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SUMMARY

The processing of organic electronic devices differs substantially from the smart layout of strongly and
weakly doped or oxidized areas within one semiconducting material, as used in conventional inorganic
electronics. In contrast, it is mainly realized by successive layering of different materials. This way,
the efficiency of organic devices strongly depends on the quality of the inherent interfaces. In systems
such as organic thin film transistors for example the semiconducting layer forms interfaces with the
electrodes and the dielectric, respectively. Moreover, especially for those devices which show commer-
cial promise, like organic light emitting diodes and photovoltaics, the charge transfer at the interface
between two semiconductors plays a significant role.

The cumulative thesis at hand focuses on the investigation of these three important interfaces. For this
purpose, three model systems are used to demonstrate the development and optimization of methods to
analyze and fabricate semiconductor structures.

First, the evolution of charge transport within an ambipolar pentacene-Cgg thin film transistor is in-
vestigated in-situ, i.e. during semiconductor growth under high vacuum conditions. To this end, a p-
conducting pentacene based top-contact transistor with an active layer thickness of 20 nm was contacted
inside a high vacuum chamber. Then the characteristic curves were measured while the n-conducting
Ceo film was deposited at a rate of ca. 0.1 As~!. The thickness resolution revealed for the first time, how
the threshold voltage of the p-conducting channel quickly shifts towards more positive values when the
Ceo film starts to percolate. This is explained by the Fermi-level alignment of the two semiconductors,
which leads to positive charge transfer from pentacene to C60 and negative charge transfer from Cgg to
pentacene. In addition, the completed device showed well balanced high charge carrier mobilities of ca.
0.28 em*V~!s71s for holes and 0.18 ¢cm?V~!s7! for electrons, respectively. The deposition setup and
the in-situ measuring station employed in this experiment where designed and optimized in the course
of this thesis. The structure of the pentacene-Cgy double layer was investigated at a synchrotron via
grazing incidence X-ray diffraction, while its topography was recorded using atomic force microscopy,
in order to support the interpretation of the afore mentioned results. The results of the X-ray investiga-
tion showed that the typical thin film phase growth of pentacene was not influenced by the subsequent
fullerene deposition. The Cgq film forms a crystalline FCC structure oriented in [111]-direction. The
drop-like topography of Cgp, which traces the pyramidal surface of pentacene was resolved by atomic
force microscopy. Moreover, it could be shown that films below their percolation limit aggregate as

disjoint droplets whose spatial distribution depends on the grain size of the pentacene film.
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In a second in-situ experiment, the growth mode of pentacene on a rough parylene-C dielectric (rms
ca. 7 nm) was determined. Although the roughness of the employed dielectric is decidedly larger than
the length of a pentacene molecule, the fabrication of efficient thin film transistors is not prohibited.
Conventional methods to resolve structure and topography cannot quantify sub-monolayer growth of
films that are considerably thinner than the vertical roughness of the substrate surface. Measuring the
characteristic curves of a bottom-contact thin film transistor in-situ provided evidence that the pen-
tacene film percolated on parylene-C before the first nominal monolayer was completed. This means
that during the critical initial stage of film formation, pentacene grows layer-by-layer. Combining these
findings with atomic force microscopy micrographs, the film formation could be determined to follow
the Stranski-Krastanov growth mode.

In addition to the in-situ measuring station, a new method was developed to laminate semiconducting
nanosheets of vacuum deposited small aromatic molecules to any kind of water stable technical sur-
faces or cavities. To this end, we partially crosslinked fragile, van der Waals bound pentacene thin
films with a thickness of only 50 nm. Here, only a very thin layer located at the film surface is mechan-
ically stabilized via crosslinking, while the rest of the film stays unchanged, i.e. it keeps its crystalline
structure and semiconductor properties. The films were irradiated with low energy electrons, where a
charge carrier energy of 500 eV, a duration of 20 minutes and a dose of ca. 3 mCcm ™2 lead to a good
compromise between stability and semiconductor quality. Using depth controlled grazing incidence
X-ray diffraction it could be verified that the crosslinking starts from the top surface of the film. In
addition, UV-VIS and FTIR spectra confirmed the manner in which the films crosslink as well as their
thickness. The nanosheets could be transferred under water using tweezers to new substrates, as well as
spanned over macroscopic cavities, by employing a sacrificial, water soluble poly-vinyl-alcohol layer.
As afirst application, pentacene thin films were transferred to gold bottom-contact transistor structures.
This way, the contact resistance of the device could be reduced by over two orders of magnitude, from
~ 107 Q to ~ 10° Q, with respect to deposited films. This is explained by the fact that sublimated films
show significant dewetting close to gold structures and impaired growth on top of polycrystalline gold
surfaces. In the case of transferred films on the other hand infrared scanning near field microscopy
unveiled that the molecular structure, as well as the topography stay intact.

The method could constitute a basis for new kinds of sensors and air- or vacuum-dielectric thin film

transistors.
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ZUSAMMENFASSUNG

Die Hauptkomponenten organischer Elektronik werden grundlegend anders prozessiert als durch die
geschickte geometrische Anordnung von stark und schwach dotierten, beziechungsweise oxidierten Be-
reichen eines bestimmten Halbleiters, so wie es fiir klassische, anorganische Bauteile der Fall ist. Sie
werden vielmehr durch die Schichtung unterschiedlicher Materialien, die ihren jeweiligen Zweck er-
fiillen, realisiert. Somit entsteht eine starke Abhéingigkeit der Effizienz organischer Bauteile von der
Qualitit der in ihnen auftretenden Grenzschichten. In Systemen wie organischen Diinnfilmtransistoren
sind dies im Wesentlichen die Grenzschichten zwischen dem Halbleiter und den Elektroden, bezie-
hungsweise dem Dielektrikum. Doch gerade in denjenigen Komponenten, die heute schon kommer-
ziellen Erfolg genieflen, wie organischen Licht emittierenden Dioden und Solarzellen, spielt auch der
Ladungstransport an der Grenzschicht zwischen zwei unterschiedlichen Halbleitern eine entscheidende
Rolle.

Der Fokus der vorliegenden, kumulativ verfassten Doktorarbeit liegt auf der Untersuchung der drei
Hauptgrenzschichten an drei unterschiedlichen Modellsystemen und der Vorstellung der dabei entwi-
ckelten und optimierten Methoden zur Analyse und zur Herstellung von organischen Halbleiterstruk-
turen.

Die erste Arbeit untersucht in-situ, das heiffit im Hochvakuum wéihrend der Sublimation einer Halb-
leiterschicht, die Entwicklung des Ladungstransportes in einem ambipolaren Pentacen-Cgo Diinnfilm-
transistor. Hierzu wurde ein p-leitender Top-Kontakt Transistor auf Pentacen Basis mit einer Halbleiter-
schichtdicke von 20 nm in einer Hochvakuumkammer kontaktiert. AnschlieBend wurde der n-leitende
Cgo Film mit einer Geschwindigkeit von ca. 0.1 As™! auf das Bauteil aufgedampft, wihrend stetig die
Transistorkennlinien aufgenommen wurden. Durch die Schichtdickenauflosung der charakteristischen
Kennlinien konnte zum ersten Mal gezeigt werden, dass die Schwellenspannung des p-leitenden Kanals
ab der eintretenden Perkolation des Cgp Films einen Sprung zu positiveren Gate-Spannungen macht.
Dies wurde damit erklart, dass durch das angleichen der Fermi-Level der beiden Halbleiter Elektronen
in den Pentacenfilm, beziehungsweise Locher in den Cgp-Film transferieren. Der fertige Transitor zeig-
te zudem sehr ausgeglichene und hohe Ladungstrigermobilititen von ca. 0.28 cm?V~'s~! fiir Locher
und 0.18 cm?V~!s7! fiir Elektronen. Das fiir diesen Versuch genutzte Sublimationssetup, sowie die in-
situ Messstation wurden im Rahmen der Doktorarbeit entworfen und optimiert.

Um die Messergebnisse besser interpretieren zu konnen, wurde das Pentacene-Cgy Doppelschichtsys-
tem zusitzlich strukturell mittels Rontgenstreuung unter streifendem Einfall am Synchrotron und to-
pografisch mittels Rasterkraftmikroskopie untersucht. Die Rontgenstrukturanalyse ergab, dass das ty-

pische Diinnfilmphasenwachstum des Pentacen Films nicht durch das nachtrigliche Aufdampfen der

il



v

Fullerenschicht beeintrachtigt wurde. Dem Cgg Film konnte wiederum eine FCC Struktur in [111]-
Richtung nachgewiesen werden. Die Rasterkraftmikroskopie ergab, dass der Cgo Film eine tropfenar-
tige Topographie bildet, die der darunterliegenden pyramidalen Oberfliche des Pentacens folgt. Filme
unterhalb der Perkolationsschichtdicke aggregieren in disjunkten Tropfchen, deren rdumliche Anord-
nung wiederum von der Korngré3e des Pentacenfilms abhéngt.

In einem weiteren in-situ Experiment wurde der Wachstumsmodus von Pentacen auf einem rauen
Parylene-C Dielektrikum (rms ca. 7 nm) bestimmt. Obwohl die Rauigkeit dieses Dielektrikums deut-
lich groBer ist, als die Molekiillinge des Halbleiters, konnen auf diesem effiziente Diinnfilmtransistoren
realisiert werden. Mit herkommlichen strukturellen und topografischen Methoden ist es nicht mog-
lich das Sub-Monolagenwachstum von Filmen zu quantifizieren, welche deutlich diinner sind, als die
vertikale Rauigkeit des Untergrunds. Mittels in-situ Charakterisierung der Kennlinien eines Bottom-
Kontakt Diinnfilmtransistors konnte hier jedoch festgestellt werden, dass der Pentacenfilm unterhalb
der nominellen Schichtdicke einer Monolage auf der Parylen-C Oberfliche perkoliert. Dadurch konnte
nachgewiesen werden, dass sich der Halbleiter auch auf dem hier verwendeten Dielektrikum, in der
entscheidenden Anfangsphase des Wachstums Schicht fiir Schicht anordnet. Zusammen mit Raster-
kraftmikroskopie Messungen wurde als Wachstumsmodus schlielich das Stranski-Krastanov Wachs-
tum identifiziert.

Zusitzlich zu dem in-situ Messaufbau wurde eine neue Methode entwickelt, die es erlaubt, Halbleiter-
Nanofolien aus Vakuum verdampften kleinen aromatischen Molekiilen auf wasserstabile technische
Oberflachen oder tiber Locher im Substrat zu laminieren. Hierzu werden fragile van-der-Waals gebun-
dene Pentacen Diinnfilme mit einer Dicke von nur 50 nm teilweise quervernetzt. Dabei wird nur eine
diinne Schicht an der Filmoberfldche vernetzt und somit mechanisch stabilisiert, wiahrend der Rest des
Filmes unverindert bleibt, also die kristalline Struktur und seine halbleitenden Eigenschaften beibehilt.
Die Filme wurden hierfiir mit niederenergetischen Elektronen bestrahlt, wobei Ladungstrigerenergien
von 500 eV bei einer Bestrahlungsdauer von 20 Minuten und einer Dosis von ca. 3 mCcm ™2 einen guten
Kompromiss aus Stabilitit und Halbleiterqualitit des Films darstellten. Mittels Eindringtiefe kontrol-
lierter Rontgenstreuung unter streifendem Einfall konnte nachgewiesen werden, dass die Vernetzung
wie erwartet an der Filmoberfliache stattfindet. Zusitzliche UV-VIS und FTIR Spektren konnten die
Art und Weise der Vernetzung, sowie die Dicke der vernetzten Schicht, bestitigen. Durch die Ver-
wendung einer wasserloslichen Poly-Vinyl-Alkohol Opferschicht als Substrat konnten die Nanofolien
unter Wasser mit einer Pinzette sowohl auf unterschiedliche neue Oberflichen transferiert, als auch
iber makroskopische Abstinde gespannt werden. Eine erste Anwendung wurde demonstriert, indem
Pentacenfilme auf Bottom-Goldkontakt Transistorstrukturen transferiert wurden. Dadurch wurde der
Kontaktwiderstand im Bauteil im Vergleich zu direkt aufgedampften Filmen um mehr als zwei Gro-
Benordnungen von ~ 107 Q auf ~ 10° Q reduziert. Dies begriindet sich darin, dass sublimierte Pentacen
Filme nahe Goldkontakten deutliche Entnetzung zeigen und auf polykristallinem Gold sehr ungerich-
tet wachsen. Fiir transferierte Filme konnte jedoch mittels infrarot-Rasternahfeldmikroskopie gezeigt
werden, dass die molekulare Struktur und die Topographie der transferierten Filme auf Golduntergrund
erhalten bleiben.

Die vorgestellte Methode konnte als Ansatz fiir neue Sensoren oder Diinnfilmtransistoren mit Luft-

beziehungsweise Vakuum-Dielektrikum dienen.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

For many years, organic electronics had to compete with the extremely high efficiency of clas-
sic anorganic electronic devices, be it with its high charge carrier mobility or very long life
time and stability. Lately, however, the field has found its own identity, evolving to develop a
complementary market instead of being mere competition. Besides low cost, low energy ma-
terial synthesis, the most enticing reasons to invest in organic electronics are its mechanical
and structural flexibility. By designing the chemical composition and structure, it is possible
to tune electronic and optical properties of the organic semiconductor to meet its specific ap-
plication. Furthermore, organic semiconductor thin films profit from an intrinsic mechanical
flexibility, which is owed to the van der Waals nature of their intermolecular bonds. This
flexibility allows organic electronics to be used in highly specialized applications where the
active materials are designed to serve a particular purpose [8]. Their softness and often non-
toxicity guarantee manifold possibilities for medical applications, like sensing devices [9, 10],
artificial skin with pressure and temperature sensitivity [11-14], and employment in implants
[15]. Last but not least, a new movement to develop sustainable electronics is emerging. To
prevent new waves of electronic waste, biodegradable electronics are developed to be used in
disposable applications [16].

When striving for improvement, perhaps every field of applied physics comes down to rely-
ing on two aspects. One key objective is, quite obviously, the optimization of the employed
materials themselves. Purification, modification or the synthesis of all new materials define
and expand the building blocks for any kind of technology. The most crucial aspect how-
ever may be, how these materials interact. The quality of interfaces within a system is, in
the end, the bottleneck to any functional device; in mechanical systems these are parameters
like friction, stress and stain between two materials, whereas in optics the transition between
refractive indices is utilized. In electronic devices, interfaces determine charge transport, in-
jection and extraction. While classical semiconductor devices profit from the inherently high

1



2 CHAPTER 1. INTRODUCTION

quality interface between differently doped regimes within one material, in organic electron-
ics, especially when using molecular deposited small molecules, interface phenomena become
more crucial. Here, the growth modes, which follow the laws of diffusion limited aggregation,
and consequently the electronic properties of the semiconductor films, are strongly influenced
by the subjacent kind of material, its structure, surface energy, and topography. This work
focuses exemplarily on the understanding and improvement of the three essential interfaces in
organic field effect transistors (OFETs). These are the electrode-semiconductor interface, the
gate dielectric-semiconductor interface, and the interface between two semiconductors itself.
Addressing these three types of interfaces covers the fundamental kinds of organic electronic
devices, such as organic photovoltaics (OPVs) [17], light emitting diodes (LEDs) [18, 19], and
transistors [20]. Of course, there are also various special applications that include additional
layers, e.g. for encapsulation purposes, electrolyte gating, or in novel van der Waals LEDs
[21, 22].

On the one hand, to obtain better understanding of interface formation, it is necessary to

0.014

[A"™]

7]
SD

Figure 1.1: Illustrations of in-situ characterization of an organic ambipolar thin film transistor dur-
ing fullerene deposition (left) and transfer of a pentacene nanosheet to a new substrate after being
crosslinked via low energy electrons (right). Inspired by [1] and [3].

develop new techniques that unravel electronic phenomena on the nanoscopic scale. On the
other hand, to overcome obstacles and limitations of device fabrication, new methods for in-
terface creation are desirable. In the course of this dissertation, both of those needs were met
(see Fig. 1.1):

Electronic in-situ characterization:

An in-situ setup was optimized to address the organic-organic interface formation in an am-
bipolar transistor employing the two semiconductors pentacene and fullerene Cgy as active
materials. The research on ambipolar transistors is gaining more and more momentum, as
they are showing increasing potential for unique applications. It could be shown, that they can
be successfully implemented in logic gate circuits, such as organic inverters [23, 24]. Organic
light emitting field effect transistors (OLEFETSs), which use the luminescent recombination of
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1.1. MOTIVATION 3

holes and electrons in the ambipolar regime, are raising even more attention [25-30]. Apart
from their application as functional devices they also represent a lateral model system for
the investigation of the energy alignment of the molecular energy states, which is of crucial
interest not only in transistors and diodes but also to understand charge transfer in organic
solar cells, especially the role of charge transfer (CT) complexes [31]. The organic hetero-
junction, especially between fullerenes or their derivatives and p-type aromatic molecules, is
subject to intense theoretical and experimental investigation. Linares et al. have modeled the
pentacene-Cg heterojunction depending on their respective orientation [32] and many other
groups have contributed elaborate studies to complete the picture of heterojunction formation
in organic bilayer systems [33—41]. Despite the common picture of localized charge gen-
eration from separated excitons at the organic interface, ultra-fast (femtosecond range), i.e.
delocalized charge separation could be observed in fullerene derivatives for bilayered systems
in the group of Richard H. Friend [42], but also for other blend photovoltaic systems [43, 44].
In this work we recorded characteristic curves of thin film transistors (TFTs) in-situ, i.e. dur-
ing film formation. Thereby, the evolution of the conduction channels within an ambipolar
transistor could be followed with sub-monolayer resolution. This technique offers insights
into early stage accumulation channel formation and thickness resolved charge transport at
the organic-organic interface.

The in-situ technique was also applied to unipolar TFTs growing on rough dielectric surfaces,
which are present in many potential commercial applications. Here, as roughness manifests on
the same length scales as molecular monolayer thickness, common topographic and structural
techniques like atomic force microscopy and X-ray analysis reach their limits. Recording the
evolution of conduction channel characteristics in-sifu overcomes these limitations.

Transferable organic nanosheets:

To address the need for new fabrication techniques, we developed a method that allows to
transfer large sheets of thin pentacene film without exposure to aggressive chemical treat-
ment. The technique is inspired by the fabrication of crosslinked aromatic self assembled
monolayers, which can be used as stable, transferable, and functionalizable nano membranes
[45]. Translating this technique to organic semiconductor thin films is desirable, in order to de-
couple device fabrication from active film formation. This way, a high quality, fully functional
thin film can be grown, and then applied, as is, on a variety of surfaces and geometries, e.g.
on surfaces that impede well defined film formation, over cavities like grids or pores, or as a
further class of materials that can be employed in van der Waals heterostructures [46]. To this
end, the films are crosslinked via irradiation with low energy electrons. The work comprises
the detailed description of the transfer technique, as well as thorough structural investigation
to understand the crosslinking of the film and its impact on functionality.

Part of this work has been published or been prepared for publication [1-7]. Here, [1] focuses
on the afore mentioned ambipolar TFTs. The growth behavior of physical vapor deposition
grown pentacene on rough parylene-C dielectrics is discussed in [2]. Finally, the described
transfer technique is presented in [3]. The remaining articles contain various contributions to
successful collaboration work. The full text articles and manuscripts are attached in appendix

3



4 CHAPTER 1. INTRODUCTION

A. The respective supporting information is given in appendix B.

In the following, the basic concepts that underlie the outcomes of these publications are pre-
sented. For detailed information on experiments and discussions, the reader is kindly referred
to the original publications provided in the appendices. Sections 1.2-1.5 include fundamentals
on organic semiconductors, growth mechanisms and the concept of thin film transistors. In
chapter 2, this thesis covers an excursus on the structural characterization of organic thin films,
which explains standard microscopic and X-ray methods and their application in the appended
publications. Finally, chapter 3 and chapter 4 discuss the experimental details and consider-
ations beyond the corresponding publications of the in-situ technique and the fabrication of
organic nanosheets, respectively. Some conclusive remarks are presented in chapter 5.

