of E; can
thus be assumed to be linear for small amplitudes of the cantilever oscillation. In contrast,
the near-field scattering E, s exhibits a strong nonlinear decrease for an increasing tip-sample
distance on the short length scale of the apex radius (see Section [4.1)). A demodulation of the
detected scattering signal at higher harmonics nf) of the cantilever oscillation €2 thus allows
the background contribution to be decreased. However, even though the individual Fourier
components oy, of the quasi-linear background scattering E} vanish for higher harmonics n,
E, still contributes somewhat to higher harmonics of the detected intensity I,,. As the intensity
is the square of the added electric field components I o |3, E;|*, lower (non-vanishing)
harmonic components of the background scattering are also multiplied with higher harmonics
of the near-field scattering. Consequently, the influence of the background contribution is not
negligible even for higher harmonic demodulation, which was termed "multiplicative background
interference" by N. Ocelic et al. [84].
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Figure 4.4.: Experimental details of the s-SNOM setup. (a) Coherent broadband mid-infrared
source (for nano-FTIR spectroscopy) consisting of two pulsed near-infrared laser beams (indicated by
green and blue lines) with slightly different wavelengths that are superimposed in a nonlinear GaSe
crystal in order to generate a mid-infrared continuum beam (red). (b) Zoom towards the asymmetric
Michelson interferometer that involves a beamsplitter, a reference arm with a motorized translation
stage, the sample arm with an illuminated AFM tip, and an IR detector.

In order to eliminate the background efficiently, the experimental setup includes a second mod-
ulation of the signal. The phase of the reference beam (2) is modulated by a vibration of the
reference mirror with a low frequency M of a few hundred Hz. A piezoelectric actuator drives
the sinusoidal oscillation of the mirror position within the reference arm. This interferometric
detection, with the scattered signal modulated by the tip oscillation €2 and the phase of the
reference signal modulated at a lower frequency M, is called "pseudo-heterodyne detection".
Here, each of the scattered signal harmonics with frequencies n{), n > 0 splits into sidebands
with frequencies f,,,, = nQ2 +mM, m # 0 [84]. At these sideband frequencies, the effect of
multiplicative background interference mentioned above does not occur and the signal can be
extracted with suppressed background scattering. Additionally, the pseudo-heterodyne detection
allows for determination of the scattering amplitude s and scattering phase ¢ of the obtained
background-suppressed near-field signal. The scattering amplitude and phase can be recovered
from the detected higher harmonic Fourier components o, of the scattering coefficient accord-
ing to s, = abs(c,,) and ,, = arg(o,,), respectively. Therefore, the monochromatic s-SNOM
measurement using pseudo-heterodyne detection yields a near-field scattering amplitude image
and a phase image of the scanned sample. These two images of the local optical (i.e. infrared)
properties complement the mechanical AFM topography, which is simultaneously recorded.
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4.1.2. Nano-FTIR spectroscopy mode

In the nano-FTIR mode of the setup, spectral analysis of the light backscattered by the tip is
carried out using the same configuration of the asymmetric Michelson interferometer described
above (see Figure . In contrast to the monochromatic imaging, however, a coherent broad-
band mid-infrared laser is used for illumination, as shown in Figure [4.4](a). This mid-infrared
continuum is generated by a difference-frequency source consisting of two pulsed near-infrared
laser beams that are superimposed on a GaSe crystal [85) [86]. The two laser beams are
emitted in < 100fs pulses from an Er-doped fiber laser with 88 MHz repetition rate. One
near-infrared beam has a single wavelength at 1.55 pm, while the other beam after passing a
nonlinear fiber exhibits a near-infrared continuum tunable between 0.9 pm - 2.2 pm wavelength.
A well-synchronized superposition of these two laser beams in the GaSe crystal yields a broad
mid-infrared continuum by difference-frequency generation. The power of the mid-infrared light
is up to 25 pW and the obtained spectral width of about 600 cm™ can be tuned within a range
of 700cm™ - 2100 cm™ by variation of the crystal orientation. The generated beam is subse-
quently collimated and passed through a low-pass scattering filter to eliminate the near-infrared
components before the beam enters the Michelson interferometer setup. As an example, a
typical spectrum of the mid-infrared broadband laser used for the nano-FTIR measurements on
pentacene is shown in Figure [4.5/(a).

The experimental configuration of the Michelson interferometer used in the nano-FTIR mode
is essentially similar to the monochromatic imaging mode. However, instead of the pseudo-
heterodyne detection with a vibrating mirror, the mirror in the reference arm (RM) undergoes
a linear translation during the nano-FTIR measurement. This linear translation of the reference
mirror is driven at constant speed by a piezo stage with a travelling range of 800 ym. The
effective displacement range of the reference beam is multiplied to about 2000 pm by a multiple
reflection configuration of the reference arm, as shown in Figure [4.4/(b) [85]. This extended
translation range provokes an enhanced spectral resolution of our measurements down to 2 cm™.
The light of the reference beam with the constantly shifting path difference, which corresponds
to a shifting phase relationship, is superimposed at the beamsplitter (BS) with the backscattered
light from the AFM tip. The intensity of these two beams’ interference is measured by the
detector and recorded as an interferogram.

An interferogram of the pristine incident broadband illumination was recorded using an ad-
ditional mirror in the sample arm. The light in the "sample" arm was thereby reflected by
the auxiliary mirror without being modified by the interaction with the tip and sample. The
resulting interferogram of the incident broadband light recorded by this symmetric Michelson
interferometer is shown in Figure [4.5)(b). In comparison, Figure [4.5/(c) shows an exemplary
interferogram recorded by the usual asymmetric configuration, where the light in the sample
arm is backscattered from the AFM tip. Here, the oscillating AFM tip was in close contact with
a sample of a pentacene thin film that could locally interact with the near-field of the tip, as
described in Section [4.1] In particular, according to its local dielectric properties, the pentacene
film partially absorbs the mid-infrared radiation at specific wavelengths due to the excitation of
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Figure 4.5.: Nano-FTIR spectra measured with an asymmetric Michelson interferometer.
(a) Spectrum of the incident light from a pulsed mid-infrared broadband laser. (b) Interferogram
using a mirror instead of a sample while scanning the position of the second mirror in the reference
path of the interferometer. (c) Interferogram measured on a 40 nm thick pentacene film on SiO>/Si
substrate. (d) Subsequent Fourier transformation results in a local nano-FTIR spectrum of pentacene
showing a peak at about 904 cm™, which corresponds to the pentacene thin-film phase.

molecular vibrations. Consequently, the near-field in the surrounding of the metal tip is modified
by the pentacene sample. The metal tip, acting as antenna, converts this modified near-field
into back-propagating far-field radiation, which thus carries information about the local infrared
properties of the pentacene film. In other words, the spectrum of the backscattered light is
modified due to a wavelength dependent near-field interaction with the pentacene sample.

The backscattered signal is modulated at frequency €2 owing to the oscillation of the AFM tip.
A demodulation of the detector signal at higher harmonics nf2, which suppresses background
scattering, is performed in real time by the measurement software and yields an interferogram
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such as the one shown in Figure [4.5/(c). In order to increase the spectral resolution, additional
data points with zero value can be added afterward to the interferogram on both ends of
the recorded data set by use of a Hann window function, which is called zero padding. The
travelling range of the reference mirror is thereby artificially extended and the spectral resolution
is enhanced.

As already mentioned in Section [4.1] the scattered field E; is in general related to the incident
field E; by the complex scattering coefficient:

o(w) = s(w) @ = B (w)/F;i(w) (4.9)

This scattering coefficient o(w) can be recovered via Fourier transformation of the recorded
interferogram as follows. The Fourier transformation initially yields the complex-valued near-
field spectra E,,f,, = 0,(w)R(w)E;(w) with demodulation order n [8I]. The spectral response
function R(w) of the experimental setup thereby accounts for the spectral properties of the
optical components, e.g. the mirrors, beamsplitter, detector, atmosphere absorption, etc. The
calculated near-field spectra E,,, are subsequently normalized by a reference spectrum E,..;,,.
This reference spectrum can be obtained, for example, on a clean gold substrate that should
be spectrally flat in the desired spectral range, i.e. o,cfn(w) = ¢ = const. Consequently, the
normalized near-field spectra directly yield the n-th order scattering coefficient o, (w) of the
tip-sample system [81]:

) Ei(w)
R(w) Ei(w)

E
= DRI B) 5 (o) (4.10)

From the obtained scattering coefficient o, (w) = s,(w) ™) the required spectra of the
scattering amplitude s,(w) = abs[o,(w)] and scattering phase ¢, (w) = argl[o,(w)] can be
calculated. In addition, the imaginary part of the scattering coefficient corresponds to the local
absorption a,, of the sample, which in turn can be obtained from the amplitude s,(w) and
phase ¢, (w) spectra:

an(w) = Im|o,(w)] = sp(w) - sinfp,(w)] (4.11)

These nano-FTIR absorption spectra a,,(w) of weak molecular oscillators, such as pentacene,
match well with conventional far-field FTIR spectra in terms of line position, spectral width, and
shape [81]. In summary, FTIR spectroscopy is performed with nanoscale spatial resolution (only
limited by the tip's radius of typically 20 nm) and the acquired nano-FTIR spectra of pentacene
thin films (see Figure [4.5(d)) can be directly correlated with existing far-field infrared spectra
from literature.
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4.2. Imaging crystalline phases within pentacene thin
films

The work described in this section has been published [3]. The full article (Publication P2)
including the experimental data and the resulting conclusions is attached in Appendix[A.2

Infrared (IR) spectroscopic near-field nanoscopy offered by the interferometric s-SNOM setup
described above allows us to image the arrangement of crystalline phases in small-molecule
organic semiconductors with 20 nm resolution. This is demonstrated here by the example of
pentacene. For pentacene thin films, we revealed a surprising recrystallization phenomenon
that proceeds during storage and is expected to obstruct charge transport within the organic
semiconducting film. This finding might thus resolve contradictory observations concerning the
dependence of the charge carrier mobility on the pentacene grain size [46, [47, 50-H52].

Pentacene is known to crystallize in different polymorphs, as described in Section [3.I] For
organic electronic applications, highly-ordered homogeneous films of pentacene thin-film phase
(TFP) are commonly desired and presumably achieved by proper choice of the molecular depo-
sition parameters. For the sake of structural homogeneity, the size of the crystalline pentacene
grains is typically increased by use of elevated substrate temperatures during deposition, ac-
cording to the theory of diffusion-limited aggregation (cf. Section . However, our study
discloses that such optimized pentacene films grown at elevated substrate temperature are in
fact subject to massive crystallization of bulk phase (BP) pentacene within the TFP matrix.

The analysis of a pentacene thin film via X-ray reflectometry right after its deposition, initially
indicated a small proportion of BP crystallization in addition to the dominant TFP (see Figure 1
of Publication P2). This limited occurrence of BP is expected for the 40 nm thick pentacene
film deposited on SiO,/Si at 65 °C substrate temperature [49] 50, 87], and the BP is assumed
to nucleate on top of the TFP. Intriguingly, the fraction of BP was enormously increased af-
ter storage of the sample at room temperature for 20 months suggesting a recrystallization
process within the pentacene film. We thus utilized the s-SNOM technique to investigate the
local crystallinity and the distribution of TFP and BP within the pentacene film via its infrared
signature. The pentacene molecule features a bending mode of its C-H bonds perpendicular to
the molecular plane that exhibits a strong resonance in the mid-infrared regime. This infrared
resonance slightly shifts in frequency for different molecular packing due to a change of inter-
molecular interaction and is thus sensitive to the crystalline structure of pentacene. Indeed,
the infrared resonance of TFP and BP pentacene can be distinguished in literature by different
spectral positions in far-field spectroscopy studies [88] [89]. We applied the nano-FTIR mode
of the s-SNOM to record local IR absorption spectra at different positions on the pentacene
sample with special emphasize on the spectral region of the characteristic C-H bending mode.
In fact, as shown in Figure (a), the obtained spectra point out a distinct shift of this sharp
IR resonance from 904 cm™ to 906 cm™ depending on the sample position. In agreement with
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Figure 4.6.: Nanoscale imaging of polymorphism in pentacene thin films. (a) Nano-FTIR spectra
show a frequency shift of the molecular vibrational resonance due to a change of the pentacene crystal
structure. (b) AFM topography showing a 40 nm thick pentacene film on SiO,/Si substrate after
storage at room temperature for 20 months. (c) Two s-SNOM amplitude images (left) recorded at
903.7 cm™!, close to the resonance of TFP, and (right) recorded at 907.1 cm™, close to the resonance of
BP pentacene. Both contrasts clearly demonstrate the coexistence of two phases within the pentacene
thin film. Scale bar, 1 pm. Adapted from [3].

far-field values in literature, this shift corresponds to a change of the polymorph from pentacene
TFP to BP, respectively.

Next, we chose a specific wavelength (907.1cm™) of a 13C!0, laser that is close to resonance
of the BP polymorph. Monochromatic imaging with this mid-IR illumination revealed a distinct
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signature of highly-elongated ellipsoids with bright contrast (see Figure [4.6](c) on the right).
According to the specific wavelength, these ellipsoids correspond to hidden inclusions of BP
pentacene within the thin film. A subsequent measurement with a wavelength of the laser close
to the TFP resonance (903.7 cm™) shows the same ellipsoidal pattern with inverse contrast
(see Figure [4.6](c) on the left), which corroborates the spectral origin of the observed signature
from different pentacene polymorphs. This recrystallization pattern in the pentacene film is
uncorrelated with its grain morphology, as evident from the AFM topography image recorded
simultaneously (see Figure [4.6|(b)). However, we observe that the pattern is rather well defined,
with elongated bulk phase domains nucleating in perpendicular orientation within the thin-film
phase matrix.

We argue that a thermal contraction mismatch is the trigger for this regular recrystallization
phenomenon. Pentacene thin films exhibit a rather large thermal expansion coefficient in the
order of oy, ~ 1074 K! [90, ©91], whereas the thermal expansion coefficient of the SiO,
substrate underneath is in the order of g0, ~ 107°K™! [92]. Therefore, after pentacene
deposition at elevated substrate temperature, the thermal contraction upon cooling down to
room temperature is way larger in the pentacene film compared to its substrate. The resulting
mechanical stress within the pentacene film is relaxed by a continuous conversion from TFP
to BP, as the unit cell of BP has a larger footprint along the substrate surface [55] [93].
This recrystallization of BP within the existing highly-ordered matrix of TFP continues during
shelf life of the samples and explains the features of the observed BP pattern. The upright
molecular orientation within the BP, which is indicated by a z-spacing of d(y1) = 14.4A in
X-ray diffraction, results from the previous upright orientation of the molecules in the 15.4 A
TFP (see Section . The reduction in height of the molecular layers by 1 A each, owing to a
molecular tilt upon conversion from TFP to BP, is indeed confirmed by our AFM topography
measurements (see Figure 4 (d) of Publication P2).

Moreover, the anisotropy of the highly-elongated ellipsoids in the BP pattern is expected due
to a negative thermal expansion coefficient in one direction of the pentacene crystal [90, O1].
The BP ellipsoids are thereby presumably oriented along the crystal axes of the TFP, which
causes the observed perpendicular orientation. A close inspection of s-SNOM images reveals an
additional alignment of neighboring ellipsoids along predominant directions (see Figure 2 (b) of
Publication P2). These occurring domains of aligned ellipsoids are larger than the pentacene
grains of the film. This alignment is explained by the growth mechanism of the initial TFP film
described in Section [3.1] An epitaxial growth of the pentacene grains on top of a well-ordered
closed layer underneath results in the formation of crystalline domains far beyond the size of
the grains. In other words, the orientation of the crystalline TFP structure (and hence also the
subsequent BP nucleation therein) proceeds across several pentacene grains, which was also
observed by polarized Raman scattering (cf. Section .

The disclosed ubiquitous BP inclusions within pentacene thin films grown at elevated substrate
temperature clearly dissect percolation pathways in the desired homogeneous TFP. The recrys-
tallization that we observed to continue during shelf life is thus expected to obstruct charge
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transport through the semiconducting thin film. This finding may explain, why the charge car-
rier mobility in pentacene films deposited at elevated substrate temperature ceases to increase,
in spite of an enhanced topographical homogeneity with large grains [46, 50]. As a result,
future organic electronic devices with optimized pentacene films should involve substrate mate-
rials with a thermal expansion comparable to pentacene, in order to avoid parasitic bulk-phase
nucleation.

Bulk phase nucleation in ultra-thin pentacene films

A monochromatic s-SNOM measurement of a very thin pentacene film with a nominal thick-
ness of 10 nm is shown in Figure [4.7] The pentacene film was deposited simultaneously with
the sample shown in Figure [4.6] i.e. with the same deposition parameters of 65°C substrate
temperature, a deposition rate of 0.2A /s, and on the same type of SiO,/Si substrate. For this
sample, however, the deposition process was stopped earlier by closing a shutter, which results
in a film thickness of about 6 molecular layers of pentacene on average. According to the
selected wavelength of mid-IR illumination (907.1cm™) close to resonance with BP pentacene,
the bright elliptical signature indicates the nucleation of BP, even within the few monolayer thin
pentacene film. So far, as suggested by its name, pentacene bulk phase was known to nucleate
typically at high film thickness, beyond a critical thickness (~ 50 nm) that depends on the tem-
perature [46], 49, [87, 94]. However, owing to the thermal-contraction-induced recrystallization
described above, we observe a surprising coexistence of TFP and BP at a layer thickness of a
few monolayers. Note that the bright IR signal between the pentacene grains originates from
the response of the SiO, substrate.
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Figure 4.7.: Bulk phase nucleation in a few monolayer pentacene thin film. (a) AFM topography
showing a few monolayer thick pentacene film on SiO,/Si substrate after storage at room temperature
for 17 months. (b) IR s-SNOM amplitude image at 907.1cm™ recorded simultaneously shows bulk
phase inclusions even in very thin films of pentacene. Scale bar, 0.5 pm.
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Figure 4.8.: Bulk phase nucleation within a pentacene film induced by aggregates on top.
(a) AFM topography and simultaneously recorded IR amplitude (b) and phase (c) image at 907.1cm™?
close to resonance with BP pentacene. The sample exhibits the heterogeneous morphology of an up
to 300 nm thick pentacene film. Interestingly, the IR amplitude and phase images reveal a broad rim
of bulk phase pentacene surrounding the elevated aggregates on top of the film. Scale bar, 2 pm.

Bulk phase nucleation induced by aggregates on top

The impact of an increased film thickness on the nucleation of BP pentacene is displayed in
Figure [4.8 Here, a pentacene film with a nominal average thickness of 120 nm was deposited
on SiO,/Si at a substrate temperature of 60°C. The AFM topography image (a) shows a
film morphology with flat dendritic pentacene grains of large size, as commonly seen for thin-
ner films. Additionally, large rugged aggregates of pentacene are observed on top of the film
with up to 300 nm in height (deduced from further AFM images with different z-scale). The
aggregates appear of white color within the image as their heights are out of range for the
chosen z-scale. X-ray reflectometry of the sample identified an additional signature that cor-
responds to pentacene BP with the long molecular axis oriented in horizontal direction (see
Publication P2, Supp. Info., Figure 1(a)), which can most likely be assigned to the observed
aggregates. Monochromatic s-SNOM imaging at 907.1cm™ (see Figure (b,c)) first of all
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reveals the ellipsoidal BP inclusions within the flat pentacene grains, as described above. How-
ever, additional BP nucleation is found in form of distinct broad rims in the surrounding of
the large pentacene aggregates. Thus, the aggregates on top of the pentacene film seem to
act as growth seeds for BP recrystallization and thereby influence the crystal structure of the
thin film underneath. Such additional aggregates on top at increased pentacene film thickness
have often been disregarded during the investigation of charge transport that takes place at the
lower interface. Our investigation via s-SNOM imaging, however, clearly shows a strong impact
of BP aggregates on top of a pentacene film on the crystallization within the entire thin film
underneath.

Monolayer sensitivity of IR s-SNOM on pentacene films

The s-SNOM image of a 10 nm thick pentacene film shown in Figure[4.9] demonstrates the high
spatial depth resolution of this infrared imaging technique by virtue of the near-field interaction.
On the left side of the scanned sample, the IR amplitude image (b) reveals localized BP
nucleation within finger-like structures of pentacene. On the right side, the AFM topography (a)
points out an area of monolayer flat pentacene. These single monolayers with a thickness of
1.5nm indeed provoke sufficient IR contrast to be observable in the IR amplitude image (b)
as well. This measurement can serve to evaluate the near-field depth resolution analog to the
alternative approach with lipid multilayers [95] and clearly demonstrates the impressive spatial
sensitivity of infrared s-SNOM.
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Figure 4.9.: Sensitivity of IR s-SNOM down to single monolayers of pentacene. (a) AFM
topography showing a 10 nm thick pentacene film on SiO,/Si substrate. (b) IR s-SNOM amplitude
image at 907.1cm™! recorded simultaneously shows bulk phase inclusions inside the finger-like struc-
tures on the left hand side. On the right hand side, the IR contrast due to single molecular layers of
pentacene can be observed. Scale bar, 2 ym.






5. Substrate-Mediated Phase Transition
in Pentacene Films

The fabrication of organic electronic devices often includes processing steps with high tem-
perature gradients such as thermal annealing. Moreover, lithography techniques or selective
dissolving of employed organic substances involve the use of solvents. The temperature gra-
dients potentially induce large stress-strain fields within the organic layers, which can lead to
unintentional and incomplete phase transitions, as demonstrated in Section [4.2] The treatment
with solvents is likewise known to induce a modification of film morphology or crystallinity,
either on purpose to enhance device performance [96, 97] or as a parasitic effect [98] that one
might not even be aware of. Since the partial transition between different crystalline phases
causes disorder and the formation of defects, its impact on charge transport via an increased
reorganization energy (cf. Marcus theory, Section and trap density (cf. trap-and-release
model, Section has to be taken into account to evaluate device performance.

In this chapter, we investigate the extent and the origin of the phase transition in our model
system pentacene, triggered after film deposition. First, a partial transition from thin-film
phase (TFP) to bulk phase (BP) upon thermal post-treatment is studied. Second, an ethanol
treatment is applied to induce and study the TFP-BP transition within the pentacene film. The
last section highlights the crucial role of the substrate, which determines whether a solvent-
induced phase transition is observed or not.

5.1. Temperature-induced phase transition

The influence of the fabrication process on the recrystallization from TFP to BP, which is
induced by thermal post-treatment, was investigated within the framework of a bachelor’s
thesis [99]. For this purpose, pentacene thin films were fabricated via organic molecular beam
deposition (OMBD) on plain SiO,/Si substrates under two different deposition conditions. One
batch of samples with pentacene films was deposited at a constant substrate temperature of
25°C (room temperature). The other batch was deposited at a constant substrate temperature
of 60 °C and subsequently cooled down to room temperature. After fabrication, the samples of
both batches were simultaneously heated up a number of times in an oven next to each other
under nitrogen atmosphere. During each heating cycle, the pentacene samples were heated up
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and kept for two hours at a certain temperature. This temperature was increased for each cycle,
starting from 85 °C up to 152 °C. The actual temperature of the samples’ substrate was thereby
evaluated by a temperature sensitive adhesive label with an accuracy of £3°C. A more detailed
description of the experimental procedure is presented in the bachelor’s thesis of A. B6hm [99].

To determine the occurrence of crystalline phases within the pentacene films, structural analysis
was performed by X-ray reflectometry measurements. The measurements were conducted with
an in-house reflectometer setup based on a molybdenum (Mo) X-ray source. The Mo K,-line
with a wavelength of 0.71 A was selected from the Mo X-ray spectrum by a multilayer mirror and
collimated by a slit system on the sample. The incident angle 6 of the X-ray beam relative to
the sample surface was continuously varied, while the reflected intensity in 8 — 26 geometry was
detected by a LaBrs scintillation counter. The scattering angle 26 determines the momentum
transfer ¢, of the detected photons perpendicular to the sample surface according to

q. = 4m /X sin(0). (5.1)

The detected X-ray intensity (in counts) was corrected for footprint effects, normalized, and
plotted as a function of the momentum transfer ¢., as shown in Figure 5.1l These X-ray
reflectometry measurements were conducted at room temperature right after deposition of the
pentacene samples and again after each heating cycle. Two series of Bragg reflection peaks
(00I) are observed by virtue of scattering at the equally spaced molecular layers of the pentacene
film. According to Bragg's law

nA = 2d sin(f), (5.2)

the distance of the Bragg peaks Ag. indicates the z-spacing of the pentacene molecular layers

d(001) = QW/AQZ, (5-3)

which is a fingerprint of the different pentacene phases (see Section[3.1)). Thus, the occurrence
of pentacene polymorphs, i.e. TFP with d(1) = 15.4 A and BP with dior) = 14.4 A, can be
distinguished by the extent of the respective peak series that are marked with dashed lines in

Figure 5.1]

The pentacene films fabricated at different substrate temperatures exhibit a distinct unequal
response to the thermal post-treatment, as indicated by the X-ray reflectometry data. On the
one hand, the sample with 60 nm pentacene deposited on the SiO,/Si substrate at 25 °C shows
the crystalline structure of TFP, as expected, and does not contain any BP contribution after
deposition (cf. Figure [5.1](a)). The subsequent heating cycles up to 130°C do not induce any
noticeable structural change, i.e. the sample still exhibits solely TFP. Only the two heating
cycles exceeding 130 °C cause a crystallization of BP to a small extent. Note that the X-ray
intensity is plotted at logarithmic scale. This behavior is in line with observations from Cheng
et al. who stated that thermal annealing at a temperature up to 393K (~ 120°C) for two



5.1 Temperature-induced phase transition 59

a 103 E T T T T T T T T T T T 3
SN Pentacene film deposited at ]
I ol 25°Csubstrate temperature o ]
104kE = —— untreated layer 2 i
— E I ——  2hat85°C = E
<° C (- —— +2hat96°C R :
—_ - I} © o A E
= [ '8 +2hat 107°C ‘ 1
> = I‘% —— +42hat119°C i\
» 107F | +2hat 130°C i 3
% E | +2hat 141°C I ]
= 3 | —— +2hat152°C [ \ ]
E 3 | {1 4
> 6| I 1\ ]
© 10 E I I 3
< F [ ! 1
L | | ]
- | | <
R [
107 ¢ | |
F I I
L 1y L
04 0.5 0.6 0.7 0.8 0.9
R-1
q,(A”)
b 1 03 E T T T T T T T T T T T E
E o Pentacene film deposited at P ]
L o ° o ]
L e - 60°C substrate temperature o ]
(=]
1 0—4 L = g — untreated layer = -
/-\o F [+4] — 2 hat 85°C E
= —— +2hat96°C E
= [ —— +2hat107°C ~ ]
2 . +2hat119°C S
»w 107°F +2hat 130°C a E
S : +2hat141°C ]
+— ° i
€ +2hat152°C i
> 0061 _
rlg 10 3 E
> s ]
107
i 1 |

Figure 5.1.: Recrystallization within thin-film pentacene depends on substrate temperature
during pentacene growth. Two sequences of X-ray diffraction measurements (a) of a 60 nm thick
pentacene layer on SiO,/Si substrate, deposited at 25 °C substrate temperature, and (b) of a 100 nm
thick pentacene layer on SiO,/Si substrate, deposited at 60 °C substrate temperature. The samples
were repetitively heated up next to each other in an oven to increasing values of temperature for
2 hours each step and subsequently cooled down to room temperature. The degree of recrystallization
was evaluated after every heating cycle by X-ray diffraction.
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hours does not trigger a clear structural modification of pentacene thin films (deposited on
SiO, at room temp.) [100]. Mattheus et al. likewise reported the structural change of the
TFP into the BP to occur beyond 393K [49]. On the other hand, interestingly, the sample
with 100 nm pentacene deposited at 60 °C substrate temperature appears to be thermally less
stable. In addition to the dominant TFP, some fraction of BP is already observed in the X-ray
measurement right after deposition (cf. Figure [5.1)(b)). While this initial ratio of TFP and BP
crystallization is not measurably affected by the first heating cycle at 85°C, a development of
additional BP (presumably at the expense of TFP) is already observed after the second cycle at
96 °C. This recrystallization from TFP to BP within the pentacene film fabricated at elevated
substrate temperature steadily continues for each further heating cycle up to 152 °C. Note that
resublimation of pentacene from the substrate sets in beyond 130 °C, which causes a slight
decrease of the X-ray intensity signal.

From these experiments it can be concluded that temperature induces an irreversible yet incom-
plete phase transition in pentacene thin films from the metastable 15.4 A TFP to the thermally
more stable 14.4 A BP. The extent of the recrystallization after film deposition and the critical
temperature to initiate this process are predetermined by the fabrication condition, in particular
by the substrate temperature during pentacene deposition. We hypothesize that a mismatch
between the large and anisotropic thermal expansion of the pentacene film [90, 91, [101] and
the negligible small thermal expansion of the amorphous SiO, substrate [92] is the origin of the
observed recrystallization (see Section . After pentacene deposition at elevated substrate
temperature, the thermal contraction mismatch upon cooling down to room temperature re-
sults in stress-strain fields within the sample. The mechanical stress is partially relaxed by an
incomplete conversion from the pentacene TFP into BP, which exhibits a larger unit cell area.
This conversion continues during shelf life of the sample [3] driven by the remaining mechanical
stress within the film. However, in case the sample is heated up again after fabrication, as car-
ried out in these experiments, the relaxation into the preferred BP is accelerated. Hence, firstly,
the extent of mechanical stress within the film is predetermined by the substrate temperature
during deposition. Secondly, the degree of stress relaxation can subsequently be adjusted by the
selected substrate temperature during post-treatment. The temperature during post-treatment
provides the molecules with sufficient thermal energy for a fast change of structural conforma-
tion. Consequently, for preset fabrication conditions, the fraction of induced pentacene BP in
the experiment mainly depends on the particular post-annealing temperature. In contrast, the
duration of the heating cycle seems to play only a minor role, as the main effect was observed
to occur within the first two hours (data shown in Reference [99]). This saturation behavior is
in accordance with the slow continuing recrystallization from TFP to BP at room temperature
within a time scale of months, which was described in Section [4.2]

In order to confirm the proposed stress-induced nature of the TFP-BP recrystallization, X-
ray reflectometry should be performed in situ during pentacene deposition on SiO, substrate
at elevated temperature and during the subsequent cooling down process. According to the
described mechanism, it is expected that the development of BP does not start until cooling of
the pentacene-SiO, system after deposition. Additionally, mechanical stress and thus a phase
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transition can be induced by bending of a flexible pentacene sample [102]. This method accords
with our observations and can be exploited for future investigations of the correlation between
stress and recrystallization in pentacene thin films.

5.2. Solvent-induced phase transition

Lithography techniques, as well as selective modification of organic film components, which are
often applied during multiple-step fabrication of organic electronics, involve solution processing
based on various solvents. However, solvent exposure is known to drastically influence the
crystalline structure of organic films and to degrade the performance of TFT devices [98].
Unfortunately, the mechanisms of these solvent-induced structural transformations of organic
thin films are still unclear [103]. To close this gap, we studied the solvent effect on the example
of pentacene thin films exposed to an ethanol atmosphere. For this purpose, pentacene films
with 60 nm thickness were deposited on SiO,/Si substrate at 25 °C (room temperature). After
fabrication, the pentacene samples were exposed for 30 min to an ethanol atmosphere. The
ethanol atmosphere was established inside a beaker glass filled with ethanol, which was placed
in a water bath at 65°C, well below the boiling point of ethanol at atmospheric pressure (see
Reference [99] for details). Note, the selected temperature of 65 °C is likewise well below the
critical temperature of thermally induced phase transitions in pentacene films, in particular for
films deposited at 25 °C substrate temperature (cf. Section .

We performed structural analysis of the pentacene film by X-ray reflectometry measurements.
Figure (a) compares the X-ray reflectivity data right after pentacene deposition with the
data obtained after 30 min exposure to the ethanol atmosphere. A series of strong Bragg peaks
in the reflectivity data of the pristine pentacene layer indicates the occurrence of pentacene TFP
right after deposition, as expected. Besides, no contribution from BP with standing molecular
orientation is observed within the pentacene thin film. An additional very small contribution
of "lying-down" BP in (110)-direction indicated by a tiny peak (marked with "BP 110") is
presumably formed on top of the pentacene film, as expected for a film thickness of 60 nm [49]
(cf. Section[3.1)). The AFM topography image (see left inset of Figure[5.2)(a)) indeed reveals a
few high needle-shaped aggregates on top of the flat pentacene grains. After exposure to ethanol
vapor, the reflectivity measurement exhibits a second series of Bragg peaks that corresponds
to pentacene BP, whereas the TFP peaks are strongly reduced. This significant change of
the Bragg reflection peaks indicates a strong recrystallization from TFP to BP induced by
the ethanol treatment. The conversion from TFP into BP is not complete, yet occurs to a
large extent, as indicated by the pronounced BP peaks of the X-ray intensity (at logarithmic
scale). The AFM topography corroborates a modification after ethanol exposure in terms of
a heterogeneous morphology with various large aggregates on top of the thin film (see right
inset).
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Figure 5.2.: Intensive recrystallization within thin-film pentacene due to exposure to ethanol.
(a) X-ray diffraction of a 60 nm thick pentacene layer on SiOy/Si substrate, acquired right after
fabrication (yellow curve, vertically offset) and after exposure to ethanol vapor for 30 min (red curve).
The ethanol exposure drastically decreases the Bragg peaks of TFP and increases the BP peaks, which
indicates a strong recrystallization from TFP to BP within the pentacene film. Inset: AFM image
of the pentacene film before and after ethanol treatment. (b) AFM topography and (c) s-SNOM
amplitude image at 907.1 cm™® recorded simultaneously after ethanol exposure. Scale bar, 2 ym.
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Using IR s-SNOM imaging, we confirmed the conversion from TFP to BP within the ethanol
treated sample. The IR amplitude image presented in Figure (c) clearly reveals the induced
BP within the pentacene thin film. For the s-SNOM measurement, we selected a mid-infrared
illumination at 907.1cm™, which is close to resonance with BP pentacene. Therefore, large
regions of high IR amplitude (yellow color) prove a massive nucleation of BP due to ethanol
treatment, whereas the regions of low IR amplitude (red color) correspond to the small remaining
fraction of TFP. This spatial proportion of TFP and BP pentacene corroborates the ratio
of Bragg peaks from TFP and BP, which we observed in X-ray reflectometry after ethanol
treatment (see Figure5.2(a), red curve).

Our observations are in line with reports from other groups that utilized highly polar or hydrogen-
bonded solvents (such as acetone, isopropanol, and others) and detected a transformation of
pentacene TFP into BP to various extent [49] 98, 103| [104]. In these reports, the pentacene
samples were either dipped into the solvents or the solvent was dropped onto the sample. Both
methods caused a loss of material as the pentacene molecules were washed out. We faced the
same loss of pentacene while dipping the samples into ethanol for initial experiments. Thus,
for further experiments, we applied the solvent vapor treatment mentioned above. In order to
describe the extent of a polymorphic transformation upon treatment with different solvents, a
quantitative criterion was developed by Cheng et al. [103]. The criterion is based on quantum
chemical calculations and compares the stabilization energy of pentacene dimers (i.e. of the
crystalline unit cell) in TFP and BP configuration on the one hand, with the interaction energy
between polarized pentacene and the respective solvent on the other hand. A large interaction
energy can force an almost complete polymorphic transformation from TFP to BP but also
increases the risk of washing out pentacene molecules, as observed for ethanol.

To further investigate the origin of the solvent-induced structural transformation in pentacene,
in-situ X-ray diffraction measurements were carried out by S. Fischer and S. Noever at the
Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The use of highly collimated
synchrotron radiation with high flux and coherence lengths allows for enhanced resolution in
reciprocal space. In addition, the utilized experimental setup enabled us to conduct X-ray
reflectometry in-situ during the ethanol exposure of the sample, since an ethanol atmosphere
could be established directly within the measuring chamber at 70 °C. The measurement was
carried out with a pentacene sample of the same batch as used before, i.e. a 60nm thick
pentacene film deposited on SiO,/Si substrate at a temperature of 25°C. Two measurements
are presented in Figure[5.3|(a), one with the sample exposed to ethanol vapor (red data points)
and one after the ethanol inside the measuring chamber had vanished (blue data points). The
observed (001)-peak of pentacene TFP did not shift during the experiment, which indicates
that the pentacene film does not swell upon ethanol treatment, for instance due to an uptake of
ethanol molecules into the film. This exclusion of film swelling is comprehensible as pentacene
does not dissolve in ethanol [49, 98]. It is in line with similar experiments on solvent vapor
annealing of pentacene films in acetone [105].
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Figure 5.3.: Formation of an ethanol interlayer between pentacene and SiO, substrate in
ethanol atmosphere. (a) Normalized X-ray reflectivity data of a 60 nm thick pentacene film on
SiO,/Si substrate, acquired during exposure to ethanol vapor at 70°C (red data points), and after
the ethanol exposure at 30 °C (blue data points). (b) X-ray data (red points) and fit (gray curve) to
the data of the reflectivity measurement performed in ethanol atmosphere. The inset shows the cor-
responding profile of the scattering length density (SLD) of the sample including the EtOH interlayer.
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Interestingly, the X-ray reflectometry data obtained while the pentacene sample was exposed
to the ethanol vapor (red data points) exhibits an equally spaced oscillation of the intensity.
This type of oscillation, known as "Kiessig fringes", results from an interference of waves that
are scattered at the upper and the lower interface of a smooth thin film. Such a smooth film
precipitated from the ethanol vapor cannot be formed on top of the grainy morphology of the
pentacene film. Instead, a thin ethanol layer is rather assumed to spread on the flat SiO,
substrate, i.e. underneath the pentacene film. The thickness dg;opy of this ethanol interlayer
can be obtained from the distance Aq, ~ 0.116 A™! of the equally spaced Kiessig fringes
(marked with dashed lines) according to

dpion = 27/ Aq. ~ 54A. (5.4)

The evolution of the Kiessig fringes during the synchrotron experiment suggests that the ethanol
interlayer became thinner from initially 60 A down to 54 A (data not shown in this graph), instead
of an increased ethanol content inside the measuring chamber.

More precise information of the probed sample can be obtained by fitting the measured X-ray
reflectometry curves to a theoretical multilayer model, as described in [106]. The structural
parameters, such as thickness, roughness, and scattering length density (SLD), of each layer
of the model are thereby adjusted in order to find a simulated X-ray reflectivity curve that
fits the measured data best. The optimal fit to the data (performed by |. Berts) including
the respective multilayer model of the pentacene sample during exposure to ethanol vapor is
shown in Figure [5.3|(b). The obtained model of the sample (see inset) indeed features a layer
of reduced SLD between the SiO, substrate and the pentacene film. The layer of reduced SLD
with a thickness of about 50 A is assigned to the ethanol interlayer, which corroborates the
supposition above.

From our experiments in the previous sections it can be deduced that the BP of pentacene
is more stable than the TFP and hence energetically favorable, as confirmed by literature.
However, for sufficiently thin pentacene films (i.e. in the vicinity of the substrate) the TFP
is stabilized by the influence of the substrate [49]. In order to undergo the transition from
pentacene TFP to BP, an energy barrier has to be overcome that scales with the disordered
area of the TFP-BP interface. Thus, during pentacene growth on a SiO, substrate, at first
solely TFP but no BP pentacene crystallizes until a critical thickness is reached. This critical
thickness scales with the temperature [49]. BP pentacene that occurs beyond this critical
thickness typically does not form a closed layer on top of the TFP. Instead, high aggregates of
BP develop to minimize the interface with the TFP, as can be seen in Figure[4.8)(a). Note that
mechanical stress due to differences in temperature during fabrication is not considered here.

Upon ethanol exposure, we conjecture that the pentacene film is detached from its substrate
by an ethanol interlayer, as described above. This detachment gives raise to the opportunity
to convert the crystal structure of the pentacene film throughout the full film depth at once,
i.e. from the top layer to the bottom layer. Domains of TFP and BP that extend through the



66 5. Substrate-Mediated Phase Transition in Pentacene Films

full film depth exhibit interfaces, which are vertically oriented with respect to the expansion of
the film. The interface area of this side by side arrangement of domains is drastically reduced
compared to TFP and BP domains that are stacked one upon the other with in-plane orientation
of the interface. Thus, the detachment of a pentacene film from its substrate due to ethanol
treatment facilitates an energetically favorable conversion from TFP to BP and results in BP
domains that penetrate the full film depth. This side by side arrangement of TFP and BP
domains is confirmed by the IR s-SNOM image in Figure [5.2(c), which exhibits BP domains
(yellow color) and some remaining TFP domains (red color) in juxtaposition.

This mechanism is in contrast to the explanation of a phase transition by solvent vapor annealing
of pentacene due to acetone, reported by Amassian et al. [I05]. They argue that solvent
molecules interact directly with the organic film through its surface and thus gradually transform
the TFP into BP starting at the film surface. However, the authors admit that their explanation
is speculative and requires additional experimental validation, which holds for our explanation
alike.

Nevertheless, the applied combination of IR s-SNOM spectroscopic imaging and X-ray reflec-
tometry clearly has a high potential for analyzing polymorphic transformations of organic films
in both real space and reciprocal space complementary. This feasibility of monitoring recrys-
tallization processes is an important prerequisite for fabrication of optimized and reproducible
organic electronic devices from solution. The convenient opportunity to control such structural
transformation in organic films by choice of a suitable substrate material is demonstrated in the
following section.

5.3. Influence of polymer interlayer on phase transition
and transport

The observed parasitic recrystallization process in organic molecular films induced by solvent
exposure can be controlled or even entirely prevented via the utilized substrate material. We
demonstrate this influence of the substrate on the polymorphic transformation from TFP to
BP in pentacene by the implementation of a polymer interlayer from a cyclic olefin copolymer
(COCQC). This thermoplastic resin COC (with the trade name "Topas") consists of amorphous,
transparent norbornene-ethylene copolymers. A thin layer of COC on top of SiO, has already
been identified in previous work as a preferred substrate for pentacene growth and a suitable
gate dielectric [104, 107]. Here, we demonstrate the remarkable influence of a COC substrate
layer on enhanced structural stability of a pentacene film upon solvent exposure.

For sample preparation, SiO,/Si substrates were successively cleaned by sonication at 50 °C in
acetone and isopropyl alcohol for 15 min each. After thorough rinsing with deionized water, the
samples were dried with controlled nitrogen flow. Only half the samples were further processed
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Figure 5.4.: Formation of a smooth and thin COC polymer layer on top of a SiO; substrate.
Normalized X-ray reflectometry data of a homogeneous thin COC layer on SiO,/Si substrate (red
data points) shows intensity oscillations (Kiessig fringes). A fit to the data (gray curve) yields the
corresponding scattering length density (SLD) profile of the sample shown in the inset.

by depositing a thin layer of the thermoplastic COC (type 6013) on top via spin-coating (at
6000 rpm) from solution (0.25wt% COC dissolved in toluene) and subsequently annealed for
3 min at 100 °C on a hotplate. Next, a 50 nm thick pentacene film was deposited via OMBD on
both the plain SiO, and on the COC coated SiO, simultaneously at a substrate temperature of
25 °C. A more detailed description of the COC properties and the coating procedure is presented
in the bachelor’s thesis of C. Liewald [108].

X-ray reflectometry measurements were performed on a thin COC layer deposited on the SiO,/Si
substrate (without a pentacene film on top). The X-ray reflectometry profile shown in Figure5.4]
(red data points) exhibits an oscillation of the detected intensity known as Kiessig fringes. This
oscillation results from scattering at a smooth thin film, as already described above, in this case
from scattering at the COC layer. The distance of the equally spaced dips Ag, ~ 0.1O7A_1,
marked with dashed lines, corresponds to a COC film thickness of dooc = 27/Aq, ~ 59A. A
closer inspection of the X-ray reflectometry profile also reveals the superposition of a second
oscillation with a shorter ¢, distance. These additional fringes result from the 200 A thick
SiO; substrate layer underneath the COC layer and will not attract further attention here.
Following the same procedure as in Section [5.2] a multilayer fit to the X-ray reflectometry
data (gray line) yields the scattering length density profile and thus a model of the sample
stratification, which is depicted in the inset of Figure 5.4, The pronounced Kiessig fringes
observed in the X-ray reflectometry, as well as the corresponding fit to the data, clearly indicate
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the successful fabrication of a very smooth and thin (59 A) film of COC on top of the SiO,
substrate. The formation of a closed and homogeneous thin film is also confirmed by AFM
topography images of the COC layer (data shown in Reference [108]). Note, the achieved
thickness of the COC layer can be conveniently tuned, starting from a few nanometers up to
several hundreds of nanometers, by variation of COC-toluene concentration and rotation speed
of the spin coater [108].

a Si0, b coc

Figure 5.5.: Contact angle measurement of SiO; and COC substrate. Photographs of a water
droplet (a) on SiO; substrate after solvent cleaning and (b) on a 6 nm thick COC polymer layer
deposited on top of the SiO5 substrate. The angle was analyzed by a graphics editing program.

The formation of a crystalline structure of pentacene molecules on top of a substrate is mediated
by the balance of the intermolecular interaction and the interaction of the molecules with the
substrate (see Section . For sufficiently low molecule-substrate interaction, the pentacene
molecules stand upright side by side on the surface, in order to maximize the interaction among
each other, and thereby develop crystalline polymorphs such as TFP and BP. For this reason,
crystalline pentacene growth occurs preferentially on smooth, inert, and hydrophobic substrates,
which exhibit low interaction with the pentacene molecules. A thin film of COC on SiO,
represents indeed such a smooth hydrophobic surface according to the observations from X-
ray reflectometry, AFM imaging, and from additional contact-angle measurements, shown in
Figure [5.5] Here, the contact angle of a water droplet with 20 pL volume was determined on
top of a plain SiO, surface and on top of a COC surface. The SiO, and the COC substrates
were cleaned and prepared as previously described and the contact angle was obtained by
image processing. Clearly, the COC layer with a contact angle of 93° exhibits a much higher
hydrophobicity than the SiO, surface with 32° contact angle and is thus an excellent substrate
for crystalline pentacene growth.

In order to investigate moreover the influence of the substrate on solvent treatment, we de-
posited 50 nm of pentacene on a COC coated SiO, substrate and on a plain SiO, substrate as a
reference. Both kinds of pentacene samples were simultaneously exposed to an ethanol atmo-
sphere for 35 min following the procedure described in Section [5.2] The crystalline structure of
the pentacene films was analyzed by X-ray reflectometry right after preparation of the samples
and once again after ethanol treatment, as presented in Figure[5.6] Note, the Kiessig fringes at
low ¢.-values in Figure[5.6)(b) again indicate the formation of a smooth COC interlayer for these
samples. The expected position of the Bragg peak series of pentacene TFP and BP is marked
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by dark and light blue dashed lines, respectively, according to their known monolayer spacing of
15.4 A and 14.4 A. After deposition, the pentacene films on both substrates exhibit solely TFP
crystallization, i.e. no BP contribution is noticeable. After exposure to the ethanol vapor, how-
ever, a striking difference is observed. For pentacene on plain SiO, (Figure5.6](a)), a decrease
of TFP peaks and the concurrent emergence of BP peaks clearly indicate a recrystallization
within the pentacene film in accordance with our findings in Section [5.2, see Figure [5.2)(a).
Intriguingly, for pentacene on COC substrate (Figure [5.6)(b)), the X-ray reflectometry curve
appears to be almost unchanged and no effect of the ethanol treatment on the pentacene film
is perceivable. Thus, the 6 nm thick COC layer underneath the pentacene film seems to prevent
the otherwise substantial recrystallization from TFP to BP upon ethanol exposure.

AFM imaging performed on these samples before and after the exposure to ethanol likewise
suggests that the COC layer reduces or even prevents a change of pentacene morphology upon
ethanol treatment. While larger clusters on top of the pentacene film are observed after ethanol
exposure in case of a plain SiO, substrate, no significant change of morphology is observed on
the COC substrate (data not shown). However, further AFM studies should be conducted to
support this observation.

According to our findings in Section [5.2] the observed ethanol-induced recrystallization from
TFP to BP pentacene originates from a detachment of the pentacene film from its substrate
due to the formation of a thin ethanol interlayer. This mechanism is presumably suppressed
by COC as the substrate material. A consideration of the ethanol wetting in between the
pentacene film and its substrate has to take the respective interactions into account. Ethanol
consisting of a short alkane chain of two carbon atoms and a hydroxyl (OH) group is a polar
solvent. Pentacene as a polyacene, in contrast, only consists of carbon and hydrogen atoms
just as the COC polymer, wherefore both substances are nonpolar. The dipole moment of an
ethanol molecule can thus only interact with pentacene or COC via an induced dipole within
these nonpolar molecules by virtue of polarization. This interaction is weak compared to the
dipole-dipole interaction among ethanol molecules. Therefore, the ethanol molecules tend to
keep to themselves and do in fact neither dissolve pentacene nor COC. According to this, a
formation of the observed ethanol interlayer for pentacene deposited on plain SiO, cannot be
driven by the unfavorable weak interaction of ethanol with the pentacene film. Instead, a rather
strong interaction of the ethanol with the SiO; substrate, e.g. with OH groups at its surface,
obviously favors the spreading of the ethanol interlayer. This driving force vanishes in case the
SiO; surface is covered by a film of the hydrophobic, nonpolar COC polymer, which interacts
only weakly with ethanol, as previously explained. Consequently, the ethanol interlayer cannot
develop and the pentacene film does not undergo the polymorphic transformation from TFP to
BP on top of a COC substrate.

Finally, the influence of a COC interlayer on the charge transport performance of a pentacene
thin film on top was investigated. For this purpose, pentacene TFTs were fabricated in top-
contact geometry based on inferior commercial SiO,/Si substrates with a SiO, thickness of
300 nm. After cleaning, half of the SiO,/Si substrates were coated with a 5.5nm thick layer
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Figure 5.6.: COC substrate prevents recrystallization of pentacene film in ethanol atmosphere.
X-ray diffraction of a 50 nm thick pentacene film (a) on SiO, substrate and (b) on COC substrate,
acquired right after deposition of the pentacene film (yellow curve, vertically offset) and after exposure
to ethanol vapor for 35 min (red curve).

of COC and subsequently 30 nm of pentacene was deposited simultaneously on both types of
substrates. The transistor devices were finalized with gold contact structures on top, which
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Figure 5.7.: COC substrate improves performance of pentacene TFTs. Transfer characteristics
of OTFT devices based on pentacene deposited on a plain SiO; substrate (a) (b) and deposited on a
SiO, substrate passivated by a thin COC polymer layer (c) (d) (device layouts shown in the insets).

were electrically connected via a point probe station. Further experimental details about the
fabrication process can be found in Reference [108].

Representative transistor characteristics for both types of pentacene TFTs, based on plain SiO,
and based on COC coated SiO;, are presented in Figure 5.7 In case of plain SiO, as sub-
strate material (a,b), the transistor current Isp between the source and the drain contact is
only slightly influenced by the applied gate voltage Vss. In particular, Isp cannot be entirely
suppressed by the gate voltage within the applied range up to Vg = +40V, i.e. the transistor
cannot be switched off. These poor transistor characteristics are expected owing to the un-
treated inferior SiO, substrates that were used, similar to Section 3.2l Hydroxyl groups and
dangling bonds that occur at the open SiO, surface, as well as water molecules from the at-
mosphere, provoke a high density of localized negative charge within deep trap states at the
pentacene-SiO, interface. These negative interface charges cause a persistent accumulation
of positive charge carriers within the pentacene film and additionally screen the electric field
associated with the applied gate voltage. Thus, a high gate voltage is necessary to deplete the
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accumulated holes within the transistor channel, which results in the observed highly positive
threshold voltage.

These transistor characteristics drastically change by the implementation of a COC interlayer
between the SiO, substrate and the pentacene film. Through this modification, the pentacene
TFT can be properly controlled via the gate voltage, the TFT exhibits a defined on-off switch-
ing behavior, and its threshold voltage is close to zero volt, as demonstrated in Figure 5.7|(c,d).
A passivation of the susceptible SiO, surface by the hydrophobic COC polymer layer obviously
prevents the detrimental influence of localized states from OH groups, water molecules, and
others. Accordingly, interface charges at the transistor channel are averted and the TFT perfor-
mance is strongly enhanced. A beneficial effect of the COC interlayer on the long-time stability
of pentacene TFTs and their resistance to solvent exposure is likewise expected according to
our previous findings of stabilized pentacene crystallinity.



6. Spatial Distribution of Charge Traps
in Pentacene Films

Charge transport in organic electronics is strongly correlated to the morphology and structure
of the respective organic molecular films. So far, the structure of pentacene films has been
investigated in detail within this thesis, starting from its substrate-directed growth (Chapter 3))
to the organization of coexisting structural phases (Chapter and the transition between
these phases (Chapter . For instance, a partial transformation of crystalline phases, which
was observed in the two previous chapters, increases the structural disorder within the organic
film and is thus expected to induce charge traps at the emerging phase boundaries. In addition,
boundaries of the crystalline domains, which are inherent to the polycrystalline thin films, as
well as lattice defects and both chemical and structural impurities at interfaces, also provoke the
localization of charge carriers in trap states. According to the multiple trap-and-release model
(see Section , these trap states strongly determine the charge transport through the
organic thin film and in particular the carrier mobility. Thus, the investigation and the control
of charge traps is indispensable to improve the performance of organic electronic devices.

In this chapter, we aim for an experimental localization of charge traps in pentacene thin films
and for the investigation of charge carrier trapping and detrapping events. For this purpose, we
established a laser scanning technique to locally excite a pentacene film within the channel of
an OFET during operation. We exploit the lateral OFET geometry to conduct spatially resolved
measurements with a focused laser scanning across the OFET channel. This spatially resolved
investigation considers local inhomogeneities of a pentacene film, such as its crystalline grains of
different orientation, the grain boundaries in between, as well as its anisotropy, which is due to
the rod-like pentacene molecules in a triclinic crystal structure (see Section . Additionally,
our imaging technique also accounts for those spatial variations within an OFET device that
result from the metallic contacts, the gate dielectric interface, and from the applied voltages.

The first section of this chapter provides detailed information about the designed laser scanning
setup. The second section covers spatially resolved optical investigations of pentacene films.
The third section gives a short introduction to the optoelectronic measurements for trap imag-
ing. A more detailed description about this new method of trap imaging in organic molecular
semiconductors and the first respective findings for the example of pentacene have been pub-
lished in the journal Advanced Materials [1]. The full article, including the experimental data
and the resulting conclusions, is attached in the Appendix [A.1]
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6.1. Laser scanning photoresponse microscopy

In organic semiconductors, charge transport is determined by trap states, which localize charge
carriers and thus reduce the carrier mobility. In order to analyze the spatial distribution of
charge traps in pentacene thin films, as well as their trap-and-release dynamics, we developed
an experimental setup for photoresponse microscopy. This home-made laser scanning setup
is shown in Figure and also sketched for simplification in Figure 6.2l The setup was
utilized to investigate the local optical and optoelectronic properties of a pentacene film within
the transistor channel of an OFET. The basic idea is to focus a pulsed laser beam on a
pentacene TFT during operation and to measure the induced change of the transistor current,
the so-called photoresponse, in dependence on the position of the local light excitation. As
our experimental setup also includes four different microscopy techniques, namely a bright-
field, a confocal laser scanning, a fluorescence, and a micro-Raman microscope, the obtained
photoresponse map of the transistor can be correlated to various optical images that have been
measured simultaneously.

Typically, a line-tunable helium-neon (HeNe) gas laser (lower left corner in Figure[6.2) was used
for illumination at a wavelength of A = 633 nm. The corresponding photon energy of 1.96 eV
matches well with the So-S; absorption maximum of pentacene at 1.97 eV (cf. Figure[2.2(b) on
page . The light of the continuous-wave HeNe laser was modulated by an optical chopper
with adjustable rotation speed, which corresponds to a chopping frequency between 2 Hz and
10kHz. Here, a pair of lenses focused the light on the chopper blade in order to reduce the
spatial extension of the laser beam and to thereby enhance the on-off switching precision.
Subsequently, the laser light was attenuated to the required power by an adjustable neutral
density filter and coupled into a single-mode glass fiber.

As an alternative to the HeNe laser source, a temperature controlled and pulsed diode laser
with a typical wavelength of 635 nm was applied for high pulse frequencies beyond 10 kHz up
to 1MHz. The light of the pulsed diode laser was coupled into a second single-mode glass
fiber. One of these two launch fibers was selected and connected via a fiber coupler to a
fiber beamsplitter, which split the laser light in two parts. One branch of the beamsplitter was
used to determine the laser power of the incident light with a silicon photodiode. The second
branch of the beamsplitter was fed through a fiber polarization controller, which was utilized
to twist the glass fiber and to thereby adjust the polarization of the laser light that left the
glass fiber afterward. The obtained linearly polarized and spatially filtered light was collimated
behind the glass fiber by a lens and directed through a laser-line filter and a half-wave plate.
By rotating the half-wave plate, we were able to adjust the polarization direction of the laser
light as desired. The light was subsequently reflected by a dichroic mirror and focused on the
sample by a 100-fold objective having a numerical aperture of 0.8 and a long working distance
of 3.4 mm between the objective lens and the sample.
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Figure 6.1.: Experimental setup to study optoelectronic properties of organic thin films.
(a) The photograph provides an overview of the home-made optical setup and includes a drawing of
the light paths as well as labels of the main components. (b) Light sources and their coupling into
launch fibers for convenient selection of the incident light. (c) Sample stage with electronic wiring to
contact the sample socket, which is scanned via piezo positioners upside-down above the objective.

After interaction with the sample, the returning light, i.e. reflected and photoluminescent light,
was collected by the same objective and guided back to the dichroic mirror, which then split
the returned light. The component reflected from the sample had the same wavelength as
the incident light and was thus re-directed by the dichroic mirror to be coupled back into the
glass fiber. The entrance of the glass fiber thereby served as a pinhole. Consequently, solely
the portion of light that was reflected from the sample within the focal point of the objective
could re-enter the glass fiber. The reflection signal, which was detected by an amplified silicon
photodiode at one branch of the fiber beamsplitter, was therefore determined with enhanced
spatial resolution according to confocal microscopy.
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Figure 6.2.: Sketch of the optical configuration for photoresponse microscopy. The experi-
mental setup combines a bright-field microscope, a confocal laser scanning microscope, a fluorescence
microscope, a micro-Raman microscope, and a spectrometer. These optical readouts can be correlated
with an electrical readout via the transistor current of the sample in field-effect transistor geometry.