1.2 BASIC CONCEPTS OF ORGANIC SEMICONDUCTORS

The term "organic" refers to the main elemental composition of the semiconductor materials.
They are either polymers or small molecules consisting primarily of hydrocarbons and hetero-
cyclic compounds [47]. Hydrocarbons form structures featuring alternating single and double
bonds. Consequently, conjugated polymers and aromatic molecules develop a combination of
strong, sp>-hybridized o bonds with localized electrons, and a delocalized 7-system consist-
ing of the overlapped p-orbitals (cf. Fig. 1.2 a & b). This work focuses on aromatic molecules,
which are based on one or many benzene structures (or arenes). Here, the sp*-hybridization
leads to planar rings of six hydrocarbons which form angles of 120°, respectively. Hence,
one has to distinguish the origins of the semiconducting behavior of organic and inorganic
semiconductors like silicon or germanium. In the case of the latter, the crystallization of spe-
cific atoms, i.e. the formation of a periodic lattice potential, leads to the formation of a band
structure. In organic electronics, the single molecule itself is a semiconductor. The specific
structure of bonds within aromatic molecules results in molecular orbitals with discrete energy
levels. In the ground state, these energy levels are filled up to the highest occupied molecular
orbital, or "HOMO" (Fig. 1.2 c¢). The lowest unoccupied molecular orbital, or LUMO, is
energetically separated by the molecular band gap. The HOMO is the last unexcited, binding
state of the m-orbital, while the LUMO represents the first excited, anti-binding energy state.
Organic molecules can form large semiconducting van der Waals crystals.

Charge transport in organic semiconductors is part of ongoing research and has to be discussed
in a case specific way. It is safe to say that there are two border cases of charge transport
mechanisms, namely classical band-like transport in very pure organic single crystals and the
so called hopping transport. They can occur very discretely or as intermediate states between
each other. The polaron model helps to develop an understanding for the energy situation of
a charge carrier passing through an organic semiconductor [48]. In this model, the charges
polarize the surrounding lattice as they move through the crystal. The charge carriers together

4



1.2. BASIC CONCEPTS OF ORGANIC SEMICONDUCTORS 5

Figure 1.2: Sketch of the formation of energy levels in a benzene molecule. a) Molecular orbitals of
carbon atoms with sp? hybridization in benzene. b) Delocatization of n-system. c¢) Energy diagram of
HOMO and LUMO in ground state (left) and first excited state (right).

with the polarization they generate are called polarons, whose energy states are dispersed in a
Gaussian distribution. In the image of classic band-like transport this translates to smeared out
conduction and valence bands. The energy gap of an organic crystal is smaller than that of the
single molecule, as the band energy levels are reduced by the respective polarization energies
for holes and electrons.

In most cases however, charge transport cannot be explained solely by assuming a band struc-
ture. Allen Miller and Elihu Abrahams have developed a model based on the tunneling, or
"hopping", of charge carriers from one molecule to another [49]. It predicts a hopping rate v,
which is depending on the wave function overlap of the two neighboring molecules and the
energetic difference AE between the initial and the final state:
exp( kAB—ET), AE >0

1.1
1, AE <0 (D

v = vo exp( 2aR){

vy is the phonon frequency of the crystal, R the distance between two neighboring molecules.
The constant « includes the exponential decrease of the charge carrier wave function, kg7 is
the thermal energy. In addition, the model includes the existence of charge trap states.

The transition between band like and hopping transport can be evaluated by performing tem-
perature dependent charge carrier mobility measurements. An increasing mobility with de-
creasing temperature is indicative for band like transport, while a decreasing mobility points
to thermally activated hopping transport [S0]. For a more detailed discussion, I want to refer
to the books of Markus Schwdorer et al. [47] and Martin Pope et al. [48].

All this leads to a second conceptional difference between organic and inorganic electronics.
Whereas in inorganic electronics the selectivity of majority charge carriers is realized by dop-
ing with different elements, the selection in organic electronics is more intrinsic. Molecules
are mostly either better hole conductors or better electron conductors. Eventually, the decision
of whether to use a material as hole or electron conductor is made by choice of the electrode
material and dielectric. The electrodes do not consist of a highly doped zone of the prominent
semiconductor like for inorganic semiconductors, but consist of a different material, e.g. a

5



6 CHAPTER 1. INTRODUCTION

metal or highly conductive polymer. The injection and extraction of charge carriers is lim-
ited by the matching of the material work function to either the HOMO or LUMO of the
semiconductor, to achieve either hole or electron transport, respectively. Junction devices like
diodes, solar cells, or ambipolar transistors are then achieved by subsequent application of
two different semiconductors, semiconductor blends, or by employing two different electrode
materials.

1.3 MATERIALS

The first authorship publications presented in this thesis highlight the characterization of two
prominent aromatic molecules, namely pentacene and fullerene Cqyp. Both molecules show
among the best performances as active layers in OFETs and can be prepared as highly crys-
talline thin films. Their properties and the fact that they are well studied make them suitable
candidates for use in model systems.

PENTACENE

Pentacene (C,,Hj4) is a small molecule consisting of five linearly condensed benzene rings.
It is established as one of the most prominent organic semiconductors, showing high mobil-
ities of over u = 2% [51] and forming very well defined and thoroughly studied crystalline
thin films, when grown via sublimation under UHV conditions. In very pure single crystals,
mobilities can reach significantly higher values [52], which means that transistor engineering
parameters, like the choice of dielectric, contacts resistance reduction, etc. still leave room for
optimization.

Pentacene appears in four known polymorphs [53]. For TFT applications, two of them are
of prior importance. The thin film phase (TFP) is substrate induced and thus only appears
in very thin films [54]. It is the prominent form of pentacene examined in this work and the
following descriptions refer to it. The more stable bulk phase (BP) can be partially induced at
the dielectric surface by increased substrate temperatures during film growth [55] or chemical
treatment, as preliminary results indicate, and begins formation on top of TFP surfaces after
the film exceeds a certain thickness, i.e. a certain distance from the substrate. When grown
via molecular beam deposition, TFP pentacene forms a polycrystalline film with grain sizes
between 100 nm and several um in diameter. It has been shown that the morphology and
structure of these grains strongly impact the spatial and energetic distribution of trap states in
thin film devices [56, 57]. Its crystal structure has been thoroughly studied by Stefan Schiefer
et al. [58], revealing layered growth with a triclinic unit cell, which condenses in a so called
herringbone structure and is tilted to the substrate surface plane by 8.75° (Fig. 1.3 a & b).
The layers show a spacing of 15.4 A, which is easily identifiable via X-ray reflectometry, as
will be shown in chapter 2.
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a) b) c) d)

Figure 1.3: Structure of pentacene. a) View along the a-axis of the TFP unit cell. b) View along the
c-axis of the TFP unit cell. ¢c) AFM micrograph of pentacene on SiO, (4 um x 5 um, height scale:
40 nm). d) AFM micrograph of pentacene near a gold electrode (4 um x 5 wm, height scale: 15 nm).

The topography of TPF pentacene is dominated by fractal or pyramid shaped grains (depend-
ing on the growth parameters [59]) stacking up in monolayer terraces (see Fig. 1.3 c¢), when
grown on many smooth dielectric surfaces. On and near metal surfaces, on the other hand, the
morphology is less controlled. Directly on top of Au surfaces the pentacene films stack up to
pillar and rod like structures [60], while close to Au structures the films show severe dewetting
(Fig. 1.3 d) [61, 62].

Its electronic properties originate in its band gap of E,, = 1.8 eV, with Eyoyuo = 5.0 eV and
Erymo = 3.2 eV [63]. As the HOMO energetically lies close to the work function of gold
W = 5.1 eV, gold is often used as electrode material in pentacene based hole conducting
TFTs.

FULLERENE Cg

Fullerenes are a class of non hydrogen terminated aromatic molecules, that form ball shaped
structures. The only spherical fullerene is also the most prominent one, namely the Buckmin-
ster fullerene, Buckyball, or simply Cg, consisting of 20 carbon hexagons and 12 pentagons
[64, 65]. Some of the highest performances of electron conducting, organic TFTs have been
realized using Cg, topping values of u = 5 % [51] and its derivative Phenyl-Cg,-butyric acid
methyl ester (PCBM) is one of the most used in organic photo voltaic devices [66]. Its struc-
ture is shown in Fig. 1.4 a. At room temperature, bulk structures of the molecule crystallize
in fce, with a lattice constant of 14.17 A[67], while the rotational degrees of freedom of each
molecule stay free [68]. In thin films it has not been clarified whether body centered cubic
(bee) or fece was the predominant crystal structure for a long time. We could show that thin
films at room temperature crystallize in fact fcc in [111] direction with respect to the substrate
surface (Fig. 1.4 b, cf. chapter 2). They develop a bulgy topography with grain sizes that
depend on film thickness and growth temperature. The topography stays unchanged, whether
it is grown on smooth SiO, or gold surfaces (see Fig. 1.4 c).

7



8 CHAPTER 1. INTRODUCTION

Figure 1.4: Structure of Cgp. a) Side view of the fcc unit cell (the first two layers are depicted). b) Side
view of the fcc unit cell in [111] direction. ¢) AFM micrograph of 10 monolayers of Cgg on the edge
between Au and cyclic-olefin-copolymere (COC) coated SiO, (4 wm x 5 um, height scale: 50 nm).

Its band gap is E;;, = 1.7 eV, where Egouo = 6.2eVand E ypyo = 4.5eV [69]. Itis almost
exclusively used as electron conducting material, because its intrinsic electron conductivity
surpasses the hole conductivity by approximately four orders of magnitude [70]. The major
challenge of employing Cgy in commercial devices is its instability under ambient conditions
[71]. Oxygen intercalates quickly into the tetraeder gaps of the unit cells, trapping electrons,
and thus, quenching charge transport. Thus, encapsulation of fullerene thin films is a heavily
studied subject.

1.4 GROWTH MECHANISMS

There are several ways to coat a substrate with organic semiconductor films, for example by
spin coating, drop casting, doctor blading or printing. All these rely on solution processing,
and hence, on soluble materials. Within the scope of this work, we focus on well ordered films
made from pristine materials, i.e. materials containing no additional chemical modification to
guarantee solubility. Thus, only molecular beam deposition (MBD) is used. During MBD,
the semiconductor is heated to its sublimation temperature under high vacuum (HV) to ultra
high vacuum (UHV) conditions. This can either be done in an open crucible to evaporate the
material homogeneously into all directions, or by using a so called Knudsen cell, which offers
a certain degree of collimation (cf. chapter 3). The molecular beam is directed onto a substrate
of choice, where the molecules condensate and form thin films of different morphology.

For most molecules growth on insulating surfaces can be described by the theory of diffusion
limited aggregation [72]. During its diffusion on the surface, the interplay of several processes
determines the final film morphology (see Fig. 1.5 a) [73, 74]. Depending on the growth
parameters, i.e. sample temperature and deposition rate, as well as surface roughness and
surface energy of the substrate, three predominant growth modes arise (Fig. 1.5 b). In the

8
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case of the Frank - van der Merwe growth, the binding strength between the substrate and the
molecules is stronger than the intermolecular bonding. This leads to layer-by-layer growth,
where a new molecular layer is formed only after the previous layer is complete. The opposite
case, in which the molecules are bound more strongly to each other, than to the substrate, is
called Vollmer-Weber, or island growth. For instance, fullerene Cg is known to form disjoint
island on Si0O,, before forming a closed thin film. In this work we will show that the same
holds for growth on pentacene surfaces and how that effects its electronic properties in thin
film transistors. The Stranski-Krastanov, or layer-plus-island growth mode is the intermediate
case, where islands are formed after the completion of a few molecular layers. Pentacene on
SiO, usually aggregates in this growth mode.

a) molecular beam

inter-layer diffusion

Figure 1.5: Sketch of the different growth mechanisms and modes. a) Molecular diffusion mechanisms
of MBD grown organic semiconductor. b) Growth modes (top to bottom): Frank - van der Merwe,
Vollmer-Weber, Stranski-Krastanov.

1.5 THIN FILM TRANSISTORS

The field effect transistor (FET) is an electronic device which uses an electric field, applied
by a gate electrode, to modulate the current between a second and a third electrode, namely
source and drain. FETs can be realized in a vast variety of geometries. As most organic
electronic devices are fabricated layer by layer and feature thin films of active material on an
insulating dielectric, the thin film transistor (TFT) geometry will be discussed here.

The semiconductor is separated by the gate electrode by a thin dielectric layer. The ener-
getic situation is therefore comparable to that of a classic metal-insulator-semiconductor (MIS)
junction. Following the deduction from Simon M. Sze [75] for unipolar transistors, the surface
charge Q; can be written in terms of the surface potential ¥, the Debye length Ap, and the
ratio of the equilibrium electron and hole densities 77?):

1
)+Ii;PYS‘ 1)+@(e(’f:_;) ;;I;f 1)]2 (1.2)
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E; is the electric field at the dielectric surface and € is the permittivity of the semiconduc-
tor. The dependency of Q; to the surface potential is depicted in Fig. 1.6, where ¥y is a

measure for doping, as it is proportional to the difference between the intrinsic and the actual

Fermi level of the semiconductor. In contrast to most inorganic applications, organic TFTs
are mostly operated in accumulation. To illustrate the relevant interfaces in TFTs, Fig. 1.7
sketches the layouts of a unipolar bottom contact TFT and an ambipolar TFT with top contact

hole conducting layer and bottom contact electron conducting layer. The extraction of transis-

tor parameters like charge carrier mobility, threshold voltage and hysteresis will be discussed

in chapter 3, together with the in-situ characterization setup.
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Figure 1.7: Transistor geometries. a) Unipolar bottom contact p-type TFT. b) Ambipolar bilayer TFT.

For a detailed introduction to junction theory, I would like to refer to the book of K. Brennan

[76].
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CHAPTER 2

STRUCTURAL CHARACTERIZATION OF
ORGANIC THIN FILMS

Part of the findings presented in this chapter have been published [1, 3]. The full articles are
attached in appendix A.

All systems, i.e. the pentacene-Cgy double layer, partially crosslinked pentacene, and pen-
tacene grown on rough parylene-C, have been thoroughly studied via microscopy and X-ray
diffraction techniques to gain insight into topography and structure of the organic thin films.
Here, the principals of these methods are shortly introduced and the most relevant results
gained for the articles [1] and [3] are presented.

2.1 MICROSCOPY

Some topographical and morphological aspects can be determined using standard micro-
scopic techniques, such as atomic force microscopy (AFM) and scanning electron microscopy
(SEM). Throughout the studies in [ 1-3] all AFM measurements were performed using a Veeco
Dimension 3100 AFM in the clean room of the former chair of Prof. Jorg Kotthaus. The mea-
surements were carried out in tapping mode, setting the Si tip to an oscillation frequency near
its resonance, and measuring the topography induced amplitude changes via a laser, which is
focused on the cantilever tip. The reflected beam is read out by a four field diode. The height
of the cantilever is constantly readjusted accordingly via a feedback loop, which controls a
piezo stage, resulting in a high resolution topography map. This way, height differences as
small as a few Angstroms can be detected, while the lateral resolution is limited mainly by the
tip shape (usually around 20 nm).

Besides quality and roughness control of dielectric surfaces for electronic devices, AFM con-
tributed substantially to the understanding of fullerene Cgy growth on crystalline pentacene

11
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a) b) o)

Figure 2.1: AFM micrographs of Cgp growth on pentacene (height scale: 40 nm). a) Sub monolayer
Cso. The fullerene forms small disjoint islands. b) 25 nm Cgp grown on small pentacene grains. The
Ceo retraces the subjacent pentacene with a random distribution of grains. ¢) 25 nm Cgg grown on large
pentacene grains. The fullerene grains follow the subjacent pentacene monolayer terraces.

surfaces (see Fig. 2.1). Early stage thin films form disjoint islands, which stack up to several
monolayers before film percolation (Fig. 2.1 a). This leads to delayed on-set of electron con-
ductivity in ambipolar transistors (cf. chapter 3). At higher film thicknesses these islands grow
together and form a bulged surface which retraces the subjacent pentacene topography. Here,
the spatial distribution of fullerene grains strongly depends on the lateral dimensions of the
pentacene monolayer terraces (Fig. 2.1 b and ¢). When pentacene is grown on SizNy at a rate
of around 0.1 As™! at room temperature, pentacene forms relatively small grains with tightly
packed terrace structures. This leads to coverage by randomly distributed Ce( grains. Growing
pentacene similarly on SiO, surfaces generally results in larger structures with strongly pro-
truding terraces. In this case, the Cq droplets adapt to the pentacene terrace landscape, using
it as a template to form contour lines. The formation of these fullerene structures has been
studied in more detail before [77].

SEM can be used to obtain qualitative (and to some extend quantitative) insights into the
out of plane geometry of layered systems such as organic electronic thin film devices. In
[1] the pentacene/Cg layer system was used to build ambipolar organic FETSs, based on an
Si/Si3N4/S10, substrate. An SEM image of the cross-section of such a device is depicted in
Fig. 2.2. The image from the channel region (left) reveals how well defined the layer system
1s. The semiconductor film on the gold electrode surface on the other hand shows strong
dewetting with almost column like morphology (cf Fig. 1.3).

2.2 X-RAY DIFFRACTION

Some aspects of the electronic behavior of organic semiconductors are essentially determined
by their crystal structures (cf. chapter 1). Therefore, it is important to introduce the basic
principles of X-ray diffraction used for structure analysis. A distinction is drawn between two

12
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Figure 2.2: SEM cross-section image of an ambipolar pentacene-Cgg TFT. a) Channel region. The
semiconductor film forms a well defined bilayer. b) Au contact region. The bilayer shows pillar like
morphology, induced by the disturbed growth of pentacene on Au surfaces.

X-ray scattering regimes. Small angle X-ray scattering (SAXS) probes for large structures up
to several hundred nanometers, while wide angle X-ray scattering (WAXS) solves the crystal
structure of matter from several nanometers down to the Angstrém regime. The scope of this
work focuses mainly on the crystal structure of organic semiconductors, while the investiga-
tion of larger morphological structures like the mixing of semiconductor blends is left to other
studies. Hence, only WAXS techniques shall be discussed here. For further detail, the reading
of Als Nielsen "Elements of Modern X-ray Physics" [78] is highly recommended.

When interacting with ordered matter, X-rays of wavelength A will interfere constructively
with the lattice if the momentum transfer § matches a reciprocal lattice vector G, ie.

j=k k=G 2.1)
k; and k} are the incident and final wave vectors, respectively. This Laue equation can be
transformed into the famous Bragg equation:

nd = 2dsin6 2.2)

with n € N using g = 47” sinf and d = I%ﬂl Here, 6 is the angle between the incoming beam
and the lattice plane. The most general expression for ¢, covering the whole two dimensional

diffraction pattern, is given in terms of the angle of incidence «;, the in-plane angle ¢, and the
13
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angle between the direct beam and the detector position 26 = a; + a; as follows (cf. Fig. 2.3):

o Heos(p a;+20)+cos( ¢ a;+20)] cose;
g=— sin g (2.3)
%[sin(go a;+20)+sin( ¢ a;+20)] +singq;

From equation 2.3 all measured angular data can be transformed into wave length independent
momentum space.

THETA/2THETA X-RAY DIFFRACTION

The coplanar ®/20 scan, also known as reflectometry, is predominantly used to solve scat-
tering length density (SLD) profiles along the sample surface normal and to analyze surface
roughness. It is however a very suitable tool to resolve the spacing of crystal structures parallel
to the substrate surface plane. In this geometry the reflected, or specular beam is detected with
a point detector by scanning the angle between surface and beam ®, while setting the detector
position to match the reflection condition «; = a (see Fig. 2.3 a). The perpendicular momen-
tum transfer then calculates to ¢, = 47”sin®, and the respective spacing can be evaluated using
d. =

Using~a one dimensional line detector instead of a point detector, i.e. including small parts of
gy in the measurement, (Fig. 2.3 b) yields two advantages. First, any possible misalignment
of the X-ray setup, which can become very sensitive for highly crystalline samples at high
angles, can be immediately compensated from the gained data. Second, rocking and offset
scans are included in the recorded data (cf. Fig. 2.5 b). The downside of a one dimensional
silicon detector to a point scintillation detector is its lower quantum efficiency for thin chips
and high photon energies. Thicker chips on the other hand lower the spatial resolution.
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Figure 2.3: Schematic of coplanar X-ray techniques. a) ®/20 scans using a point detector. b) ®/20
scans using a 1D line detector.

Using X-ray reflectometry we analyzed the crystallinity of pentacene-Cg, double layers (Fig.
14
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2.4), and optimized the fullerene growth parameters accordingly to gain highest quality films.
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Figure 2.4: ®/20 measurements of 25 nm Cgy grown on 20 nm pentacene. a) Reflectometry measure-
ment. The vertical lines indicate the respective Bragg series signals. b) Line detector scan of the same
sample.

Furthermore, X-ray reflectometry was used to evaluate film quality and thin film spacing in
the course of several fruitful collaborations (cf. [5-7]).

In [4] we successfully tested microdiffraction imaging in reflection geometry to investigate
buried layers and polymorphism in organic electronic devices.

GRAZING INCIDENCE X-RAY DIFFRACTION

Grazing incidence X-ray diffraction (GIXD) is used to obtain very surface sensitive, lateral
information about crystal structure. In GIXD, the angle of incidence «; is kept very small,
typically below the critical angle for total reflection a.. This way, only the evanescent wave
of the X-ray beam penetrates the surface. Thus, a high surface sensitivity is achieved, which
is desirable when studying thin films. The scan geometry is depicted in Fig. 2.5 a.

Together with according one dimensional scans, the projection of the whole diffraction space
can be recorded (see Fig. 2.5 b).

STRUCTURE OF PENTACENE-C¢y DOUBLE LAYERS

To fully understand the structural nature of pentacene-Cgy double layers [1], especially for
application in electronic devices (cf. chapter 3), it is not enough to be restricted to information
perpendicular to the surface. To this end, we used GIXD.

The two dimensional diffraction pattern from the pentacene-Cgy double layers is given in Fig.

15
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Figure 2.5: Schematic of in-plane X-ray techniques. a) GIXD geometry with all its characteristic
signals. b) Scan coverage in reciprocal space.

2.6 a. The pattern shows the previously studied [58] pentacene structure with its characteristic
truncation rods. In addition, the fullerene Cg pattern superimposes the data. From reflectom-
etry measurements it was not clear if C¢y condensates to an fcc lattice in [111] direction or to a
bec lattice in [100] direction, since the spacing results in a similar Bragg series. Using GIXD,
we could verify the Cg fcc structure and, more over, dismiss any extra phases. The fullerene
spots could be completely indexed, by solving the momentum transfer equation for a cubic
lattice with the normal vector in [111] direction and by considering the fcc specific selection
rules for Bragg reflection (Fig. 2.6 b):

h 1
2 1
g=="|k and  it=—|1 24)

w V3|

The Miller indices h,k, and I are used to identify the family of planes. The components then
calculate to:

2
=3 = T(h+k+] (2.5)
avV3
21\2
9w =19 ¢l= m/_\/h2+k2+12 hk hl kl (2.6)

av3

DEPTH CONTROLLED GIXD ON PARTIALLY CROSSLINKED PENTACENE FILMS

In [3] thin pentacene films are irradiated by a low energy electron beam in order to crosslink
the topmost layers (cf. chapter 4). We used depth controlled grazing incidence diffraction to
verify that the crosslinking is restricted to the top surface and to measure the penetration depth
of said non crystalline crosslinked layers (Fig. 2.7).
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Figure 2.6: Resolving the pentacene-Cg bilayer crystal structure. a) GIXD measurement of 25 nm
Ceo grown on 20 nm pentacene. b) Indexing of the measured Bragg peaks (red spots indicate signal
stemming from Cgg, blue spots indicate pentacene).

To quantitatively evaluate the penetration depth, we employed a model by Helmut Dosch et
al. [79, 80], which introduces a number of disordered layers on top of the crystal, which do
not contribute to the diffraction signal. The total intensity of the scattered beam calculates to
the product of transmission functions and the structure factor [81, 82]:

1=[rs., |7 @

The transmission functions calculate to:

2sina; s
T,"f = (28)
sina; y + \/ sinza,-, = sina,
while the structure factor is given by the following term:
|e% _ p-iNQ.a|?
S_,= 29
Tl - emioa)? &

with p dead layers on top of the sample surface, which are non crystalline and thereby do not
contribute to the signal. N is the number of molecular layers within the film thickness, A is
the scattering depth of the evanescent wave, and a is the lattice spacing in z-direction. Q, is
the momentum transfer parallel to the sample surface normal of the examined peak:

2
i [\/sinzai _26-2iB + \/sinza/f _25- 2i,8] (2.10)

Qz:k?_k; 1

]

with 26 = sin’a,, and 2i8 = i%, where u is the absorption factor. The scattering depth of the
17
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Figure 2.7: Schematic and GIXD measurements to illustrate the connection between number of dead
layers and Bragg signal loss (1 = 0.6888A, ie. a photon energy E,, = 18keV). a) Crystalline pen-
tacene. b) Weakly crosslinked pentacene. ¢) Strongly crosslinked pentacene.

evanescent wave calculates to:

Pl
A=—"
2(l; + 1)

liy= ? \/(26 sinza,-,f) + \/(sinzaf 26)2 +(2B)*

a. =4 \/g is the critical angle with the scattering length density p.

This modeling of the depth controlled GIXD measurements shows that the pentacene film is
crosslinked from the top, and that the penetration depth of the electrons is of the order of a
few monolayers, i.e. several nm, depending on the irradiation time and electron energy.
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CHAPTER 3

ELECTRONIC IN-SITU
CHARACTERIZATION OF OFETS

As motivated in the introduction, a method to electronically characterize organic TFTs under
UHYV conditions during growth has been optimized. To this end, an in-sifu measurement sta-
tion, as well as a deposition setup for organic molecules has been designed and realized during
the course of this work.

First, the concept of in-situ device characterization is introduces, followed by a detailed de-
scription of the respective setups. Then, the main scientific outcome related to publications
[2] and [1] is presented and complemented by additional considerations of interest.

3.1 FILM THICKNESS DEPENDENT EVOLUTION OF ELEC-
TRONIC PROPERTIES

Topographical and structural analysis of early stage thin film growth gives valuable informa-
tion on growth modes and crystallinity. However, they rely on layer formation on sufficiently
smooth substrates, especially for the study of sub-monolayer films [83—85]. In addition, the
electronic behavior of such films can only be anticipated. Therefore, it is advantageous to
directly measure electronic properties during film formation. Due to their lateral geometry,
bottom contact TFTs can be prepared in such a way that only the active layer, i.e. the semi-
conductor film, is missing to form a complete device. Hence it is possible to measure the
characteristic curves of the transistor in-situ, i.e. while depositing the organic semiconductor
[86-88].

To illustrate this principle, the correlation between film topography and electronic characteris-
tics of a thin film transistor is illustrated in Fig. 3.1 for the case of pentacene grown on cyclic-
olephin-copolymere (COC) coated SizNy. First, the measured drain current is only given by
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very small charging currents of the capacitor formed by the drain electrode, the gate electrode
and the gate dielectric (here, the gate electrode overlaps with the source and drain contacts).
At a nominal film thickness of ~ 0.7 — 0.8 monolayers (ML), the pentacene film percolates
and a hole accumulation channel forms (Fig. 3.1 b). These findings are in good agreement
with theoretical calculations of 2D film percolation. The percolation threshold of disks with
radius r was calculated very accurately in [89] to a surface coverage of ~ 68%. Classical
percolation thresholds for Archimedian lattices reach from ~ 59% for "square" shaped lattices
to ~ 81% for "star" shaped lattices [90, 91]. The situation for pentacene thin films should lay
somewhere between the outcomes of these calculations, depending on the growth conditions
and thus the shape of the diffusion limited monolayer growth, i.e. either more fractal or more
circular, like in the presented example. At this stage, the transfer curve experiences a high
threshold voltage and a large hysteresis, due to deep volume traps and thermal surface traps,
respectively, within the channel region. The final device characteristics (here ~ 13 ML) are
shown in Fig. 3.1 c¢). Here, the device mobility is fully developed, the hysteresis is minimized
and the threshold has shifted to smaller values.

The evolution of device parameters, such as mobility, threshold voltage, and hysteresis, can
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Figure 3.1: Principles of thickness resolved transport measurements (topography via AFM vs. cor-
responding transport curves). a) AFM micrograph (top) of pristine SiO, surface and corresponding
transfer curve (bottom). Only small charging currents are measured. b) AFM micrograph (top) of
pentacene film percolation, here at 0.8 ML, and corresponding transfer curve (bottom). As the accu-
mulation channel percolates, Ip is small, and the hysteresis is large. ¢) AFM micrograph (top) of 50 nm
pentacene and corresponding transfer curve (bottom). The channel is fully developed, i.e. mobility
saturates, hysteresis almost vanishes, and threshold voltage takes on more positive values.
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be extracted by evaluating each recorded characteristic curve, and then plotting them against
film thickness. There are two types of characteristic curves: output curves, i.e. the change of
drain current I, with applied drain voltage V), at constant gate voltage V, and transfer curves,
i.e. the change of I, with applied V; at constant V), (see Fig. 3.2). To be able to measure
all three parameters with high thickness resolution, we only measure transfer curves at high
sweep rate (up to 5 %) during in-situ studies. The output curves were recorded after each
deposition process for full device characterization. The device saturation mobility p,, 1S pro-
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Figure 3.2: Schematic characteristic curves of TFTs. a) Output curve. b) Transfer curve. c) Square
root of transfer curve for parameter extraction.

portional to the square of the slope m,,, of the square root gate sweep in the saturation regime
(Fig. 3.2 ¢), and the fraction of the channel length L and the channel width W multiplied by
the dielectric capacitance C;:

oL
T~ Msar
WC;

AVg

Msat =
(3.1

Wlth Mgyt =

A theory for the calculation and extraction of organic thin film transistor parameters was de-
veloped by Gilles Horowitz [92-94]. Note, that the device mobility is not to be equated to
the internal charge carrier mobility of the organic semiconductor (cf. chapter 1). Crystal im-
perfections and impurities, interface trap states due to ambient conditions and at the interface
to the gate dielectric, as well as contact resistance effects, all affect the measured mobility.
Therefore, the extracted mobilities are to be regarded as device properties. The non vanishing
threshold voltage Vy, is mainly caused by deep trap states within the bulk of the film and at
the dielectric surface. It is deduced from the intersection of the saturation current tangent with
the axis of abscissae, because:

W
Iy = 2_L/lsatci(VG Vi) (3.2)

The hysteresis is the difference between the two threshold voltages of the respective forth and
back sweeps. It is a direct indicator for the presence of thermal traps, which, once filled, can
be released at room temperature.
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3.2 DEPOSITION SETUP AND IN-SITU SAMPLE HOLDER

The organic semiconductors are grown via molecular beam deposition in an ultra high vacuum
(UHV) chamber. The chamber consists of a main volume, including a low energy electron
diffraction option and a sublimation cell tower for up to three different materials, and a sample
lock, which allows to switch samples without breaking the main chamber vacuum. In the main
chamber, the sample is mounted to a manipulator rod and can be positioned to face the LEED
setup or the sublimation cells (see Fig. 3.3). A shutter for film deposition is not included
in the system, as the sample can be rotated into and out of the molecular beam. Two quartz
microbalances are used to control film thickness, one facing in sample surface normal direction
and one facing in a 90 degree angle to the sample. The main chamber is pumped by an ion
getter pump, the lock by a turbo molecular pump in combination with a scroll pump.

turbo molecular

pump @
sublimation cell
tower
lock-in
manipulator
_I:l._, I (ﬁ) I _I:l._, I
sample lock

rotatable
sample stage

LEED gun

Figure 3.3: Schematic of a the UHV chamber. a) Sample in position for organic material sublimation.
b) Sample in position for crosslinking via LEED gun.

The sublimation cells implemented in the UHV chamber have been designed to produce a
molecular beam which is a good compromise between collimation and homogeneity at the
sample position. In general, the collimation can be adjusted to any sublimation cell - sample
distance by varying the ratio between crucible outlet and crucible length [95] (here, 1:10 at a
distance of ~ 40 cm). The cells are heated by two standard halogen lamps, which are connected
by a UHV feedthrough, and can reach temperatures > 500°C. The temperatures are measured
via Pt100. A sketch of the cell geometry is shown in Fig. 3.4.

In addition to film deposition, the chamber has been equipped with the possibility to measure
transistor characteristics in-situ while recording film thickness, i.e. during film growth (see
Fig. 3.5). The mounting mechanism of the manipulator rod clamps the sample holder be-
tween a guide rail and a ledge with spring contacts. The spring contacts connect the source-,
drain-, and gate-electrodes of the bottom contact TFT structures to an electrical feedthrough,
which leads to standard coaxial BNC connectors outside the chamber. These can be accessed
by a Keithley 2612 source-meter, which applies voltages and reads out current characteristics
simultaneously. The TFT structures are contacted by spring contacts built into the shadow
masks, which guarantee that only the channel area of the TFTs gets covered by the semicon-
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Figure 3.4: Sketch of the sublimation cell in Knudsen geometry.

ducting material. The sample temperature can be elevated using two halogen lamps which are
positioned behind the sample holder. It is measured via a Pt100 which is in direct contact with
the sample surface. Transfer and output measurements are defined by a self-written Labview
program, which allows to perform complete device characterization, i.e. run a set of gate- and
drain-voltage sweeps, or to continuously run a loop of gate-sweeps to record device evolution
during film formation.
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Figure 3.5: Sketch with detailed description of the in-sifu sample holder.
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3.3 FILM PERCOLATION ON ROUGH TECHNICAL SURFACES

Fart of the findings presented in this chapter have been published [2]. The full article is
attached in appendix A.

The presented system was used to gain insight into phenomena at the dielectric interface and
the semiconductor-semiconductor interface. In this section, percolation on rough technical
surfaces is discussed.

As seen from Fig. 3.1, the onset of drain current can be anticipated by the topographical
conditions when the thin film percolates. This only holds for smooth substrates that allow to
resolve sub-monolayers of organic semiconductors with AFM or X-ray scattering techniques.
However, the technical surfaces appearing in many flexible plastic electronic devices often
show high root mean square (rms) roughness [13]. Using in-situ characterization, we over-
came these limitations and could determine the early stage growth of pentacene on parylene-C
substrates with an rms roughness of ~ 7 nm [2]. The pentacene film percolates within a sub-
monolayer as shown in Fig. 3.6, suggesting layer-by-layer conformal coverage of the parylene
surface. The ongoing evolution of transistor parameters mirrors the behavior on smooth SiO,
[87] and the film starts to form a grainy morphology, i.e. overall, the film follows the Stranski-
Krastanov growth mode.

These findings raise the question of the boundary conditions, which determine whether a film
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Figure 3.6: Electronic In-situ measurements of pentacene channel evolution on rough parylene-C di-
electric. a) Vi sweeps, plotted against the nominal pentacene film thickness and the square root of Ip.
b) Thickness dependence of threshold voltage and hysteresis. ¢) Thickness dependence of linear and
logarithmic mobilities.

can grow conformally on surfaces with large rms roughness or not. The answer can be found
considering the lateral roughness of the surface. Or differently put, one has to ask, how large
the lateral correlation length £ must be so that the molecules do not "see" the rms roughness
anymore. It is possible to deduce a condition for the lateral surface roughness, using some
simple dimensional considerations. The characteristic length scale for charge transport in or-
ganic semiconductors is given by the w-system overlap. Hence, it is necessary to regard height
fluctuations at distances matching the unit cell dimensions of organic semiconductors, i.e.
distances of the order R,. = 1 nm. This information is contained in the height difference cor-
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relation function (HDCF) g(R) = ([z(x,y)—z(x',y)]), with R = /(x — x')? + (y — y')* [96, 97].
Since the roughness of most surfaces can be described by a self affinity model, this correlation
function can be approximated by: g(R) = 20%(1 — e~ ®/9™). Here, ¢ is the correlation length
and the Hurst parameter / quantifies the fractal character of the surface, i.e. # — 0 for jagged
surfaces and 7 — 1 for smooth waviness. Note that the HDCF approaches zero for separation
much smaller than the correlation length Z, i.e. it is quite possible that the height difference
at unit cell dimensions (lattice distortion) can be very small, even for large o values. Highly
ordered pentacene thin films that have been sublimation grown on smooth SiO, surfaces, for
example, exhibit lattice distortion of about 1% to 2%, while films with distortions > 10% are
already considered amorphous [98]. Therefore, considering a 2% variation as a tolerable value
for the HDCF g(R = R,.), one can estimate a minimal correlation length £ for any given rms
roughness o, where thin film growth can still be regarded as highly ordered. Using typical
parameters for pentacene and polymeric surfaces (here, o, = 7 nm, R, = 0.5 nm, h = 1,
and g(R) = 0.02) this leads to an estimate for the correlation length of the order 35 nm. In
other words, as long as the lateral correlation length is high enough, a high rms o does not
impair crystal structure. A very rough experimental estimation of the correlation length at
hand varies between ~ 50 nm and ~ 170 nm. It was deduced from AFM micrographs which
are shown in the supporting information of [2] (see appendix B). This clearly lies above the
deduced minimum for £ and thus explains how the early stage percolation is possible.

These findings emphasize that, although widely assumed otherwise, materials with high rms
roughness can serve as dielectric in organic electronic devices without impairing well defined
semiconductor growth.

3.4 IN-SITUINVESTIGATION OF THE FORMATION OF A PEN-
TACENE - C¢9 AMBIPOLAR TFT

Part of the findings presented in this section have been published [1]. The full article is
attached in appendix A.

The importance of understanding the mechanisms at organic-organic heterojunctions was
emphasized in chapter 1. The investigation of channel formation within ambipolar devices
presents a more elaborate use of the insifu technique. In [1], we have gained new insights on
the formation of the n-channel and its impact on the preexisting p-channel (Fig. 3.7).