In contrast to the reflected light, the photoluminescent light from the sample is red-shifted
compared to the incident laser light. This red shift of the luminescent light arises from electronic
transitions into vibronic sub-bands (see Section 2.1.2). The luminescent component with a
wavelength A > 645 nm passed the dichroic mirror in transmission. The following notch filter
and long pass filter further reduce the undesired initial laser light in the beam path by nine orders
of magnitude. This arrangement allows for detection of photoluminescence even from organic
films with very low luminescent yield such as pentacene (due to its strong intersystem crossing
described in Section . Finally, to measure the red-shifted luminescent light which passed
the series of optical filters, we selected between two detection modes via a flip mirror. A very
sensitive charge-coupled device (CCD) camera was utilized for spatially resolved measurements.
A spectrometer was employed for spectral analysis of the sample’s luminescence.

To investigate the organic films with a laser beam at longer wavelengths, pulsed diode lasers
in the red or near-infrared regime (e.g. with 670nm and 785nm wavelength) were used as
light source, as well (see lower right corner in Figure . In this case, the incident light with
long wavelength was coupled into the optical path via a pellicle beamsplitter, which reflected
a sufficient proportion of 8% of the light in the sample direction. This long-wavelength light
(A > 645nm) passed the dichroic mirror in transmission and was subsequently focused on the
sample by the objective. The returning light followed the same optical path back through the
dichroic mirror and passed the pellicle beamsplitter to large extent (92 %). Depending on the
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choice of the following long pass filters, either the reflected or the luminescent component of
the light was detected by the CCD camera or by the spectrometer.

For broad illumination and observation of the sample, a bright-field microscope unit based
on a white light-emitting diode (LED) was integrated in the measurement setup. The white
LED emitted light with a broad spectral range, which passed through a lens system and was
afterward coupled into the optical path via a retractable pellicle beamsplitter on a flip mount.
Similar to the laser light, the LED light was also guided through the objective. However, it
thereby got defocused and thus illuminated a rather large area of the sample. The diameter
of the illuminated sample area was adjusted by an additional retractable lens within the beam
path. An image of the reflected light from the sample (with A > 645nm that passed the
dichroic mirror) was detected by the CCD camera. The optical path within our bright-field
setup was thereby arranged according to the principle of Kohler illumination. Thus, the optical
path of the illumination is complementary to the path of the sample image, i.e. the image of
the illuminating white LED is defocused in the sample plane and hence does not superimpose
the sample image on the CCD camera. The obtained image of the sample exhibited sufficient
resolution to observe the 20 um wide transistor channel of the pentacene TFTs and even to
resolve the pentacene grains within the channel area. Consequently, the bright-field microscopy
unit of the setup enabled us to easily locate a desired section of the sample for subsequent
investigation. As the arrangement of our optical setup offered a simultaneous display of the
bright-field image and the focused laser spot via the CCD camera, the excitation laser could be
positioned on the sample with a precision of 300 nm before a measurement was started.

The sample was mounted on a stack of piezo linear positioners for x-, y-, and z-direction to
move the sample underneath the objective with respect to the laser focus. The piezo positioners
were operated using the so-called stick-slip effect [I09]. For this purpose, a repetitive triangular
voltage profile is applied to the piezoelectric crystal. This triangular voltage profile causes a
sequence of slow contractions, whereby the positioner is translated due to friction (it sticks),
and very fast expansions, whereby the positioner remains at its position due to inertia (it slips).
These repetitive cycles result in a stepwise net movement of the piezo positioner and thus in a
movement of the sample with very accurate step size. The applied voltage with an amplitude of
typically 26 V corresponds to a step size of about 0.32 ym for both x- and y-direction. By use of
this piezo stack, our samples with pentacene TFTs were scanned laterally in x- and y-direction
underneath the objective. The focused laser beam thereby moved with respect to the sample
and was utilized to scan across the transistor channel between the source and the drain contact
of a selected TFT. For every single step of the laser spot, the measurement signals such as the
reflected intensity and the luminescence intensity were detected and stored into a matrix. Upon
scanning the area of the transistor channel step by step, two-dimensional maps of the respective
signals were obtained (see Figure for example). As the utilized laser focus was minimized
down to about 0.5 pm (FWHM), the grains of the polycrystalline pentacene film with a typical
diameter of several microns were easily resolved by our scanning technique. Consequently, the
observed grain morphology of the pentacene film can be correlated to the investigated optical
and optoelectronic properties in the two-dimensional maps.



78 6. Spatial Distribution of Charge Traps in Pentacene Films

The sample stage of our measurement setup was designed to enable an electric contact for
application of voltages while scanning the sample underneath the laser focus. Therefore, we
were able to operate a transistor on the sample during the scan by applying voltages Vpg
at its drain contact and Vs at its gate contact, both with respect to the source contact at
ground potential. The occurring transistor current Isp between source and drain contact was
amplified by six orders of magnitude and converted into a voltage signal. The DC component
of the transistor current was detected by a digital multimeter and read out automatically
together with all other measurement signals via a LabView program. Additionally, the transistor
current Igp was analyzed via a lock-in amplifier for AC components of Igp that exhibit the
repetition frequency of the excitation laser. For this purpose, a reference frequency was fed into
the lock-in amplifier either from the optical chopper or from the laser diode controller. This
combination of pre-amplification by the current-to-voltage converter and subsequent analysis
by the lock-in amplifier allowed for detection of very small changes of the transistor current
(down to sub-nanoampere) that were induced by the local laser excitation. We refer to this
light-induced change of the source-drain transistor current as local "photoresponse”, i.e. the
difference between the transistor current upon local illumination Ils%ht(x, y) and the dark current
without illumination 7¢%*. In conclusion, we achieved scanning with a sub-micron laser focus
across the transistor channel of a pentacene TFT during operation and detected the local
photoresponse within the transistor channel for each laser position in order to obtain two-
dimensional photoresponse maps.

For further details about our home-made laser scanning setup, the interested reader is directed
to my diploma thesis [I110] and to the theses of my students Stefan Hallwig [I11] and Alexandra
Waritschlager [112], which were conducted during the course of this PhD work.

6.2. Optical excitation of pentacene thin films

The incident laser light, which is focused on the pentacene sample through the objective as
described before, is partially absorbed by the sample and partially reflected at the interfaces.
The ratio between absorption and reflection, as well as the distribution of light absorption within
the multilayer sample, strongly depends on the layer thicknesses of the involved components.
In order to investigate the thickness dependence of the optical characteristics, light absorption
and reflection was calculated by A. Guggenmos (research group of Prof. U. Kleineberg, LMU
Munich) using the software OptilLayer. This software is based on the transfer-matrix formalism.
It sums up the contributions that originate from different paths of light rays within the multilayer
sample. As depicted in Figure (a), the different paths of rays are due to a succession of
reflection and transmission at each layer interface. The pentacene samples are approximated
by a stack of three homogeneous planar layers with different complex indices of refraction
N; =n; +1ik;, corresponding to a silicon substrate with a SiO, layer and a pentacene layer
on top. At every interface, the transmitted fraction ¢/, and the reflected fraction r,/, of
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the incident light (with complex electric field amplitude E;) can be determined by the Fresnel
equations:

o (Et> B 2N cos oy (6.1)
*\E;/), Npcosay+ N,cosas '
. (Et) B 2N cos ay (6.2)
P\ E, p_Ngcosozl—i—Nlcosag '
(ET) Njcosay; — Ny cos as (6.3)
re=1(—1, = .
E;/), Nicosa; + Nsycosas
<ET> Ny cos oy — Ny cos o (6.4)
7” = _— = .
P E;/), Njcosaq + Njcosay

Here, the indices s and p denote the polarization of the incident light with its electric field
perpendicular (s) or parallel (p) to the plane of incidence, i.e. the plane that contains the
incident light ray and the surface normal. The angle a; of the incident ray and of the reflected
ray and the angle s of the transmitted ray are measured with respect to the surface normal. In
this notation of the Fresnel equations, the magnetic permeability u of the considered materials
is assumed to equal the permeability po of free space.

Different sequences of transmission and reflection at the interfaces of the multilayer sample
result in a variety of light paths, as indicated in Figure (a). The contributions of these
various light paths were taken into account to determine the overall reflection and absorption
of the sample using the OptilLayer software. Figure[6.3]illustrates the simulated fraction of light
that is (b) reflected from the sample, (c) absorbed within the silicon substrate, and (d) absorbed
within the pentacene layer. Each of these three optical quantities is plotted in dependence on
the thickness of the pentacene layer and the SiO, layer. According to the objective's numerical
aperture NA = n - sina of 0.8, the maximum angle of incidence in air (n = 1) corresponds
to a = 53°. It turns out, however, that the calculated results exhibit only minor deviations
upon variation of the incidence angle between 0° and 53°. Due to the weak angle dependence,
a mean incident angle @ = 20° was considered for the calculation of the optical properties in
Figure [6.3]

The calculated reflectivity of the multilayer sample in Figure (b) exhibits a striking pe-
riodicity. For a fixed pentacene thickness, successive minima of the reflectivity occur at a
distance of 215nm in SiO, thickness. This periodic distance is based on the effective wave-
length of the incident laser light within the SiO, layer. According to the refractive index of SiO,
n = 1.47, the wavelength Ay = 633 nm of the incident light is reduced within the SiO, layer to
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Figure 6.3.: Simulation of light absorption in a multilayer sample. (a) Sketch of the multilayer
sample consisting of a pentacene and a SiO; thin film on top of a Si substrate. At every interface, the
incident light is partially reflected and partially transmitted into the underlying layer, which is taken
into account by the transfer-matrix formalism. (b) Fraction of light reflected from the multilayer
sample in dependence on the thicknesses of the pentacene layer and the SiO, layer. Fraction of
light absorbed (c) within the Si substrate and (d) within the pentacene layer in dependence on the
thicknesses of the pentacene layer and the SiO; layer.

Asio2 = Ao/n ~ 430nm. Thus, the minima of reflectivity (as well as the maxima) repetitively
occur with increasing SiO, thickness at a distance of half the wavelength Ag;0o.
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The absorption plots in Figure [6.3|(c) and (d) illustrate a similar periodic variation with the
SiO; thickness. In fact, the incident light is either reflected or absorbed, i.e. the reflectivity (b),
the absorption of the Si substrate (c), and the absorption of pentacene (d) add up to 100 % for
each pixel of the 2D plots. Therefore, the two absorption plots exhibit a periodic dependence
on the SiO, thickness that is complementary to the reflectivity. Besides, the influence of the
pentacene thickness on the calculated absorption of the pentacene layer and the Si substrate
is as expected. With increasing pentacene thickness, the absorption in the pentacene layer
increases (Figure [6.3/(d)), while the absorption in the Si substrate decreases (Figure [6.3)(c)).
Note that the absorption within the SiO, layer was neglected and assumed to be zero in our
simulations.

The periodic variation of the reflectivity and the layer absorption with increasing SiO, thickness
originates from a phenomenon of standing light modes. The interference of the incident light
with the light that is reflected from the silicon substrate results in standing modes of the
electromagnetic field of light. Accordingly, the extent of pentacene absorption depends on
the position of the pentacene film with respect to the standing modes of light in front of the
reflecting silicon surface. With increasing SiO, thickness, the pentacene film is shifted through
the nodes and antinodes of the standing light modes with a periodicity of Agj02/2 ~ 215nm,
which causes the observed periodic variation in absorption and reflection. This phenomenon
of intensity variations due to standing light modes in front of a reflecting silicon substrate has
already been studied and exploited as a microscopy technique called fluorescence interference
contrast (FLIC) [113].

In addition to the described layer-thickness dependence of reflection and absorption, a further
optical phenomenon was observed in our transistor samples, which mainly consist of the sup-
posed multilayer stack with additional metal (gold) contacts on top. For SiO, layer thicknesses
beyond 100 nm, a local illumination with the laser focus in the vicinity of a gold contact re-
sulted in a lateral propagation of the excitation within the sample. This propagation of the
light excitation was observed as a delocalized photoresponse of the transistor current, despite
the local excitation of the sample with the focused laser beam. A detailed description of this
observation and its explanation based on waveguide effects or surface plasmon polaritons can
be found in References [83] and [111]. In order to suppress this spreading of the focused laser
excitation and to enable a local investigation of the charge transport within the transistor, we
had to fabricate devices with a SiO, gate dielectric below 100 nm thickness.

Mapping of pentacene grain orientation

We applied our home-made laser scanning setup as described in Section to experimentally
investigate spatial variations of the optical properties of pentacene thin films. For this purpose,
the pentacene films were raster-scanned with the focused laser beam and the optical response
of the films, such as their reflection, photoluminescence, and Raman scattering, was recorded
for each laser position. A resulting two-dimensional reflection map of a 50 nm thick pentacene
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film is displayed in Figure (a). The reflection map corresponds to a section of the pentacene
film within the 20 pym wide transistor channel between strongly reflecting gold contacts at
the sides. The applied HeNe laser with a wavelength of 633 nm was linearly polarized with
the polarization direction chosen to be parallel to the edges of the gold contacts. The light

reflected from the sample was detected confocally with the photodiode attached to the fiber
beamsplitter (cf. Section [6.1]).
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Figure 6.4.: Davydov splitting revealed by mapping the reflection of a pentacene film. Two-
dimensional reflection maps of a 50 nm thick polycrystalline pentacene film upon illumination with
linearly polarized laser light at a wavelength of (a) 633nm and (b) 670nm. (c) Superposition of
both reflection maps using a color code to distinguish between the measurement with illumination at
A = 633nm (green color) and A = 670nm (red color). (d) Absorption spectrum of a 50 nm thick
pentacene film on quartz substrate. The positions of absorption peaks are indicated by dashed lines.
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The measured reflection of the polycrystalline pentacene film in Figure [6.4)(a) is not homo-
geneous spatially. Apart from the gold contacts at the sides, which show a strong reflectivity
(bright stripes in the reflection map), also the pentacene film itself exhibits brighter and darker
areas, i.e. domains of stronger and weaker reflectivity. The applied laser wavelength of 633 nm
was chosen to match the pentacene absorption band at 1.97 €V, as verified by the absorption
spectrum shown in Figure [6.4](d). The observed darker areas in Figure [6.4](a) thus corre-
spond to domains with higher absorption and accordingly lower reflectivity, whereas brighter
pentacene areas correspond to domains with lower absorption and higher reflectivity. These
emerging domains of several microns in size originate from the grain structure of the poly-
crystalline pentacene film. Since a laser focus with a diameter of about 500 nm (FWHM) was
utilized for imaging, the pentacene grains with a size of a few microns were easily resolved.

The absorption of crystalline pentacene is strongly anisotropic due to its rod-shaped molecules
within the triclinic unit cell, as mentioned in Section [3.1] As a descriptive explanation, the
m-electron system of the pentacene molecules is located on both sides of the molecular plane
(above and below) and forms the HOMO and the LUMO. The light-induced electron transition
from the HOMO to the LUMO is responsible for light absorption. Thus, the strength of
absorption depends on the orientation of the transition dipole moment of the 7-electron system
with respect to the orientation of the electric field of light. In fact, the absorption spectrum
shown in Figure [6.4(d) was recorded with unpolarized light and therefore represents the mean
absorption, averaged over all crystal directions. However, the complex dielectric functions along
the different crystallographic axes of pentacene have been determined by J. Pflaum et al. [114,
115]. Their results demonstrate that the transition corresponding to the absorption band at
1.97 eV occurs via excitation along the b axis of the pentacene crystal, while the excitation at
1.85€V occurs along the @ axis. According to this anisotropy, the absorption of our linearly
polarized HeNe laser (with 1.96 eV photon energy) by the pentacene film strongly depends on
the particular crystal orientation of the illuminated pentacene grain. If the crystallographic b axis
of the pentacene grain coincides with the laser polarization direction (here, oriented parallel to
the contact edges), the absorption of the respective grain is strong and the grain appears dark
within the reflection map. Accordingly, a change of the preset polarization by 90° results in
a complementary pattern of the bright and dark domains in the reflection map, which has
been demonstrated in Reference [110]. Via recording multiple reflection maps while stepwise
rotating the polarization direction, the differing crystal orientations of each pentacene grain can
be determined. In this way, the angle between neighboring crystallites at their grain boundaries
is obtained. The detection of low-angle and high-angle grain boundaries is of great importance
for controlling the charge transport across the crystalline grains of organic semiconductors [116].

Davydov splitting spatially revealed

The pentacene crystalline structure is subject to Davydov splitting of its electronic states due
to the occurrence of two translationally invariant molecules within the unit cell, as explained
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in Section 2.1.2] For the reflection map in Figure [6.4](a), the photon energy of the applied
HeNe laser with a wavelength of 633 nm corresponds to the excitation of the upper Davydov
component S}. In order to investigate the impact of Davydov splitting on the optical response
of pentacene, we selected a diode laser with 670 nm wavelength as a second light source for
our measurements. This wavelength of the diode laser matches the excitation of the lower
Davydov component S; with an energy of 1.85€V, as shown in Figure[6.4](d). The beam of the
diode laser was integrated via an additional pellicle beamsplitter into the experimental setup
(cf. Figure . In contrast to the HeNe laser, the light of the diode laser passed the dichroic
mirror due to its longer wavelength and the respective reflection signal was therefore detected
via the CCD camera. This non-confocal detection and a larger excitation focus on the sample
(approx. 1pum in diameter) led to a slightly reduced spatial resolution of the measurements
conducted with the diode laser. Still, the pentacene grains of our samples with a size of a few
microns could be sufficiently resolved.

The reflection map in Figure (b) was recorded using polarized illumination by the 670 nm
diode laser with the same polarization direction as used for the HeNe laser in (a). Likewise,
the scanned section in (b) coincides with the section of the pentacene film within the transistor
channel mapped in (a). Nevertheless, the resulting reflection maps in (a) and (b) show a
striking difference (apart from the mentioned lower spatial resolution caused by the diode laser).
Pentacene domains with strong absorption of the HeNe laser are those domains that exhibit only
weak absorption of the diode laser and vice versa. The two reflection maps accordingly show
a complementary pattern of bright and dark domains, even though they were recorded with
polarized laser light of the same orientation. This complementary behavior is clearly observable
via a color-coded superposition of both reflection maps, as illustrated in Figure (c) The
reflection signal of the HeNe light (633 nm) corresponds to the green channel and the reflection
of the diode laser (670 nm) to the red channel. Regions of overlapping contributions from
both channels (e.g. the gold contacts) appear in yellow color. After proper adjustment of the
thresholds in the image processing software, only the contact regions appear in yellow color,
whereas the pentacene grains are exclusively colored either in red or green. Accordingly, for a
fixed polarization direction of the incident light, each pentacene grain efficiently absorbs either
the polarized light with A\ = 633 nm or with A\ = 670 nm, depending on its crystal orientation.

This observation is in accordance with an excitation into the two different states S; and S
that arise from Davydov splitting. As a result of the theoretical description in Section[2.1.2] the
transition dipole moments of the two Davydov components are oriented in different directions
that depend on the crystal geometry. For the monoclinic crystal anthracene, these transition
moments are perpendicularly oriented along the crystallographic axes. For pentacene, the axes
@ and b and therefore also the transition dipole moments are almost perpendicular, as well, in
spite of its triclinic crystal structure. A transition into the lower Davydov state S (1.85€eV) of
pentacene has to be excited by an electric field vector of the light along the @ axis, whereas
the upper Davydov state S} (1.97€eV) is excited in nearly perpendicular direction along the
b axis. Thus, for linearly polarized illumination, a crystalline pentacene grain efficiently absorbs
light with a wavelength of either 633 nm via S} excitation or 670 nm via S; excitation. As
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a consequence, the polycrystalline pentacene film shown in Figure (c) is decomposed into
its Davydov excitation domains, which we have already mentioned in References [110, [117].
Even though the Davydov splitting in molecular solids has been intensely studied, e.g. as an
indicator of crystalline order and molecular coupling [103] 118], to the best of our knowledge,
these spatially resolved Davydov domains have not been observed before [117].

6.3. Imaging trap densities within pentacene thin-film
transistors

The work described in this section has been published [1]. The section summarizes our main
findings, while the full article including the experimental data and the resulting conclusions is
attached in the Appendix[A.]]

In order to investigate optoelectronic properties, we incorporated the pentacene films into
organic thin-film transistors (OTFTs), which provides the detection of an additional electric
read-out via the source-drain transistor current Isp, as shown in Figure . An OTFT device
layout with top-contacts was chosen in order to reduce the contact resistance and to allow for
investigation of pristine pentacene films that are unaffected from the metal top-contacts being
evaporated after pentacene growth. Further information about the fabrication of these samples
is provided in Appendix [B]

Using our confocal microscope setup as described in Section [6.1 we locally illuminated the
pentacene TFTs with a diffraction-limited laser focus of about 0.75 pm in diameter. This sub-
micron focus of a pulsed laser source (A = 633nm) was used to scan across the transistor
channel of a pentacene TFT during operation, as sketched in Figure[6.5] Via amplification and
lock-in techniques, we achieved to analyze the small photoinduced modulation in current on
top of the larger (by about six orders of magnitude) DC transistor current. This photoinduced
modulation is referred to as local photoresponse (PR) I,n.t, and was detected for each laser
position within the transistor channel to obtain a two-dimensional photoresponse map, as shown
in Figure (a). Interestingly, the PR map exhibits a striking texture within the transistor
channel, which is reproducible and has a feature size comparable to the size of the pentacene
grains. The intensity of the PR obviously depends on the position of the pentacene film that
is illuminated by the laser focus. The spatial modulation of the recorded PR map Iynoto(, y)
consists of a texture of hot spots, which is superimposed by a gradient of the signal that
increases across the transistor channel from the drain towards the source contact.

The dynamics of the photoresponse were studied by recording a multitude of PR maps at the
same sample position, while the modulation frequency of the laser was varied step by step from
20Hz up to 250kHz. A selection of the recorded PR maps is provided in the Supplementary
Information of Publication 1 in Appendix [A.I.Il From these PR maps, line profiles across the
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Figure 6.5.: lllustration of
our laser scanning photore-
sponse microscopy. The
diffraction-limited focus of a
pulsed laser source is used to
scan across the channel of
a top-contact pentacene TFT
during device operation. For
each position of the scanning
laser focus, the modulation of
the transistor current Algp is
detected and analyzed for fre-
quency components that cor-
respond to the laser mod-
ulation frequency. Adapted

from [1].
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transistor channel were extracted for additional analysis and plotted in dependence on the pulse
frequency of the laser in Figure (b) The analysis of the decay characteristics enables us
to identify three different components of the PR, which are discriminated by their spatial oc-
currence and their respective characteristic time scales. First, a spatially uniform and slow PR
component at millisecond time scale is detected even for illumination at the contacts owing to
heating. More than 50 % of the laser intensity is in fact absorbed within the silicon substrate
(see Figure, leading to local heating of the sample. As a bolometric effect, the heat spreads
at a typical time scale of milliseconds. According to Equation , the heating increases the
effective mobility fi.¢; and thus the source-drain current, which is detected as slow photore-
sponse. Second, a fast contribution to the PR signal is detected adjacent to the source contact
with a time scale shorter than 4 ps. This fast contribution originates from the strong electric
field at the source contact due to the potential drop across the contact resistance. Finally, a
third component of the PR is detected, which is inhomogeneously distributed within the tran-
sistor channel and has a characteristic time scale of 10 ps. This inhomogeneous contribution
exhibits a gradient increasing from drain towards source and accounts for the distinct texture
observed within the photoresponse maps (cf. Figure [6.6/(a)).

In order to further elucidate the observed photoresponse components, the photophysics of
pentacene has to be considered. The photon energy of the applied laser source (1.96€V) cor-
responds to singlet excitation of pentacene. The singlet excitons that are induced by light
exhibit an ultra-fast conversion via fission into two triplet excitons each (i.e. intersystem cross-
ing) [18| [119], as discussed in Section[2.1.2 This fast and hence efficient intersystem crossing
into non-radiative triplet excitons was confirmed by the low photoluminescence signal that we
observed for the pentacene films. Based on this fission of photoinduced singlets into triplet
excitons, the fast photoresponse component at the source contact can be rationalized. After
singlet fission, a dissociation of the evolving unrelaxed triplet pair can occur with increased
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Figure 6.6.: Spatially and frequency-resolved photoresponse of a pentacene TFT. (a) Two-
dimensional map of the local photoresponse inside the transistor channel of a top-contact TFT based on
a 50 nm thick pentacene film. The photoresponse was obtained for Vgg = —20V and Vpg = —10V
with an incident laser power of 1pyW (A = 633nm) at a chopper frequency of 90 Hz. Along the
blue dashed line across the transistor channel, line profiles of the photoresponse were extracted for
varying laser modulation frequencies from 20 Hz up to 250 kHz and plotted vs. frequency (b). Modified

from [1].

probability due to the reduced triplet binding energy. The triplets can be dissociated into po-
larons (i.e. free charge carriers that contribute to the transistor current) by an electric field
of about 200kV/cm [120]. This field strength corresponds to a voltage drop of 2V over a
distance of 0.1 pm, which is a realistic scenario at the source contact and probably leads to the
fast photoresponse at electronic time scales.

In order to rationalize the inhomogeneous PR component that exhibits the distinct texture, a
new model for photoresponse in pentacene thin-film transistors that is based on triplet-assisted
detrapping of charge carriers is now introduced. A local illumination of the pentacene film
leads to a generation of triplet excitons via singlet fission, as mentioned above. These long-
lived triplets diffuse and thus sample a certain area within the pentacene film during their
lifetime, which is in the order of microseconds. In case a triplet exciton thereby encounters an
occupied trap state, the triplet can dissociate and recombine directly with the trapped hole,
which results in de-trapping (i.e. a release) of the charge carrier [9, [121]. This process of triplet
recombination and carrier release is described as follows [9]:

T, + 2[) — So + 2]:)4< (65)
1 1
net spin:.  +1+ 5 0+ 5 (6.6)

with the triplet exciton T that recombines into the singlet ground state Sy and the occupied
charge trap %D treated as an ion (i.e. a spin one-half paramagnetic center), which is excited to
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2D*. Since combinations of states exist where a net spin of £1/2 is conserved in Equation (6.6)),
this reaction of a triplet-induced release of trapped charge carriers is spin-allowed and is thus
a fast (i.e. favored) transition for triplet recombination. Above all, this mechanism leads to
a local increase of the hole detrapping rate and (according to the trap-and-release model in
Section [2.2.4)) results in an increased charge current through the pentacene film that we detected
as photoresponse. The introduced model of the photoresponse based on triplet-assisted trap
release in pentacene has been confirmed by further studies [122] and its characteristic time scale
of 10 ps is in agreement with the lifetime of triplets and free holes released from trap states
in pentacene. The occurrence of the triplet-induced trap release and thus the intensity of the
photoresponse certainly depend on the local amount of occupied trap states at the position
of illumination, which can potentially be released. Consequently, the observed texture of the
photoresponse within the transistor channel mirrors the lateral distribution of trap states within
the pentacene film.

The occupation of trap states by holes depends on the surface potential s, which can be
adjusted by the applied gate voltage, as sketched in Figure [6.7] If a negative gate-source
voltage Vs is applied, the surface potential 1)s at the semiconductor interface with the gate
dielectric turns negative, resulting in an upward bending of the valence band FEy and the
conduction band E¢. Trap states for holes, which are energetically located above the valence
band at E,,,,, are thereby lifted above the Fermi level Er and filled with positive charge carriers,
i.e. with holes (Figure[6.7)(a)). For an increasing gate voltage (Figure[6.7)(b)), the valence band
itself also crosses the Fermi level and is thus filled with holes as well, which provokes the onset
of a transistor current Igp. Accordingly, the gate voltage dependence of the photoresponse
signal I,,01, Was observed to be quantitatively similar to the transistor current Igp. However,
in accordance with our model, the photoresponse already sets in at lower values of |Vgs|, as
the trap states are occupied with holes earlier than the valence band states. This gate voltage
dependence corroborates our model of the photoresponse described above, which is based on a
triplet-mediated release of occupied charge traps.

The drain-source voltage Vpg, which is applied to a transistor device as well, breaks the mirror
symmetry across the transistor channel. For negative Vg and Vg, the effective gate voltage
and hence the surface potential g increases from drain to source contact. Owing to this
gradient of 15, the upward bending of the valence band and thus the occupation of trap states
increase towards the source contact, as illustrated in Figure (c) Consequently, the signal of
the spatially resolved photoresponse, which reflects the local amount of occupied trap states,
exhibits an increasing gradient towards the source contact, as observed in the photoresponse
maps (cf. Figure [6.6](a)). The observed gradient of the photoresponse is in agreement with
investigations using charge modulation microscopy on pentacene TFTs, which images the charge
carrier distribution [I23]. In these reports, the detected signal also shows an increase across
the transistor channel towards the source contact due to the potential gradient.