In contrast to the experiment above on unipolar transistors, here we tracked the formation of
a pentacene-Cg heterojunction. Therefore, a pre-fabricated top contact pentacene (hole con-
ducting) transistor was transferred into the in-situ setup and its characteristics were measured
during deposition of Cgy. It is shown, that the n-channel forming at the pentacene-fullerene
interface percolates at much larger film thicknesses than pentacene on SiO, or parylene-C.
The Cg film starts growing as disjoint drop shaped islands (cf. chapter 2) that slowly form a

26



3.4. IN-SITU INVESTIGATION OF THE FORMATION OF A PENTACENE - C¢o AMBIPOLAR
TFT 27

N

N
h

n-channel

' /00REA0RO0000GGCCaNCARRARCZAaCa0S) o) 4 b
0.0\1 D - oooo0d 0000 i ! P —
. ° ' 104 ' —o— p-channel
‘g 0% 1
o 008 - 1 & . 1
< ! > ‘
T goh wi 02 % g 3"\
20 I3 E g AN
z > = D
= £ g4 1 TFecoouoou,, poo
0000 3 {015 £ | = el
00 € £ 9] ! 000°
bl ® R
ES R
‘
0 i

—10.0
T T v g f T T T T y

12 16 20 24 28 0 4 8 12 16 20 24 28
monolayers monolayers

S\

Figure 3.7: Electronic In-situ measurements of pentacene and Cgy channel evolution during Cgg
growth. a) Vi sweeps, plotted against the nominal Cgg film thickness and the square root of Ip. b)
Thickness dependence of linear and logarithmic n-channel mobilities. c) Thickness dependence of
n-channel and p-channel threshold voltages.

continuous film at thicknesses of about 5 ML. After percolation, the n-channel behaves very
similar to the expected trend for well known hole conductors like pentacene. In the beginning,
the electron mobility rises steeply, then saturates as the applied gate voltage is screened more
and more by the conduction channel. The same holds for the initial threshold voltage shift
to more negative voltages, which is in parts induced by the filling of deep volume traps. The
p-channel threshold, on the other hand, also experiences a shift towards more positive voltages
as soon as the n-channel develops. This behavior is explained by a charging of the developing
heterojunction, driven by Fermi-level alignment, which in turn acts as an additional top gate
for the p-channel. We propose that this way a second conduction channel with mobile charge
carriers develops at the pentacene-fullerene interface, which has to be depleted for the drain
current to vanish. Interestingly, this shift could only be measured for percolated Cg films, as
the fullerene islands are disjoint in the beginning and hence, in this configuration, the charging
of the interface is confined to the pentacene-Cg, contact area.

These findings have lately been confirmed impressively by Kyndiah et al. [99]. The experi-
ment was extended to the investigation of charge transfer (CT) depending on the underlying
pentacene film thickness. This way, the additional charge density at the pentacene-fullerene
interface could be modeled in dependence of the pentacene surface morphology and with it Cg
growth. For pentacene thicknesses in the layer-by-layer growth regime, i.e. until the comple-
tion of approximately two monolayers, C¢, percolates very early, the threshold voltage shift of
the p-channel is large and the additional charge density due to Fermi-level alignment rises. As
the pentacene thickness increases, the surface starts to experience grating and the overall cou-
pling of the two conduction channels decreases. This, in turn, leads to a monotonous decrease
in CT and, at the same time, a decrease in p-channel threshold voltage shift. In addition, the
percolation of Cg delays due to the roughening of the pentacene surface. Moreover, the CT
carrier mobility could be estimated, hence confirming our statement in [1] that the additional
charges at the organic interface are mobile.

The overall strong threshold voltage shift of several volts can be explained by the large excess
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of the capacitance between bottom p-channel and top n-channel and the capacitance of the
bottom gate dielectric oxide layer. Kyndiah et al. calculated this excess to one to two orders
of magnitude depending on the pentacene thickness.

As these are purely empirical conclusions, we are left with the need for a theoretical model
that consolidates these findings by predicting the behavior of similar systems reliably. This
thesis has contributed to complete the set of data needed to comprehend the mechanisms of
charge transfer, and the technique represents a valuable test platform for further systems.
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CHAPTER 4

PREPARATION AND TRANSFER OF
ORGANIC SEMICONDUCTOR
NANOSHEETS

Part of the findings presented in this chapter have been published [3]. The full article can be
found in appendix A.

4.1 CROSSLINKING OF SEMICONDUCTOR THIN FILMS VIA
ELECTRON IRRADIATION

The mechanical flexibility is one of the most important properties of organic thin films. We
have seen that the growth of well ordered high performance films is not always possible, when
being restricted to one specific substrate. This leads on the one hand to limitations in the choice
of electrode material, and on the other hand limits the variety of technical substrates. There-
fore, the wish for a possibility to separate the growth of thin films from device fabrication, i.e.
to transfer prepared films to their intended surfaces, becomes apparent. To this end, supporting
layer processing, i.e. using a sacrificial substrate for film formation, which is then dissolved,
has proven to be a very useful technique. It has been successfully employed to fabricate free
standing conductive polymers like poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT/PSS) [100], and to transfer very stable and functional nano-membranes made from
crosslinked self assembled monolayers (SAMs) [101]. The challenge of adapting this method
to van der Waals - crystals like organic semiconductor thin films is their low mechanical sta-
bility. In order to give thin pentacene films a stable, covalently bound backbone, we irradiated
the film with a low energy electron (LEE) beam. Andrey Turchanin et al. have shown that
the irradiation of SAMs of organic molecules forms covalent bonds, which are much stronger
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(one to two orders of magnitude [102]) than the usual van der Waals bonds [45], and they have
thoroughly modeled the crosslinking mechanisms for aromatic biphenyl monolayers. The
electrons break up C  H-bonds of the hydrocarbons, leaving open binding sites (Fig. 4.1).
These can then bind to neighboring molecules. The idealized case of pentacene forming a
fully crosslinked dimer with biphenyl-like bonds is shown in Fig. 4.1 b for illustration. Of
course, also partial crosslinking, destruction, or the formation of smaller molecules by C-C
bond breaks can be imagined.
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Figure 4.1: Idealized scheme of crosslinking mechanism. a) The pentacene film is irradiated by low
energy electrons (LEE). b) Due to irradiation C-H bonds are broken, creating free binding sites. c) Free
binding sites of two neighboring molecules form new covalent bonds.

The studies of Turchanin et al. have further revealed, that, instead of being absorbed within
the SAM directly, most electrons transmit through the SAM and generate secondary electrons
within the substrate [45], which, in return, crosslink the membrane from the bottom. In chapter
2 we have shown that for thicker films (~ 50 nm) the electron beam crosslinks the surface
directly (see Fig. 4.2), due to the small electron penetration depth in matter, which has been
calculated to be of the order of only a few nanometers in this energy range for various organic
materials [103, 104].

We have found that for 50 nm pentacene films, an irradiation time of 20 minutes with 500 eV
electrons (i.e. very much larger than typical binding energies of covalent bonds) has proven
to decently stabilize the film mechanically, while not impairing film functionality [3]. To
check, if the stabilization by the number of electrons at hand is plausible, one can make two
considerations: first, if enough electrons are present in the beam with respect to the number
of molecules in the surface area of the film, and second, how many bonds per molecule need
to be formed to reach a stabilized film. For the first consideration the dose per area has to be
estimated. This has been done via the current /3 flowing through a ground electrode: D = %’.
Here, I ~ 100 nA through an irradiated reference surface A = 4 mm? at the sample position
which leads to a dose of D = 3.0 %, i.e. 1.88x10!° electrons reach a square centimeter of
sample surface. Using these numbers one can check, if complete crosslinking of a few layers
is plausible, considering the available number of electrons. From [3] one can assume four
dead molecular surface layers. With the lateral area of a thin film phase pentacene unit cell
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Figure 4.2: Sketch of monolayer vs. multilayer irradiation. a) At very low thickness the electrons
transmit through the film into the substrate, where they release secondary electrons. These secondary
electrons then initiate the crosslinking process. b) When the film is thicker than the penetration depth
of electrons into the material, the surface is crosslinked directly by the primary electron beam.

being 5.9 A -7.6 A ~ 45 A% [58] and two molecules per unit cell, the first four layers of a
square centimeter contain approximately 1.76x10'°> pentacene molecules. This leaves more
than ten electrons per molecule for absorption and, hence, crosslinking.

To address the second consideration, note, that the process of stabilizing a film by forming
new covalently bound clusters is a percolation problem. One typical parameter in percolation
theory is the percolation threshold f,, i.e. the critical fraction of formed bonds, at which
percolation paths through the lattice exist. Here, let us put the formation of a percolated cluster
in analogy to typical multimerization or gelation, at least as a first naive approximation, as the
system is very restricted in one dimension and there is no experimental evidence for the exact
molecular composition of the crosslinked layer. As a lower limit, assuming the molecule to be
intact and stiff, we may state that each molecule can bind in at least four different directions
(Fig. 4.3 a), i.e. to a neighbor left and right and in an inter-layer fashion. Naturally, as
pentacene has fourteen binding sites available, this is the simplest description, leading to an
upper limit for the percolation threshold. In this case, the formation of a percolation path can
be modeled by a Bethe lattice (or Cayley tree) with z = 4 branches [102, 105, 106] (Fig. 4.3
b). We find that the number of bonds in a cluster N to the nth generation of the lattice can be
written as: N ~ f(z 1)". The probability that a bond is created is f. Here, the percolation
criterion translates to n growing very large. In this case (here n — o) the expression for N
converges to two distinct solutions: N — 0 & f < f, and N — o & f > f.. This means
that the system percolates above a certain threshold f. = —. Hence, for z = 4, the crosslinked
film already percolates, i.e. stabilizes mechanically, when 5 of the bonds are made. Raising z
will even lower f., and our statement that enough electrons are present in the irradiation beam
becomes even more plausible.

Of course, this is only the simplest idea of how a covalent network could form. Unfortunately,
from the electronic and structural data given in [3] one can not draw decisive conclusions on
the exact molecular nature of the crosslinked film. Nonetheless, two facts are known: first, the
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Figure 4.3: Multimerization of pentacene. a) Pentacene molecule with at least 4 possible binding sites.
b) Bethe lattice for z = 4.

topography of the film stays intact, and second, the irradiated surface is mostly amorphous.
While the first fact implies that inter-layer crosslinking is not only present, but paramount,
the amorphous nature of the film reveals that there is no order to the lateral "multimerization"
of the molecules. To obtain a more complete picture of the configuration and composition,
or rather to sensibly choose the right techniques to experimentally apprehend the system, one
needs to address possible impacts of irradiating the aromatic thin film:

* The pentacene molecules form large percolation networks as discussed above, either
forming biphenyl-like single or multiple bonds to neighboring pentacene molecules, or
bind to subjacent or above molecules forming inter-layer bonds.

* Pentacene forms small disjoint clusters or even dimers with increased band gap and
stability (cf. [107]).

* The electrons (typically several hundred eV) break up C-C or C=C bonds, either de-
stroying the benzene character of the molecule and thus its aromaticity, or forming new,
shorter, acenes with larger band gaps [47].

Using ultraviolet-visible (UV-VIS) spectroscopy in [3], we could already show that crosslinked
films loose their characteristic absorption lines, while absorption is enhanced at smaller wave-
lengths, i.e. the m-system is reduced. In addition, Fourier transform infrared spectroscopy
(FTIR) revealed the breaking of C-H bonds in crosslinked films. In the future, the forma-
tion of new species of aromatic molecules or complexes of molecules should be investigates
via FTIR and Raman spectroscopy in more detail. Quantifying the nature of the crosslinking
process within multilayer thin films will help to control and optimize the technique and to
evaluate its applicability to other organic semiconductors.
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4.2 TRANSFER OF ORGANIC THIN F1LMS

The stabilized thin films can now be transferred to any new substrate of choice. The supporting
layer processing used to transfer pentacene in deionized (DI) water is shown in Fig. 4.4. After
deposition of the semiconductor on a smooth, sacrificial polyvinyl-alcohol (PVA) layer, the
film is crosslinked by LEE as described before. To detach the film from the initial substrate,
the sample is placed in a beaker with ultra pure (Milli-Q™) DI water. The pentacene film peels
off in large sheets that can be handled with tweezers and maneuvered on to a new substrate
under water. Parts of the film surface that have not been irradiated disintegrate at the slightest
touch. When the sheet is placed over the substrate, both, film and substrate, are pulled out of
the water simultaneously and then set to dry under light nitrogen flow. This will laminate the
film irreversibly to the new substrate.

b)

c)
molecular beam deposition LEE beam floating pentacene film

™
‘*j ¥
w4 ¥
wea
I o
S,

DI water

e

PVA > > | | |
d) e) f)
maneuvering with tweezers transfer to new substrate drying residual water
with N, and lamination
— — N2

e ﬁ
Figure 4.4: Schematic of the transfer of a pentacene thin film to a new substrate. a) Deposition of
pentacene to a smooth, PVA coated substrate. b) Irradiation of the pentacene surface via low energy
electron beam. c) Dissolution of the sacrificial PVA layer in DI water. d) Navigation of the floating
pentacene sheet to new substrate surface. e) Simultaneously pulling the film and the substrate out of

the DI water though its meniscus. f) Lamination of the pentacene film to the new substrate by drying
the sample with nitrogen.

4.3 POTENTIAL FOR FUTURE APPLICATIONS

By transferring a pentacene thin films to bottom contact TFT test structures, contact resistance
could already be lowered by more than two orders of magnitude, with respect to commonly
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deposited thin films (cf. [3]), without the typically necessary surface treatment of electrode
material [108, 109]. Moreover, besides device optimization, this new techniques opens up a
variety of new possible applications. The more obvious possibilities comprise the transfer to
all kinds surfaces that are difficult to access, without involving an extra substrate as carrier, be
it skin, paper, packaging materials, or as functional layer in van der Waals heterostructures.
In a more fundamental scientific sense, the decoupling of film formation and substrate choice
makes it possible to study the impact of dielectric interfaces on charge transport indepen-
dently of film growth. For instance, Someya et al. could relate surface energy manipulation
via UV irradiation of SAMs grown on a dielectric surface to charge transport in thin DNTT
(dinaphtho[2,3-b:2’,3’-f]-thieno[3,2-b]thiophene) films [110]. However, since film formation
was also strongly dependent on the surface energy, it was difficult to distinguish the influences
of surface energy and film morphology on charge transport. Thin film transfer to the previ-
ously modified surfaces could clarify the situation.

The stabilized films are able to span large cavities of the order of mm?. This opens the door
for free standing semiconductor layers, i.e. for devices using air or vacuum as dielectric. This
way, one could characterize the electronic properties of organic thin films in TFT geometry,
without the influence of the dielectric interface, as has been done before for organic single
crystals [111]. In addition, one could use the maximized access to the semiconductor surface
in electrostatic high sensitivity organic sensing applications, e.g. capped in aqueous buffer
solution [9] or via ion gel gating (cf. [112]).

In the following, two ideas are proposed to realize such a free standing TFT (Fig. 4.5). The
first approach is based on the classic transistor geometry, spanning a pentacene thin film over
a predefined TFT structure sans the dielectric within the transistor channel region. The second
approach is based on the transfer over a thin silicon nitride (Si;N,4) pore. Commercial pores are
attached to a stable substrate, while the top and bottom sides of the pores are easily accessible
(cf. geometry in Fig. 4.5 b). Source and drain contacts would have to be positioned exactly at
the pores edges, while a movable gate electrode, e.g. mounted to a translational micrometer
screw, approaches from the other side of the pore. This way, one gains the advantage of being
able to scan the thickness of the dielectric.
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Figure 4.5: Schematic approaches to air dielectric TFTs. a) Transfer to standard bottom contact TFT
structure, sans dielectric material in the channel region. b) Transfer to Si3N4 pore, gating via movable
electrode.

As a first attempt to realize the structure in Fig. 4.5 a, etching of SiO, by hydrofluoric acid
34
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was used, as shown in Fig. 4.6. The structures gained by this method were sound and ready
to use as the receiving substrate for a transferred pentacene thin film. The transfer however
faced the challenge of the film laminating to the bottom of the transistor channel, i.e. the gate
electrode. Neither using printing techniques employing polydimethylsiloxane (PDMS) and
eicosane (CyoHy4, alkane) stamps presented a solution to this problem.

a) b) c)
e-beam evaporation
Cr Cr
I Au I I Au I
|| 1 || 1 1 1
Sio, — -
Si
d) e) f)
HF chrome etching
* * pentacene 50nm
I I 50nm
| 1 1 1
e e 25pm 1um
600pm

Figure 4.6: Lithographic steps towards air dielectric TFT. a) The base is an Si/SiO, substrate with
thick (1 um) oxide layer. b) Definition of 50 nm gold electrodes via shadow mask and electron beam
deposition. ¢) Coverage of the whole sample area, sans the channel region, with 100 nm electron beam
deposited chrome. d) Etching of the channel region oxide with hydrofluoric acid (HF) (ca. 20 minutes
in 5% HF solution). e) Removal of the chrome layer via commercial chrome etching solution. f)
Spanning of pentacene sheet over channel cavity.

Using photo lithography to better define the TFT structures and an elaborate spanning system
that holds the ends of the thin film during lamination, could overcome the initial challenges.
These adaptions and the idea from Fig. 4.5 b, which is not affected by potential drooping of
the film, might be the key to realize a true, free standing, polycrystalline thin film transistor.
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CHAPTER 5

FINAL WORDS

The scientific work described in this thesis attended to questions and challenges concerning
key interfaces in organic electronic devices. It was shown that semiconductor thin film growth
on electrode, dielectric and other semiconducting materials is still subject to ongoing research
and optimization.

For this, next to taking advantage of very established methods like X-ray analysis and various
microscopy techniques, two more individual and new approaches, namely in-situ electronic
characterization and transfer of organic semiconductor nanosheets, were developed and opti-
mized.

In-situ characterization of the formation of an ambipolar transistor employing pentacene as
the p-type, and fullerene Cg as the n-type conductor, gave access to the thin film thickness
dependence of changes in the electronic behavior of the device. In contrast to the mere com-
parison of devices with and without a second semiconducting layer, important events, like the
point of percolation and the saturation of heterojunction formation, could be tracked with a
high thickness resolution. Complemented by detailed structural and morphological character-
ization, the modeling of the attained data and the extension of the method to other systems can
serve as a basis for a more refined theoretical understanding of heterojunction formation.

The application of in-situ characterization to pentacene growth on rough parylene-C substrates
led to mainly one significant conclusion. As long as the lateral correlation length allows for
it, a defined layer by layer growth during the first monolayers, which impacts the conduc-
tion channel formation, is not impaired by a high rout mean square substrate roughness. The
quantitative acquisition of these findings is very non trivial using techniques like atomic force
microscopy or surface X-ray analysis, but comparably straight forward analyzing the thick-
ness dependence of electronic properties of organic thin films.

Finally, the development of a method to fabricate and transfer semiconducting organic nano-
sheets grants access to a new set of possibilities to study thin films and to employ them in
devices containing interfaces impeding high quality film growth or with unusual layouts. It
will be interesting to explore the full potential of this new process, and its appearance in yet
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unthought experiments and device applications.

In conclusion, this thesis contributes to the clarification of some important aspects of interface
formation in organic electronic devices, while setting up a couple of new approaches for future
device fabrication and optimization.
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Abstract

Thickness resolved measurements of ambipolar thin-film transistor characteristics track the
charging of an organic-organic heterojunction. Combined with structural investigation meth-
ods such as AFM and GIXS, this leads to a better understanding of the physics in state of the
art devices such as organic solar cells, organic light emitting diodes and light emitting TFTs.
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Dual Channel Operation Upon n-Channel Percolation in a
Pentacene-Cgy Ambipolar Organic Thin Film Transistor

Simon J. Noever, Stefan Fischer, and Bert Nickel*

Understanding the physics of organic—organic heterojunc-
tions is essential to optimize state of the art organic electronic
devices such as organic solar cells, organic light emitting
diodes, and ambipolar thin film transistors (TFTs). Ambi-
polar, as well as combined unipolar TFTs have been assem-
bled and used by several groups to build elemental circuit
elements such as inverters and ring oscillators, while light
emitting ambipolar TFTs combine the gate controlling fea-
tures of a transistor with the light emission of a light emitting
diode.'1% Unfortunately, the energetic landscape at organic-
organic interfaces is complicated due to a wealth of electro-
static phenomena such as charge transfer, dipole generation,
and doping, all related to aspects of the molecular structure,
e.g., molecular orientation, crystallinity, interdiffusion, and
domain size. In-situ spectroscopy and diffraction experiments
allow for probing the evolution of the electronic and molec-
ular structure of ultrathin organic films during deposition
and thus have been fundamental to develop physical models.
Such models have been extended and quantified by theoretical
studies, leading to a variety of structure dependent mecha-
nisms for heterojunction formation.'*3l The performance of
electronic devices, however, also depends crucially on the bal-
ance of several characteristic length scales, i.e., Debye length,
depletion width, film thickness, and in particular the spatial
location of trap states. Therefore, it is mandatory to track the
evolution of device characteristics with film thickness. The
inherent lateral geometry of TFTs allows for the in-situ acquisi-
tion of characteristic curves before and during semiconductor
deposition. So far, such experiments have focused on hole con-
ducting TFTs. The formation of the conducting channel upon
percolation was observed, and from the shift of the threshold
voltage with thickness, it was possible to identify surface and
bulk traps.'*1>] Here, we expand this technique to ambipolar
devices, where the electrostatic situation at the heterojunction
is crucial. The basic idea of the experiment is to deposit an
electron conducting semiconductor on top of a fully developed
p-channel to observe the changes of the device characteristics
due to the evolution of an additional n-channel. The in-situ
character of this experiment traces electrostatic changes back
to the semiconductor layers, rather than external influences
like air and humidity, which can significantly alter device char-
acteristics in ex-situ experiments.[*®l
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We have chosen to study the heterojunction formation of
pentacene and fullerene Cg, because these materials exhibit
high charge carrier mobilities in vapor deposited TFTs.[7:18l
They have been successfully implemented in various applica-
tions, e.g., in organic photovoltaics, and the basic structural
and electronic aspects of this heterojunction have already been
addresses by atomic force microscopy (AFM), x-ray reflectom-
etry, and photoelectron spectroscopy.'®2%l We complement our
in-situ device measurements by grazing incidence x-ray scat-
tering (GIXS) and AFM measurements.

We have tested several contact geometries for the ambipolar
device. The best results were obtained employing the device
structure depicted in Figure 1(a). The source and drain contacts
are located between the two active materials, making the TFT
a hybrid structure with a pentacene top contact and a fullerene
bottom contact transistor geometry.l’! Hereby, both semiconduc-
tors are in direct contact with the electrodes. Note that due to
disrupted growth of pentacene on bare Au, top contact geometry
is favorable compared to bottom contact. On the other hand, for
C60, we have not detected a change of growth topology on the
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Figure 1. a) Schematic of the ambipolar device structure. b) Transcon-
ductance curves of an ambipolar FET for two different source-drain
voltages Vsp.
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Au contact and adjacent to it. Thus, we observe that the C60
bottom contact allows for efficient electron injection. Here, Au
is used as electrode material, as its workfuction matches the
HOMO (highest occupied molecular orbital) of pentacene and
the LUMO (lowest unoccupied molecular orbital) of C4 reason-
ably well, offering acceptable injection conditions for holes and
electrons into pentacene and Cg, respectively.’! A further advan-
tage of this transistor geometry is an improved Cg, growth on
pentacene with respect to the growth on the gate dielectric.*!:’]
We observed the best TFT characteristics with low hysteresis
and high mobilities using an SiO,-Si3N, bilayer as dielectric
and a thin cyclic olefin copolymer film of 5-6 nm thickness on
top. The transconductance characteristics of the ambipolar tran-
sistor in ultra high vacuum and at room temperature are shown
in Figure 1(b). The two curves show the characteristic v-shapes
for ambipolar transistors and refer to negative (red curve) and
positive (blue curve) source-drain voltages. The minimum cur-
rent indicates the ambipolar regime of simultaneous electron
and hole transport. Previous experiments attribute the observa-
tion of this ambipolar regime to the existence of two separate
conduction channels; the hole conducting channel is located
at the pentacene-gate dielectric interface, whereas the electron
conducting channel lies at the pentacene-Cy interface.’’] The
saturation mobilities of our device calculate to 0.28 cm? V-
st and 0.18 cm? V1 57! for holes and electrons, respectively.
These values compare to the best performances in ambipolar
devices.>*! Additionally, the two channels are well balanced in
performance, which is a crucial feature for the application in
circuits and light emitting TFTs.

To explore the electrostatic changes during the heterojunc-
tion formation, we performed Cgy film thickness dependent
measurements, i.e., we recorded gate sweeps for positive
source-drain voltages (cf. blue curve in Figure 1) during
fullerene deposition. The resulting transfer curves and their
thickness dependence are shown in Figure 2(a). Initially, the
transistor shows the expected unipolar hole conducting char-
acteristics of a pentacene based device. During the first 50 A
of deposition, i.e., about 6 ML (monolayers) Cg, the character-
istic curves hardly change. Then, at around 55 A Cq, film thick-
ness the device suddenly begins to show electron conducting
characteristics as well. The thickness resolved values for the
respective threshold voltages for hole and electron conduction
channel and the electron mobility are plotted in Figure 2(b)
and (c). Beyond 55 A, the electron mobility starts to rise quickly
with increasing film thickness, until it saturates for thicknesses
higher than about 150 A, i.e., well beyond the Debye length.
From unipolar devices it is known that the onset of conduction
goes along with percolation of the semiconductor layer.'¥ Fast
saturation after several pentacene MLs in TFTs has also been
described before.[28] The threshold voltages here show similar
behavior in a sense that no change is measured for the first 50 A
fullerene film thickness. Beyond that thickness, both, the hole
and the electron threshold voltages shift oppositely to more pos-
itive and more negative values, respectively, i.e., both channels
open earlier with respect to their onset voltage. The n-channel
threshold voltage experiences a large shift of roughly AVy, =
7.7 V within 15 A, i.e., between a nominal fullerene thickness
from 55 A to 70 A. Thus, the threshold shift occurs within a
much narrower thickness range compared to the evolution of
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Figure 2. Thickness resolved measurements of the characteristics of
an ambipolar FET during Cg growth. a) Transconductance curves of an
ambipolar TFT as a function of fullerene thickness. b) Thickness resolved
threshold voltages of the hole and electron conducting channels, respec-
tively. Percolation of the electron channel is indicated by the vertical line.
c) Thickness resolved electron saturation mobility.

mobility.'* Interestingly, the p-channel threshold mirrors this
effect, i.e., it also experiences a shift of about AVy, = 2.1 V to
more positive voltages within fullerene deposition of around 10
A. This behavior is in agreement with previous observations,
where a transistor was measured before and after the deposition
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of the second semiconductor.?” In order to verify, whether struc-
tural or morphological changes can account for this behavior,
we performed complemental structural analysis of the system
using AFM and GIXS. The AFM images show that the fullerene
film clearly retraces the pyramid like morphology of the under-
lying pentacene film (Figure 3(a)). However, it exhibits a drop-
like topology with a grain size much smaller than the pentacene
grains. This suggests that the delayed conduction onset of the

300
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Pentacene I
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Figure 3. a) AFM height image (2 um x 2 um) of a 25 nm thick Cg layer
grown on top of a 20 nm thick pentacene thin film layer. b) GIXS measure-
ment of a pentacene-Cg bilayer. All diffraction features can be accounted
for by a standing up pentacene thin film phase and [111] fcc growth of
fullerene Cgy on top of the pentacene. c) Sketch of fcc [111] direction of
crystalline C¢o and the [00L] thin film phase of pentacene.
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n-channel after around 55 A (more than 6 ML) is due to percola-
tion of the Cgy droplets. In addition to morphological studies via
AFM we also investigated the crystalline structure of the bilayer.
The resulting diffraction pattern (Figure 3(b)) shows well known
Bragg peaks stemming from ordered thin film growth of pen-
tacene in [00L] direction.’32] This pentacene phase is typical
for the employed growth conditions. In addition, this pattern is
superimposed by a second set of Bragg features which we have
identified to originate from Cg face centered cubic (fcc) growth
in [111] direction with a lattice constant of a = 14.14 A. The Cg,
growth corresponds to the well known fcc structure of single
crystals at room temperature.>*l The resulting structures are
depicted in Figure 3(c). Note that reflectometry measurements
of Cgy on pentacene were interpreted as hexagonally closed
packed (hcp) Cy, one of the known bulk phases of Cg.21:234
Here, however, the inplane information of the GIXS measure-
ments allows us to discard hcp stacking and identify fcc as the
correct phase for our sample (cf. Supporting Information). In
reflectometry measurements, the fcc [111] direction and the
hcp [00L] direction, with L even, are indistinguishable. We are
able to index all observed features by considering the identi-
fied pentacene and fullerene phase. The absence of additional,
not indexed features allows us to exclude a lying down phase of
pentacene at the interface or a crystalline interdiffusion layer.
Additional off-specular reflectometry x-ray measurements con-
firm the pentacene thin film growth in [00L] direction and the
Ceo fcc growth in [111] direction and point out high crystallinity
of the organic thin films (supporting information). Altogether,
the structural information suggests that the Cg film follows the
underlying pentacene film in a well defined manner without
changing its structure.

Consequently, the strong shift of the p-channel threshold
voltage has to originate from the electrostatics introduced by
the pentacene-Cg heterojunction, rather than from structural
changes. Highly ordered organic semiconductors exhibit band-
like properties such as band dispersion.?®! Additional control
of doping levels also allows to tailor the depletion width with
respect to the Debye length.?>3%) We assume that pentacene
and C60 used here are unintentionally doped semiconduc-
tors, as confirmed for pentacene before in double gate experi-
ments.’3% In turn, the Fermi levels of pentacene and C60 are
expected to align via interface charging, i.e., by formation of
depletion zones or accumulation of charges, depending on the
detailed values of the respective Fermi levels. From literature
values for the HOMO and LUMO of the two semiconductors
we expect the Fermi-level of pentacene to lie above the Fermi-
level of Cg, i.e., the pentacene side of the interface is to be
charged positively, while the Cg, side is charged negatively.l’
For the pentacene film, this situation resembles a double gate
TFT, where a second top channel is accumulated by an addi-
tional top gate.?>*% For simultaneous hole accumulation by the
bottom gate, the two hole channels in the pentacene layer do not
influence each other due to Debye screening, since the Debye
length in pentacene has been found to be a few ML at most.['¥
Sweeping the bottom gate voltage to more positive values will at
one point switch the pentacene bottom interface from accumu-
lation to depletion, which would lead to a vanishing hole cur-
rent flow in single gate unipolar TFTs. Here however, the pen-
tacene layer has to be depleted entirely by the bottom gate in
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order to compensate for the extra top charge at the pentacene-
Cyp interface. Thus, the effective threshold voltage is expected
to shift to more positive values, which matches the observed
direction of the threshold shift in our device (cf. Figure 2). This
confirms the positive precharging of the pentacene top surface
and thus the assumption that in pentacene the Fermi-level is
closer to the vacuum level than in Cg,. Furthermore, this exper-
iment is in line with the observation that pentacene double gate
transistors are able to form a top channel.?l The existence of
a second conduction channel has also been demonstrated for
other ambipolar transistors employing CuPc and F;¢CuPc.l?’]
While the expected n-channel threshold shift is in agreement
with the observation, the increasing film thickness, and thus
additional volume trap states, also contributes to the shift, as
has been found for pentacene based devices before.['*1]
Remarkably, the shifts of both threshold voltages set in with
Cygo percolation. Obviously, not only the Cgy n-channel requires
percolation, but also the pentacene top channel. The droplet-
like growth behavior of Cg, on pentacene suggests that the
heterojunction is confined to the pentacene-Cy, contact area.
At the beginning of fullerene deposition, the Debye length is
much smaller than the lateral distance between Cg, islands.
Thus, before percolation, the inhomogeneous heterojunc-
tion landscape resembles a plane of disconnected patches of
electrons and holes confined to the interface of the fullerene
droplets with the pentacene surface (see Figure 4).1! The elec-
trostatics and morphology for bottom hole channel accumula-
tion are summarized in the scheme in Figure 4(a). The AFM

Vacuum

Figure 4. Electronic structure and morphology of the pentacene-Cq
heterojunction before percolation. a) Scheme of electrostatics in bottom
channel hole accumulation (see text). b) Disconnected Cg, islands
(nominal sub-monolayer coverage) on pentacene measured by AFM.
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micrograph in Figure 4(b) shows early stage Cg, growth on pen-
tacene and illustrates the disjunct nature of the heterojunction
for low fullerene thickness.

As soon as the Cg film develops a percolation path between
source and drain contact, the heterojunction extends throughout
the whole transistor channel length, and the accumulated holes
at the pentacene surface can form a percolated top conduction
channel. We observe that the threshold shift occurs within only
a few A after percolation, confirming that the heterojunction
charging is confined to the interface within the Debye-length.

In summary, we have presented a well balanced ambipolar
organic field effect transistor with high hole and electron
saturation mobilities of 0.28 cm? V! s7! and 0.18 cm? V!
s71, respectively. The structure and morphology of the respec-
tive films have been analyzed using AFM and GIXS methods.
Furthermore, we tracked the formation of a pentacene-Cy
heterojunction by in-situ measurements during deposition
of Cgp. Upon percolation of the n-channel, the heterojunction
is charged, acting as an additional top gate for the hole con-
ducting channel. The fact that the p-channel threshold does not
shift before the n-channel develops highlights two interesting
findings for bilayer ambipolar TFTs. Apparently, before the Cg
film percolates, the fullerene islands are electronically floating
and the charging of the interface is confined to the pentacene-
Cgo contact area. Secondly, the threshold voltage shift of the
p-channel upon fullerene percolation implicates the generation
of a second hole conducting channel at the pentacene top sur-
face. The introduced method demonstrates a way to evaluate
the electrostatic situation in operating organic heterojunc-
tion devices. It can be applied to a variety of vapor depositable
organic and inorganic materials and give information about
the nature of heterojunctions within other devices such as light
emitting diodes and solar cells.

Experimental Section

Device fabrication and characterization: Highly doped silicon with a
bilayer of 100 nm SiO, and 100 nm Si;N4 was used as the gate contact
and dielectric. The surface of the dielectric was cleaned in three steps.
First the samples were sonicated in acetone and isopropanol, respectively.
After thorough rinsing in DI (deionized) water, the samples were put in
Piranha solvent (concentrated sulfuric acid and 30% hydrogen peroxide
solvent at a ratio of 3:1) for 30 minutes. Finally, the samples were plasma
cleaned using oxygen plasma (50 W for 30 s, LabAsh). Before depositing
the organic materials, a 6 nm thin layer of Topas COC was spin coated
onto the silicon nitride surface. We used a 0.25% COC-toluene solvent
at 6000 rpm for 30 seconds. Passivating the surface enhances the
growth of pentacene and decrease hysteresis effects in organic thin film
transistors. 20 nm of pentacene (triple sublimed, Sigma-Aldrich) were
deposited onto the dielectric via molecular beam deposition at a rate of
0.1 As™! at room temperature and a chamber pressure of ~9 - 108 mbar
(as monitored by ion pump current). The 50 nm thick gold source and
drain contacts were deposited via electron beam evaporation on top of
the pentacene layer. The channel length of 50 um and the channel width
of 2 mm were defined using shadow masks. The hole conducting device
was then electrically contacted for the in-situ measurement. 25 nm of the
electron conducting Cg (sublimed, Sigma-Aldrich) were deposited onto
the transistor at a sample temperature of 70 °C and at a rate of 0.1 As™'
and a chamber pressure of ~1 - 10® mbar. The sample temperature
was measured using a type K thermocouple. While growing the Cg, layer,
transconductance curves were measured with a Keithley Instruments

Adv. Mater. 2013, 25, 2147-2151

45



46

APPENDIX A. PUBLICATIONS

ADVANCED
MATERIALS

ol
Mk

www.MaterialsViews.com

Source Meter 2612 at a frequency of around 1.25 forth- and back-
sweeps per minute. In order to obtain the thickness resolved transistor
characteristics the Cg, layer thickness was measured simultaneously
using quartz crystal micro balances.

The GIXS measurements were taken at the W1 beamline at the
HASYLAB at DESY in Hamburg. The synchrotron x-ray beam had a
wavelength of 1.181 A. The fabrication of the corresponding samples is
equivalent to the samples for the electronic measurements except that
the electrodes were omitted.

The AFM micrograph was taken with a Veeco/Digital Instruments
NanoScope AFM of the Kotthaus nanophysics group clean room and
analyzed with the Nanotec WSxM software.[*2] Sketches were made with
Adobe lllustrator, the graphs were plotted with OriginLab Origin.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract

A method has been developed to stabilize and transfer nanofilms of functional organic semi-
conductors. The method is based on crosslinking of their topmost layers by low energy elec-
tron irradiation. The films can then be detached from their original substrates and subsequently
deposited onto new solid or holey substrates retaining their structural integrity. Grazing inci-
dence X-ray diffraction, X-ray specular reflectivity, and UV-Vis spectroscopy measurements
reveal that the electron irradiation of ~ 50 nm thick pentacene films results in crosslinking of
their only topmost ~ 5 nm (3-4 monolayers), whereas the deeper pentacene layers preserve
their pristine crystallinity. The electronic performance of the transferred pentacene nanosheets
in bottom contact field-effect devices is studied and it is found that they are fully functional
and demonstrate superior charge injection properties in comparison to the pentacene films di-
rectly grown on the contact structures by vapor deposition. The new approach paves the way
to integration of the organic semiconductor nanofilms on substrates unfavorable for their di-
rect growth as well as to their implementation in hybrid devices with unusual geometries, e.g.,
in devices incorporating free-standing sheets.
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Transferable Organic Semiconductor Nanosheets

for Application in Electronic Devices

Simon J. Noever, Michael Eder, Fabio del Giudice, Jan Martin, Franz X. Werkmeister,
Stefan Hallwig, Stefan Fischer, Oliver Seeck, Nils-Eike Weber, Clemens Liewald,

Fritz Keilmann, Andrey Turchanin,* and Bert Nickel*

A method has been developed to stabilize and transfer nanofilms of func-
tional organic semiconductors. The method is based on crosslinking of their
topmost layers by low energy electron irradiation. The films can then be
detached from their original substrates and subsequently deposited onto new
solid or holey substrates retaining their structural integrity. Grazing inci-
dence X-ray diffraction, X-ray specular reflectivity, and UV-Vis spectroscopy
measurements reveal that the electron irradiation of =50 nm thick pentacene
films results in crosslinking of their only topmost =5 nm (3—4 monolayers),
whereas the deeper pentacene layers preserve their pristine crystallinity. The
electronic performance of the transferred pentacene nanosheets in bottom
contact field-effect devices is studied and it is found that they are fully func-
tional and demonstrate superior charge injection properties in comparison to
the pentacene films directly grown on the contact structures by vapor deposi-
tion. The new approach paves the way to integration of the organic semicon-
ductor nanofilms on substrates unfavorable for their direct growth as well as

engineered, even if these material combi-
nations cannot be grown directly by phys-
ical vapor deposition techniques.l® In this
way, vdW heterostructures with tailored
electronic and optoelectronic properties
can be generated by combining metallic,
insulating and semiconducting sheets.]
Nanofilms of organic semiconductors are
promising candidates to extend this mate-
rial toolbox for building hybrid devices,
which would profit from the physical
properties of both inorganic and organic
materials.®) To this end, they have to
be prepared in the form of mechanically
stable and transferable sheets. However,
in contrast to graphene, where atoms are
linked via strong covalent bonds, small
aromatic molecules in pristine organic
semiconductor films are bound via weak

to their implementation in hybrid devices with unusual geometries, e.g., in

devices incorporating free-standing sheets.