The described gradient of the local photoresponse within the transistor channel, which increases
from drain to source, is surprisingly not reversed after switching the source and drain contacts,
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Figure 6.7.: Occupation of hole traps is adjusted by the surface potential. (a) For a negative
gate voltage Vg applied to the transistor, the surface potential ¥, at the semiconductor-dielectric
interface is negative and the energy bands are bent upward. Trap states that are lifted above the
Fermi level Ef are filled with holes. (b) For increasing negative 15, the valence band Ey crosses the
Fermi level, resulting in an accumulation of free holes in addition to an increasing amount of trapped
holes. (c) The upward band bending (—qs) and thus the trap occupation exhibit a gradient across
the transistor channel from drain to source due to the applied drain-source voltage Vpg. The trap
states are filled by holes once —q v, exceeds the energy gap (Erp, — Eirap) between the quasi-Fermi
level for holes E'r, and the trap energy Fi.q,. The photoresponse map, which is included in the
sketch, mirrors the density of occupied trap states and is thus superimposed by this gradient of trap
occupation from drain to source. Modified from [IJ.

as demonstrated in Figure[6.8] Thus, the process of the photoresponse obviously suffers from
a bias stress effect, whereby the applied drain-source voltage may have an irreversible influence
on the pentacene film structure. In fact, there is further evidence provided by Cheng et al.
who report that Raman intensities detected on pentacene films in TFT geometry are subject
to irreversible variations during long-term operation of the TFT (about 20 hours) [74] [100].
The authors argue that structural modifications within the pentacene films are induced by the
electric fields that are associated with the applied voltage. The electric fields are assumed
to provoke irreversible alterations of the molecular geometry and to induce structural phase
transitions in the pentacene films, which supposedly enhance charge transport between the
molecules [74, [I00]. Further studies indicate that an irreversible structural phase transition
might also be induced locally by the trapped charges that occur in the pentacene films [124].

With the results obtained in this thesis, we have direct evidence for a wide range of trapping
and detrapping events from milliseconds to microseconds within the active layer of an organic
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Figure 6.8.: Influence of bias stress on the photoresponse of a pentacene TFT. (a) Two-
dimensional map of the spatially resolved photoresponse inside the transistor channel of a top-contact
pentacene TFT. After the drain-source voltage of Vpg = —10V had been applied for several weeks, the
source contact and the drain contact were finally swapped and the photoresponse was recorded again.
The resulting photoresponse map of the same area but with inverted source-drain configuration is
shown in (b). Surprisingly, the gradient of the photoresponse that increases from drain to source (a) is
not reversed after switching the source and drain contacts (b). Thus, the process of the photoresponse
seems to suffer from a bias stress effect.

transistor during operation. Particularly important is that both the slow and the fast events
were observed simultaneously in the same experiment. Slow trapping events lead to hysteresis
and shifts in the threshold voltage (also observed with other techniques, e.g. by Kelvin probe
microscopy [121], [125] [126]), whereas the fast events that were observed here as well determine
the carrier mobility within the organic semiconductor. To the best of our knowledge, this is the
first time that both fast and slow trapping-and-release events in organic semiconductors have
been observed in the same experiment.

In conclusion, the spatially resolved photoresponse mirrors the in-plane distribution of trap
states within the transistor channel that is superimposed by the level of trap filling, which can
be adjusted by the gate voltage. With our experimental approach, we detect and investigate
trap states within the accumulation layer of an OTFT, i.e. those trap states that are directly
involved in electronic transport and that determine the effective carrier mobility in organic thin
films via the trap-and-release mechanism. Our findings thus deepen the physical understanding
of charge trapping and its influence on charge transport in pentacene, a prototypical organic
semiconductor.



7. Conclusion and Outlook

Within the course of this thesis, the structure and disorder in organic thin films, as well as their
relevance for charge transport within the films were investigated. The carrier mobility, being
the figure of merit for charge transport in organic electronics, is determined on two levels. The
structure of the hydrocarbon molecules defines the molecular delocalized m-electron system of
organic molecules. Further, the packing of molecules within evolving thin films determines the
m-electron overlap and thereby accounts for intermolecular coupling and transport of electrons.
Consequently, the charge carrier mobility of an organic semiconductor is not solely a molecular
property but also a material property, which strongly depends on the nanoscale structure and
morphology of the material.

Conclusion of the present work

In order to systematically improve the performance of organic electronic devices, two primary
approaches have been addressed in the present thesis. On the one hand, processing methods
of organic thin films that provide control over the nanoscopic structure were endorsed. On the
other hand, two complementary experimental techniques were developed that firstly image the
structural defects in organic thin films and secondly correlate these defects to charge transport.
The findings provide excellent possibilities to control and relate thin-film structure to charge
carrier mobility. All studies have been carried out using a prototype molecular semiconductor,
pentacene.

Our approach to gain control over the evolving thin-film structure during deposition of organic
molecules has been substrate-directed growth (cf. Chapter 3). In cooperation with chemists,
we applied a substrate functionalization with self-assembled monolayers (SAMs) of organophos-
phonic acids as a template for guided pentacene crystallization. With the help of this functional
monolayer, the growth of pentacene crystallites was directed such that adjacent crystalline do-
mains were aligned in a predominant direction. The anisotropy that we observed by polarized
Raman spectroscopy confirmed the crystallite alignment, which leads to low-angle grain bound-
aries and thus to an increased interconnectivity of the pentacene domains for enhanced charge
transport. Additional Raman analysis (based on the Davydov splitting and the peak width of
specific C-C stretching modes) revealed an increased intermolecular coupling energy w; and a
decreased reorganization energy A for pentacene deposited on top of the SAM. According to
Marcus theory, the increased molecular coupling and the decreased reorganization energy are ex-
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pected to promote charge transport within the pentacene film. Indeed, we successfully improved
the transport characteristics of pentacene thin-film transistors (TFTs) based on an inferior, com-
mercial SiO; substrate by functionalization with the organophosphonate SAM. A removal of the
superficial phosphonic acid groups of the SAM is promising to resolve the observed induction
of shallow trapping sites, yet maintaining all advantages of a well-defined three-dimensional
dielectric functionalization for controlled epitaxial growth of organic semiconducting films.

In order to investigate the structural arrangement of molecular thin films after growth, we
established the use of IR s-SNOM (scattering-type scanning near-field optical microscopy) to
image the nucleation and distribution of crystalline phases in thin films for organic electronics
(cf. Chapter . For this nanoscopy technique, the metallic tip of an AFM is used to localize
long-wavelength IR illumination by near-field enhancement. Infrared spectroscopic images with
20 nm resolution are thereby obtained simultaneously with AFM topography. Within the course
of this thesis, we successfully developed a novel s-SNOM application for highly-ordered organic
systems that benefits from their sharp IR resonances, which slightly shift with the crystalline
packing of the molecules. By utilization of a mid-IR excitation frequency tuned to the respec-
tive molecular vibrational resonance, we achieved to image the relative shifts in the near-field
response that occur due to different crystalline packing. Consequently, in addition to chemical
fingerprint recognition of IR spectroscopy, different polymorphic structures of the same chemical
material can now be locally identified.

For the case of our model system pentacene, we revealed via IR s-SNOM a surprising coexis-
tence of two crystalline phases, which had been overlooked in literature before. A strong IR
contrast in our s-SNOM studies on thin-film pentacene manifests distinct elliptically shaped in-
clusions, which are uncorrelated to the grain morphology observed with AFM. These inclusions
correspond to a hidden bulk phase (BP) within the thin-film phase (TFP) matrix due to a well-
defined pattern of recrystallization from TFP to BP. Utilizing X-ray diffraction measurements,
we confirmed this recrystallization phenomenon to proceed over months, even during storage
at room temperature. The evolving BP inclusions are expected to obstruct carrier percolation
paths and thus have potential impact on charge transport within the organic semiconducting
film. Consequently, the shelf time of the respective organic electronic devices is strongly limited.
Our observation contributes to unraveling contradicting reports in literature about the influence
of grain size on carrier mobility in pentacene thin films.

Our interpretation of the observed structural characteristics of thin-film pentacene is summa-
rized in our proposed model of recrystallization, which is based on thermal contraction mis-
match. After pentacene deposition at elevated substrate temperature (to achieve a desired large
grain size), the thermal contraction upon cooling down to room temperature is much larger in
the pentacene film compared to its SiO, substrate. The resulting mechanical stress within the
pentacene film relaxes by continuous conversion from TFP to BP, because the unit cell of BP
has a larger footprint along the substrate surface compared to TFP. We argue that this ther-
mal contraction upon cooling is the trigger for the regular recrystallization phenomenon, which
we observe to continue during shelf life. Concluding, organic electronic devices with highly-
ordered molecular films that are processed at elevated substrate temperature should be based
on carefully chosen substrates. Their thermal expansion coefficients should match the organic
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semiconductor in order to avoid the induction of a parasitic transformation of the crystalline
structure and to preserve optimized charge transfer.

A parasitic recrystallization, i.e. a phase transformation, in organic thin films can also be trig-
gered post-fabrication by heat or solvent exposure (cf. Chapter , for instance during subse-
quent processing steps of the device. We verified that temperature treatment of pentacene
after film growth induces only a minor, incomplete but irreversible phase transformation from
TFP to BP. In accordance with our model for recrystallization, the observed sensitivity to heat
exposure depends on the mechanical stress that has been incorporated in the film afore by film
deposition at elevated temperature. We also found that the extent of BP induction via thermal
post-treatment depends on the temperature of the post-treatment rather than on its duration.
In contrast, post-treatment of pentacene films by solvent exposure with ethanol vapor induces
a recrystallization from TFP to BP by a large extent. This phase transformation is rationalized
by a thin interlayer of ethanol (with a determined thickness of 54 A) that spreads in between the
pentacene film and the SiO, substrate, as confirmed with synchrotron radiation measurements.
We demonstrated that a proper choice of the substrate remarkably enhances the structural
stability towards solvent exposure and can entirely determine whether a phase transformation
occurs or not. In fact, the undesired recrystallization of pentacene from TFP to BP within an
ethanol atmosphere was successfully prevented by coating the SiO, substrate with a hydropho-
bic polymer called COC. A beneficial effect of the COC substrate on the long-time stability of
pentacene TFTs and their resistance to solvent exposure is likewise expected.

In order to study defects and their correlation to charge transport in organic molecular semi-
conductors, we developed an experimental approach that allows for imaging trap densities in
organic thin-film transistors during operation for the first time (cf. Chapter |§[) First of all, our
custom-made confocal laser scanning setup provides spatially resolved optical measurements to
map the reflection, the luminescence, and the Raman scattering of molecular films. The sub-
micron resolution of the setup is sufficient in particular to resolve the crystalline grains of the
pentacene film. Thus, we successfully visualized the particular crystal orientation of individual
grains with linearly polarized illumination by recording multiple absorption maps while stepwise
rotating the polarization direction. The obtained angle at the grain boundaries of neighboring
crystallites is thought to influence the carrier transport among the pentacene grains.
According to the unit cell structure of the pentacene TFP, the electronic excited state S; is
split into a Davydov doublet. Using two polarized lasers with photon energies that match the
two energetic levels of the doublet, we achieved to directly map the Davydov splitting. By this,
we proved that the transition dipole moments of the Davydov doublet in pentacene TFP are
oriented nearly perpendicular to each other.

In addition, while scanning the transistor channel of a pentacene TFT, our confocal laser setup
also provides a simultaneous detection of light-induced changes of the transistor current (i.e.
the photoresponse) in dependence on the position of illumination. In order to obtain two-di-
mensional photoresponse maps, we recorded the local photoresponse of pentacene TFTs for
each position of the laser focus within the transistor channel. Interestingly, within the channel
area, a slow and spatially homogeneous component owing to heating (a bolometric effect at a
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time scale of milliseconds) is superimposed by a strong and reproducible texture of the pho-
toresponse with a time scale of about 10 ps. Only adjacent to the source contact, an additional
fast component (at a time scale shorter than 4 ps) was observed owing to the locally enhanced
electric field at the contact. For the revealed texture of the photoresponse, we established a
model that is based on triplet-assisted detrapping of charge carriers. Singlet excitons that are
induced by light within the pentacene film are known to exhibit a fast intersystem crossing
into triplet excitons. In the presence of an occupied hole trap, a triplet exciton can dissociate
and recombine directly with the trapped hole, which in turn causes a release of the charge
carrier. This triplet-assisted trap release increases the hole detrapping rate and, according to
the trap-and-release model, locally enhances the effective carrier mobility. We achieved to
successfully detect the resulting small modulation in charge current (based on these trapping
and detrapping events) as photoresponse on top of the DC transistor current, which is about
six orders of magnitude larger. Consequently, the spatially resolved photoresponse mirrors the
in-plane distribution of trap states in the transistor channel, superimposed by the level of trap
filling, which can be adjusted by the gate voltage. Our model is confirmed by the gate voltage
dependence of the induced photoresponse and its characteristic time scale, corresponding to
the lifetime of triplet excitons.

Trailer for future prospects

In future, the insights into polymorphism and phase transformation gained in this thesis can
be used for controlled structural modification of thin-film pentacene for targeted application.
To analyze the impact of various influences (e.g. substrate condition, impurities, and heat
exposure) on the formation of crystalline phases in molecular thin films, IR s-SNOM has been
demonstrated to be a powerful characterization technique. Further investigations have already
been performed as a basis for future work. For instance, Figure[7.1]shows a stunning condensed
BP formation, which is uncorrelated to grain morphology and restricted in space. lIts origin
might be a local defect acting as growth seed for phase transformation or even local heating by
the intense IR laser focus. The latter has potential to be utilized for precise local modification
of organic thin films.

Moreover, for future investigations, the s-SNOM technique can be expanded to shorter time
scales down to sub-picoseconds by introduction of pump-probe measurements [127]. This
approach paves the way for ultra-small and ultra-fast IR spectroscopic imaging.

In addition to the post-fabrication measurements performed on pentacene in this thesis, the
proposed recrystallization from TFP to BP pentacene may also be tracked in-situ by X-ray
reflectometry. An in-situ study would allow for recording the evolution of pentacene BP during
film deposition at elevated substrate temperature and during the subsequent cooling-down to
room temperature.

Further, in accordance with our explanation, the phase transformation in pentacene films from
TFP to BP can also be induced intentionally by mechanical stress via bending [102]. Bending
of a flexible substrate in one direction leads to defined mechanical stress along this direction,
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Figure 7.1.: Local nucleation of bulk phase observed with IR s-SNOM. (a) AFM topography
showing a 20 nm thick pentacene film on SiO,/Si substrate. Simultaneously recorded infrared am-
plitude (b) and phase (c) image at 907.1cm™. The measurement reveals a local nucleation of bulk
phase pentacene (yellow regions in b). Scale bar, 3 pm.

which potentially provokes the formation of BP domains with predominant orientation within
the film. Such an alignment of the BP inclusions is promising to investigate their impact
on charge transport performance via embedding of transistors (i.e. contact structures) within
the pentacene film along and perpendicular to the bending direction. With this, anisotropic
transport characteristics may be studied and correlated to the aligned BP inclusions, which
dissect carrier percolation paths.

Our results which were deduced from photoresponse microscopy showed that charge traps are
not necessarily associated with grain boundaries. However, the feature size of the observed
photoresponse texture (i.e. the trap distribution) is comparable to the size of the pentacene
grains. Thus, in future experiments, a variation of the pentacene grain size to investigate its
influence on the arising photoresponse texture will shed light on the relation between film mor-
phology and trap formation.
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Figure 7.2.: Alignment of Cgy droplets on pentacene terraces. The AFM topography images
show a 300 A thick pentacene film (grown at 65°C on SiOy/Si substrate) with a sub-monolayer of
45A Coo on top (grown at 80°C substrate temperature). (a) The Cgo droplets align at the step
edges of the pentacene molecular layers like beads on a string. (b-e) A sequence of four AFM images,
demonstrating the utilization of the AFM tip to manipulate and remove single Cgg droplets from the
pentacene film. Scale bars, 0.5 pm.

Further, the photoresponse experiments might be performed using illumination with variable-
wavelength light, in order to identify different molecular excitations that can contribute to the
described detrapping mechanism of charge carriers.

The trap release of charge carriers in pentacene is mediated by triplet excitons, whose diffusion
length depends on temperature according to the Einstein relation, see Equation . Hence,
by conducting photoresponse measurements at low temperature, the triplet diffusion may be
reduced to suppress the observed blurring of the local laser excitation. In a similar way, the
recorded luminescence map of pentacene, which arises from the recombination of singlet ex-
citons with short diffusion length, showed indeed a well-defined pattern (cf. Appendix [A.1.1]
Figure S1). Photoresponse microscopy at low temperature with reduced triplet diffusion should
therefore lead to an overall more defined, i.e. sharper, photoresponse texture.

Our photoresponse technique also represents a promising tool for the investigation of charge
transfer in p-n-heterostructures, e.g. pentacene and Cgp as the p-type and the n-type semi-
conductor, respectively. A sub-monolayer of Cgy deposited on a pentacene thin film develops
well-defined nanostructured interfaces by self-assembly of Cgo aggregates, as we demonstrated
in an initial study shown in Figure[7.2] These fullerene clusters retrace the molecular step edges
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Figure 7.3.: Charge transport in
an organic semiconducting film
hindered by inclusions of struc-
tural defects. The movement
of charge carriers (yellow streaks)
through a pentacene thin film
(AFM topography at the top) is hin-
dered due to intersections of struc-
tural disorder, such as boundaries
of coexisting polymorphic phases
(IR s-SNOM image at the bottom),
which scatter the charge carriers.
Credit: C. Hohmann, NIM cluster
of excellence.

of the pentacene film and are thus aligned like beads on a string. As the dynamics upon deposi-
tion are decisive for the diffusion-controlled growth of the Cqq clusters [128], their size of 50 nm
in diameter and a few nanometers in height shown in Figure|7.2|can be tuned by the evaporation
parameters (i.e. by the substrate temperature, deposition rate, and nominal Cgo thickness). By
local photoresponse analysis, the electronic characteristics, e.g. charging phenomena [129], at
these nanostructured heterojunctions could be investigated in the future and correlated with
the tunable nanomorphology. For instance, a decisive influence of the fullerene crystallinity on
charge separation efficiency at heterostructures has recently been demonstrated [75].

Finally, the nanoscopic s-SNOM technique has a high potential to be utilized in future exper-
iments even for local electronic excitation of organic molecular thin films, in addition to the
structural investigations. A supplementary electric readout via lock-in detection of a modulated
transistor current should allow for combining the s-SNOM and the photoresponse techniques
in one setup. The interdependency between the structural phase coexistence discovered by s-
SNOM and the occurrence of trap states imaged by photoresponse microscopy could thereby be
elucidated, as well as the relation to charge transport. For instance, the emerging phase bound-
aries of pentacene TFP and BP, which dissect the carrier percolation paths, presumably localize
and scatter charge carriers and thus hinder transport, as illustrated in Figure Conversely,
there is evidence for a local transformation between the pentacene polymorphs that is itself
triggered by localized (i.e. trapped) charge carriers [I24]. In conclusion, the combination of
s-SNOM and photoresponse detection within one setup ultimately allows for direct correlation
of electronic and structural order in organic thin films at the nanoscale.
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Figure A.l.: Frequency-resolved
scanning photoresponse microscopy
of pentacene thin-film transistors is
reported. The photoresponse pattern
maps the in-plane distribution of trap
states which is superimposed by the
level of trap filling adjusted by the gate
voltage of the transistor. Local hotspots
in the photoresponse map thus indicate
areas of high trap densities within the
pentacene thin film.
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Front cover of the Advanced Materials
issue 40 in October 2013:

Thin Films

On page 5719, Bert Nickel and co-workers
use a pulsed laser scanning microscope for
mapping of trap densities in pentacene
thin-film transistors.  They depict the
light-induced change of the transistor
current in dependence on the position,
the modulation frequency of illumination,
and on the applied voltages. The collision
of an exciton with a trapped charge in a
conducting transistor channel causes the
carrier release — the elemental process
that induces the observed photoresponse.
The graphic is by Christoph Hohmann,
Nanosystems Initiative Munich (NIM).
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Mapping of Trap Densities and Hotspots in Pentacene
Thin-Film Transistors by Frequency-Resolved Scanning

Photoresponse Microscopy

Christian Westermeier, Matthias Fiebig, and Bert Nickel*

Trap states strongly influence the charge-transport properties
of organic thin films. They severely impact the performance of
organic electronic devices such as light emitting diodes, pho-
todiodes, photovoltaic cells, and organic thin-film transistors
(OTFTs).™%) In OTFTs, charge trapping causes various draw-
backs depending on the energy level of the localized states.
Immobile charges localized in deep trap states give rise to a
shift of threshold voltage, an increase in operating voltage and
in offcurrent, and a degradation of device stability.268] In
contrast, trap states located within a few kg T from the valence-
band edge (in the case of p-type carriers) (i.e., shallow traps)
account for hysteresis,””l reduced switching speed, and influ-
ence the effective carrier mobility due to multiple trapping
and release of charge carriers during OTFT operation.[10-13]
Precise control of these device characteristics is a prerequisite
for commercial applications of OTFTs (e.g., in displays) that
demand high long-term stability, low power consumption,
and sufficient switching speed. Thus, a microscopic picture of
the spatial location of traps within the organic film and their
energetic position is required. So far, the energetic position
of charge traps in organic films has been studied by thermal
release techniques, including deep-level transient spectros-
copy and space-charge-limited current techniques,1*'® as
well as capacitance- and current-voltage characterization of
2- and 3-terminal devices.l'”'®¥l However, these investigations
are integral device measurements and do not allow to access
spatial inhomogeneities of charge trapping. The spatial distri-
bution of trapped charges has been probed by experimental
techniques such as scanning Kelvin-probe microscopy (SKPM)
and electric force microscopy (EFM).I"*2] Apart from the need
of highly controlled test conditions, like ultrahigh vacuum, in
the case of SKPM, both scanning probe techniques also require
accessibility of the semiconductor top surface and preclude the
investigation of capped or top-gated transistors. Furthermore,
SKPM and EFM experiments probe charges inside deep traps
with a long lifetime between tens of seconds up to hours and
superimpose the distribution of traps located at the top surface
and traps inside the bulk of the organic semiconductor.?2-2426]
In contrast, the trap-and-release mechanism that determines
the effective carrier mobility in organic thin films occurs on
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short time scales (e.g., microseconds for anthracene)'" and
is confined to a thin accumulation layer at the gate dielectric
interface inside OTFTs within the Debye length of the semicon-
ductor.>'?l In a new experimental approach, we investigate trap
states in the accumulation layer by local detrapping of charges
during OTFT operation induced by a diffraction-limited laser
focus. For this purpose, we illuminate the OTFT with the scan-
ning laser focus and analyze the induced modulation of the
transistor current with a lock-in technique. With this approach,
switching limitations due to the capacitance of the device are
avoided, and only those trap states that are directly involved in
electronic transport are detected.

Note that the process of light induced detrapping via excitons
is rather exclusive for organic materials. Here, light absorption
in the order of the band gap energy results in the formation
of strongly bound excitons rather than free carriers. In organic
films, these excitons diffuse and thus sample a certain area
within the film during their lifetime. If such an exciton encoun-
ters a trap state, the exciton can directly recombine with the
trapped charge resulting in a free carrier,'>2>2-2% that in turn
can contribute to charge current until it is re-trapped. Hence,
focused illumination seems to be a suitable tool to probe the
local release from trap states in organic semiconducting layers.

Organic films that are suited for an investigation with this
approach should feature a low photoluminescence yield to allow
for efficient recombination of excitons with traps. In this study,
we utilize polycrystalline thin films composed of small organic
pentacene molecules. Pentacene shows low photoluminescence
and high charge carrier mobility (1 = 1 cm? V! s7!) comparable
to amorphous silicon and is thus considered to be at the edge
of band transport.}%32l To investigate the trap distribution of
polycrystalline pentacene films, we have chosen the geometry
of an organic field-effect transistor (OFET) with top-contacts,
as depicted in Figure 1 a. Compared to bottom-contact OTFTs,
top-contact devices have two advantages for an investigation of
the intrinsic properties of the pentacene layer. Firstly, they are
typically not dominated by their contact resistance.l') Secondly,
the growth of pentacene is not affected by metal electrodes.**!

We performed the spatially resolved measurements on
pentacene OTFTs with a confocal laser scanning microscope,
as sketched in Figure la. Laser light with a photon energy of
1.96 eV corresponding to singlet excitation of pentacene was
either modulated by an optical chopper for frequencies up
to 10 kHz or electrically pulsed for higher frequencies. The
light passed a single-mode optical fiber and was focused on
the sample surface with a diffraction limited lateral spot size
of about 0.75 um. Light reflected by the sample coupled back
into the fiber, and its intensity was measured by a photodiode
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Figure 1. a) Scanning photoresponse setup (see text). b) Reflection map of a 50 nm-thick pentacene layer within a transistor channel obtained by
scanning with linearly polarized laser light (A =632.8 nm) at an incident power of 1 uW and a chopper frequency of 90 Hz. The blue dashed line marks

the position of the line profiles in Figure 2a. c) Photoresponse map for Vs

A profile of I oo, extracted along the red line, is printed next to the map.

(not shown in Figure 1a). The red-shifted luminescent light
from the sample passed a dichroic mirror and was detected
by a CCD camera. A piezo-driven sample stage positioned the
OTFT with respect to the focus of the laser beam and allowed
scanning the sample with sub-micrometer precision. The
resulting reflectance map obtained with linearly polarized laser
light exhibits several features, as shown in Figure 1b. Firstly,
the bright metal top-contacts enclose the less reflective tran-
sistor channel on both sides. Secondly, a grainy texture appears
within the transistor channel that corresponds to the polycrys-
talline pentacene film. Thus, the resolution of our experimental
technique is sufficient to resolve the pentacene grains (cf. Sup-
porting Information, Figure S1) which show a strong variation
in reflectance due to optical anisotropy.l34

The variation of the source-drain current (Isp) due to illu-
mination, called “photoresponse” (Iphe) Of the transistor, was
measured using a lock-in technique. The photoresponse map
(i-e., Iphoto(:y) as a function of the x- and y-position of the illu-
mination spot), that is shown in Figure 1c was obtained under
ambient conditions with a chopper frequency of 90 Hz, a gate
voltage of Vg5 =—20V, and a drain voltage of Vpg =-10 V. The
dashed lines illustrate the position of the contact edges deter-
mined from the reflectance map that was recorded simultane-
ously. In former measurements on bottom-contact OTFTs with
a higher chopper frequency, photoresponse was confined to the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

=-10V and Vs =—-20 V measured simultaneously with the reflection map.

positively biased source electrode.*”! Here, additional photore-
sponse within the channel area of the top-contact transistor was
detected. Very interestingly, this photoresponse signal exhibits
a strong and reproducible spatial variation across the transistor
channel with feature size comparable to the size of the penta-
cene grains. The intensity of I, clearly depends on the posi-
tion in the pentacene film that is illuminated. The spatial mod-
ulation of the photoresponse signal shows hotspots which are
superimposed by a gradient of the signal increasing from the
drain towards the source contact.

To explore the dynamics of the photoresponse, we performed
a multitude of scans covering the same section of the transistor
channel while the excitation laser was modulated with different
frequencies up to 250 kHz. These photoresponse maps (a selec-
tion is provided in the Supporting Information, Figure S2)
indicate the same spatial pattern of hotspots while the inten-
sity strongly changes with the frequency of laser modulation.
Profiles along a straight line across the transistor channel
(cf. blue dashed line marked with an arrow in Figure 1b) were
extracted from the photoresponse maps and plotted against the
frequency in Figure 2a. The line profiles clearly illustrate the
increase of Iy, across the channel from the drain towards
the source contact. Within the channel area of the transistor,
a slow and homogeneous component of the photoresponse is
supplemented by a spatially inhomogeneous component which

Adv. Mater. 2013, 25, 5719-5724
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Figure 2. a) Line profiles of the photoresponse (Vps = =10V, Vgs =
—20 V) across a transistor channel from drain to source for varying laser
pulse frequencies from 20 Hz up to 250 kHz at an incident power of
1 uW. b) Photoresponse components, fast, intermediate, slow, visual-
ized by the line profile at 250 kHz, the subtraction curve of the 250 kHz
and 910 Hz profiles, and the subtraction curve of the 910 Hz and
20 Hz profiles, respectively (see text). c) Photoresponse signal (red)
and source-drain current (black) as a function of gate voltage for con-
stant Vps =—5 V. The transistor channel is illuminated midway between
source and drain with an incident laser power of 10 uW and a pulse
frequency of 210 Hz.
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accounts for the conspicuous pattern in the photoresponse
map. This inhomogeneous contribution decreases for higher
modulation frequencies in the order of 100 kHz corresponding
to a characteristic time scale of 10 us. Only in the vicinity of
the positively biased source contact, a photoresponse can still
be detected up to the highest frequency of 250 kHz. Therefore,
this peak adjacent to the source contact represents the fastest
contribution to the photoresponse signal with a characteristic
time scale much shorter than 4 ps.

Based on these observations, we decompose the photore-
sponse into three different components (slow, intermediate,
fast). The separation of contributions from different time scales
can be simply done by subtraction of successive measure-
ments at different frequencies, as illustrated in Figure 2b. The
line profile at 250 kHz (orange curve) contains only the fastest
contribution adjacent to the source contact that is well known
from previous studies.’>3¢l The subtraction of the 250 kHz
and 910 Hz data allows to calculate an intermediate photore-
sponse component (purple curve) representing processes faster
than 910 Hz and slower than 250 kHz. On the other hand, the
subtraction of the 910 Hz and 20 Hz data extracts the slowest
contributions (light blue curve) that occur up to a millisecond
time scale.