The transfer and microfabrication techniques of graphene and
other 2D materials have revolutionized the fabrication of novel
layered materials and their implementation in electronic, opto-
electronic, and nano-electromechanical devices.'] By mechan-
ical stacking of various atomically thin sheets (e.g., graphene,
MoS,, or BN), novel van der Waals (vdW) heterostructures are

vdW forces. Therefore, it is not possible
to peel off and deposit organic films to
create electronic devices, in contrast to
thicker organic crystals, which have been
transferred successfully.l'% Here we demonstrate the prepara-
tion and implementation in field effect transistors (FETs) of
transferable pentacene nanosheets, stabilized via electron irra-
diation-induced crosslinking of their surface layers. The irradi-
ated films possess high mechanical stability and therefore they
can be removed from the growth substrate and transferred onto
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new solid substrates or suspended across macroscopic cavities
and grids as freestanding structures. We characterize in detail
the effect of the electron irradiation on structural and optical
properties of pentacene nanofilms employing grazing incidence
X-ray diffraction (GIXD), X-ray reflectometry (XR), UV-Vis and
IR spectroscopy, helium ion microscopy (HIM), and atomic
force microscopy (AFM). The functional electronic properties of
the formed nanosheets are studied via electric transport meas-
urements of the FET devices. We found that already about 5 nm
(=3-4 molecular layers) of crosslinking depth is sufficient to
stabilize 50 nm thick pentacene films, whereas the remaining
film preserves its pristine structure as well as electronic and
optical properties and can be used for functional applications.
The transferred pentacene nanosheets show superior charge
injection characteristics in the FET devices in comparison to
the pentacene films prepared by physical vapor deposition.

Low energy electron irradiation of aromatic self-assembled
monolayers results in their lateral crosslinking and conver-
sion into 2D carbon sheets - carbon nanomembranes (CNMs)
- with a thickness of only one molecule.'!l The crosslinking is
driven by primary electron irradiation as well as low energy sec-
ondary and photoelectrons produced in the substrate resulting
in the dissociation of C—H bonds and subsequent formation
of the new covalently bonded carbon network in the complete

a)

www.advmat.de

monolayer, which significantly changes its structural and elec-
tronic properties.'? Similar to graphene, fully crosslinked
CNMs can be removed from their substrates and transferred
onto new holey or solid substrates or stacked into vdW het-
erostructures as free-standing sheets.314 As the penetration
depth of low energy electrons can be precisely tuned in the
range of a few nanometers, > we employ this effect to crosslink
only the topmost layers of a =50 nm thick film of pentacene
preserving the pristine structure of the deeper layers and there-
with the functional electronic properties of the film. Moreover,
the smooth bottom interface of the organic film remains acces-
sible for electronic contact resulting in the lower contact resist-
ance of the fabricated devices. In the following, we present the
structural and functional characterization of the surface stabi-
lized free-standing pentacene nanosheets prepared in this way.

First, we describe the essential steps to crosslink and transfer
pentacene nanosheets, Figure 1a. We use a thin sacrificial
polyvinyl-alcohol (PVA) layer deposited on a flat and inert sub-
strate such as an oxidized Si wafer or a fused silica glass by spin
coating and deposit a 50 nm pentacene film on this substrate
by vacuum vapor deposition.|'®l The deposited film is then irra-
diated in the same vacuum chamber with a defocused electron
beam having an electron energy of E;, = 500 eV and an irra-
diation dose of Dy, = 3.0 mC cm™. To detach the pentacene

molecular beam deposition

R

maneuvering with t

low energy electron beam

to new substrate

floating pentacene film

%

Dl water

——
——— —

'

|

drying residual water
with N, and lamination

50 nm

pentacene
-—2mm —

brass sheet

Figure 1. Transfer of thin pentacene films. a) Schematic representation of
and transferred 20 nm pentacene film. c) Optical microscopy image of a 5
d) Optical microscopy image of a 50 nm thin pentacene film transferred

Adv. Mater. 2017, 1606283
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the transfer method. b) Helium ion microscopy (HIM) image of a crosslinked
0 nm thin pentacene film spanned over a 2 mm hole in a 0.5 mm brass sheet.
onto a copper TEM grid (mesh width: 300 um).
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film from the surface, the sample is removed from the vacuum
chamber and immersed in deionized water. Since PVA is a
water soluble polymer, the sacrificial PVA layer dissolves and
the pentacene film remains free-floating in the solvent.17:18l
These freestanding films with areas up to a size of 1 cm? can
then be picked up with tweezers, placed onto new substrates
and removed from the water. The crosslinking step is essential
for this procedure because pristine (non-irradiated) pentacene
films disintegrate at the slightest touch by tweezers or during
transfer through the water surface meniscus. After removing
the wet nanosheet from water, it is possible to correct its posi-
tion on the surface and flatten it out by gentle pulling. Upon
drying in nitrogen flow, the nanosheets laminate firmly to the
new surface, i.e., they adhere irreversibly by van der Waals
forces. Note, the pentacene films are sufficiently mechanically
stable so that no stabilizing polymeric film, as typically used for
atomically thin sheets,*13] is necessary for their transfer. The
HIM image in Figure 1b shows a pentacene nanosheet, which
was transferred in this way on an oxidized silicon wafer. Folds
and wrinkles are recognized indicating the sheet character of
the pentacene. The characteristic terrace-like topography of pen-
tacene is conserved after irradiation and transfer (cf. Figure S1,
Supporting Information). In Figure 1c,d optical microscopy
images of pentacene nanosheets spanning over holes with
diameters of several millimeters are presented. The sheets are
homogenous with some color variations originating from the
wrinkle and folds due to transfer. In Figure 1c, a 50 nm penta-
cene nanosheet spans a 2 mm diameter hole in a brass sheet,
whereas in Figure 1d the nanosheet spans a transmission elec-
tron microscope (TEM) grid with a mesh width of 300 um. As
we show in the following, this remarkable mechanical stability
results from the lateral crosslinking of only the topmost 3—4
monolayers (ML) of the pentacene films.

To analyze the penetration depth of the crosslinking, we
employ specular XR in combination with GIXD measure-
ments.'”! As seen from the XR data presented in Figure 2, the
pristine film shows the characteristic (0 0 L) reflections of the
pentacene thin film phase (black curve).??l After irradiation, the
(0 0 L) peaks broaden and decrease in intensity (red curve). This
observation indicates a reduction of the crystallinity due to the
electron irradiation induced crosslinking. In comparison to XR,
where the total thickness of the film contributes to the signal, in
GIXD an evanescent X-ray wave selectively probes only the sur-
face region (cf. Figure 2b). Experimentally, the probing depth is
adjusted using the X-ray beam at subcritical incidence angle for
total reflection, typically at less than a fraction of a degree from
the surface. The smaller the angle, the more surface sensitive
is the measurement. GIXD measurements for a pristine pen-
tacene film and films irradiated at two different electron beam
energies (Ej, = 300 and 800 eV, D;, = 3.0 mC cm™?, see Table
1, Supporting Information for details) are shown in Figure 2c.
While there is still some GIXD intensity of the first truncation
rod (1 1 L) after 300 eV irradiation, the signal vanishes almost
completely after 800 eV irradiation. To quantify the number of
disordered crosslinked layers, i.e., the number of layers on top
of the film which do not contribute to the diffraction signal,
we measure the GIXD signal under different incidence angles
and model the diffracted intensities within the model of
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Figure 2. X-ray analysis of the influence of crosslinking on the crystal
structure of pentacene thin films. a) Comparison of synchrotron spec-
ular X-ray reflectometry measurements of a pristine pentacene thin film
(black) on SiO, and a strongly crosslinked film (red, 50 min at electron
energy >700 eV, D = 7.5 mC cm™?). The decreasing Bragg signal indicates
that the crosslinked film contains less crystalline material. b) Schematic
of the evanescent X-ray field penetrating the pentacene surface for dif-
ferent electron irradiation depths. c¢) GIXD measurements of the first
pentacene truncation rod at different angles of incidence and different
e-beam energies (here, 6 is the out-of-plane angle and ¢ the in-plane
angle). Top: exemplary GIXD data for pristine, 300 eV irradiated, and
800 eV irradiated pentacene at o; = 0.07°. Bottom: the highest intensi-
ties of the (-1-10) peaks (middle peaks from raw data), plotted against
the angles of incidence. The continuous lines represent the fit calculated
from the DCGID model for truncation rods, including noncrystalline top
layers.
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Figure 3. Spectroscopic characterization of the crosslinking process.
a) FTIR spectra of a 23 nm pentacene film on Au before and after irradia-
tion with 1 keV electrons (dose 10.3 mC cm™2), shown as dashed black
and red curve, respectively. b) UV-Vis measurements of a 50 nm pen-
tacene film on fused silica, before and after irradiation with 500 eV and
1 keV electrons (dose of 3 and 10.3 mC cm™?, respectively), shown as
dashed black, blue and red curves, respectively.

depth controlled grazing incidence diffraction (DCGID)
(Figure 2¢).224 Details on the fit routine are reported in
Figure S2 (Supporting Information). We find that the observed
intensities are in agreement with three disordered ML of penta-
cene (or 4.5 nm crosslinking depth) for 300 eV irradiation and
five disordered monolayers pentacene (or 7.5 nm crosslinking
depth) for the 800 eV sample. These data unambiguously show
that only the topmost layers of the pentacene film lose their
crystallinity due to the crosslinking, whereas the pristine crys-
tallinity is preserved in the deeper layers of the film.

To get an insight into the crosslinking mechanisms, we
applied Fourier transform infrared (FTIR) spectroscopy. As
seen from the FTIR spectra (cf. Figure 3a), after irradiation the
characteristic C—H vibrations of pentacene at 910 and 733 cm™
are strongly diminished.>?¢ Such a behavior is indicative for
the hydrogen abstraction via the cleavage of the C—H bonds
and formation of new carbon bonds between the unsaturated
adjacent aromatic moieties.l'?) Next, we used UV-Vis spectros-
copy to characterize the changes in the optical spectra. As seen
from Figure 3b, the UV-Vis spectrum of a pristine pentacene
film shows the characteristic absorption features in the spec-
tral range of 500-700 nm.*’! After electron irradiation with two
different electron energies (500 eV and 1 keV), the intensity of
these characteristic absorbance features is decreased. This effect
is stronger for the irradiation with higher energy electrons,
which is in agreement with their higher penetration depth and
therefore the formation of a thicker crosslinked layer. Using the
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Lambert-Beer law and the corresponding inelastic mean free
paths of 500 eV and 1 keV electrons, we estimate the thickness
of the formed crosslinked layer to about 3 and 17 nm, respec-
tively. The formation of the crosslinked layer is also in agree-
ment with an increase of the intensity in the spectral range at
smaller wave lengths (cf. Figure 3b), which is characteristic for
the formation of amorphous carbon species.”) To summarize
the structural and optical study, we conclude that irradiation
of pentacene films with electrons in the range of 300-500 eV
results in the crosslinking of their topmost 3—4 MLs. These
topmost layers have disordered, most probably amorphous,
structure, whereas the deeper pentacene layers preserve their
pristine crystallinity. Importantly, the formed crosslinked layer
provides a sufficient mechanical stability to about 50 nm thick
pentacene films in order to transfer them onto new solid and
holey substrates as free-standing nanosheets.

In the following, we demonstrate that the formed pentacene
nanosheets possess functional semiconducting properties and
can be employed in effective field effect devices. To this end,
we fabricated bottom-contact, bottom-gate pentacene FETs by
vapor deposition of pentacene in vacuum onto the contact struc-
tures and studied electric transport properties of these devices
before and after the irradiation, Figure 4a. After an irradiation
with low energy electrons (Ej, = 350 eV, Dy, = 1.5 mC cm™)
no significant alteration in the device performance in com-
parison to the nonirradiated devices is observed (Figure 4a).
This demonstrates that the crosslinked layer does not penetrate
into the conduction channel, which is typically confined at the
semiconductor-dielectric interface (Figure 4b).28] Only after
extensive irradiation at higher electron energies and doses
(Eiry = 700 €V, Dy, = 4.5 mC cm™?) the device performance sig-
nificantly decreases. In the next step, we transferred the penta-
cene nanosheets onto prefabricated transistor contact pads of
varying bottom-contacts with channel widths of W, = 10 mm
and channel lengths of Ly, = 5, 10, and 20 um (see the details
in the Experimental Section in the Supporting Information)
and compared the device performance with transistor struc-
tures prepared via conventional physical vapor deposition. The
AFM images of the contact regions in Figure 4b show the mor-
phology on both types of devices. The typical obstructed pen-
tacene growth (i.e., small grained, pillarlike 3D morphology)
is observed by direct vapor deposition on gold contacts.?) In
contrast, the structure of the pentacene films grown on PVA
and transferred after the crosslinking onto gold contacts is
significantly more homogeneous and shows the character-
istic Bragg peaks of the pentacene thin film phase (Figure S3,
Supporting Information). The obstructed growth of pentacene
on gold has a negative influence on the charge injection proper-
ties of pentacene devices and can only be reduced by a proper,
often aggressive modification of the gold contacts.?*33 The
elongated pentacene structures formed on PVA most likely
represent the lying phase pentacene.*! First, we determine
the total resistance R of the devices from the linear region of
the output characteristics (Figure S4, Supporting Informa-
tion) according to R = Vp/Ip. The total resistances for devices
with different channel lengths are summarized in Figure 4c.
The contact resistance is determined from extrapolation to
zero channel length.>>3% For a gate voltage of Vg = —15 V,
the devices made of the transferred pentacene sheets have a
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Figure 4. Characterization of the electronic properties in the field effect
devices. Characteristic curves of a transistor irradiated at different elec-
tron energies and contact resistance analysis of deposited and trans-
ferred pentacene on bottom contact transistor geometry. a) Transfer
curves of an organic field effect transistor (OFET) with pristine, partially
crosslinked, and strongly crosslinked active layer (Vp = —10 V). The
arrows indicate the sweep direction (inset: schematic of the transistor).
When irradiated softly (low electron energy), only the top layers of the
pentacene film are crosslinked, i.e., the conduction channel at the dielec-
tric interface is not affected. After hard irradiation (high electron energy),
the crosslinked region penetrates the conduction channel and the device
performance is reduced. b) AFM height micrographs of the substrate—
contact edge in a transistor channel. Pentacene was vapor deposited
(top image), and nanosheet transferred (bottom image). The topography
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contact resistance of R, = 0.22 MQ. This is almost two orders
of magnitude less than the contact resistance of the transistors
produced by the conventional pentacene vapor deposition on
the test pads, which was R, = 15 MQ. This improvement is even
more significant for larger gate voltages. Thus for Vg =-30 V
the contact resistance of the devices made out for the trans-
ferred sheets is 0.057 versus 10 MQ for devices prepared by
vapor deposition. All vapor deposited films show nonideal satu-
ration behavior, i.e., a drain current reduction I, at larger drain
voltages. On the other hand, the saturation behavior of the
transferred films with 10 and 20 um channel length is rather
good; only the shortest channel (5 um) shows some nonideal
behavior. These findings demonstrate that the crosslinking and
transfer technique of pentacene nanosheets enables the fabri-
cation of thin film devices with superior contact characteristics
(cf. Figure S4, Supporting Information) and improved satura-
tion behavior for the 10 and 20 pm channel length. The mobili-
ties, typically u = 0.1 cm? V! s7! in our devices, stay largely
unaffected, whether by electron irradiation (cf. Figure 4a) or by
film transfer.

In summary, we have introduced a novel methodology to
fabricate transferrable nanosheets of organic semiconductors
with few tens of nanometers thickness via irradiation of their
thin films with low energy electrons. The electron irradiation
results in crosslinking of the topmost molecular layers, stabi-
lizing the whole film and enabling its transfer as a nanosheet
onto new substrates. Because of the low penetration depth
of the crosslinking, the studied pentacene nanosheets pre-
serve their functional semiconducting and optical proper-
ties. Moreover, employed in bottom contact FETs, they show
a reduced contact resistance in comparison to devices fabri-
cated via direct vapor deposition on the gold electrodes. The
proposed methodology opens up new possibilities toward the
fabrication of organic semiconductor devices with transferable
organic semiconductor nanosheets from a variety of aromatic
molecules. It paves the way toward free-standing organic field
effect devices, an area which was reserved for single crystals so
far, as well as to their integration with other 2D materials in
hybrid devices.

Experimental Section

The defocused electron beam was produced using a Perkin Elmer
low energy electron diffraction (LEED) gun (PHI Model 11-020 LEED
Electronics System). Most experiments have been performed using
an electron gun emission current of 5 mA. The doses (mC cm™)
were estimated via the measured beam current Ig flowing through a

for the transferred film is unchanged on the gold electrode, while the
vapor deposited film shows strong dewetting on the contact. The height
scale of both AFM images is 150 nm. The insets show two height pro-
files above the contacts. The line cut is 2 um, the y-axis covers 150 nm.
c) Total channel resistance using vapor deposited pentacene (top) and
nanosheet transferred pentacene (bottom), plotted against transistor
channel lengths and evaluated for different applied gate voltages. The
intersections of the linear fits with the ordinate indicate the extrapolated
contact resistances. The error bars for each data point is less than 10%
of their absolute values.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ground electrode: D=" For the used setup and an emission current
of I, = 5 mA, the current through an irradiated reference surface
A =4 mm? at the sample position was =l = 100 nA. Some experiments
have also been performed with a reduced emission current of 2 mA after
filament exchange and refocusing.

Further details for sample preparation and characterization are
reported in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract

We determine the evolution of electrical characteristics of pentacene transistors on rough
parylene-C substrates during the physical vapor deposition of pentacene. Here, the chang-
ing field effect transistor characteristics are recorded in real time. The root mean square (rms)
roughness of the parylene-C dielectric is 7 nm, which is much larger than the size of the pen-
tacene molecule (1.5 nm). In spite of this huge roughness, we observe a source-drain current
before nominal film thickness of a monolayer equivalent, i.e. pentacene is able to percolate for
sub-monolayers, as in the case for very smooth substrates. This suggests that the pentacene
film is able to conformally cover the rough substrate.
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We determine the evolution of electrical characteristics of pentacene transistors on rough parylene-C
substrates during the physical vapor deposition of pentacene. Here, the changing field effect transistor
characteristics are recorded in real time. The root mean square (rms) roughness of the parylene-C dielec-
tric is 7 nm, which is much larger than the size of the pentacene molecule (1.5 nm). In spite of this huge

roughness, we observe a source-drain current before nominal film thickness of a monolayer equivalent, i.
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e. pentacene is able to percolate for sub-monolayers, as in the case for very smooth substrates. This sug-
gests that the pentacene film is able to conformally cover the rough substrate.

© 2015 Published by Elsevier B.V.

1. Introduction

In organic electronics, it is well known that the gate dielectric
has a huge influence on the growth mode of semiconducting thin
films and on device performance [1]. Consequently, organic semi-
conductor film formation has been studied extensively for a large
number of gate dielectric materials [2,3]. In this context, the role
of surface roughness of the dielectric is not very clear. Rough
dielectric surfaces often impair the performance of organic transis-
tors; this has been observed for inorganic [4] as well as organic
dielectrics [5]. However, some studies also report that increasing
roughness does not degrade transport properties [6]. Resolving
these conflicting reports is of special interest from a technological
point of view, since utilizing rough substrates holds various indus-
trial benefits like the lack of need for smoothing- and contact adhe-
sion layers [7]. Most authors report the rms roughness o, i.e. the
variance of the height fluctuations, to quantify the corrugation of
surfaces. Strictly speaking, this rms roughness describes the height
variations between two surface positions in the limit of large lat-
eral separation R. However, height changes occurring at larger lat-
eral length scale (e.g. waviness) have been found not to impair
device performance, in contrast to those at short lateral length
scale [8]. The explanation for this very likely originates in the
growth mode of the first molecular layers of the semiconducting
layer. Typically, transistor performance is investigated for com-

* Corresponding author at: Fakultdt fiir Physik & CeNS, Ludwig-Maximilians-
Universitdt Miinchen, Munich D-80539, Germany.
E-mail address: nickel@Imu.de (B.A. Nickel).
1 These authors contributed equally.
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plete devices with rather thick films. However, the charge carrying
layer is situated at the dielectric — semiconductor interface within
the first few monolayers [9]. Optimization of organic transistors is
therefore strongly dependent on insight on early stage thin film
formation. Experimental evaluation of such thin layers via AFM is
limited by tip quality and tip size and therefore is restricted to fea-
ture sizes of several nm up to microns [10,11]. Diffuse X-ray scat-
tering techniques on the other hand allow to study lateral height
variations from Angstroms to nm scale [12]. However, most studies
focus on surface roughening of films with increasing thickness
rather than roughness of ultrathin films on a rough substrate
[10]. Especially, sub-monolayer studies of organic semiconductor
thin film growth are generally restricted to smooth surfaces such
as Sio, [13].