The mechanism that triggers the intermediate photore-
sponse can be further analyzed by the gate voltage dependence
of Ijhoto, @s shown in Figure 2c for local illumination midway
of the transistor channel with an incident laser power of 10
UW and a modulation frequency of 210 Hz. The photoresponse
exhibits a very strong dependence on the applied gate voltage.
When the TFT is operated in the off-state, no photoresponse
is observed. Towards negative gate voltages, Iy Strongly
increases. The photoresponse signal behaves qualitatively
similar to the source-drain current except for two differences.
Firstly, the onset of Ipq, Occurs at a more positive gate voltage
compared to the onset of Isp (i.e., Ippoto Sets in earlier). Sec-
ondly, I o shows a more pronounced saturation behavior for
increasing negative gate voltages. This saturation is even more
distinct for gate sweeps up to higher negative gate voltages (cf.
Supporting Information, Figure S3).

In order to rationalize the experimental data, it is mandatory
to consider the photophysics of pentacene. Pentacene is pecu-
liar in the sense that singlet excitons that can be induced by
light exhibit an ultrafast conversion into triplet excitons.l’-%)
These triplets have a lifetime in the order of microseconds,
and subsequently they recombine non-radiatively. However,
in the presence of an occupied trap state, a triplet exciton can
dissociate and recombine directly with the trapped hole, which
results in a free charge carrier.'>?>?-2% This recombination
reaction can be written as adopted from Pope:[™”!

T1 + 2D g So+2D*
1
:I:i;:|:1—>:i:1 @

tspin :
netspin > £5 5

where T; denotes a triplet exciton, S, a singlet ground state,
and 2D and 2D* a spin one-half paramagnetic center (a trapped
charge treated as an ion) in the ground and excited states,
respectively. Since combinations of states with the same net
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spin of +1/2 occur on both sides, the transition has spin-allowed
channels (i.e., channels without a change of the net spin). This
exciton-assisted trap-clearing increases the hole detrapping rate
and, according to the trap-and-release model 113 will result in
higher charge current through the pentacene film, detected as
photoresponse. The efficiency of this mechanism depends on
the amount of occupied trap states at the position of illumina-
tion that can potentially be cleared. Therefore, the observed pat-
tern of the photoresponse inside the transistor channel mirrors
the in-plane distribution of trap states at the dielectric interface
within the pentacene film.

The level of trap filling is adjusted by the surface poten-
tial y; at the semiconductor interface with the gate dielectric,
as evident from the gate voltage dependent photoresponse
in Figure 2c. The black curve of Isp corresponds to the well
known characteristics of a p-type field-effect transistor (FET).[C]
According to the gradual channel approximation, the surface
potential y, depends on the transverse field perpendicular to
the channel plane (z-direction) that is controlled by the gate
voltage (Vgs). For a negative surface potential y;, the valence
band at the interface to the gate dielectric is bent upward, as
depicted in Figure 3a. With increasing negative y, the valence

a) Energy b) Energy
Ys<0 Ys<<0
¥ Y
—] Ec Qs | @ A Ec
-g- N
q Wi @ ) Ei Ei
NS L‘J_E;rap Er
EV EV
dielectric | pentacene dielectric| pentacene
0 z 0 z
c)

& qpx.y)

z=0 z=0
EFp - E(rap

Figure 3. Dependence of hole trap filling on the surface potential ;. a)
For a negative y;, the valence band is bent upward. Trap states at the
interface are lifted above the Fermi level E; and consequently filled by
holes. b) For higher negative v, the valence band crosses the Fermi level.
Thus, free holes are accumulated in addition to an increased amount of
trapped holes. c) For negative Vps and Vs applied to drain and gate,
respectively, the upward band bending (—qys) increases across the tran-
sistor channel from drain to source. Once —q; is larger than the energy
gap (Ep, — Eirap) between the quasi-Fermi level for holes Eg, and the trap
energy Ey.p, the trap states are filled by holes. The photoresponse map
which has been inserted in the scheme mirrors the density of occupied
traps.
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band crosses the Fermi level (see Figure 3b). Consequently, an
increasing amount of positive charge carriers is accumulated
at the dielectric interface that can contribute to the transistor
current Isp, explaining the gate voltage dependence of Igp in
Figure 2c. Since the energetic position of hole traps is located
within the band gap above the valence-band edge, these trap
states cross the Fermi level earlier than the valence-band states
(i-e., the filling of these trap states sets in earlier (Figure 3a,b)).
As a result, the photoresponse that is based on the release of
trapped charge carriers shows a similar gate voltage depend-
ence as Igp but sets in earlier with increasing negative V.
Since the transverse field evoked by V(g is screened by the pen-
tacene film within the Debye length, the band bending and like-
wise trap filling are restricted to a thin area of around 2-3 pen-
tacene monolayers at the interface.l’! As soon as all trap states
within this distance are lifted above the Fermi level and occu-
pied by holes, the efficiency of light induced trap release and
thus the photoresponse cannot be increased by the gate voltage
anymore (i.e., it saturates). The behavior of I, in Figure 2c,
therefore, represents a strong indication that the photoresponse
is related to the occupation of trap states.

In our pentacene TFT, the applied drain-source voltage (Vps)
causes a gradient of y; and in turn a gradient within the pho-
toresponse map, as depicted in Figure 3c. For negative Vpg
and Vg, the upward bending of the pentacene valence band
and hence the fraction of occupied trap states increase towards
source and so does Iy As expected within our model,
this gradient of I o, across the transistor channel increases
for higher Vps. Thus, similar to the gate voltage dependent
measurement, the signal of the spatially dependent photore-
sponse reflects the local amount of occupied traps states. The
increasing photoresponse towards source is in agreement with
reports about charge modulation microscopy mapping the
carrier distribution, as these reports also show an increase of
the optical signal towards source due to the potential gradient
across the transistor channel.[#142]

The time scale of the described photoresponse process of
exciton assisted trap release induced by illumination is mainly
determined by the lifetimes of triplets and free majority car-
riers. The lifetime of triplet excitons in pentacene is about
10 s The lifetime of free holes released from trap states was
determined for anthracene to be in the order of 10-200 us until
they are re-trapped,'">! which may serve as an approximate
indication for pentacene as well. These lifetimes are consistent
with the observation that the intermediate, spatially inhomo-
geneous photoresponse component vanishes at frequencies of
100 kHz and above (i.e., at 10 ps time scale).

In conclusion, we utilize a laser scanning setup with sub-
micrometer resolution to scan across the channel region of a
pentacene TFT during operation. Using a lock-in technique,
we detect the light induced change of the transistor current in
dependence on the position and the modulation frequency of
illumination and on the applied voltages. The observed pho-
toresponse signal reveals a spatially inhomogeneous pattern
of hotspots inside the transistor channel with a feature size
comparable to the grains of the pentacene thin film. This pho-
toresponse is explained by the release of trapped charge car-
riers by triplet excitons. Therefore, the photoresponse intensity
strongly depends on the occurrence of occupied trap states

Adv. Mater. 2013, 25, 5719-5724



ADVANCED
MATERIALS

M \llw’ﬁ

www.MaterialsViews.com

that can potentially be cleared at the illumination spot. The
photoresponse pattern thus maps the in-plane distribution of
trap states which is superimposed by the level of trap filling
adjusted by the surface potential of the semiconductor. Accord-
ingly, the local hotspots in the photoresponse map indicate
areas of high trap densities within the pentacene thin film. In
summary, we established frequency-resolved scanning photore-
sponse microscopy to study carrier trapping and release events
in the channel of an organic field-effect transistor during opera-
tion. These processes from millisecond to microsecond time
scale are probed at the lateral position of the laser spot within
the channel. At this spot, the active traps (i.e., the localized
states involved in the photoresponse) can be selected by the
gate voltage. Thus, quantitative modelling of the photoresponse
variation with gate voltage, frequency, and position should pro-
vide the local density of states for traps, ultimately allowing for
microscopic control of organic interfaces.

Experimental Section

For fabrication of the OTFTs, we used a highly n-doped silicon substrate
(CrysTec) as the back-gate and 90 nm thermally grown SiO, as the
gate dielectric. The substrates were sonicated in acetone and isopropyl
alcohol for 10 min each, rinsed with deionized (DI) water, and then
cleaned by alternating alkaline (1:1:5 solution of 25% NH,OH, 30%
H,0, and H,0) and acid (1:1:5 solution of 37% HCI, 30% H,0, and
H,0) steps at 80 °C for 15 min each. On top of the cleaned substrate, a
5 nm thin layer of cyclic olefin copolymer (COC) (Topas) was spin-coated
from solution (0.25% COC dissolved in toluene) and subsequently
annealed for 3 min at 100 °C in a clean-room facility. The hydrophobic
and smooth COC layer served as a suitable surface for the subsequent
molecular beam deposition of 50 nm pentacene (triple sublimed,
Sigma-Aldrich) with a rate of 0.1 A s™ at a substrate temperature of
60 °C and a pressure of about 107 mbar. As source and drain contacts,
50 nm of gold was evaporated on top of the pentacene film using
shadow masks (L = 1000 pm, W = 20 um). Finally, the samples were
glued into a chip carrier and wire bonded. The pentacene TFTs studied in
this work showed very low hysteresis, high on/off-ratio, and a saturation
mobility of e, = 0.1 cm? V7! s71 extracted from the transconductance
characteristics (cf. Supporting Information, Figure S5).

The home-made photoresponse setup utilized a helium-neon (HeNe)
gas laser with 632.8 nm wavelength modulated by an optical chopper
(MC2000, Thorlabs) and alternatively an electrically pulsed diode laser
(Hitachi) with 635 nm wavelength. The laser light was attenuated
by neutral density filters and coupled into a single-mode glass fiber
connected to a fiber beamsplitter. One branch of the beamsplitter was
used to measure the incident laser power with a silicon photodiode
(PDA10A, Thorlabs). The other branch of the fiber beamsplitter was
directed through a fiber polarization controller to twist the fiber in
order to adjust the polarization of the light that was subsequently
coupled out. This polarized and spatially filtered laser beam passed a
laser-line filter, a half-wave plate, and a dichroic mirror before it was
focused on the sample by an objective with a numerical aperture (NA)
of 0.8 (LMPLFLN100x, Olympus). Except where noted, the spot size
was 0.75 um, the applied optical power was 1 uW, and the estimated
power density was 2.3 x 105 W m2. The objective also collected the
light returning from the sample which was subsequently split by
the dichroic mirror. Light reflected by the sample was directed back to
the optical fiber whose entrance served as confocal aperture. The power
of the reflected light that coupled back into the fiber was measured by
an amplified silicon photodiode (PDA36A, Thorlabs). In contrast, red-
shifted luminescent light from the sample was able to pass the dichroic
mirror followed by a notch filter and a long pass filter and was finally
detected by a charge-coupled device (CCD) camera (Sensicam, PCO).
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The sample was positioned and scanned with respect to the laser focus
using a stack of piezo positioners (ANPx/z101/RES, ANC350, Attocube
Systems). To operate the transistor during the scan, a drain voltage and
a gate voltage were applied with respect to the source via the sample
stage using two DC voltage sources (7651, Yokogawa). The source-drain
current was amplified and converted into a voltage (DLPCA-200, Femto)
before its DC component was measured by a multimeter (34411A,
Agilent) and its AC component was analyzed by a lock-in amplifier
(7265, Signal Recovery) to obtain the photoresponse.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. a) Bright field image and b) AFM micrograph showing the morphology of a
pentacene film within the channel of a thin film transistor. ¢) Reflection map and d)
luminescence map of the same section of the pentacene film as in a) and b) detected with our

scanning photoresponse setup using linear polarized laser light (A = 632.8 nm). The grain
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structure of the polycrystalline pentacene film can be clearly identified in the reflection map
(see area highlighted with a red line as guidance). Thus, the resolution of our measurement
setup is sufficient to resolve the pentacene grains. The map of the photoluminescence
intensity also shows a well defined pattern that corresponds to the grain structure of the
pentacene layer. This can be seen more distinct in the superposition of the reflection signal
(red) and luminescence signal (green) at the bottom. As photoluminescence initially requires
absorption of light that in turn is opposed to reflection, the texture depicted in the

luminescence map is inverted compared to the reflection map.
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Figure S2. Photoresponse maps of a pentacene TFT channel measured with varying pulse
frequencies of the excitation laser at an incident power of 1 uW. For frequencies up to 9910
Hz (left hand side), the laser light is modulated by an optical chopper, whereas a pulsed diode
laser is used for higher frequencies (right hand side). The transistor is operated at constant
voltages Vps = -10 V and Vgs = -20 V during the scans. The pixel size corresponds to 0.32
um. The data presented are raw data from the lock-in amplifier. For low frequencies, e.g. 20
Hz, the integration time was at least ten times longer than the period of the laser modulation,
or 0.5 seconds. For higher frequencies, e.g. 25 kHz, the integration time was typically set to

20 to 50 milliseconds. Acquisition of a full map took between 20 minutes up to 1 hour.
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Figure S3. Photoresponse signal (red) and source-drain current (black) as a function of gate
voltage for constant Vps = -5 V. The transistor channel is illuminated midway between source
and drain with an incident laser power of 1 uW. The measurement covers a broader range of
the gate voltage (-32 V to +32 V) compared to the measurement in Figure 2 (c). Therefore,

the saturation of the photoresponse Ipnoto is more distinct.
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distributed accumulation charge Q, at the interface. ¢) Nonequilibrium condition with
negative gate and drain voltages applied. The intrinsic Fermi level E; and the quasi-Fermi
level for holes Er, exhibit a negative gradient across the channel from drain to source. The
difference -qus = E#=° - £~ ¢ of the intrinsic Fermi level at the interface (z = 0) and in the
bulk (z = d), i.e. the band bending at the interface, increases towards source. d) Once -qys is
larger than the energy gap (Erp - Ewap) between the quasi-Fermi level for holes and the trap

energy, the trap states are filled by holes, as depicted in Figure 3 (c).
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Figure A.2.: The grain boundaries be-
tween two coexisting phases in organic
semiconductor pentacene are expected to
obstruct charge transport in its thin-film
devices. Westermeier et al. use infrared-
spectroscopic nano-imaging to show an
interlocking morphology, which is uncor-
related with its grain structures.
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Sub-micron phase coexistence in small-molecule
organic thin films revealed by infrared
nano-imaging

Christian Westermeier!2, Adrian Cernescu'3, Sergiu Amarie3, Clemens Liewald', Fritz Keilmann' & Bert Nickel"2

Controlling the domain size and degree of crystallization in organic films is highly important
for electronic applications such as organic photovoltaics, but suitable nanoscale mapping is
very difficult. Here we apply infrared-spectroscopic nano-imaging to directly determine the
local crystallinity of organic thin films with 20-nm resolution. We find that state-of-the-art
pentacene films (grown on SiO, at elevated temperature) are structurally not homogeneous
but exhibit two interpenetrating phases at sub-micrometre scale, documented by a shifted
vibrational resonance. We observe bulk-phase nucleation of distinct ellipsoidal shape within
the dominant pentacene thin-film phase and also further growth during storage. A faint
topographical contrast as well as X-ray analysis corroborates our interpretation. As bulk-
phase nucleation obstructs carrier percolation paths within the thin-film phase, hitherto
uncontrolled structural inhomogeneity might have caused conflicting reports about
pentacene carrier mobility. Infrared-spectroscopic nano-imaging of nanoscale polymorphism
should have many applications ranging from organic nanocomposites to geologic minerals.
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ighly ordered organic materials hold high promise for
novel electronics' ™. Reproducible device performance
rests on understanding the effect of molecular
arrangement on charge-carrier mobility. Pentacene is one of the
most characterized and best-performing materials for organic
thin-film devices>>°. To maximize its mobility, the most crucial
parameters for pentacene quality have been identified to be the
substrate and its temperature during deposition>~7. On the one
hand, substrate temperatures well above 50 °C result in larger
grains of the film structure with characteristic lengths of
microns®. On the other hand, deposition temperature also
controls the abundance of several crystallographic phases, such
as thin-film phase (TFP) and bulk phase (BP) pentacene>%°.
Here we reveal the surprising lateral nanostructure of two
coexisting pentacene polymorphs on a 300-nm scale, by mappinég
infrared absorption using a near-field infrared microscope!".
We observe ellipse-shaped BP pentacene ubiquitously within the
dominant TFP, uncorrelated with grain structure. Our finding
may explain why the carrier mobility ceases to increase in
pentacene thin films deposited at elevated substrate temperature
despite increased grain size>'!%; apparently, BP nucleation
obstructs charge transport by scattering off polarons from inter-
phase boundaries’!3. Furthermore, we observe that the BP
pentacene grows over months at room temperature without a
change of grain morphology, as we also corroborate by X-ray
diffraction. The BP ellipses come with a subtle topographical
depression, which earlier had led to interpretation of them as
cracks'®!°, Infrared nanoscopy clearly has a high potential for
analyzing the molecular arrangement of organic thin films at the
nanoscale and thus for better understanding organic electronic
systems.

Results

X-ray diffraction shows recrystallization during storage. The
crystallographic phases in pentacene films can be discriminated
by their (001)-spacing of the molecular layers. For the TEFP,
the pentacene molecules are oriented almost perpendicularly
on the substrate and the (001)-spacing amounts to 15.4 A, while
for the BP it is 14.4 A>117 as the molecules are slightly tilted,
shown in the inset of Fig. 1. The sample studied in Fig. 1 was
grown at 65 °C to obtain large crystalline grains. After deposition,
X-ray diffraction measurements showed that the film was
dominated by TFP, with some weak fraction of BP (Fig. I,
yellow curve) as expected for deposition temperatures above
50°C>18, However, surprisingly, the BP fraction was found
considerably increased at the expense of TFP (red curve) after the
sample had been stored over 20 months in a desiccator at room
temperature (23 °C). This observation by itself is an alarming
signal for pentacene-based device development and calls for
immediate attention.

Infrared nano-imaging reveals elliptic BP inclusions. As the
X-ray experiment geometry does not provide lateral information,
additional methods are needed to determine the domain
geometries and to understand how the phase conversion takes
place in detail. An atomic force microscopy (AFM) image
of the stored sample is shown in Fig. 2a. The film exhibits a
grainy structure on the expected characteristic lateral length
scale of 2-5um®. On the one hand, there is the argument that
larger grains are beneficial for high charge-carrier mobility,
simply as any kind of grain boundary will naturally impose a
barrier due to defects, lowering the mobility®”!%. On the other
hand, film deposition at increased substrate temperatures to
obtain large grains led to diverging results of increased!,
almost unchanged!!, and even reduced® carrier mobility. In

2

addition, even for pentacene films deposited at constant substrate
temperature, the mobility tends to saturate with increasing
grain size!>1°. In a similar direction, Shtein et al.2? have reported
that in some cases smaller grains allow for higher mobility, while
others observed that post-annealing reduces mobility due to
structure variation and nucleation of BP pentacene21’22.
Unfortunately in the experimental studies, it remains unclear
whether apparent individual grains as observed by AFM are
single crystals, and in particular, whether and on what scale BP
and TFP domains are arranged. Thus, resolving the lateral
crystallinity and the organization of BP and TFP pentacene
might resolve the conflicting reports on the interplay between
growth temperature, apparent grain size and charge transport in
pentacene films.

To map and contrast BP and TFP domains in pentacene thin-
film devices, we employ scattering-type scanning near-field
optical microscopy (s-SNOM) with mid-infrared illumination,
as it is known from far-field measurements that the different
packing of TFP and BP pentacene results in a small shift of
infrared vibrational frequencies®>~2>. s-SNOM enhances AFM
probing by an additional channel of local infrared spectroscopy
and should allow imaging the local distribution of both phases
with a lateral resolution given by the probing tip diameter of
typically 20 nm (see Methods)'?. The near-field infrared image of
the stored pentacene film shown in Fig. 2b was recorded using
mid-infrared illumination at 907.1cm ~ !, which is close to the
resonance of BP pentacene?’. Strikingly, the infrared map
is not homogeneous at all but exhibits ubiquitous nanoscale
features, at strong contrast, in the form of bright and highly
elongated ellipsoids, which, according to the choice of the
infrared frequency, originate from BP domains. These domains
appear uncorrelated to the topographic morphology recorded
simultaneously (Fig. 2a), as they even persist across grain
boundaries. Many BP ellipsoids are oriented approximately
perpendicularly with respect to their neighbours and appear to
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Figure 1 | Recrystallization in highly ordered pentacene film. X-ray
diffraction of a 40-nm thick pentacene layer acquired right after fabrication
(yellow curve), and after storage at room temperature for 20 months
(red curve, vertically offset). The blue and green dashed lines indicate the
positions of the (O0L) Bragg peaks due to TFP and BP pentacene,
respectively, corresponding to their well-known (001)-spacings of 15.4 and
14.4 A (refs 5,9). Aging decreases TFP peaks and increases BP peaks.
This observation clearly indicates a recrystallization from TFP to BP within
the pentacene film. The two different molecular arrangements for TFP
and BP, as well as their layer spacing d(001) perpendicular to the substrate
are depicted in the inset.
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Figure 2 | Grain morphology and lateral distribution of two coexisting
phases. (a) AFM topography (13.5 um x 13.5 um) showing a 40-nm thick
pentacene film on SiO,/Si substrate, after storage at room temperature
for 20 months. (b) s-SNOM amplitude image at 907.1cm~", recorded
simultaneously, proves the coexistence of two phases of pentacene, which
obviously persist across grain boundaries. The dashed square marks the
section shown in Fig. 4. Scale bar, 2 um.

stay mutually aligned within larger domains comprising
several grains.

Crystalline packing of molecules shifts local infrared
resonance. To investigate the spectral origin of this strong
infrared contrast, we employ a fully spectroscopic mode of the
s-SNOM, recently termed nano-FTIR (nanoscale Fourier trans-
form infrared spectroscopy)?®?’ that registers broad near-field
spectra at each sample position, here one on a BP ellipsoid and
one on TFP next to it (Fig. 3, as marked in the left inset). A
Lorentzian fit to each spectrum confirms the two distinctly
different vibrational resonances on the BP ellipsoid, peaked at
906 cm ~ ! (green curve), and on the surrounding TFP, peaked at
904cm ! (blue curve). These frequencies agree well with
literature values of TFP and BP pentacene’>?*. A vertical,
dashed line in the spectra of Fig. 3 indicates the specific frequenc
used for monochromatic imaging in Fig. 2b (907.1cm™ 7,
CO, laser line P08). At this frequency, the nano-FTIR
absorption on the BP ellipsoid (green curve, Fig. 3) is more
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Figure 3 | Structural phases can be distinguished by an infrared
resonance shift. Nano-FTIR spectra (data points) of a 40-nm thick
pentacene film on SiO,/Si substrate taken at two different positions that
are marked in the left inset, taken from Fig. 4b (on ellipsoid—green and off
ellipsoid—blue). For each spectrum, 20 interferograms with 5min
acquisition time each were averaged. We chose to record 4.8-mm long
interferograms to attain 2.1 cm " spectral resolution (interferometer
configuration as in ref. 26, Fig. 1). As seen from the Lorentzian fits (curves)
to the data, the spectrum taken on the BP ellipsoid (green curve) clearly
shows a higher resonance frequency (906 cm ~ ) than that of surrounding
TFP (904 cm ", blue curve). The CO,, laser lines (P08, P12) used for
monochromatic imaging (Figs 2 and 4) are indicated by vertical dashed
lines. The right inset sketches the principle of back-scattering SNOM.

than twice as high compared with the surrounding TFP material
(blue curve), explaining the bright contrast observed in Fig. 2b.

For a final verification of the optical response of the BP features
observed in Fig. 2b, we applied the monochromatic imaging
mode of the s-SNOM to a smaller sample area, with both the
previous (Fig. 4a—c) and a slightly shifted illumination frequency
(Fig. 4ef). As expected, changing from 907.1cm~! to
903.7cm ~ !, near the TFP resonance’>?4, results in a reversion
of the infrared amplitude contrast (cf. Fig. 4e). This invertible
contrast proves that (i) infrared s-SNOM can selectively highlight
either BP or TFP pentacene simply by choice of the infrared
frequency, and that (ii) BP and TFP domains coexist on a ca. 300-
nm length scale and seem to be not at all correlated to the well-
known grain structure. This experimental finding is very
surprising, as it allows us to conjecture that BP pentacene
nucleates in the form of nanometre inclusions within, rather than
on top of, TFP pentacene. BP seeds seem hidden in the
morphology of the TFP and grow with storage time, as
indicated by our X-ray analysis above (Fig. 1). In addition,
s-SNOM imaging of a thick pentacene film (120nm average
thickness) shows that pentacene BP aggregates forming on top of
the thick film'® act as growth seeds for BP nucleation throughout
the film underneath (see Supplementary Fig. 1). The strong
infrared contrasts of our s-SNOM images appear homogeneous
within BP ellipses as well as among ellipses. As the probing depth
of s-SNOM is of the order of the tip diameter'?, here 20-30 nm,
the observed homogeneity suggests that BP material in the
ellipses is not mixed with TFP and extends through the full film
depth.

Discussion
A close inspection of the AFM micrograph reveals that it is
indeed possible to discern the BP ellipses also in topography, as
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Figure 4 | Infrared contrast and topographic depression confirm BP nucleation. Two s-SNOM measurements (monochromatic imaging mode) of the
same section of the pentacene film (5pm x 4.5 um) marked by the dashed square in Fig. 2. The two repeats were conducted at different infrared
illumination frequencies of 907.1cm ~! (a-¢) and 903.7cm ! (ef), corresponding to the CO, laser lines PO8 and P12, respectively. Characteristic BP
pentacene ellipsoids appear both in the infrared amplitude (b,e) and phase (¢ f) images. Clearly, changing the illumination frequency inverts the
relative contrast between pentacene polymorphs in both the amplitude and phase images. Line profiles across a BP domain (d) illustrate a subtle
depression in topography (green curve) marked with arrows, and a strong contrast in the infrared amplitude (blue curve). Scale bar, 1um.

subtle depressions of several nanometre depth (Fig. 4a), quanti-
fied in extracted line profiles (green curve, Fig. 4d). A similar
observation had earlier been noted in the literature!!>. There,
the depressions were interpreted as cracks in the pentacene film
and thought to be induced by its greater contraction compared
with the substrate on cooling down to room temperature after
deposition. Our experiments indeed suggest an alternative
mechanism, in which the mechanical stress is relaxed by a
continuous conversion of TFP into BP pentacene at the interface
boundaries. The direction of this phase change is determined by
BP pentacene exhibiting a larger unit-cell footprint along the
substrate plane compared with TFP!®?8 thus slowing the
contraction and reducing the mechanical tension. In previous
work, a phase transition from pentacene TFP to BP during
storage under ambient air was related to the difference between
the surface energies and the bulk energies of the two pentacene
phases?>30, However, a theoretical study has already suggested
that surface stress makes a contribution to this crystallization as
well’l. Here, the driving force is indeed the reduction of
mechanical tension induced by the thermal contraction
mismatch between pentacene and the substrate. Although our
study focuses on pentacene on commonly used SiO, substrate, we
expect a similar behaviour for other substrates that feature a
thermal expansion coefficient different from the one of
pentacene.

Our observation that the BP ellipsoids appear aligned along
predominant, orthogonal directions (Fig. 2b, presumably the
crystal axes of TFP) supports the conjectured evolution of BP
from highly ordered TFP pentacene. The phase conversion from
the initial, upright molecular orientation of TFP easily explains
why the resulting BP has the molecules also upright on the
substrate, as proven in X-ray diffraction by its 14.4A (001)-
spacing (Fig. 1). Indeed, this height is by 1 A smaller than that of

TFP, due to a larger tilt of the molecules (cf. inset Fig. 1)*1617. As
the 40-nm thick pentacene sample consists of about 30 molecular
layers, the accumulated topographical depression should be
~3nm, as is experimentally demonstrated in the AFM line
profile (Fig. 4d, green line). This agreement confirms that the
nanoscale BP ellipses penetrate the full film depth. Thus, despite
our well-controlled growth of pentacene films with optimized
topographical homogeneity, BP ellipses may well dissect
percolation pathways in TFP and hinder carrier transport, a
phenomenon that has escaped discovery so far in spite of the
large number of studies on this material. The influence of BP
crystallization on carrier mobility might be further investigated by
recording the BP evolution in the channel of a working field-
effect transistor (see Supplementary Fig. 2) or even by direct
measurements of the local conductivity via the SNOM
technique®?. During storage of the pentacene sample, BP
continues to grow at the expense of TFP pentacene (see
Supplementary Fig. 3), which may turn out to be critical for the
shelf life of pentacene electronic devices.

Altogether, our method of infrared contrasting at nanoscale
resolution has straightforwardly clarified that the larger grains in
pentacene films deposited at elevated substrate temperature
(65°C) are subject to massive nucleation of nanometre-sized
BP inclusions in the dominant TFP. We expect that the unique
combination of molecular specificity (which includes sensitivity
to molecular arrangement) and nanometre resolution offered by
the infrared near-field interaction will allow to deepen our
understanding of the nanostructure of conjugated and aromatic
materials for organic electronics.