A second aspect of the evolution of a conduction channel is, that
some organic semiconductors form a non conductive dead layer in
presence of highly disturbed electrostatic landscapes [14]. This dis-
turbance can be effected by a rough topography or open binding
sites on the dielectric surfaces. In that case the onset of charge
transport is delayed. To gain insight into the percolation behavior
of semiconducting thin films and thereby the formation of active
layers in deposition grown electronic devices, it is advantageous
to measure percolation by the onset of device performance.

Here, we explore the influence of the roughness of chemical
vapor deposition (CVD) grown parylene-C on OFET performance.
The roughness is intrinsic due to the CVD growth of parylene-C
[15]. Parylene-C is an FDA approved polymer, which is heavily used
as dielectric layer in sensors based on organic semiconductors
[16,17]. Parylene, deposited as gate dielectric on organic single
crystals, forms a trap free interface enabling record devices [18].
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Furthermore, thin films deposited on parylene-C dielectrics, have
resulted in high performance organic transistors [19]. Interest-
ingly, intrinsic charge carrier mobility in pentacene thin films has
been found to be as high as 20 cm?/Vs, on parylene-N [20], which
has a similarly rough surface as parylene-C.

Several studies address the morphology and crystallinity of
pentacene film on parylene-C by X-ray diffraction [21], micro-
Raman spectroscopy [22] and AFM studies [23]. These studies
show crystallinity of pentacene films on rough parylene-C surfaces
and a characteristic grainy, 3-D like morphology. However, no con-
clusions were presented about the nature of the first monolayers,
which form the accumulation channel in field effect transistors [9].

The in-situ deposition experiment here provides experimental
access to the growth behavior of the first few monolayers with
sub-monolayer precision; we record trans-conductance character-
istics of an OFET in real time during deposition of the active mate-
rial [24,25]. The evolution of the electronic properties of the OFET
could thus be studied in dependence of the nominal film thickness.

2. Experiment and discussion

In detail, bottom gate, bottom contact samples were prepared
by depositing nominally 1.6 pm parylene-C as gate dielectric on
a glass slide with an Au gate. Next, 30 nm of Au were patterned
by shadow mask onto the parylene-C to yield source and drain con-
tacts with a channel width W of 2 mm and a channel length L of
50 pm.

In the experiment, pentacene was deposited at a rate of ca.
0.01 nm/s onto the sample, which was held at room temperature.
Before deposition, a gate sweep was recorded as baseline, then
the sample was exposed to the molecular beam and gate sweeps
were recorded continuously during the deposition (Fig. 1). The
applied source drain voltage (Vsp) was held at —20V for all shown
transport measurements. The film thickness was recorded by a
quartz crystal microbalance. The resulting dataset included the
film thickness, applied gate voltage, and source-drain current for
each voltage step in the gate sweeps. Each dataset was completed
by the measured source-gate current, to probe for leakage currents
through the dielectric, which however were within the noise limit.

The onset of the source-drain current is observed for a nominal
pentacene thickness of 1.2 nm, i.e. below the equivalent of a com-
plete monolayer. This onset and the corresponding baseline before
deposition are shown in Fig. 1a. The corresponding gate currents
after percolation (red curve in Fig. 1b) exhibits no deviation from
the sweep prior to drain-current onset (black curve). To demon-
strate the early stage evolution of the transistor characteristics,
the first five gate voltage sweeps, i.e. in-situ measurements to a
film thickness of about 5 nm, are depicted in Fig. 1c. The source-
drain current increases supralinearly with film thickness. These
results were reproducible for different batches of samples and for
different deposition rates of 0.01 and 0.02 nm/s.

While the evaluation of the electrical measurements reveal the
nature of early stage thin film growth, AFM shows no clear signa-
ture from the pentacene layer after percolation (Fig. 2) [26]. The
AFM micrograph at nominally 1.37 nm of pentacene (Fig. 2b) looks
very similar to the pristine parylene-C surface with an rms rough-
ness of ca. 7 nm rms on-top the Au gate (Fig. 2a), i.e. it is not pos-
sible to draw any conclusions about the early growth mode from
topography, because the sub-monolayer pentacene film cannot
be imaged, a common problem for rough substrates. The combina-
tion of both studies suggests that the first layer coated the sub-
strate conformally. Pentacene thin films at higher thicknesses,
here a nominal thickness of 12 nm and 57 nm, respectively, exhibit
granular topographies with grain sizes <300 nm (Fig. 2c and d)
[23]. This subsequent island growth for thicker films allows to
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Fig. 1. Early growth stage in-situ measurement. (a) Transfer measurements of
early-stage pentacene deposition (forward and backward sweeps). First drain
currents occur at film thickness of ~1.22 nm (0.8 ML). (b) Corresponding gate
current measurements. Here, the gate sweeps do not indicate any change after
percolation. (c) Transfer measurements of the first five gate voltage sweeps during
film deposition after drain current onset.

classify the growth mode of pentacene on parylene-C as the
Stranski-Krastanov (layer plus island) mode [25].

To understand how charge transport can occur on a sub-
monolayer scale on rough surfaces, it is necessary to estimate the
influence of height fluctuations at distances matching the unit cell
dimensions of organic semiconductors, i.e. distances of the order
1 nm, on the pi-system overlap. As the height difference correla-
tion function approaches zero for separation much smaller than
the correlation length & [10,12], i.e. it is quite possible that the
height difference at unit cell dimensions (lattice distortion) can
be very small, even for large rms ¢ values. This implies that as long
as the lateral correlation length is large enough, a rather large rms
is tolerable.

Besides the influence of roughness on percolation, it is also
important to verify its influence on channel completion, which
should, from an electrostatic point of view, occur within the Debye
length. However, channel completion could be delayed due to
defects and other impurities. To answer this, we evaluate the evo-
lution of mobility, threshold and hysteresis of the OFETs from the
current in the saturation regime: Isp=W/2L* u*G* (Vg — Vi)2.
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600nm
]

Fig. 2. AFM micrographs of parylene-C covered by different thicknesses of
pentacene. (a) Pristine parylene-C surface. (b) 0.9 ML pentacene (1.37 nm) on
parylene-C; the film is percolated, i.e. conductive. (c) 12 nm pentacene on parylene-
C. (d) 57 nm pentacene on parylene-C. The z-scale is 77.7 nm for all micrographs.

Here, W is the channel width and L is the channel length, u is the
effective charge carrier mobility, C; the capacitance of the dielectric
per area, Vg the applied gate voltage and V7 the threshold voltage.
For any given thickness interval, whose range is determined by the
sweep speed, the corresponding gate sweeps are shown in Fig. 3a.
To clarify the evolution of the device performance, mobility and
threshold voltage is extracted from the forward and backward
sweeps of the OFETs in the saturation regime from every sweep
(Fig. 3b and c, mobility shown for forward sweep direction). The
nominal film thickness is chosen as the value at the end of the
sweep, and assumed to be constant during the sweep.

During deposition of the first 3 monolayers (ML) the threshold
voltage experiences a steep shift of more than 15V (Fig. 3b).
Within the same nominal thickness, the hysteresis, i.e. the differ-
ence between forward and backward sweep threshold voltage,
decreases rapidly from about 16 V to a value smaller than 1 V. Sim-
ilar behavior has been observed for pentacene OFETs on SiO; [24].
The threshold voltage shift can be explained by an increase of deep
electron volume traps with increasing film thickness. Until a film
thickness of 3 ML, these traps are within the Debye length of the
transistor channel and consequently lay within the accumulation
layer. The hysteresis on the other hand arises due to traps at the
pentacene surface, which quickly grow out of the OFET channel
region. These traps are energetically shallower than the deep traps
that cause the threshold shift, since they can be filled and depleted
at room temperature. Beyond 3 ML the shifts saturate, because fur-
ther thickness increase occurs outside of the accumulation channel
of the transistor.

On the other hand, saturation mobility reproducibly continues
to increase up to a thickness of ca. 20 nm (Fig. 3c), which is far
beyond the Debye length. Investigation of the topography of pen-
tacene at the electrode edge reveals small grained pentacene
topography with deep valleys (Fig. 4). Such dewetting of pentacene
in the vicinity of gold is in fact a well known problem for bottom
contact geometry [27]. This suggests that also here, especially for
early stage film growth, the impaired film formation near and on
the gold contacts disturbs charge injection. Hence, the extracted
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Fig. 3. Electronic data from one in-situ growth measurement. (a) Gate voltage (V¢)
sweeps, plotted against the nominal pentacene film thickness and the square root of
the source drain current Isp. For clarity, only every second sweep and every second
gate voltage data point is shown. (b) Threshold voltage (black downward facing
triangles) and hysteresis (red upward facing triangles). The vertical dashed line at
~3 MLs indicates the region, where the threshold shift turns from rapid to slow. (c)
Mobility in linear (red circles) and logarithmic plot (black squares) in dependence of
the film thickness (extracted from forward sweeps). The vertical line indicates
saturation of the mobility at ~13 MLs. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

mobilities at early growth might be influenced by poor charge
injection and extraction, and therefore may not represent intrinsic
charge carrier mobility within the film. The ongoing increase in
measured mobility is likely to be caused by the improvement of
charge injection with film thickness. The final mobility is probably
not limited by the rough dielectric surface, but due to the overall
device preparation, which was adapted to the presented in-situ
study, using bottom contact geometry and pristine surfaces with-
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Fig. 4. AFM height micrographs of the OFET channel/Au electrode interface
(10 um x 2.5 pm). The growth differences of pentacene on parylene-C and gold, i.
e. smaller grain size and deeper grain gaps on Au are clearly visible. (a) 12 nm thick
pentacene film. (b) 57 nm thick pentacene film.

out modifications. In fact, using an optimized device geometry, a
mobility of 0.81 cm?/Vs was reported for transistors with top con-
tact geometry on parylene-C dielectrics [28].

3. Conclusion

In conclusion, we performed in-situ deposition of pentacene on
a rough parylene-C dielectric and observed sub-monolayer perco-
lation of the pentacene film. This initial closed layer of pentacene
points to a Stranski-Krastanov growth mode. This demonstrates
that conformal monolayer growth is possible on rough substrates.
Like in the case of smooth dielectrics, subsequent transistor chan-
nel formation is dominated by electrostatic and charge injection
phenomena. In fact, saturation of electrical properties is observed
for the same film thickness as on smooth substrates. These findings
imply that, as long as conformal growth of the organic semicon-
ductor is possible, high surface roughness does not cause impaired
device performance. Consequently, one should explore rough sub-
strates as the choice for dielectric material more systematically.
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Abstract

Tailoring device architecture and active film morphology is crucial for improving organic elec-
tronic devices. Therefore, knowledge about the local degree of crystallinity is indispensable to
gain full control over device behavior and performance. In this article, we report on microd-
iffraction imaging as a new tool to characterize organic thin films on the sub-micron length
scale. With this technique, which was developed at the IDO1 beamline at the ESRF in Greno-
ble, a focused X-ray beam (300 nm diameter, 12.5 keV energy) is scanned over a sample. The
beam size guarantees high resolution, while material and structure specificity is gained by the
choice of Bragg condition. Here, we explore the possibilities of microdiffraction imaging on
two different types of samples. First, we measure the crystallinity of a pentacene thin film,
which is partially buried beneath thermally deposited gold electrodes and a second organic
film of fullerene C60. The data shows that the pentacene film structure is not impaired by
the subsequent deposition and illustrates the potential of the technique to characterize arti-
ficial structures within fully functional electronic devices. Second, we investigate the local
distribution of intrinsic polymorphism of pentacene thin films, which is very likely to have a
substantial influence on electronic properties of organic electronic devices. An area of 40 pm
by 40 pm is scanned under the Bragg conditions of the thin-film phase and the bulk phase of
pentacene, respectively. To find a good compromise between beam footprint and signal inten-
sity, third order Bragg condition is chosen. The scans show complementary signal distribution
and hence demonstrate details of the crystalline structure with a lateral resolution defined by
the beam footprint (300 nm by 3 um). The findings highlight the range of applications of
microdiffraction imaging in organic electronics, especially for organic field effect transistors
and for organic solar cells.
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Abstract: Tailoring device architecture and active film morphology is crucial for improving organic
electronic devices. Therefore, knowledge about the local degree of crystallinity is indispensable to
gain full control over device behavior and performance. In this article, we report on microdiffraction
imaging as a new tool to characterize organic thin films on the sub-micron length scale. With this
technique, which was developed at the IDO1 beamline at the ESRF in Grenoble, a focused X-ray
beam (300 nm diameter, 12.5 keV energy) is scanned over a sample. The beam size guarantees high
resolution, while material and structure specificity is gained by the choice of Bragg condition.

Here, we explore the possibilities of microdiffraction imaging on two different types of samples.
First, we measure the crystallinity of a pentacene thin film, which is partially buried beneath
thermally deposited gold electrodes and a second organic film of fullerene Cgp. The data shows that
the pentacene film structure is not impaired by the subsequent deposition and illustrates the potential
of the technique to characterize artificial structures within fully functional electronic devices. Second,
we investigate the local distribution of intrinsic polymorphism of pentacene thin films, which is very
likely to have a substantial influence on electronic properties of organic electronic devices. An area
of 40 pm by 40 pm is scanned under the Bragg conditions of the thin-film phase and the bulk phase
of pentacene, respectively. To find a good compromise between beam footprint and signal intensity,
third order Bragg condition is chosen. The scans show complementary signal distribution and hence
demonstrate details of the crystalline structure with a lateral resolution defined by the beam footprint
(300 nm by 3 um).

The findings highlight the range of applications of microdiffraction imaging in organic

60



A.4. MICRODIFFRACTION IMAGING

61

370

electronics, especially for organic field effect transistors and for organic solar cells.

Keywords: focused X-ray; polymorphism; multilayer; morphology; scanning X-ray diffraction
microscopy; synchrotron

1. Introduction

Organic electronics allow for large scale, low cost, and low energy device fabrication. Today,
organic electronics have found mass market application in digital displays consisting of organic light
emitting diodes (OLED). In order to improve the performance of organic electronic devices, a
detailed understanding of the device physics is essential. The challenge for highly ordered materials
is twofold; on the one hand side, intrinsic properties, such as charge carrier mobility, depend on
details of the pi-electron overlap [1] and polymorphism. Polymorphism is common among a variety
of organic small molecule semiconductors [2—5]. Consequently, the domain size and the mutual
distribution of the polymorphs are of great concern [6]. On the other hand, processing steps and
interface phenomena often induce additional structural changes at the nm to micron scale, which may
influence device performance. Close attention should be paid to contact regions because metal top
contacts can influence the underlying organic layer by metal clusters diffusing in the organic film [7],
while the growth mode of many organic materials on bottom contact metals is strongly disturbed,
which changes the energy alignment of these materials [8]. In practice, top contact configuration in
pentacene thin film transistors shows preferable device characteristics when not employing bottom
contact electrodes which are functionalized [9]. Furthermore, the manufacturing of multilayer
devices, such as organic light emitting diodes, organic photovoltaics and ambipolar organic field
effect transistors (OFETs), demands the application of various sequential processing steps, including
photolithography, imprint, shadow masks, spin casting, and annealing [10]. These subsequent
processing steps can also modify the structure of subjacent films [11].

An experimental approach that allows nm-resolved, non-destructive probing of the crystal
structure of organic devices, e.g. on top or below metal contacts of an OFET and in the conduction
channel, would be very attractive. Recently, we introduced scattering-type scanning near field
infrared optical microscopy (s-SNOM) to probe polymorphism in organic films [6]; however, this
gentle technique does not work below Au contacts, which reflect back the IR light so that no
information from below is accessible. Transmission electron microscopy (TEM) instead allows to
image depth profiles of organic devices with close to molecular resolution, revealing interdiffusion of
Au, originating from the top contact deposition [7]. However, the demanding cross section
preparation requires cutting the device apart and the electron flux alters [12] or even disintegrates the
molecular structure at prolonged exposure.

In principle, X-ray techniques combine all needed properties: X-ray reflectometry, for example,
is used to depth profile stratified media on sample surfaces as well as buried layers [13], whereas
scattering geometries, such as grazing incidence X-ray scattering allow for surface sensitive probing
of thin organic single and multilayers [14,15]. Although X-rays are commonly used to probe rather
large areas, typically several hundred microns squared, there is so far only a small amount of reports
on scanning X-ray diffraction with a sub-micron focused X-ray beam [16—19]. This microdiffraction
imaging was used to study inorganic materials and can for example resolve local strain and lattice
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orientation of semiconductors like Si and Ge. Studies using microdiffraction techniques on organic
semiconductors are mostly limited to transmission measurements which resolve depth profiles of
organic devices [20]. Ideally, the energy should be in the vicinity of ~ 20 keV because irradiating
organic carbon compounds with high flux per area X-rays at lower energy leads to severe beam
damage by incoherent scattering [21]. Here, we employ microdiffraction imaging in reflection
geometry to study organic films, using a beam of 300 nm diameter at an energy of 12.5 keV, and
cannot observe any beam damage. In this experiment, we map the lateral distribution of artificial and
intrinsic structures in organic single- and multilayer thin-film devices. With microdiffraction imaging,
it is possible to resolve the local crystalline structure on the surface and in buried layers, by scanning
the beam over the sample and recording the intensity at specific angles, matching designated Bragg
conditions. Furthermore, we discuss the current limitations of the lateral resolution and possible
applications for this method.

2. Materials and Method
2.1. Sample preparation

The organic semiconductor pentacene served as a model system for our microdiffraction
experiments. When grown on silicon oxide, pentacene thin films are known to crystallize in two
main structural phases, the so-called thin-film phase (TFP) and bulk phase (BP) [4,5,22-24].

For measuring buried organic structures in working multilayer devices, an ambipolar organic
field-effect transistor (OFET) was fabricated. Here, a 40 nm layer of pentacene was used as p-type
semiconductor, followed by 40 nm gold top contacts, and finally 30 nm of fullerene Cey as n-type
semiconductor. The channel width and length were 2 mm and 50 pm, respectively. Highly n-doped
silicon with 300 nm SiO; acted as combined gate/dielectric substrate. After consecutively sonicating
in acetone, isopropyl alcohol, and de-ionized water for 10 min each, the sample was cleaned with
oxygen plasma for 180 s. Prior to pentacene deposition, the dielectric surface was finished with a
~ 5 nm thick layer of cyclic-olefin-copolymere (COC), by spin casting a 0.25% solution of COC in
toluene for 30s at 6000 rpm and annealing at 100 € for 60 s. Pentacene and fullerene Cg layers
were produced at room temperature and ~ 90 °C, respectively, by molecular vapor deposition, at a
rate of 0.1 A/s, respectively, and gold contacts were fabricated by electron beam deposition, at a rate
of 1 A/s. All structures were defined by shadow masks under ultra high vacuum conditions. The
upper part of the pentacene layer (~ 5 nm) was cross-linked by e-beam irradiation prior to gold
evaporation.

To study the polymorphism of TFP and BP pentacene, a 60 nm thick pentacene film was
prepared on a silicon wafer with 20 nm thick SiO,. The substrate was cleaned by sonicating, as
described above, and the pentacene film was deposited by molecular vapor deposition, at a rate of
0.1 A/s. With this deposition rate, pentacene crystallizes at room temperature in the TFP with the
[001] direction perpendicular to the substrate surface. However for this sample, a substrate
temperature between 40 € and 50 € was chosen, which is known to induce mixed growth of TFP
and BP pentacene [5,22-24] and to exhibit ellipsoidal structures on a sub-micron length scale [6].
The coexistence of the two phases on this sample was verified with an in-house reflectometer prior to
the reported experiment.
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2.2. X-ray diffraction
2.2.1. Reflectometry

The X-ray reflectometry curve shown here was measured at the PO8 beamline at PETRA III at
DESY in Hamburg, Germany [25]. Here, the X-ray energy E was set to 18 keV, which corresponds to
a wavelength A of 0.6888 A.