Our findings demonstrate that s-SNOM is ideally suited for
monitoring polymorphism and phase coexistence in highly
ordered organic films at 20-nm resolution. We also foresee great
opportunities for infrared s-SNOM in the field of semi-crystalline
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polymers, where the nanometer-scale coexistence of crystalline
and amorphous phases®®3* with fullerene domains®>3% is
discussed in the context of exciton and charge transport.
Imaging of the acceptor and donor network in terms of
structure and composition should considerably help to better
understand organic photovoltaics.

Methods

Pentacene deposition. The pentacene samples were prepared on Si substrate on
top of 20-nm thick thermally grown SiO,. The Si/ SiO, substrates were successively
cleaned by sonication in acetone and isopropyl alcohol for 10 min each, followed by
thorough rinsing with deionized water and then dried with nitrogen. Molecular
beam deposition was employed to prepare 40-nm thick films, using triple-sublimed
pentacene (Sigma-Aldrich), at a deposition rate of 0.2 As~1, a substrate tem-
perature of 65°C and a pressure of about 2 x 10 ~® mbar.

X-ray diffraction. X-ray intensity measurements were carried out by reflectometry
using a laboratory X-ray diffractometer with a Mo-K,, source (wavelength
2=0.71 A). The scattered X-ray intensity was normalized and plotted against the
momentum transfer g, = (4n//) sin0, where A is the wavelength and 0 the scat-
tering angle.

s-SNOM near-field microscope. We employed a commercial scattering near-field
microscope (NeaSNOM, neaspec.com) equipped with a standard metallized tip
(NCPt arrow, nanoandmore.com), operated in AFM tapping mode at 50 nm
amplitude to modulate the near-field interaction between the tip and sample. The
back-scattered infrared signal is detected simultaneously with the topography (see
sketch in the right inset of Fig. 3). Lock-in and heterodyne detection at the n=3
harmonic of the tapping frequency (~ 300 kHz) provides background-free near-
field imaging. Monitoring of the infrared signal versus tip-sample separation
(approach curves) was used to ensure the optimal working settings of the tapping
amplitude, the demodulation order n and the focusing. In the monochromatic
infrared near-field imaging mode (Figs 2 and 4) a line-tunable *C1°0, laser
attenuated to 10 mW was used for illumination. The acquisition time was 9 ms per
pixel, requiring several minutes for a 300 x 300 pixel-sized image.

Nano-FTIR mode of s-SNOM. The spectroscopic mode of s-SNOM (Fig. 3)
employs illumination by a coherent broadband mid-infrared beam (here 25 pW)
from a home-built difference-frequency source driven by a <100-fs Er fibre laser
(FFS.SYS-2B with FFS-CONT, toptica.com)?. Detection and spectral analysis of
the back-scattered light is carried out via an asymmetric Michelson interferometer
that generates, by online Fourier transformation, infrared amplitude and phase
spectra simultaneously. Note that although common FTIR spectrometers are not
equipped to determine the complete, complex material response, the nano-FTIR
phase spectra valuably complement the amplitude spectra?®?’. Specifically, nano-
FTIR absorption by molecular vibrational resonance can be directly determined by
multiplying the measured scattering amplitude with sin(¢), where ¢ is the
measured scattering phase?”. The work of F. Huth, et al.*” also demonstrates that
near-field infrared spectra of organic substances, that is, weak oscillators, exhibit
indeed the same spectral positions, spectral widths and relative intensities as the
corresponding far-field spectra.
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Supplementary Figure 1 | BP nucleation within pentacene TFP induced by
aggregates of BP on top. (a) X-ray diffraction of a thick pentacene layer (average
thickness 120 nm) deposited on SiO,/ Si at a substrate temperature of 60 °C. The
(110) Bragg peak indicated by the pink dashed line results from aggregates of
horizontally orientated BP pentacene, that forms on top of the thin film in case of
higher layer thicknesses'®. (b) AFM topography and (c) simultaneously recorded s-
SNOM amplitude image using IR illumination at 907.1 cm™ close to resonance with
BP pentacene. Scale bar, 2 um. The sample exhibits the heterogeneous morphology

(b) of an up to 300 nm thick pentacene film. Interestingly, the infrared image (c)



reveals a broad rim of BP pentacene (yellow colour) surrounding the elevated
aggregates on top of the thin film. So far, aggregates forming on top of organic thin
films in case of an increased layer thickness have usually not been considered to
interfere with transport at the lower interface with the dielectric’. However, this BP
distribution suggests that the aggregates on top act as growth seeds for BP

nucleation and thus increase structural inhomogeneity throughout the thin film.
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Supplementary Figure 2 | Mapping of phase coexistence within the channel of a

pentacene TFT. (a) AFM topography and (b) simultaneously recorded s-SNOM

amplitude image at 907.1 cm™. Scale bar, 3 pm. The measurement was conducted

within the channel region of a working organic thin-film transistor (OTFT) in bottom-

contact configuration. The pentacene film grown within the transistor channel shows

homogeneous grain morphology (a) that is surrounded to the left and right by a

filament-like growth on top of the gold electrodes. Indeed, the infrared imaging



technique reveals a distinct inhomogeneity inside the transistor channel (b), which
mirrors the distribution of BP inclusions within the pentacene thin film.
(c) Conductance and (d) transconductance characteristics of the bottom-contact

pentacene TFT used in this study.
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Supplementary Figure 3 | Monitoring recrystallization in pentacene film over
time. A repeat of s-SNOM measurements (a,b,c) and (d,e,f) with a time interval of
six months, showing the same section of a 60 nm thick pentacene film deposited on
SiO,/ Si at a substrate temperature of 30 °C. (a,d) AFM topography and (b,c,e,f) s-

SNOM amplitude images using IR illumination at 907.1 cm™. The scale bars in



(a,b,d,e) denote 3 um, and in (c,f) 1 um. The dashed squares in (b,e) mark the
enlarged section shown in (c,f). The first set of measurements shown on the left hand
side (a,b,c) was carried out one month after fabrication of the pentacene film. These
images can be compared with a repeated set of measurements on the right hand
side (d,e,f) that was acquired after storing the samples at room temperature for
another six months. Since the substrate temperature during pentacene deposition
was only elevated up to 30 °C, i.e. slightly above room temperature, a relatively small
number of BP inclusions are observed within the thin film after one month. The
fraction of BP, however, clearly growths with storage time, as expected according to
the continuous relaxation of mechanical stress within the film by conversion of TFP

into BP pentacene.
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A 3D covalent fullerene framework ...

. with a structure based on hexafunctionalized fullerene building blocks with
octahedral symmetry is reported by T. Bein etal. in their Communication on
page 7577 ff. Each fullerene in the highly ordered framework is separated from the
next by six functional groups, and the mesoporosity is controlled by template-directed,

evaporation-induced self-assembly with a block copolymer. The TEM images in the
background show the periodic porous fullerene framework. Wl L EY' VCH
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Abstract: A highly-ordered 3D covalent fullerene framework
is presented with a structure based on octahedrally function-
alized fullerene building blocks in which every fullerene is
separated from the next by six functional groups and whose
mesoporosity is controlled by cooperative self-assembly with
a liquid-crystalline block copolymer. The new fullerene-frame-
work material was obtained in the form of supported films by
spin coating the synthesis solution directly on glass or silicon
substrates, followed by a heat treatment. The fullerene building
blocks coassemble with a liquid-crystalline block copolymer to
produce a highly ordered covalent fullerene framework with
orthorhombic Fmmm symmetry, accessible 7.5 nm pores, and
high surface area, as revealed by gas adsorption, NMR
spectroscopy, small-angle X-ray scattering (SAXS), and
TEM. We also note that the 3D covalent fullerene framework
exhibits a dielectric constant significantly lower than that of the
nonporous precursor material.

An entirely new branch of chemistry was developed after the
discovery of fullerenes in 1985 and after access to Cq on
a preparative scale was gained in 1990. The structural
uniqueness of the Cg molecule sparked the interest of
materials scientists to use it as a building block for novel
materials with intriguing properties.”) Versatile two-dimen-
sional and three-dimensional exohedral modification options
(i.e. a modification outside the spherical molecule) stem from
the multifunctionality of the fullerenes, thus making them
attractive precursors for macromolecular and supramolecular

chemistry.””! Fullerene polymers are being developed to
integrate the intriguing properties of Cy, molecules with the
good processability and excellent mechanical stability of
polymers.™

The most straight-forward approach to obtain a polymer
using solely C, molecules is photopolymerization. The
resulting fullerene polymer is nonsoluble, stable, and highly
crosslinked, but it is disordered and no control over the
resulting structure is possible.”) More sophisticated strategies
polymerize the Cg or functionalized fullerene derivatives
with the addition of auxiliary monomers to incorporate the
fullerene core into a polymer chain.” By using this method,
however, only a few weight percent of fullerene function-
alities can be introduced into the polymer chain.[! In a differ-
ent approach, a star block polymer with a Cy core was
designed to self-assemble into different thin-film structures
ranging from lamellar to gyroidal, but without any intermo-
lecular connection.’! Other researchers have crosslinked
a surfactant-like fullerene derivative that resulted in a 2D
structure.’) An alternative approach with metal-coordinated
connections in between the fullerene derivatives produced
2D-layered structures with very small pores.'”!

Despite the synthetic efforts in the field of fullerene
polymers and other fullerene-based materials, to our knowl-
edge no examples exist of covalently crosslinked fullerene
materials with three-dimensional order and stable high
porosity. The introduction of ordered porosity is expected to
create additional desirable features, such as high surface area
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and molecular discrimination, that would be beneficial
for catalytic applications or electronic interactions of the
fullerene pore-wall material with molecular guests.!"!

Herein we demonstrate the first example of a stable
covalent fullerene framework exhibiting a highly-periodic 3D
pore system with around 7.5 nm pore diameter. This high
porosity was achieved by developing an evaporation-induced
self-assembly (EISA) strategy of a fullerene precursor
templated by a liquid-crystalline block copolymer inducing
high periodicity and porosity. In this context, fullerene
molecules can be modified at many points on their surface,
potentially resulting in a multitude of adducts with different
symmetries and a varying number of functionalities. This
would lead to a complicated coassembly behavior between
the precursor and template, and likely produce limited order
in the final product.

We surmised that a hexafunctionalized Cg, derivative with
T, symmetry would be beneficial for the construction of
a well-defined highly-ordered three-dimensional porous
framework. The resulting covalent fullerene framework
could show extraordinary thermal stability and interesting
electrical properties.

The building block for the 3D covalent fullerene frame-
work—a molecular hexafunctionalized fullerene—was syn-
thesized by applying the template-directed activation method
developed by Hirsch et al. (Scheme 1).") We successfully
synthesized and purified the resulting hexa-adduct with a
T,-symmetric octahedral addition pattern. The *C NMR
spectrum of the product demonstrates this high symmetry

DMA = 9,10-Dimethylanthracene

DBU = 1,8-Diazabicycloundec-7-ene

DMA
=== C,,(DMA),

+ CBr,, DBU:

o O

* Et0),si™~"0 0" Si(OEY), N

R R

R = COO(C,H,)Si(OEt),

Scheme 1. Synthesis of the hexafunctionalized fullerene by DMA
templating and further cyclopropanation with silane malonates.
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and the purity of the precursor (see the Supporting Informa-
tion, Figure S1).

Thin films of the fullerene framework were produced in
an EISA process by spin coating an ethanol solution of the
hexafunctionalized fullerene and a block copolymer as
template onto different substrates, such as glass or trans-
parent conductive oxides. The resulting films proved to have
a highly ordered mesostructure as demonstrated by means of
small-angle X-ray scattering (SAXS), as shown in Figure 1.

40000 a:d=10.4 nm
b b:d= 7.8nm
c:d= 6.9nm
200004
> c
‘®
[
2
= "
10000
0 T T T T 1
1.0 1.5 2.0 25 3.0

200)
Figure 1. SAXS patterns of thin films of a highly ordered fullerene
framework showing patterns for a) the as-synthesized film, b) the film
after 18 h at 100°C and solvent extraction, and c) the film after 18 h at

100°C, solvent extraction, and 1 h under a nitrogen atmosphere at
300°C.

For the as-synthesized film, a narrow reflection with a full
width at half maximum (FWHM) value of 0.05° was detected
at 0.85°, indicating a highly-ordered structure with a d spacing
of 10.4 nm along the film normal. After a heat treatment at
100°C and template extraction with ethanol, the d spacing
decreased to 7.8 nm. Likewise, after a second thermal treat-
ment at 300°C for 1h under a nitrogen atmosphere, the
d value decreased further to 6.9 nm. This is in good agreement
with the typically reported uniaxial shrinkage of mesoporous
thin films along the substrate normal.['¥

Figure 2 shows TEM micrographs of fullerene-framework
films after thermal treatment at 300°C recorded in cross
section and plan view, that is, perpendicular to and along the
substrate normal, respectively. The cross section (Figure 2a—
c) shows d values of 11.0 nm parallel to the film and 6.8 nm
along the film normal, which is in good agreement with the
values determined by SAXS. Plan-view images (Figure 2 d-f)
show mutually rotated periodic domains extending over large
areas in the pm range. The domains show a rectangular lattice
with d values of 11.0 nm and 7.9 nm. The ratio of these values
(1.39) and the d value along the film normal of 10.4 nm before
further treatments indicate an initially cubic structure with
space group Im3m and [011] orientation along the substrate
normal. Assuming a lattice constant of 15.7 nm, the observed
d values viewed along the [011] direction of such a structure
are d )= 11.1 nm and d o) = 7.9 nm, which fits well with our
TEM observations. Along the film normal, the slight devia-
tion of the value expected for d,, (10.4 nm instead of
11.1 nm) observed after film synthesis can be explained by
a slight uniaxial shrinkage during drying. As a result of the
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Figure 2. TEM images of the fullerene-framework film (190 nm thick)
thermally treated at 300°C under N, for 1 h. a) Cross-section image,
viewed along the [100] direction, of the orthorhombic structure with
Fmmm symmetry. The lattice planes perpendicular and parallel to the
substrate with measured distances of 6.9 and 11 nm can be indexed
as (020) and (002), respectively. b) 2D Fourier transform of the TEM
image in (a). c) Representation of the orientational relationship of the
orthorhombic structure and the substrate viewed along [100]. d) Plan-
view image in [010] orientation, showing large, highly ordered
domains. The d values of 11 nm and 7.9 nm are in good agreement
with the lattice plane distances of (002) and (200), respectively. e) 2D
Fourier transform of the largest domain of (d). f) Expanded version
(5x) of the TEM image in (d) on the left side.

shrinkage after heat treatment, the structure becomes ortho-
rhombic, with space group Fmmm and lattice basis vectors
Aorh = Acyps borh = (bcub + ccub) X S7 and Corh = ccub'bcub7 where § is
the shrinkage factor. In the orthorhombic setting, the index-
ing of the observed lattice planes changes as follows: (011)y,
becomes (002),,, and (011),,, becomes (020),,,. The relation-
ship of the initial cubic structure and the orthorhombic
structure is depicted in Figure S4. Films with the same space
groups and orientations with respect to the substrate exist for
carbon and metal oxides."¥ The symmetry change of cubic
films with Im3m symmetry in [011] orientation along the film
normal to orthorhombic Fmmm in [010] orientation is
discussed in detail by Falcaro et al.'*

The local chemical structure of the fullerene framework
was examined by *C and *Si solid-state NMR spectroscopy
(Figure S3A). The "C cross polarization magic-angle spin-
ning (CP-MAS) NMR spectrum of the film removed from the
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substrate corresponds very well with that of the fullerene
precursor, which confirms the integrity of the molecular
structure of the precursor in the fullerene framework (see the
Supporting Information, Section 4). The clear absence of
Q units [Q" =Si(0Si),(OH),.,] at around é = —100 ppm in the
solid-state *’Si MAS NMR spectra (Figures S3B,C) shows
that there is negligible hydrolytic Si—C bond cleavage and
that the siloxane-bridged organic linkers are retained intact in
the fullerene framework under the synthetic conditions
employed.

Thermogravimetric measurements give additional evi-
dence that the fullerene framework, and especially the
molecular structure, are stable in nitrogen up to 300°C
(Figure S5).

The accessible porous structure of the fullerene frame-
work after template removal by solvent extraction was
examined by nitrogen sorption of the film material. As
shown in Figure 3, the isotherm shows a typical type-IV
shape, commonly found with mesoporous materials. The
hysteresis indicates a structure with large, cage-like pores that
is typical for cubic mesostructures.*"’
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Figure 3. Nitrogen physisorption isotherms of the template extracted
fullerene framework. Inset: the fitted pore-size distribution. STP=
standard temperature and pressure.

The estimated pore-size distribution shows a sharp max-
imum at 7.5 nm (Figure 3, inset). The material shows a BET
(Brunauer-Emmett-Teller) specific surface area of 494 m*g™"
and a total pore volume of 0.34cm’®g™!. We note that the
internal voids of the fullerene moieties are not detected by the
nitrogen adsorption measurements. Moreover, at the high-
pressure end of the isotherm we observe a complete lack of
textural porosity, which confirms the high crystallinity of this
material. Additionally, at low pressure no discontinuity
between adsorption and desorption branches is visible,
implying quite a rigid open framework with essentially no
swelling and shrinking.

The electronic properties of the fullerene-framework film
were subsequently investigated. In contrast to the unfunc-
tionalized fullerene, the hexafunctionalized fullerene shows
nearly no light absorption above 1=300 nm (Figure S6).1*"
This can be explained by the attenuation of the conjugated
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fullerene m-electron chromophore by virtue of transforming
six double bonds into cyclopropane moieties.'® The UV/Vis
absorption spectrum of the fullerene-framework film resem-
bles that of the precursor solution, with maxima at 1 =238 nm
and 275 nm (Figure S6). The absence of any shift for the
porous structure indicates that the single fullerene precursor
molecules are very well dispersed in the framework without
electronic coupling and aggregation, similar to the situation in
solution.”! The absence of aggregation can be explained by
the molecular structure of the precursor with 7, symmetry,
where the six malonate molecules are added to the fullerene
cage in an octahedral pattern. This allows the fullerene
molecules in the framework to be fully and omnidirectionally
separated and thus electronic coupling can be avoided.

To probe the influence of the Cg, side groups on electronic
mobility, field-effect mobility measurements with bottom-
gate and top-contact device configurations were performed.
The transconductance characteristics of the monoadduct, the
hexa-adduct without silane groups, and the final fullerene
framework after template extraction are shown in Figure 4a.
During sweeps of the gate voltage at a constant source—drain
voltage (Vsp =20 V), the two hexa-adduct films do not show
any significant current, whereas the monoadduct device
shows the characteristic signature of an n-type semiconductor.
An electron mobility of the order of 107*cm*V~'s™ was
measured for the monoadduct. The conductance curves
(Figure 4 a, inset) for two constant values of the gate voltage
(V5), one close to the threshold voltage (V) and the second
value 20V above, show n-type characteristics including
saturation of the monoadduct transistor, whereas no current
was detected for both hexa-adduct films.

In conclusion, the measurements show that the modifica-
tion of Cg4, with six side chains causes the electron mobility to
decrease drastically. Compared to the electron mobility of Cg,
which is of the order of 1-2.5 cm?*V~'s 'l the value for the
monoadduct is already decreased by four orders of magni-
tude. This observation is consistent with previous studies of
mobilities in fullerene derivatives, which show that the
mobility decreases with increasing distance between the
fullerenes.'*!

The electronic properties of a material are not only
defined by its electron mobility, which characterizes the
velocity of electrons inside the material in response to an
electric field, but also by the dielectric constant k, which
relates to the polarizability of the material. Impedance
measurements made with sandwich-type devices containing
dense films of the hydrolyzed precursor give k values of
around 4 (Figure 4b). In contrast to this, theoretical studies
predict that with a network of fullerene cores connected by
various linkers ultra-low k values, even below 2, can be
achieved."” The structure of the linking side chains we used is
more complex than the ones used for the calculations, which
were shorter and sometimes only alkyl chains. We assume that
the higher content of C—O and Si—O bonds present in our
precursor yields a higher polarizability and lower porosity and
therefore a higher dielectric constant.”” For example, the
structure includes twelve siloxane groups per fullerene core,
which is two times more than assumed in the study by
Hermann et al."”!! We observe that the k value for the porous
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Figure 4. Characterization of the electronic properties by field-effect
mobility and impedance measurements. a) Field-effect measurements
of three different samples in thin-film transistor geometry. The main
graph shows transconductance curves of a monoadduct (O), a hexa-
adduct without silane groups (), and a Cg-framework film (o) at

Vsp =20 V. The Vy, value refers to the monoadduct. The data of the Cq,
framework are shifted by —6 nA for clarity. Inset in (a): conductance
curves of the monoadduct-based device. b) Dielectric constant values
over a broad frequency range obtained by impedance measurements
on sandwich-type devices (see inset). By introducing mesoporosity, the
dielectric constant for the extracted fullerene-framework film is lowered
by 1.0 compared to a dense fullerene film.

compared to the dense fullerene-framework film is reduced to
around 3 (Figure 4b).

We have demonstrated the synthesis of a new hexafunc-
tionalized Cg, adduct with octahedral symmetry, which was
employed as a building block to create the first example of
a highly-ordered three-dimensional covalent fullerene frame-
work. Thin films of this material were synthesized by block
copolymer template-directed, evaporation-induced self-
assembly, resulting in a periodic orthorhombic structure
with Fmmm symmetry that, after template removal, revealed
a pore size of around 7.5 nm. As a result of the functionaliza-
tion of the fullerene, the resulting material has greatly
differing electronic properties compared to pristine Cg. The
dielectric constant of the porous fullerene framework was
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decreased relative to its dense analogue showing values of
around 3 and 4, respectively, over a wide frequency range. It is
envisioned that the method of template-directed self-assem-
bly of a surface-functionalized C4, to make a highly-ordered
3D covalent fullerene framework could in principle be
extended to other organic molecules. For example, the
method could be employed to prepare periodic porous
conjugated polymer and covalent organic framework®!
analogues with potential applications in areas such as
catalysis, gas storage, and drug release.

Experimental Section

The detailed synthetic procedures for the modified fullerene pre-
cursors as well as characterization can be found in the Supporting
Information.

Fullerene-framework films were synthesized by adding HCI (6 uL.
of a 0.2M solution) to a solution of Pluronic F127 (12 mg, 0.95 umol)
in ethanol (200 pL). This surfactant solution together with the
precursor C4Rg (3; 18.9 mg, 5.0 umol) in ethanol (200 pL) was stirred
at room temperature for 3 h. The aged solution was used to spin coat
glass and indium tin oxide (ITO) substrates at various speeds from
500 to 1000 rpm. The dried films were heat treated for 18 h at 100°C.
The surfactant template was extracted into ethanol under reflux for
10 h in four cycles with fresh solvent for each cycle.

Keywords: covalent frameworks - electron mobility - fullerenes -
mesoporous materials - self-assembly
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1 General Experimental Information

Chemicals: Fullerene (Cg) was purchased from BuckyUSA (99.5% grade). 9,10-
Dimethylanthracene (DMA, >98 %) was obtained from Tokyo Chemical Industry. Platinum-
divinyltetramethyldisiloxane complex (Karstedt catalyst, 3-3.5% Pt in vinyl terminated
polydimethylsiloxane) was acquired from abcr GmbH&Co.KG. All other chemicals and
solvents were purchased from Aldrich and used without further purification.
Characterization: Small angle X-ray diffraction measurements were performed on a Bruker
D8 Discover with Ni-filtered CuK, radiation (0.154 nm) and a position-sensitive detector
(LynxEye). TEM images were acquired with a FEI Titan 80-300 microscope equipped with a
field emission gun operated at 300 kV. The fullerene framework material was removed from
the glass substrate and deposited on a carbon-coated copper grid for imaging. The SEM
images were recorded with a Jeol 6500F field emission scanning electron microscope at 3 to
5 kV. Nitrogen sorption isotherms were measured with a Quantachrome Nova 4000e
instrument at —196 °C. Prior to the measurements, all samples were degassed at 120 °C for
5 h. Brunauer Emmett Teller (BET) surface areas were calculated from the linear section of
the BET plot (p/po = 0.05-0.2). The pore-size distribution and pore volume were determined
using a quenched solid state density functional theory (QSDFT) method (DFT kernel used:
N, at =196 °C on carbon, cylindrical and spherical pores for the adsorption branch). For liquid
NMR characterization of the observed signal multiplicities the following abbreviations were
used: s (singlet), d (doublet), t (triplet) and m (multiplet). **Si magic-angle spinning-(MAS)
and *C cross polarization(CP)-MAS-NMR spectra were recorded on a Bruker Avance Il 500
spectrometer (11.7 T, at 99.4 MHz for **Si and 125.8 MHz for **C), using a sample spinning
frequency of 10 kHz. The UV-Vis absorption spectrum of the precursor solution and the
fullerene framework film coated on a quartz slide was recorded with a Hitachi U-3501
spectrometer in transmission. The infrared measurements were carried out in transmission
with a Bruker-Equinox 55 spectrometer, with the precursor or removed film material pressed

into a pellet with potassium bromide. Thermogravimetric (TG) measurements were

S1



performed in a stream of synthetic air or nitrogen (25 mL min™*) on a Netzsch STA 440 C
TG/DSC. The measurements were carried out with a heating rate of 10 Kmin™ and a
temperature range from 30 °C to 900 °C. The capacitance was measured with a N4L PSM
1700 PsimetriQ frequency response analyser with an LCR active head. For frequencies
above 100 kHz a shunt resistor of 100 Q was chosen. The data were evaluated with the
PSMcomm software, version 1.3.1.211.

2 Precursor Synthesis and Characterization

0o o o 0
M p_CHacGH4SOSH M
HO OH + 2 Ho" NF orrony X0 o NF

1
Scheme S1. Reaction scheme for the synthesis of diallyl malonate 1.

Diallyl Malonate 1™: Malonic acid (1.0 g, 10 mmol), allyl alcohol (3.0 mL, 44 mmol) and p-
toluenesulfonic acid (0.11 g, 0.64 mmol) were dissolved in 50 mL benzene. The water
resulting from the esterification reaction was removed azeotropically using a Dean-Stark
apparatus. After 6 h the apparatus was cooled down to ambient temperature. 50 mL diethyl
ether was added to the reaction solution and the organic phase was washed with aqueous
saturated NaHCO; (2x15 mL), brine (1x15 mL) and dried over NaSO,. After removing the
solvent under reduced pressure a yellow oil remained. This crude product was purified by
flash chromatography on a silica column (60A, 0.035-0.070 mm) with ethyl acetate/ hexane
(1:10), to obtain the pure product as light yellow oil (1.7 g, 92 % yield). The NMR data

correspond very well with the literature.™

0 0] @) 0
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1 3 2

Scheme S2. Reaction scheme for the synthesis of diallyl malonate siloxane 2.

Diallyl Malonate Siloxane 2%: 0.78 g of 1 (4.2 mmol) was dissolved in THF (5mL) in
nitrogen atmosphere. To this solution triethoxysilane (2.3 mL, 12 mmol) and Karstedt catalyst
(20 pL, 0.15-0.18 M) were added. The mixture was stirred for 12 h at room temperature and
in nitrogen atmosphere. Subsequently the solvent and the excess triethoxysilane were
evaporated under vacuum to give compound 2.

'H NMR (270 MHz, CDCl;, TMS): & = 4.08 (t, J = 8 Hz, 4H), 3.79 (t, J = 8 Hz, 12H), 3.32 (s,
2H), 1.72 (m, J = 8 Hz, 4H), 1.18 (t, J = 5.4 Hz, 18H), 0.59 (t, J = 8 Hz, 4H) ppm.

3C NMR (270 MHz, CDCl;, TMS): 6 = 166.67(C=0), 67.53, 58.46, 41.60, 22.13, 18.30, 7.13

ppm.
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MS (ElI, positive ion, m/z) [M-OC,Hs]" calculated for C19H390¢Si,, 467.21 , found 467.3.

Hexakis-adduct Ces(COOC3HsSiOsEL3)1, 3 (CeoRe)™: Fullerene Cgo (0.20 g, 0.28 mmol) and
9,10- dimethylanthracene (DMA, 0.572 g, 2.8 mmol) were dissolved in 120 mL toluene and
stirred at room temperature under nitrogen and exclusion of light for 3 h. After the addition of
tetrabromomethane (9.2 g, 28 mmol) and compound 2 (1.4 g, 2.8 mmol) the mixture was
stirred for another 1 h and then 1,8-diazabicycloundec-7-ene (DBU, 0.83 mL, 5.5 mmol) was
added. The reaction solution was stirred at room temperature and under nitrogen for 4 days.
The precipitate of the reaction was separated by centrifugation. The purification of 3 was
achieved by flash chromatography on a silica column (60A, 0.035-0.070 mm) using first
anhydrous dichloromethane and then dichloromethane/ ethanol (20:1) followed by
dichloromethane/ ethanol (10:1) as the eluent solutions. The Cg, silane precursor 3 was
obtained as a red solid at a yield of 40 % (80 mg).

Compound 3 was stored in dry dichloromethane solution under argon for further use. The
molecular structure of 3 was determined by combining *C, **Si NMR and IR data.
Unambiguous evidence for the formation of the precursor compound 3 was provided by *C
NMR spectroscopy (Figure S1). The two resonances observed for the sp? hybridized
fullerene core located at 145.84 and 141.12 ppm prove a Tp-symmetric addition pattern
surrounding the fullerene core.” A signal for the bridgehead C atom (& = 45.3 ppm), a signal
for the carbonyl group (6 = 163.7 ppm), and three signals for the (CH,); linker (6 = 6.38,
22.06, 68.89 ppm) were also observed (Figure S1).

'H NMR (270 MHz, CDCls, TMS): & = 4.19 (t, COOCH,CH,CH,, 24H), 3.77 (m, OCH,CHj,
72H), 1.79 (m, CH,CH,CH,, 24H), 1.18 (t, OCH,CHjs, 108H), 0.61(m, CH,CH,CH,Si, 24H)
ppm.

3C NMR (270 MHz, CDCl;, TMS): 6 = 163.71 (C=0), 145.84, 141.12 (Cg, Sp>), 68.89 (Cq,
sp?), 68.78 (COOCH,CH,CH,,) 58.80 (OCH,CHjs), 45.27 (O=CCC=0), 22.06 (CH,CH,CH,Si),
18.43 (OCH,CHj3), 6.38 (CH,CH,CH,Si) ppm.

#Si NMR (270 MHz, CDCls, TMS): 6 = —45.77 ppm.

IR (KBr): v (in cm™) = 2975, 2926, 2890 (Vc.), 1748 (ve-o), 1444, 1391, 1230 (Vc.o.c), 1103,
1078 (vsio-c), 954 (Vasymsio-c), 784.
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Figure S1. 3C-NMR of the isolated hexakis-adduct 3. All signals can be assigned to the carbon
atoms of 3. The 3 different chemical environments resulting from a symmetrical octahedral addition
pattern at the Cg, core are marked with a color code in the spectra and on the molecule scheme.
R = COO(C3Hg)Si(OEt)s.

3 Ceo-framework Synthesis

In a typical synthesis, 12 mg of Pluronic® F127 (0.95 pmol) was dissolved in 200 pl of ethanol
followed by addition of 6 uL of 0.2 M HCI to form a surfactant solution. To this solution,
18.9 mg of precursor 3 CgRe (5 pmol) in 200 pl ethanol solution was added and the mixture
was stirred at room temperature for 3 h. The aged solution was used to spin-coat glass and
ITO substrates at various speeds from 500 to 1000 rpm. This way, brown, homogeneous and
smooth films were obtained (Figure S2). Bulk thick films were obtained by casting the coating
solution into a petri dish and aging in ambient air for 5 days. To remove the surfactant, the
cast films were solvent extracted four times with ethanol at 70 °C. For each cycle of
extraction, the material was left in EtOH for 10 h. Before solvent extraction, the material was
thermally treated at 100 °C in nitrogen for 18 h to stabilize the framework before template
removal. Bulk material was extracted in the same way, but the material was removed from

the glass substrates beforehand.
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Figure S2. Photograph of the spin-coated porous Cg-framework film.

4 Solid-state NMR of the C60-framework

The local chemical structure of the fullerene framework was examined by 13C and 29Si
solid-state NMR spectroscopy (see Figure S3). The 13C cross polarization (CP) - magic-
angle spinning (MAS) - NMR of the film removed from the substrate corresponds very well
with that of the fullerene precursor, which confirms the integrity of the molecular structure of
the precursor in the fullerene framework (compare Figures S1 and S3 A). The signals at 6 =
8.7 and 22.0 ppm can be assigned to the CH, groups connected directly to and next to the
silicon atom (Figure S3 A, label a, b). These signals correspond to the **C signals at & = 6.38
and 22.1 ppm of the fullerene precursor molecule (see Figure S1). The slight shift of the
signal of the carbon atoms adjacent to the Si atoms is due to the hydrolysis of the ethoxy
groups (followed by condensation), which changes the chemical environment of the silicon
atom. The signal at 46.1 ppm is assigned to the malonate carbon atoms anchored on the
fullerene core (Figure S3 A, label e), which is in good agreement with the corresponding
signal in the precursor. The signal at 69.6 ppm is a result of the overlapping signals of the sp®
hybridized carbon of the Cg, and the carbon atoms of the propyl chain connected to the
carbonyl via oxygen, and matches also with the corresponding signal in the precursor
(Figure S1, label ¢, & = 68.9 ppm). The broad signal centered at around 143 ppm can be
unambiguously assigned to the sp? fullerene core, while the signal at 162.8 ppm is assigned
to the carbonyl (C=0) group of the ester (Figure S3 A, label d). The **C-CP-MAS-NMR also
proves that the ester group in the precursor is robust enough to survive the synthesis
conditions. In the solid state *°Si MAS-NMR spectrum (Figure S3 B), resonances at —49.3,
-58.2 and -67.7 ppm are representative of T-type organosilica species [Th=RSi(OSi),(OH)s.
nl, which can be assigned to T1, T2, T3 units of the condensed silsesquioxane moieties,
respectively. The clear absence of Q units [Qn=Si(OSi),(OH),4.,] at around =100 ppm shows
that there is negligible hydrolytic Si-C bond cleavage and that the siloxane-bridged organic
linkers are maintained intact in the fullerene framework under the synthetic conditions. The
2Si MAS-NMR spectrum in Figure S3 C proves that the Si-C bond cleavage is negligible
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after the 300 °C thermal treatment because very little new intensity is detected in the
chemical shift range around =100 ppm for Si-Q-species.
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Figure S3. ssNMR of the fullerene framework. A: **C CP-MAS-ssNMR of solvent extracted fullerene

framework. B: ?°Si MAS-ssNMR of solvent extracted fullerene framework. C: ?°Si MAS-ssNMR of

solvent extracted fullerene framework heated at 300 °C in N,.

5 Structure Determination

Figure S4. Schematic picture of the relationship of the mesoporous structure in the cubic and
the orthorhombic setting with respect to the substrate surface. On the left side, the initial cubic
Im-3m structure is depicted, with [011].,, along the substrate normal. The image in the middle shows
the initial structure described in an orthorhombic setting with Fmmm symmetry and [010],, along the
substrate normal. The lattice basis vectors change as follows: agn = acup, born = (Deup+Ceub)s @NA Corp =
Ceub-beup- ON the right side the structure is shown after shrinkage: a,, and ¢, remain constant, while

bom is decreased.
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6 Thermal Stability
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Figure S5. Thermogravimetric curves of precursor and solvent extracted fullerene framework

under nitrogen or air.

7 Determination of Optical and Electronic Properties

porous extracted C, -framework

1.4

precursor solution

absorbance

0.0

250 300 350 400 450 500 550
wavelength (nm)
Figure S6. UV-Vis spectra of a fullerene framework film on fused silica substrate and the
corresponding precursor 3 in acetonitrile solution (10'4 M). The absorption maxima of the Cgo-
framework show no bathochromic shift compared to the molecule in solution. Therefore no electronic

coupling or aggregation occurs in the framework.
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TFT and Sandwich Type Devices

For thin-film transistor measurements a highly p-doped silicon substrate (Silicon Materials,
1-30 Ohm cm) was used as the gate contact and the dielectric was a SiO,/SizN, bilayer with
a thickness of 100 nm each. 50 nm thick aluminium contacts were thermally evaporated
through a shadow mask with a channel width of 2 mm and a channel length of 50 um on top
of the respective active material, which was spin-coated from solution before. The fullerene
framework was heat treated and solvent extracted before evaporation of the top contacts, as
described earlier. The transistor devices were electrically contacted with a point probe station
and device characteristics were measured under ambient conditions with a Keithley
Instruments Source Meter 2612.

Devices for capacitance measurements were built with a sandwich-type layout. Dense films
of the hydrolyzed precursor and films of the porous fullerene framework were spin-coated
onto a tin-doped indium oxide (ITO) coated glass (VisionTek, 150 nm ITO, 12-15 Q/o). The
films were heat treated for 18 h at 100 °C. The porous fullerene framework films were solvent
extracted as mentioned above. 80 nm thick aluminium contacts were evaporated on top of
the films with a shadow mask to give a final device area of 0.09 mm2,

The film thickness was determined from SEM cross section images (see Figure S7).

porous C, -framework

dense C R,

ITO ITO

Figure S7. SEM cross section images of sandwich-type devices for capacitance measurements.
A: Device with porous Cgo-framework film. B: Device with a dense film of hydrolyzed Cgo-hexakis
adduct. All layers are labeled within the images.
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Surface-Directed Molecular Assembly of Pentacene on Aromatic
Organophosphonate Self-Assembled Monolayers Explored by
Polarized Raman Spectroscopyt

Sara Yazji?, Christian Westermeier®, Dominik Weinbrenner?, Matthias Sachsenhauser?, Kung-Ching
Liao®, Simon Noever®, Paolo Postorino®, Jeffrey Schwartz®, Gerhard Abstreiter?, Bert Nickel®, llaria
Zardo®*, and Anna Cattani-Scholz®*

Organophosphonate self-assembled monolayers (SAMPs) fabricated on SiO; surfaces can influence crystallization of vapor-
deposited pentacene, and thus can affect device performance of pentacene-based organic thin film transistors. Polarized
Raman spectroscopy is demonstrated to be an effective technique to determine the degree of anisotropy in pentacene thin
films deposited on three structurally different, aromatic SAMPs grown on silicon oxide dielectrics. Vibrational
characterization of pentacene molecules in these films reveals that the molecular orientation of adjacent crystalline grains
is strongly correlated on the SAMP-modified dielectric surface, which results in enhanced interconnectivity between the
crystallite domains, well beyond the size of a single grain. It is found that vibrational coupling interactions, relaxation
energies, and grain size boundaries in pentacene thin films vary with the choice of SAMP. This information clearly shows
that molecular assembly of pentacene thin films can be modulated by controlling the SAMP-modified dielectric surface, with
potentially beneficial effects on the optimization of electron transfer rates.

Introduction

Chemical and morphological structure at the interface between
semiconductor and dielectric in an organic field-effect transistor
(OFET) is critical to device performance. Semiconductor—
dielectric affinity influences crystal nucleation and growth of
organics on the dielectric surface. Growth modes determine
both molecular order (overall morphology, domain structure,
and grain boundaries) inside crystallites and nano- and
microscale variation in m-conjugated overlap among crystallites
in the bulk semiconductor. In particular, surfaces functionalized
with self-assembled monolayers (SAMs) might provide
nucleation sites for organic semiconductor crystallization,
influencing growth size, dendritic structure, ordering, and
homogeneity of crystalline domains.! Moreover, highly ordered
and uniform monolayers can electrically passivate the dielectric
and neutralize the large number of charge traps ordinarily
found on exposed surfaces typically arising from dangling bonds

o Walter Schottky Institut, Technische Universitidt Minchen, Am Coulombwall 4,
85748 Germany.

b-Fakultdt fiir Physik and Center for NanoScience, Ludwig-Maximilians-Universitit
Miinchen, Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany

¢ Department of Chemistry, Princeton University, Princeton, New Jersey.

9-CNR-IOM and Dip. di Fisica, Universitd di Roma Sapienza, P.le Aldo Moro 5, |-
00185 Rome, Italy.

e Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel

f- Switzerland.

E-Mails: cattani@wsi.tum.de and j.zardo@unibas.ch

tElectronic Supplementary Information (ESI) available: Reflectometry

measurements, Electrical measurements, details on spatially resolved and

polarization dependent Raman spectroscopy. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

or stoichiometric defects. This effect is particularly important,
for example, in low-voltage organic transistors, which operate
at supply voltages < 2 V and require consistently thin
dielectrics.?

Organic coatings can be grown on semiconductor oxides
using various anchoring groups, among which siloxanes are
common. In silanization, however, preferential cross-linking of
the organic moieties by Si-O-Si bond formation competes with
true monolayer bonding to the surface, which can result in sub-
optimal surface passivation. In this regard organophosphonates
are preferable to siloxanes for modifying inorganic surfaces (e.g.
Si0;,) thanks to their superior monolayer properties.3-10 Indeed
aromatic organophosphonate monolayers (SAMPs) find
applications in functionalizing surfaces because of their high
stability and excellent passivating properties. High quality, true
organophosphonate monolayers have shown excellent
dielectric and interfacial properties in high-performance
OFETs.2 In particular, SAMPs grown on the SiO, gate dielectric
have been shown to enhance critical device parameters such as
on/off ratios, carrier mobilities, sub-threshold performance,
and threshold voltages in pentacene thin film transistors
(TFT).12 However, since reports are typically based on OFET
device characterization, it is often difficult to understand the
dependence of the device performance on fabrication
conditions and technologies.

To further elucidate the effect of the SAMPs-based surface
functionalization on growth

semiconductor and device
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behavior, we report here a characterization study involving
atomic force microscopy (AFM), X-ray analysis, and Raman
spectroscopy; this last technique allows us to probe molecular
microstructures in thin film polymorphs and to investigate
microscopic parameters that are relevant to carrier transport
properties. In particular, we use angle-dependent, polarized

Raman spectroscopy, which can determine molecular
orientation among polycrystalline domains and, through
exploiting sensitive Davydov splitting, can evaluate

intermolecular interactions. We use pentacene as a model
system for organic semiconductor film growth studies given
that it is known to be dielectric-dependent,'314 and that film
thickness can be easily controlled via vacuum deposition. The
symmetry group of pentacene is Dz, with 51 Raman active
modes: 18Ag + 7By + 11By; + 15B3g; modes with Ag symmetry
are strongly enhanced when excited in the electronic
absorption region, as is of interest here. Of particular interest
are the C-H in-plane bending modes (1140 - 1190 cm) and the
C-C aromatic stretching modes (1330 - 1390 cml) (see
Supporting Information). A representative Raman spectrum
collected from pentacene deposited on base SiO; is presented
in the Supplementary Information.

Using pentacene growth on untreated SiO; as a reference, we
investigate the effects of surface functionalization with several
SAMPs:  benzylphosphonic acid (1), 9,10-diphenyl-2,6-
diphosphonoanthracene (2), and 9,10-dinaphthyl-2,6-
diphosphonoanthracene (3). The SAM of 1 is hydrophobic and
hydrocarbon-terminated, and the others (from 2 and 3) are
terminated with somewhat hydrophilic phosphonic acid groups
(see Fig. 1); the difference in monolayer distal end structure, as
well as SAMP footprint dimensions,’2 may have a major
influence on the nucleation process. Anthracene-based
phosphonates 2 and 3 were chosen as well on the basis of
reports that two-dimensional SAMP surface coverage can
strongly affect the crystallization of vapor-deposited
pentacene.?

Results and discussion

A convenient route for the modification of several silicon-based
devices has been established in our group.8® Here, SAMPs are
used to modulate the surface properties of the silicon oxide
dielectric in an effort to improve crystallite ordering of
pentacene overgrowth. For the four differently fuctionalized
surfaces we keep the growth conditions for pentacene
deposition identical, that allowed us to obtain crystalline films
as shown by X-ray reflectivity measurements reported in the
Supporting Information, (Fig. S1). Data analysis shows that
pentacene is nucleated predominantly in the thin film phase;
the weak signal on the shoulder of the thin film phase (001)
peak can be ascribed to the presence of small amounts of
another structural phase. Atomic force microscopic (AFM)
images and the integrated Raman intensities of the C-C ring
stretching mode at ~ 1374 cm-! for pentacene were compared
(Fig. 2) for the four surface treatments investigated. We notice
that the Raman signal observed was coming just from the
pentacene, since Raman measurements carried out on SAMPs

2| J. Name., 2012, 00, 1-3
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Fig. 1 Schematic illustration of the deposition of pentacene on plain (untreated)
silicon oxide and on SAMPs of benzylphosphonic acid (1), 9,10-diphenyl-2,6-
diphosphonoanthracene (2), and 9,10-dinaphthyl-2,6-diphosphonoanthracene (3).

before pentacene deposition did not show any significant
signal. Both techniques clearly show the influence of surface
functionalization on pentacene morphology. It is worth to
notice the different intrinsic spatial resolution being the Raman
spectra collected every 250 nm along a 10 um path.

The bare SiO; substrate yields large crystallites of pentacene
with grain sizes larger than 1x1 um?2; initial pentacene
aggregation is almost entirely two-dimensional. According to
diffusion-limited aggregation theory, SiO, apparently provides
few nucleation centers: Pentacene molecules can diffuse over a
large area before encountering a seed; three-dimensional
growth then takes place and terrace-shaped grains are formed.
In contrast, substrates functionalized with SAMPs of 2 or 3 show
smaller, sub-micron grains about 0.2x0.2 um?2, that are more
tightly packed than on bare SiO,. Thus, SAMP-functionalization
apparently provides many nucleation sites; three-dimensional
growth starts immediately, yielding a more packed structure.
This behavior can be related to the larger spacing between
molecules of the SAMP due to the lateral phenyl and napthyl
groups of 2 and 3, respectively. This idea has been recently
proposed!? where the comparison between theoretical and
measured footprints and theoretical calculation suggests an
increased intermolecular interaction within the SAMP due to
superposition of the lateral groups. In confirmation, pentacene
grown on the SAMP of 1, a rather small molecule compared to
2 and 3, has small and large grains; this can be explained by
diffusion-limited aggregation theory in which both two-
dimensional and three-dimensional aggregation mechanisms
coexist.

Pentacene grown on monolayers prepared from either 2 or 3
shows a less dendritic, more tightly packed structure with
smaller grain domains than found on the SAMP of 1. Small grain
domains are usually undesirable: Grain boundaries with low-
order regions contain many morphological defects, which in
turn are linked to the creation of charge carrier traps. However,
carrier mobilities and threshold voltages in OTFT devices are

This journal is © The Royal Society of Chemistry 20xx
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determined by charge traps in the channel region, most of
which are located not at the grain boundaries of the organic
semiconductor, but instead at the organic/insulating-layer
interface.1>1¢ This argument may explain why in some cases
OTFTs with smaller grain sizes show higher mobilities than
counterparts with larger grain sizes: It is the structural order and
at the
semiconductor-dielectric interface that is key.'” In order to

molecular orientation within the active channel

confirm this hypothesis, we carried out detailed studies on the
effects of dielectric modification with SAMPs of 2 on the trap
states of pentacene and its electrical properties (see
Supplementary Information). Interestingly, the transport
characteristics of pentacene thin film transistors based on
inferior, commercial Si/SiO, substrate can be drastically
improved via functionalization of the substrate (see Supporting
Information, Fig. S2). These results clearly demonstrates the
drastic effect of the SAMP interface on charge transport, as it
has been already observed for devices based on pentacene
grown on somewhat highly ordered SAMPs.1218 We have
further investigated by Raman spectroscopy whether
crystallization of pentacene on all SAMP functionalized
substrates can influence growth size, dendritic structure,
ordering, and homogeneity of crystalline domains. In particular,
it has been observed that the orientation of the molecules in
adjacent grains is of great importance for the performance of
transistor devices.’® The charge transport between low-angle
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grain boundaries, where the relative orientation of molecules in
adjacent grains is less than 15°, is expected to be more efficient
than between high-angle boundaries. We hypothesize that a
closely packed film of the aromatic organophosphonate SAMs
simply converts the two-dimensional surface of the oxide into a
three-dimensional lattice. This three-dimensional lattice acts as
a template pentacene with
predominant direction and the growth of the pentacene
crystalline domains with lower grain boundary angles and thus
better interconnectivity. In order to access this hypothesis we
carried out a detailed study of the preferential grain orientation
for pentacene grown on bare silicon oxide and for pentacene
deposited on the different SAMPs. This information can be
gathered via polarized Raman spectroscopy:20-24 Different
scattering intensities can be observed for pentacene depending
on the geometry of the Raman tensor and the scattering
geometry (see Supporting Information). Indeed, the Raman
tensor varies for different point group symmetries and their
irreducible representations that define the crystalline structure
(see Supporting Information). The short axis C-C aromatic
stretching mode at 1374 cm can be used to probe the
orientation of pentacene molecules and to determine the
degree of their local molecular order.20 Since this mode has Aq
symmetry, an intensity maximum should be observed when
excitation and detection polarization are parallel to each other
(parallel configuration, PC), while the crossed configuration (CC)

and induces nucleation
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Fig. 2 Integrated intensities of the short axis mode (black spheres) extracted from a spatially resolved Raman spectroscopy scan along 10 um together with a 5x5 pm?2 AFM scan
performed on pentacene on (a) reference (plain) SiO,, (b) SAMP of 1, (c) SAMP of 2, and (d) SAMP of 3. Raman spectra were collected every 250 nm. Intensities were extracted

from multi-Lorentzian fits and were normalized to the maximum intensity obtained along each line scan, separately. The solid lines serve as a guide to the eye. The scale bar for
the height of the AFM scans is the same for all the scans. The schematic drawing of the different molecules used is given as an inset in (b), (c), and (d).
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should show zero intensity. Significant measurements on
pentacene deposited on untreated SiO, and on the different
SAMPs are displayed in Fig. 3. Two components of the scattered
light were collected with polarizations perpendicular to each
other, H and V, as the polarization of the excitation was varied
in steps of 20°. The polar plots obtained from pentacene
deposited on SiO; and on SAMPs of 3 (Fig. 3 a and d) are well
described by the Raman tensor of the A mode with triclinic
symmetry Ci, as discussed in the Supporting Information. In
contrast, the polar plots obtained from pentacene deposited on
SAMPs of 1 and 2 (Fig. 3 b and c) showed that the two
components H and V of the scattered light always have similar
intensity and are 90° out of phase. This is expected for
structures with higher symmetry, such as tetragonal, as
discussed in the Supporting Information. Furthermore, in order
to investigate the effect of SAMP structures on the degree of
deposited pentacene films,
polarization-dependent Raman measurements were conducted

local molecular order in
at different positions on the pentacene deposited on the
untreated SiO; control (see Supporting Information, Fig. S3) and
on pentacene deposited on SAMPs from 2 (see Supporting
Information, Fig. S4). It is worth noting that the absolute values
of maximum intensities from pentacene deposited on SAMPs of
2 measured at various positions were similar (see Supporting
Information), suggesting good homogeneity in the pentacene
layer over the probed area; this is not the case for pentacene

deposited on untreated SiO,. These results clearly indicate that

the dielectric surface functionalization induces a different
crystallite organization for pentacene grown on SAMPs of 2
compared to pentacene grown on the plain SiO,. In particular,
analysis of the anisotropy of the Raman signal of the untreated
and SAMP-treated systems can better clarify the influence of
dielectric functionalization on the growth of pentacene (see
Supporting Information). For pentacene grown on all different
SAMPs, anisotropy values ranging between 0.5 and 0.8 were
measured at different positions. High anisotropy indicates that
a large proportion of the pentacene molecular backbones are
aligned in the same direction, i.e., there is high molecular order
on the micrometer scale. Randomly oriented crystallites with
sizes much smaller than the laser spot would lead to very low
Raman anisotropy, while crystallites with sizes comparable to or
larger than the laser spot would exhibit high Raman anisotropy.
Here, as shown in Fig. 2, pentacene deposited on untreated SiO;
exhibits large crystalline grains of size comparable to or bigger
than the laser spot. In contrast, pentacene deposited on SAMPs
prepared of 2 and 3 exhibits a high density of much smaller
crystallites. In consequence for pentacene grown on SiO; only
about 1 - 4 grains were probed simultaneously by the laser spot,
while more of them (ca. 16) were probed simultaneously for
pentacene deposited on SAMPs of 2 or 3. Therefore, the high
values of the anisotropy measured for pentacene deposited on
SAMPs is even more surprising, and can be explained only if a
large number of crystalline grains were oriented in the same
direction. This results in low-angle grain boundaries and in a

a Pentacene on plain SiO;

b Pentacene on SAMPs of 1

Intensity (arb. u.)

Intensity (arb. u.)

270

[ Pentacene on SAMPS of 2

d Pentacene on SAMPS of 3

Intensity (arb. u.)

Intensity (arb. u.)

Fig. 3 (a) Raman intensities of the short axis mode of pentacene deposited on a reference of plain SiO2 (a), (b) on SAMPs of 1, (c) on SAMPS of 2, and (d) of SAMPS of 3. The
parallel (H) and perpendicular (V) components of the Raman signal with respect to the optical table plane are plotted as open, red and full, black circles, respectively. The

dashed red and black lines are sine fits to the data.
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Pentacene on plain SiO,

Intensity (arb. u.)

1150 1160 1170 1180

Raman Shift (cm™)

1190

Pentacene on SAMPs of 2

Intensity (arb. u.)

1150

1160 1170 1180
Raman Shift (cm™)

1190

Fig. 4. Raman spectra collected on pentacene on (a) reference plain SiO, and on (b) SAMPs from 2, in parallel (open circles) and crossed (open squares) configurations. The

individual Lorentzian contributions are deconvolved and are depicted as solid and dashed lines for the parallel and crossed configurations, respectively.

better interconnectivity of pentacene domains on SAMPs, as
suggested above.

A thorough Raman study of pentacene modes can provide
information not only on molecular microstructure in the
deposited organic semiconductor films but also on
intermolecular interactions. In particular, two major
parameters that determine the electron-transfer rate and
ultimately the charge mobility can be assessed: the
intermolecular interactions and the relaxation energies.?* The
first parameter can be evaluated by studying the in-plane C-H
bending modes for the hydrogen atoms at the end and on the
side of the pentacene molecule, which occur at 1158 cm and
1178 cm?, respectively, both with Az symmetry. The two
differently oriented pentacene molecules per unit cell lead to
splitting of these intramolecular modes into a doublet, called
Davydov splitting Aw.?* The Davydov splitting can be resolved
using polarizations of incident and scattered light either parallel
(CC) or perpendicular (PC) to each other. Indeed, Aw becomes
more significant when the coupling between vibrations is
increased and is expected to vary inversely proportional to the
separation distance between molecules to the power of three.
Increased splitting can be viewed as an indicator of stronger
interactions, which result in a higher intermolecular transfer
integral and, therefore, in higher electron transfer rates and
charge mobility. Davydov splitting of the C-H in-plane bending
modes, particularly the one at 1158 cm, is enhanced by

Table 1 Parameters related to the Davydov splitting and to Areorg.

excitation with a red line. For this reason investigation focused
on this mode to gain information on possible differences in
Davydov splitting and on relative intensities for differently
functionalized substrates. Typical spectra collected from
pentacene deposited on SiO; and on SAMPs from 2 are shown
in Fig. 4. Davydov splitting for pentacene deposited on the SiO;
control could not be clearly observed. Increases of the peak at
about 1161 cm™ measured in CC mode, i.e. a Davydov doublet,
could be resolved on all other samples with SAMP treated
substrates; the lower Raman shift peak remains dominant due
to excitation in resonance. The influence of different SAMP
structures is reported in Table 1, which shows an effect on
Davydov splitting in terms of Aw as well as on the relative
intensity, Iz = lu1se)/l1161), Of the two modes. The vibrational
coupling energy w; = /2woAw, with wy the frequency of the
mode at the higher frequency,?* could be estimated. These
results clearly indicate that Davydov splitting and, hence,
intermolecular interactions, are maximized for pentacene
deposited on SAMPs from 3 and 1, suggesting a positive effect
of the dielectric functionalization on pentacene intermolecular
organization. This conclusion is confirmed by the analysis of the
full width at half maximum (FWHM) of the vibrational modes,
which is related to the relaxation energy Areorg, the second
parameter that we can evaluate by Raman spectroscopy.?* The
Areorg includes the molecular geometry modifications that occur
when an electron is added to or removed from a molecule as

Aw Ir PC (o)) FWHM 1351 FWHM 1371
(cm™) (arb.u.) (meV) (cm™) (cm™)
SiO; 18.7+2.6 7.2+13
SAMPs of 1 45+0.9 59+1.7 126+£1.3 11.3+0.6 7.5+0.2
SAMPs of 2 29+0.1 13+04 10.1+£0.2 13.2+1.1 7.2+0.2
SAMPs of 3 5.3+0.9 6.4+2.0 13.7+£1.2 11.8+0.7 7.6+0.2

This journal is © The Royal Society of Chemistry 20xx
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well as the modifications in the surrounding medium due to
polarization effects. It has been shown that efficient transport
takes place in OFET devices when Areorg is small. 24 The relaxation
energy decreases with increasing degree of intermolecular
order and is, therefore, related to the full width at half
maximum (FWHM) of the vibrational modes. Namely, a small
FWHM implies that the pentacene layer is homogeneous and
ordered and, consequently, has a low Areorg.

In particular, the in-plane C-C stretching modes between 1300
and 1600 cm! provide the larger contribution to the relaxation
energies associated with hole- and electron-vibrational
couplings in pentacene.?* Among them, the C-C stretching
modes between 1310 and 1380 cm account for 70% of the
total Areorg for pentacene molecules:?* FWHM values for the
modes at 1351 cmland 1371 cmlare reported in Table 1. The
FWHM of the mode at 1371 cm? is constant within
experimental error, while the FWHM of the mode at 1351 cm-?
is reduced when pentacene is deposited on a SAMP; SAMP
structures that yield the best results in this regard are those
from 3 and 1, consistent with our results from the study of
Davydov splitting. Our results clearly show that the vibrational
coupling interactions and the relaxation energies, in pentacene
thin films vary with the choice of the SAMP and that more
tightly pentacene packed structures may have potential
beneficial effects on the optimization of electron transfer rates.

Conclusions

Through AFM, X-ray analysis, Raman spectroscopy, and
electrical characterization we have shown that aromatic
organophosphonate monolayers can act as effective nucleation
sites for the crystallization of pentacene and can influence
molecular microstructure and intermolecular interactions in the
deposited pentacene thin films. Grain sizes of pentacene
crystallites grown on bare SiO; dielectric are larger than those
grown on SAMPs. However, the transport characteristics of
pentacene thin film transistors based on inferior, commercial
Si/SiO; substrates are drastically improved by SAMP dielectric
functionalization. Moreover the high values of optical
anisotropy for pentacene deposited on SAMPs indicate that a
large number of neighboring crystallites are oriented in the
same direction. This may confirm our hypothesis that a closely
packed film of the aromatic organophosphonate SAM converts
the two-dimensional surface of the SiO, into a three-
dimensional lattice that acts as a template and induces
pentacene nucleation with predominant direction.12 Analysis of
morphologies and estimations of relaxation energies support
this conclusion, showing the formation of low-angle grain
boundaries with tight contact and high homogeneity for
pentacene films grown on the SAMPs. Intermolecular
interactions estimated by analyzing Davydov splitting in the
Raman spectra are maximized for pentacene deposited on
SAMPs of 3 and of 1, supporting our hypothesis that dielectric
modification can strongly affect pentacene nucleation and can
induce growth of crystalline domains with favorable
interconnectivity. Our results show the significance of both
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interface modification and morphology control for the

optimization of pentacene thin films.

Experimental

9,10-Diphenyl-2,6-diphosphonoanthracene (1) and 9,10-
dinaphthyl-2,6-diphosphonoanthracene (2) were synthesized
as previously reported.* Benzylphosphonic acid (3) [97%] was
purchased from Sigma-Aldrich. Common reagents and organic
solvents were purchased from Sigma-Aldrich and were used
without further purification. Ultrapure water (Millipore) was
used. Highly p-doped (boron; 0.005-0.018 Ohm-cm) silicon
wafers with <100> orientation were obtained from Wacker,
Burghausen, Germany and were cut into 9 x 9 mm?2 pieces.
Contact angle measurements were performed using a home-
built setup on one to two samples of untreated or SAMP-
bonded SiO; substrates; data were collected at three different
locations on each sample. A 1 pL drop of deionized water was
deposited on the surface, and an image of the droplet was
immediately recorded. The contact angles were determined via
image processing. Standard deviations were between 1° and 5°
for all samples; the latter value was taken as the estimated
maximum error (£5°) for all measurements mean values. AFM
was carried out using a Digital Instruments MultiMode
instrument equipped with a Nanoscope V controller. Standard
silicon cantilevers (force constant of 10-130 N/m in air) were
used for all measurements.

Self-assembled monolayers of phosphonates (SAMPs): Silicon
oxide-coated Si electrode surfaces were cleaned with acetone
under sonication for 10 min followed by rinsing successively
with isopropyl alcohol and water. The samples were further
washed with a solution of water/H,0; 30%/NH;OH 5:1:1 at 80
°C for 10 min followed by washing with sonication in water for
10 min, cleaned under an oxygen plasma (200 W, 5 min), and
then used immediately for preparing the SAMPs shown in Fig.
1. Following previously reported procedures,” the SAMPs were
formed on the clean, native oxide of single crystal Si by holding
the substrate vertically in a 2.5 uM solution of the acid dissolved
in anhydrous tetrahydrofuran (THF); the solvent was allowed to
evaporate slowly so that the meniscus traversed the surface of
the substrate, thereby transferring the phosphonic acid onto
the Si/SiO; surface; this procedure is known as the “T-BAG”."]
The solution reservoir was large enough such that there was no
appreciable change in the concentration of the phosphonic acid
during this process. Coated samples were then gently removed
from their holders and put into an oven at 120 °C for 18-20 h to
convert the hydrogen bonded phosphonic acid monolayer to
the covalently bonded SAMP. Hydrogen bonding among
phosphonate head groups can give rise to surface multilayers.
For this reason, all samples were carefully sonicated twice in
methanol for 10 min, then with sonication in a solution of
water/THF/triethylamine 10:3:1 for 5 min, and finally in water
for 10 min. Samples were dried under a nitrogen flux. Up to five
cycles of the T-BAG process were repeated to obtain a
completely covered, SAMP-terminated Si/SiO, substrate. Any
residual multilayers were removed by washing in methanol with
sonication and then gently wiping. AFM analysis probed the

This journal is © The Royal Society of Chemistry 20xx



homogeneity of the monolayers formed: Spots of greater
thickness could be observed locally and may be assigned to
multilayers.
measured for a scan area 5 um x 5 um and compared to that of

residual Surface roughness of samples was
the bare substrate. The root mean square (rms) values of
roughness were found to be between 0.21 nm and 0.34 nm,
which are close to 0.21 nm for the bare substrate. Significant
changes of the surface wetting behavior were recorded
following SAMP formation: For the SAMP of 1, the SAMP of 2,
and the SAMP of 3 water contact angles of 8 =73°, 6 =68 °, ©
= 52° were measured, respectively, in good agreement with
reported water wetting behavior for the SAMP of 2 on silicon
carbide.> Complementary analysis by X-ray photoelectron
spectroscopy (XPS) at the Cls and P2s ionization edges clearly
confirmed the presence of organophosphonates on the
surfaces.

Pentacene deposition: Prior to pentacene deposition, the
Si/SiO; substrates (with different dielectric modifications) were
transferred into the deposition chamber and annealed in
vacuum at 100 °C for 1 hour. Molecular beam deposition was
subsequently applied to grow 100 nm thick films of pentacene
(Sigma Aldrich, triple-sublimed) at a deposition rate of 0.3 As,
a substrate temperature of 25 °C, and a pressure of about 1x10-
7 mbar. All the samples were prepared under identical
deposition conditions in the same chamber.

Raman spectroscopy: Polarization-dependent
spectroscopy was performed in backscattering configuration.

Raman

The 676.4 nm line of a Kr* laser was used for excitation and was
focused on the sample surface using a 100x objective (0.95 NA),
resulting in a beam spot size of about 840 nm in diameter. The
power of the incident light was 300 uW (equivalent to ca. 49
kW/cm?), with fluctuation below 1%. This power has no
detrimental effect on the molecule monolayers and is well
below the threshold where thermal effects are observed. The
scattered light was collected by an XY Raman Dilor triple
spectrometer with a multichannel
detector. The sample was positioned on a XY piezo-stage, which
allowed the scanning of the surface with 10 nm precision over
an area of 100x100 pum?; excitation polarization was rotated
through a A/2 plate. A linear polarizer was used to analyze the
polarization of the scattered light, &;. Since the efficiency of the
spectrometer depends on the polarization of the incoming light,
a A/2 plate at the entrance to the spectrometer was added in
order to change the polarization of the light into the most
efficient direction.

Thin film transistors: For fabrication of thin film transistors
highly p-doped silicon substrate with 300 nm thermally grown
SiO, was used as gate contact and dielectric. The surface was
cleaned by sonication in acetone and isopropyl alcohol at 50 °C
for 15 min each and subsequently rinsed with deionized (DlI)
water. Two of the cleaned substrates were functionalized with
SAMPs of 2 following the procedure mentioned above, whereas
two other substrates were not functionalized but served as

charge-coupled device

reference with bare SiO, surface. 90 nm of pentacene were
grown via molecular beam deposition (see above) onto the
SAMP treated and untreated substrates simultaneously. As
source and drain contact, 2 nm titanium and 50 nm gold were

This journal is © The Royal Society of Chemistry 20xx

evaporated on top of the pentacene film via electron beam
evaporation. The dimensions of the transistor channel with a
length of 50 um and a width of 4 mm were defined using
shadow masks. The transistor devices were then electrically
contacted with a point probe station and device characteristics
were measured under ambient conditions using a Keithley
Instruments Source Meter 2612.
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Reflectometry measurements. A curved multilayer mirror was
used to filter the Ka line of a sealed Mo X-ray tube (A=0.71 A).
The incident beam size was collimated to 0.2 mm times 7.5 mm
by a slit system. The reflected intensity was recorded by a LaBrs
scintillation detector (FMB Oxford) in 6/26 geometry and was
corrected for footprint effects. The Bragg equation qz=
(41t/N)sin(B) was used to convert the scattering angle (20) into
momentum transfer g,. Reflectometry measurement are shown
in Fig. S1.

Electrical measurements. A comparison of devices based on
pentacene films deposited on SAMP of 2 treated substrate with
those devices deposited on the untreated, plain SiO; substrate
clearly demonstrates the drastic effect of the SAMP interface on
charge transport within the pentacene layer on top. In this
study, six transistors each were fabricated in parallel on SAMP
of 2 and on plain SiO; substrates. Since the transfer curves of
the six transistors within each batch were very similar,
representative characteristics of one transistor on SAMP of 2
and of one transistor on plain SiO; are shown in Fig. S2. All the
devices built on the untreated SiO, substrate do not show a
well-behaved transistor characteristic since the transistor
current Isp between source and drain cannot be properly
suppressed by the applied gate voltage Vgs, as shown in Figure
S2a. Here, a persistent accumulation of positive charge carriers,
i.e. holes, within the pentacene film is presumably induced by
localized negative charges inside deep trap states at the
dielectric-semiconductor interface, whereby the electric field
associated with the applied gate voltage is screened and the
transistor current cannot be controlled appropriately. This
situation drastically changes due to functionalization of the SiO,
dielectric with SAMP of 2 (see Fig. S2b). Through this, the so-

1 D. C. Hoesterey, G. M. Letson, J. Phys. Chem. Solids, 1963, 24, 1609.
2 B. Nickel, M. Fiebig, S. Schiefer, M. Goellner, M. Huth, C. Erlen, P. Lugli, Phys.
Status Solidi A-Appl. Mat. 2008, 205, 526.

This journal is © The Royal Society of Chemistry 20xx

called threshold voltage of the transistor is shifted towards zero
gate voltage and the transfer characteristics exhibit a well-
defined on-off-behavior (see Fig. S2c). At the same time, the
hysteresis of the characteristic curves is increased, which
indicates an increased density of shallow traps at the dielectric-
semiconductor interface associated with the SAMP coverage.
Corresponding to the trap-and-release model, the density of
shallow trap states, that can be thermally released, also
the mobility of charge carriers
semiconductors.! Thus, the increased hysteresis due to shallow
traps is in line with a reduced charge carrier mobility of 1.7 x 10
3 cm2V-isl for samples based on SAMP treated dielectric
compared to 3 x 102 cm?2V-1s-1 on plain SiO,. These values of the
carrier mobility are obtained in the linear regime as well as in
the saturation regime of the devices as described by Nickel et
al.2 Obviously, the presence of the SAMP on top of the SiO;
dielectric prevents the disadvantageous influence of deep trap
states at the SiO, surface in our system. However, the
phosphonic acid groups at the distal ends of the SAMP seem to
act as shallow charge traps within the active channel of the
transistor.

determines in organic

Raman spectroscopy. In the frame of this work we have used
Raman spectroscopy to first elucidate, by spatially resolved
Raman measurements, morphological variations in pentacene
growth on different modified dielectrics. Furthermore we have
applied it to measure, by analyzing the splitting of the
intramolecular modes (Davydov splitting) two fundamental
parameters that influence charge transport in organic
semiconductor thin-films: intermolecular interactions and
relaxation energies. Finally we have carried out a detailed study,
by angle-dependent, polarized Raman spectroscopy, of the
optical anisotropy observed for pentacene grown on bare
silicon oxide and for pentacene deposited on SAMPs of 2.

J. Name., 2013, 00, 1-3 | 1
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Fig. S1 (a) Reflectometry measurement of pentacene layers on bare SiO,, and on SAMPs of 1-3, as indicated. The Bragg peak series originates from the so-called thin-film
phase of pentacene in (00L) direction. (b) Close-up of the (001) peak. The intensity is highest for pentacene grown on plain SiO,.
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Fig. S2 Transfer characteristics for devices based on a pentacene film deposited on plain SiO2 (a) and deposited on SAMPs of 2 (b). Comparison of transfer characteristics for
both types of devices, i.e. on plain Si02 and on SAMPs of 2 (c). The sweep direction is indicated by arrows as well as the on-off ratio, which is only well-defined for the

devices on SAMPs of 2.

Spatially resolved Raman spectroscopy. Spatially resolved
Raman measurements were made on pentacene grown on the
control SiO; substrate and SAMP-modified surfaces to determine
crystallite grain size and density structure, and were compared
with AFM scanning data (Fig. 2 and Table S1). Spectra were
measured every 250 nm over a 10 um line to evaluate grain size
from intensity variation with position change; spectra were
collected with the same integration time of 60 s and at a fixed
excitation power. As an example, a representative Raman
spectrum?3 collected from pentacene deposited on SiO; is shown
on Fig. S3. A multi-Lorentzian fitting analysis was done to extract

2| J. Name., 2012, 00, 1-3

the integrated intensity of the short axis mode centered at ca.
1376 cml. This mode describes molecular vibration along the
short axis of the pentacene molecule, and is an aromatic C-C
stretching mode with Ag symmetry. Integrated intensities of this
short axis mode for all samples are depicted in Figure 2 as a
function of the laser position. It is clear that the control sample
exhibits the largest variation in this intensity, 83% (Fig. 2a). In
contrast, pentacene on SAMPs from 1 and 2 showed intensity
variations of 50%, while pentacene on the SAMP from 3 showed
intensity variations of 60%. These results are in line with the

3 Keisuke Seto and Yukio Furukawa, J. Raman Spectroscopy 2012, 43, 2015 —
2019.
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Average height (nm) Max. height (nm) RMS roughness (hm)
Plain SiO, 43.6 89.9 13.3
SAMPs of 1 41.2 92.8 13.6
SAMPs of 2 40.7 86.6 13.8
SAMPs of 3 40.4 80 12.8

Table S1. Results of AFM roughness analysis, showing lower average and maximum heights for the more tightly packed SAMPs.

reduced size of the crystallites as probed by the laser beam, but
they also indicate an increased homogeneity in the orientation of
the pentacene crystallites on the SAMP-modified surface.
Furthermore, since resolution is controlled by the laser spot size
(diameter ca. 840 nm), quantitative information on the grain size
of the control sample can be obtained. Integrated intensities
were analyzed as a function of laser position with a multi-
Gaussian fit. The resulting full-width-half-maxima (FWHM) of the
peaks correlate with the pentacene grain size; the peaks replicate
the landscape of the sample surface. In this way it was found that
the FWHM of these peaks range between 0.45 and 1.98 um for all
the samples, in good agreement with the large grains observed
via AFM, which also validates Raman spectroscopy as a method
to probe pentacene film morphologies.
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Fig. S3 Representative Raman spectrum collected from pentacene deposited on
bare SiO,, where peaks arising from different molecular vibrations are indicated.

Polarization dependence. To investigate the effect of SAMP
structures on the degree of local molecular order in deposited
pentacene films, polarization-dependent Raman measurements
were made at different positions on the pentacene deposited on
the untreated SiO; control (Fig. S4) and on pentacene deposited
on SAMPs from 2 (Fig. S5). In both cases two components of the
scattered light were collected with polarizations perpendicular to
each other, H and V, as the polarization of the excitation was
varied in steps of 20°.

The azimuthal dependence of the short axis was probed at the
positions marked along the line scans where the short axis has
different intensities. This was done to verify that different
orientations of the pentacene crystallites were one possible origin
of these different intensities. Indeed, this anisotropy a gives an

This journal is © The Royal Society of Chemistry 20xx

indication of the degree of molecular order of the system, with
a& = (lnax — Imin)/ Imax, and a = 1 for purely ordered phases
and a = O for purely disordered phases. Raman intensities I can
be described as a function of the crystal orientation via the Raman
scattering tensor R and of the scattering geometry, i.e. excitation
and scattered polarizations &; and &, respectively (Equation 1).

Ig o g - R £S|2 (1)

The polar plots obtained from pentacene deposited on SiO,
(Figure S4) are well described by the Raman tensor of the A mode
with triclinic symmetry, Ci. In this case, R has the form as shown
in Equation 2.

a d e
R= (d b f) (2)
e f ¢

The two components H and V of the scattered light exhibit
different amplitudes, reflecting the components a, b, and d of the
Raman tensor. The anisotropy values a ranged between 0.5 and
0.8. The ratio of the maximum intensity of the two components
changed with position, which means that crystallites probed at
these different positions were differently oriented with respect to
the polarization direction of the incident light. This was also
confirmed by the angular position of the maximum intensity,
which gives an indication of the mean in-plane orientation of the
pentacene backbones. Namely, the polar plots obtained at
positions 1 and 2 in Figure S4 showed maxima rotated by about
30°. Additionally, the two components of the scattered intensity
at positions 1 and 3 were 45° out of phase, indicating that the
Raman tensor has off-diagonal elements. This is a further
indication that pentacene with controlled thickness on SiO;
crystallizes in a triclinic structure. In contrast, the polar plots that
are obtained at different positions from pentacene that is
deposited on SAMPs from 2 (Fig. S5) showed that the two
components H and V of the scattered light always had a similar
intensity and were 90° out of phase; this is expected for structures
with higher symmetry, such as tetragonal. Indeed, they can be
described by the Raman tensor of the Aj;; mode of the form
shown in Equation 3.

a 0 0
R=[0 a O (3)
0 0 b
The angular position of the maximum intensity of each
component was the same within error at the different probed
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positions, indicating a similar orientation for the probed
crystallites.
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Fig. S4 (a) Integrated intensities of the short axis mode (black spheres) extracted from spatially resolved Raman spectroscopy scans along 10 mm of pentacene deposited on a
reference of plain SiO,. The solid line serves as a guide to the eye. Azimuthal dependence of the short axis mode at the positions 1 (b), 2 (c), and 3 (d) are marked in (a). The
parallel (H) and perpendicular (V) components of the Raman signal with respect to the optical table plane are plotted as open and full circles, respectively. The dashed red and
black lines are sine fits to the data.
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Fig. S5 (a) Integrated intensities of the short axis mode (black spheres) extracted from spatially resolved Raman spectroscopic scans over 10 pm on pentacene deposited on
SAMPs of 2. The solid line serves as a guide to the eye. Azimuthal dependence of the short axis mode at the positions 1 (b), and 2 (c) are marked in (a). The parallel (H) and
perpendicular (V) components of the Raman signal with respect to the optical table plane are plotted as open and full circles, respectively. The dashed red and black lines are
sine fits to the data.
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B. Sample Fabrication

For the transistor studies performed within this thesis, pentacene based thin-film transistors
(TFTs) in top-contact configuration were mainly used. The respective sample layout is sketched
in Figure [B.1] Compared to bottom-contact TFTs, the top-contact configuration with the
source and the drain contact on top of the organic semiconducting layer provides two main
benefits. First, the charge carrier injection at the contacts is enhanced, which results in a lower
resistance. Being not limited by the contact resistance, top-contact devices typically exhibit
higher transistor currents and thus also an increased photoresponse within the channel area.
Second, the growth mode of the organic semiconducting layer is not disturbed by metallic
contact structures underneath, since the contacts are deposited afterward. Thus, the selected
top-contact configuration allows for investigation of pristine pentacene thin films, which form
the active organic layer of the TFT.

B.1. Fabrication of Top-Contact Pentacene TFTs

In the following section, the different process steps to fabricate a pentacene based top-contact
TFT are described. The sequence of the process steps arises from the stratification of layers,
shown in Figure B.1](a). This protocol represents an optimized recipe, which has been typically
used for the preparation of transistor samples in the course this work, unless otherwise noted.
Deviations from description are mentioned within the respective publication or chapter of the
thesis. Further details on the fabrication of pentacene TFTs can be found in Reference [110].

Preparation of Si/SiO, substrates

The substrates for the transistor samples were prepared from silicon wafers purchased from the
supplier CrysTec GmbH with a thickness of 375 pym. These silicon wafers are highly n-doped
with arsenic atoms resulting in a low specific resistance (< 0.01Q cm). Hence, the highly
conducting silicon substrates are suitable to serve as a back contact, at which the gate voltage
is applied to the transistor. The polished top surface of the wafers corresponds to the (001)
crystallographic plane of the silicon crystal.
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a Top-contact TFT

Ti\lAu |AuZT'

SiO, (dielectric)

B _Aucaniactss Rentacene

n-doped Si (gate)

Figure B.1.: Design of top-contact thin-film transistors used in this study. (a) Layout of the
top-contact pentacene thin-film transistors based on a highly-doped silicon substrate. (b) Overview
of a sample with three transistor structures produced on a chip of 6 mm x 7 mm in size, which is glued
into a chip carrier and electrically connected with bond wires.

The conductive Si substrate is separated from the active organic layer (pentacene) by a gate
dielectric. The charge accumulation and transport in the pentacene layer during device operation
occurs within a thin region of a few nanometers, which is confined to the pentacene-dielectric
interface. Therefore, the quality of the gate dielectric is fundamental for the performance of the
pentacene TFT. In order to achieve a SiO; gate dielectric of high quality and with low surface
roughness, thermal oxidation of the Si surface was utilized. Other techniques such as sputter
coating or chemical deposition of SiO, layers result in an increased surface roughness, which is
not suitable for preparation of organic TFTs. Hence, we prepared a SiO, dielectric layer on top
of the Si substrate by thermal oxidation in a RTP (rapid thermal processing) furnace using the
following parameters:

furnace temperature: 1100 °C

time duration: 2.5h

atmosphere: O, stream of 5slpm (standard liter per minute)

resulting SiO, thickness: 90 nm

resulting rms-roughness: about 0.3 nm

The resulting thickness of the SiO, layer, which was determined by ellipsometry, should not
exceed 100 nm. Otherwise, the intended local excitation via illumination with a focused laser
beam is precluded due to light propagation within the sample, as mentioned in Section [6.2]
In addition to the self-made oxide of highest quality, Si wafers with a commercially available
SiO, coating were also utilized in this work for samples without electrical functionality, i.e. for
non-transistor samples.
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After the thermal oxidation process, the oxidized wafers were cut into pieces of 6 mmx7 mm
in size by the help of either a diamond tip or a diamond saw. Next, the SiO, dielectric was
removed at specific positions of the samples, e.g. at the back side, to enable electrical contact.
The removal of SiO, was accomplished via etching with buffered HF (hydrofluoric acid) under
strict safety precautions in a clean-room facility.

Cleaning of the substrates

Since the charge transport through the active organic layer occurs at the interface to the gate
dielectric (as mentioned above), a thorough cleaning of the substrates, i.e. of the dielectric
surface, is a prerequisite for fabrication of efficient organic TFTs. The following cleaning
procedure, which includes the so-called RCA method [130], was used by default, unless otherwise
noted:

= sonication in acetone for 10 min at 50 °C
= sonication in isopropyl alcohol for 10 min at 50 °C
= 2 x rinsing in a beaker with deionized (DI) water

Important: In order to avoid residua on the substrate surfaces, the acetone must not evaporate
completely during the change of beakers, before the substrates are submerged in isopropyl
alcohol.

The subsequent procedure is based on the RCA method:

» organic clean + particle clean, alkaline step:
cleaning in a beaker containing a 1:1:5 solution of 25 % NH;OH (ammonium hydroxide),
30% H,0, (hydrogen peroxide), and DI water for 15 min at 80 °C

= 2 x rinsing in DI water

» ionic clean, acid step:
cleaning in a beaker containing a 1:1:5 solution of 37 % HCI (hydrochloric acid), 30 %
H,0O, (hydrogen peroxide), and DI water for 15 min at 80 °C

» 2 x rinsing in DI water

= organic clean + particle clean, alkaline step:
repetition of the first alkaline step

= 2 x rinsing in DI water
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The cleaned substrates were submersed in DI water for storage and dried with nitrogen flow only
immediately before the processing continued. Optionally, the substrates were further cleaned by
an oxygen plasma in a plasma cleaner for 180s at 50 W power and a pressure of 2 torr. However,
the plasma cleaning even reinforces the hydrophilic character of the SiO, surface after RCA
cleaning, which is undesired for the growth of pentacene. An additional thin polymer layer is
thus proposed in the following to provide an optimized substrate surface.

Deposition of polymer interlayer

On top of the cleaned Si/SiO, substrate, a thin layer of cyclic olefin copolymer (COC) with the
trade name TOPAS was spin-coated from a solution of COC dissolved in toluene. To do so, the
cleaned Si/SiO; substrate that was stored in DI water is dried with nitrogen flow, placed on the
spin-coating chuck, and a controlled amount of the solution (enough to fully cover its surface)
is trickled down and distributed equally on its surface. After a short holding time, the spinning
rotation is started. During the spin-coating process with controlled parameters as listed below,
the solvent evaporates and a smooth and homogeneous thin layer of COC evolves on the SiO,
surface. Subsequently after the spin-coating process, the samples were thermally annealed on
top of a hotplate.

» solution concentration: 0.25wt% COC dissolved in toluene

» holding time between substrate wetting and start of rotation: 10s
= ramp-up time of rotation: 2s

= spin-coating speed: 6000 rpm

= spin-coating time: 30s

= annealing temperature: 100°C

» annealing time: 3 min

= resulting film thickness: 5nm

The thickness of the COC polymer film, which was determined by atomic force microscopy
(AFM) and X-ray reflectometry, can be adjusted by the spin-coating parameters, if desired.
The roughness of the SiO, surface is not significantly altered by the additional COC coating.
As the process is highly sensitive to the environmental conditions such as temperature, humidity,
airflow, and dust, the spin-coating process as well as the annealing process was performed in
a clean-room facility for controlled conditions during device fabrication. The resulting smooth
and hydrophobic COC layer served as a suitable surface for the subsequent evaporation of the
organic pentacene layer, which is described in the following section.
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Molecular beam deposition of pentacene film

After careful preparation of the COC substrate layer, any contamination of its pristine surface
(e.g. by dust particles or humidity) should be avoided before the pentacene film is deposited
on top. Therefore, the samples were immediately transferred inside the chamber for pentacene
evaporation, which was evacuated to provide ultra-high vacuum (UHV) condition. Inside the
UHV chamber, the samples were annealed once again at 100 °C in order to remove potential
adsorption of impurities. After cooling down of the samples, the deposition of the pentacene
film was started with controlled process parameters that are listed below:

= sample temperature: 25 - 70°C
(depending on the desired size of crystalline pentacene grains)

= pressure inside evaporation chamber: about 108 mbar

= deposition rate of pentacene: 0.1 As™

target thickness of pentacene layer: typically 50 nm

The pentacene material was heated up via a home-made Knudsen cell until sublimation set in
and the molecules were evaporated. Subsequently, the pentacene molecules condensed on the
substrates to form the desired organic thin film. The thickness of the pentacene film, which was
verified afterward by AFM, was selected within a range between 5nm and 120 nm, depending
on the purpose of the sample. The choice of the deposition parameters, especially the sample
temperature, deposition rate, and substrate surface condition, determines the morphology of
the evolving pentacene film. Further details on the pentacene growth modes are provided in
Section [3.1] The utilized pentacene material was purchased as triple sublimed grade from the
supplier Sigma Aldrich and purified once again via an additional sublimation procedure (gradual
zone sublimation). It was worth this effort, as it turns out that the purity of the organic material
is crucial for device performance.

Deposition of metal contacts

In the present case of top-contact OTFTs, the metal contacts providing the source and drain
electrodes of the transistor were deposited on top of the organic semiconductor. The layout
of the contact structures, including the length L and the width W of the transistor channel,
were thereby defined by shadow masks that were placed on top of the samples prior to metal
deposition. The subsequent deposition was performed inside an UHV chamber equipped with
an electron beam evaporator used to heat up and vaporize the desired metals. For efficient
charge carrier injection into the pentacene film, gold contacts were chosen, as the work function
of gold (about 5.1€V) corresponds well to the HOMO level of pentacene, i.e. to the energy
state of hole transport.
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The metal contacts were deposited using the following parameters:

substrate temperature: 25°C (room temp.)

= pressure inside deposition chamber: about 10™ mbar
= deposition rate of titanium: 0.3 As (optional)

= target thickness of titanium layer: 2nm (optional)

= deposition rate of gold: 1.0 As™

» target thickness of gold layer: 50 nm

= dimensions of transistor channel: L = 20 pm, W = 1000 pm
(defined by shadow mask)

As an optional process step, a thin layer of a few nanometers of titanium was evaporated first,
which acts as an adhesion layer to enhance the adhesion of the following gold layer. This
titanium interlayer was mainly employed in case of bottom-contact configuration to facilitate
an increased adhesion of the gold contacts directly on the plane substrate. Instead, for top-
contacts placed above the pentacene film, the titanium layer was usually skipped and only the
gold layer was deposited using the parameters listed above.

Mounting inside chip carrier

After the metal deposition, the finalized sample was mounted into a specific chip carrier, as
shown in Figure (b) The chip carrier provides convenient handling of the samples and
enables electrical connection within our experimental setups. The silicon back side of the
sample is coated with silver conductive paint and glued into the cavity of the chip carrier, which
provides connection to the back-gate contact. The source and drain contacts were electrically
connected with the chip carrier using aluminum bond wires. A wedge bonder was employed to
span 25 pm thin wires between the desired contact points with the help of heat and ultrasonic
pulses. Bond wires made of aluminum were used, as they can be processed at lower temperature
compared to gold. The reduced bonding temperature prevents melting of the COC polymer
interlayer and thus enhances the fixation of the bond wire onto the sample contacts.
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