2.2.2.  Microdiffraction imaging

Microdiffraction imaging was performed at the beamline ID01 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. Here, the synchrotron X-ray beam with an energy of
12.5 keV, which corresponds to a wavelength A of 0.9919 A, was focused by a Fresnel zone plate
with a central beam stop, followed by an order sorting aperture (to block unfocused beam parts and
higher diffraction orders) to a nominal beam size of 300 nm (for further details, we refer to [17]). A
sketch of the measurement geometry is shown in Figure la. Here, the angle of the incident beam 6
was adjusted to a Bragg condition of the film and the diffracted beam was recorded with a 2D
detector (MAXIPIX, 516 x 516 pixels?, 55 x 55 pym ? pixel size) [26] with adjusted regions of interest
(ROI) at about 40 cm distance from the sample holder. Additionally, lead tape between the incident
beam and the detector was used as a beam knife-edge to prevent air scattering from disturbing the
recorded signal. To avoid radiation damage from reactive oxygen species, the sample was blown with
dry nitrogen. First, the sample was positioned with a light microscope, illuminating from the top.
Subsequently, the sample was continuously mapped in real space with a piezoelectric stage for short
distances (<100 um) or a hexapod (>100 pum) with step size resolutions of 5 nm and 100 nm,
respectively. This so-called K-Map, a quick mapping procedure developed at IDO1 has significantly
reduced the measurement time needed for these scans, by optimizing positioning, exposure, and data
acquisition [17]. The K-Maps in this report had a size of 40 x 40 um? and a resolution of 80 x 40
pixels? (0.5 x 1 um?), leading to a total measuring time of only 16 min and 43 min, corresponding to
a pixel time of 0.3 s and 0.8 s, respectively.

However, the lateral resolution of the K-Maps is inherently limited by the footprint f of the

beam. In the direction perpendicular to the X-ray beam, the footprint f; corresponds to the diameter

b of the focused beam, which was set to 300 nm during our experiments. Additionally, in the
direction parallel to the incident X-ray beam, the geometrically enlarged footprint fj is given by

b

= Since)” M

with the beam diameter b and the incident angle 6. Consequently, the footprint f; is smaller for higher
incident angles 0, which improves the lateral resolution of the K-Maps. A good lateral resolution in
both directions can be achieved with inorganic crystals like VO,, Si, or Ge [16—19], owing to their
high crystallinity. However, it is difficult to record K-Maps at high incident angles 6 for organic
crystals, because of their overall lower scattered intensity and their larger lattice constants. Therefore,
finding a suitable compromise between footprint size and signal to noise ratio is essential, when
measuring crystalline organic thin films. Here, the pentacene samples were measured at the (002) and
(003) Bragg conditions.
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3. Results and Discussion

We characterized an ambipolar pentacene-Cep OFET as a representative sample for multilayer
devices, as they are commonly used in organic electronics. A sketch of the experimental geometry is
shown in Figure 1 a). Here, the source and drain electrode of the transistor are indicated by the
T-structures and the scan profile is indicated by the white arrow. At this position, the gold contacts
had a length of 100 pm, each, which adds, together with the channel length of 50 yum, to a total
device length of 250 um. An illustration of the vertical section of the device is shown in Figure 1 b),
with the Cgo layer depicted on top of the gold and the pentacene layer. The pentacene top contact
configuration is needed to optimize charge carrier injection in bi-layer ambipolar transistors [15].

To investigate the pentacene layer beneath the gold contacts, we measured two 400 pm scans
over the device. First, we performed a reference measurement, to determine the exact sample
position [Figure 1 c¢)]. The incidence angle 6 was set to the Au (111) Bragg condition, i.e. 12.15°,
which is very pronounced, since vacuum deposited gold on SiO, crystallizes in fcc structure in [111]
direction [27]. Here, the footprint size parallel to the beam f; corresponded to 1.43 pm, according to
equation (1). The scan was done using the hexapod because the scan width of 400 pm exceeded the
hardware limitation of the high-resolution piezoelectric stage. As seen from Figure 1, the intensity
profile of the scan traces the channel geometry quite well. Second, we set the incidence angle to the
pentacene TFP (002) Bragg condition, i.e. to 3.69°, which corresponded to a footprint f; of 4.65 pm.
This led to good signal strength with an acceptable footprint. The intensity profile of the TFP (002)
scan indicates a complementary behavior to the Au (111) scan [Figure 1 c¢)]. The drop in intensity
beneath the gold contacts can be explained rather well by absorption of X-rays while passing through
the gold layer. The absorption of a planar layer is given by:

2d

L. = Iy * exp (—m

) @)
where d is the nominal gold layer thickness, 0 the incident angle, p = 3.2 ym the attenuation length
of gold and I, the scattered intensity without gold. The factor two in the exponent accounts for the
way in and out of the gold layer. As a result, the signal intensity should calculate to I, ~ 0.68 * 1.
However, the acquired signal only drops about 20% and is thus higher than expected from this
calculation. One explanation for this observation might be the uncertainty of the actual Au film
thickness deposited onto the pentacene layer. The quartz microbalances, which were used to read out
the nominal Au thickness, do not address any eventual deviations from growth on e.g. smooth SiO,
surfaces.

For these reasons, the decrease of the pentacene signal beneath the gold contacts could be
ascribed to the absorption of the beam propagating through the gold film. Thus, we have no
indication that the top contact strongly reduces the crystallinity of the pentacene film.

Furthermore, the pentacene signal increased only slowly with growing distance to the right gold
contact, even though no electrode material was present in the beam pathway. Here, the preparation of
the contact geometry could have led to a damaged film. For example, removing the shadow mask
could have led to a mechanical damage of the subjacent pentacene film after contact fabrication.

Moreover, it is necessary to address the large variations in the pentacene (002) signal, compared
to the Au (111) signal. The grain size of pentacene is usually on the micron scale, far larger than for
Au, and its topography shows thickness variations of the order of the nominal film thickness when
grown on SiO;. Therefore, the scattered intensity should depend strongly on the beam position on the
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pentacene surface.
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Figure 1. Schematic and X-ray line scans of an ambipolar pentacene-Cg OFET. a)
Sketch of the experiment geometry. b) Cross section of the sample geometry. c)
Incident angle adjusted to the gold (111) Bragg condition. d) Incident angle adjusted
to the pentacene TFP (002) Bragg condition.

As a representative sample for investigating the local polymorphic structure of organic thin
films and to determine the potential of the setup to resolve sub-micron features, we investigated a
pentacene thin film, which exhibits three different Bragg signatures from the thin-film phase [TFP
(0O0L)], the bulk phase [BP (00L)] and the lying phase, as verified via X-ray reflectometry (Figure 2
a). The crystalline lying phase nucleates after a critical film thickness, which is strongly dependent
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on the substrate temperature during the pentacene deposition (>100 nm at room temperature, 30 nm
at 87 °C) [24,28]. In contrast, the coexistence of TFP and BP pentacene is induced by temperature
dependent stress at the SiO; interface [5,6,22—24]. Here, we focus on this coexistence of TFP and BP
pentacene. Using s-SNOM with a lateral resolution as small as 20 nm has shown that, in fact, the
lateral distribution of TFP and BP pentacene exhibits ellipsoidal structures on a length scale of 100
nm [6]. However, the s-SNOM probes to a depth of typically 30-50 nm [29], whereas X-ray
microdiffraction yields information of the whole depth of the film.

To resolve the intrinsic lateral distribution of TFP and BP pentacene, we recorded two 2D
K-Maps of the same sector of the sample surface, one for each polymorph. To gain high lateral
resolution, we used the piezoelectric motors to move the sample stage. The incident angle 6 was set
to 5.54° and 5.93°, which corresponded to a footprint of 3.10 pm and 2.90 pm at the TFP (003) and
BP (003) Bragg condition, respectively. Choosing the (003) Bragg conditions therefore reduced the
footprint by 33% compared to the (002) Bragg conditions. For this system, choosing higher order
Bragg conditions led to an undesirable signal to noise ratio. The K-Maps were recorded with the
incident beam along the slow scan direction. To image a lateral inhomogeneity with full resolution,
the scan size was set to 40 pm and the motor steps were set to 500 nm in the fast scan direction and 1
um in the slow scan direction.

a) b)
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Figure 2. a) Wide (normal) beam X-ray reflectivity of a 60 nm thick pentacene film
with the indicated Bragg series of TFP and BP pentacene. Inset shows a sketch of
TFP and BP pentacene. b) and ¢) K-Maps of the microdiffraction X-ray intensity of
the same sample area, measured at the TFP(003) and BP(003) Bragg condition,
respectively. Diamonds and triangles indicate maxima in TFP and BP intensity,
respectively. The continuous line profiles at the bottom correspond to the white
section indicated in the map (the dashed lines compare the profile to the respective
other phase).

We have blown the samples with dry nitrogen during all measurements to minimize radiation
damage from reactive oxygen species, activated by hard X-rays in ambient air. During the short
exposure times of the maps and scans shown here (typically several seconds per data point), we
could not observe any beam damage for repeated measurements, i.e. loss of Bragg signal, and thus
conclude that microdiffraction imaging is suited for investigating organic thin films. Recent test
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measurements indicate that beam damage can be further minimized by using higher beam energies,
i.e. at 20 keV exposure times of several minutes are possible.

As result, we obtained a map of the TFP and the BP distribution within the thin film [Figure 2 b)
and c¢)]. The two K-Maps show a complementary intensity profile, revealing micron scaled domains
exclusively grown in TFP (diamonds) and BP (triangles), respectively. This behavior can also be seen
in the line profiles of TFP and BP pentacene. The elongated beam footprint indicated in Figure 2 c)
leads to an overall smearing of the signal parallel to the beam direction.

4. Conclusion

We used microdiffraction imaging with a focused X-ray beam to study the structure of organic
thin films. Within these films, we were able to resolve intrinsic structures as well as artificial
structures, which are used to build organic electronic devices like multilayer ambipolar OFETs. We
demonstrated a lateral resolution for organic thin films of 300 nm in the direction perpendicular to
the beam and about 3 um in the direction parallel to the beam. To acquire K-maps with the lateral
resolution of the focus size in both directions, two subsequent K-Maps at the same sample position
with a sample rotation of 90° would be needed. By further improving the focusing optics, ID01, for
example, offers a beam size of 100 nm diameter after its upgrade in 2014 and it will be interesting to
see, if this is confirmed in microdiffraction experiments.

Furthermore, changing the measurement geometry from reflection to transmission, could avoid
the problem of large footprints parallel to the beam. This transmission geometry would require
thinner substrates, e.g. sapphire [30] or ultra-thin SizN4 membranes, which are commonly used for
scanning transmission X-ray microscopy (STXM) [31,32].

Nevertheless, the current resolution is already well suited to study organic electronic devices,
e.g. organic thin-film transistors, because the commonly used channel lengths of these devices are in
the range of 20 um to 50 um. Furthermore, the local nanostructure of state of the art organic solar
cells, fabricated by self-organization or nanoimprint [33], could also be examined, even with metallic
contacts on top. X-ray microdiffraction therefore complements to other scanning techniques, like
STXM [32], s-SNOM [6,16], scanning photoresponse microscopy [34], or micro-Raman
spectroscopy [19], to gain a deeper understanding of fundamental device physics.
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Abstract

While organic semiconductors are being widely investigated for applications requiring an
aqueous environment, such as chemical and biochemical sensing, some major drawbacks have
not yet been solved to complete satisfaction. These are in particular the rather poor device sta-
bility and low charge carrier mobility. In this work, solution-gated organic field-effect transis-
tors (SGOFETs) based on the molecule @, w-dihexyl-sexithiophene (DH6T), which is reported
to exhibit favorable properties in terms of field-effect mobility and structural order, are pre-
sented as promising platforms for in electrolyte sensing. To this end, thin films of DH6T
were investigated with regard to the influence of the substrate temperature during deposition
on the grain size and structural order. We have found that the performance of SGOFETSs can
be enhanced by choosing suitable growth parameters that lead to a two-dimensional film mor-
phology and a high degree of structural order. Furthermore, the capability of the SGOFETs
to detect changes in the pH or ionic strength of the gate electrolyte is demonstrated and suc-
cessfully simulated with the help of theoretical models. Finally, excellent transistor stability
is confirmed by continuously operating the device over a period of several days, which is a
consequence of the low threshold voltage of DH6T-based SGOFETSs. Altogether, our results
demonstrate the feasibility of high performance and highly stable organic semiconductor de-
vices for chemical or biochemical applications.

Contribution

The temperature dependence of DH6T thin film growth was essential to finding optimum
parameters for the application in sensing devices. I provided structural X-ray analysis of the
films and could thereby discover temperature dependence of the out of plane thin film lattice
constant.
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While organic semiconductors are being widely investigated for chemical and biochemical sensing
applications, major drawbacks such as the poor device stability and low charge carrier mobility in
aqueous electrolytes have not yet been solved to complete satisfaction. In this work, solution-gated
organic field-effect transistors (SGOFETs) based on the molecule o,m-dihexyl-sexithiophene
(DHOT) are presented as promising platforms for in-electrolyte sensing. Thin films of DH6T were
investigated with regard to the influence of the substrate temperature during deposition on the grain
size and structural order. The performance of SGOFETs can be improved by choosing suitable
growth parameters that lead to a two-dimensional film morphology and a high degree of structural
order. Furthermore, the capability of the SGOFETS to detect changes in the pH or ionic strength of
the gate electrolyte is demonstrated and simulated. Finally, excellent transistor stability is con-
firmed by continuously operating the device over a period of several days, which is a consequence
of the low threshold voltage of DH6T-based SGOFETs. Altogether, our results demonstrate the fea-
sibility of high performance and highly stable organic semiconductor devices for chemical or bio-

chemical applications. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942407]

Organic semiconductors offer the possibility to fabricate
devices featuring biocompatibility,l'2 mechanical flexibil-
ity,>> and comparably low production costs."> Therefore, a
wide range of applications employing organic semiconduc-
tors is being currently explored in the fields of biosensing
and biomedical technologies.*® Among other molecules,
oligothiophenes have been studied intensively for their suit-
ability to be applied in field-effect transistors.”™” In the case
of solution-gated organic field-effect transistors (SGOFETS),
the organic semiconductor is gated through an electrolyte.
An electrical double layer, characterized by a rather high
interfacial capacitance, builds up at the semiconductor-liquid
interface. Consequently, the applied gate bias voltage may
be kept well under 1V,'8%° leading to an improved device
stability and the possibility of in-electrolyte applica-
tions.®10:17:21:22 Using o-sexithiophene (6T) as active mate-
rial, biofunctional sensors for the detection of penicillin have
been demonstrated previously.17 However, the stability of
the device strongly depends on the characteristics of the
employed organic molecules. It is, therefore, of utmost im-
portance to explore the use of molecules which could eventu-
ally lead to an improved device stability.

In this work, we report on the implementation of the
end-substituted molecule «,w-dihexyl-sexithiophene (DH6T)
in SGOFETs. DH6T has been reported to exhibit favorable
properties like an improved structural order in thin films and
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an increased field-effect mobility as compared to the unsub-
stituted 6T.>2>** Here, we demonstrate the influence of the
substrate temperature during deposition on the morphology
and structural order of the thin film by atomic force micros-
copy (AFM), X-ray reflectivity (XRR), and UV-Vis spectros-
copy. Furthermore, we characterize SGOFETs based on
DH6T with regard to transistor performance and stability,
and we reveal their sensitivity towards changes in the pH
and ionic strength of the gate electrolyte.

Organic thin films of DH6T (nominal thickness: 30 nm)
were deposited on sapphire substrates by organic molecular
beam deposition in an ultrahigh vacuum system as described
previously.'®!” In order to tune the morphology of the depos-
ited films, the temperature of the sapphire substrate 7\,,;, during
thin film deposition was varied between room temperature
(19°C) and 55°C. Typical deposition rates are between 0.5
and 2 A/min. The fabrication details of the SGOFETs (width-to
length ratio of the transistor channel: W/L =4900) have been
described elsewhere'®'” and remained unchanged in this
work, except for the contact thickness (5 nm Ti/45nm Au). All
measurements were carried out in ambient atmosphere. The
transistor and stability characterization and the ion sensing
experiments were performed in a 5 mM phosphate buffered sa-
line (PBS) solution at pH 5. To change the ionic strength, KCl
solution was added to the buffer. For the pH sensing measure-
ments, a 10mM PBS solution, whose ionic strength was
adjusted to 5S0mM with KCI (KPBS), was used. The pH was
altered by adding either HCI or KOH solution. The gate voltage
was applied via an Ag/AgCl reference electrode in all cases.

© 2016 AIP Publishing LLC
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FIG. 1. Characterization of nominally 30 nm thick DH6T thin films deposited at different substrate temperatures. (a) AFM micrographs for 7,;, = 19 °C (room
temperature), (b) T,, =31°C, (¢) Ty, =43 °C, and (d) T, =55 °C. (e) Average size of the grains versus T, as extracted from AFM images (black dots) and
monolayer thickness in the thin films (red squares) as a function of T,,,. The latter was calculated from the position of the first order peak in the X-ray reflectiv-

ity spectra of the deposited DHOT films (f).

The temperature of the sapphire substrate T, was var-
ied and its influence on the morphology of the DH6T layers
was investigated. As the AFM micrographs in Figures
1(a)-1(d) illustrate, the grains are larger and exhibit a more
three-dimensional topography for higher temperatures. This
is understood in terms of an extended diffusion length of
molecules with rising temperatures on the substrate sur-
face.> A quantitative analysis of the average island size for
different values of Ty, is shown in Figure 1(e) (black dots).

To investigate possible changes in the thin film structure
itself, XRR spectra were recorded for films deposited at dif-
ferent Ty, (see Figure 1(f)). Garnier et al. have reported a
monoclinic unit cell in DH6T thin films with an angle
f=111.3° and a tilt angle between core and side chains of
16°, leading to an effective molecule length of 38.1 A2 The
theoretical value of the monolayer thickness thereby calcu-
lates to 35.5 A. From the position of the first order peak, ¢,
the monolayer thickness d of the investigated thin films can
be calculated via d =2m/q,. As illustrated in Figure 1(e) (red
squares), it lies in the expected range; however, a decrease in
the monolayer thickness with increasing 7y, is observed,
which may be due to a change in the tilt angle of the DH6T
molecules towards the substrate surface normal. In addition,
the first order peak in the XRR spectra becomes more intense
with increasing substrate temperature (see Figures S1(a) and
S1(b) (Ref. 26)), indicating a higher degree of structural
order in these thin films, as discussed in the following.

Additional information related to the structural order
can be obtained from UV-Vis spectroscopy. Absorption
spectra of DH6T thin films deposited at various Ty, are
depicted in Figure 2(a). These are normalized to the intensity
of the most prominent peak at about 3.3eV, which corre-
sponds to the HOMO — LUMO transition of molecules for
which the interaction with neighboring molecules leads to a
Davydov splitting of the LUMO.?”-*® This absorption peak is
most intense and narrow, if the transition dipoles of all mole-
cules are aligned in parallel. The normalized spectra illus-
trate a change in the shape of this peak with 7, suggesting
a change in the interaction between molecules in the thin
film. The quantitative analyses of the average peak intensity
and full width at half maximum (FWHM) (Figure 2(b))
reveal an increase in the peak intensity and a decrease in the
FWHM with increasing Ty, (see Figure S2(a) for non-
normalized spectra®). These findings indicate an increase in
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the degree of structural order of the thin films for higher sub-
strate temperatures, in agreement with the XRR data pre-
sented above. In contrast, no dependence on T,;, was found
for the intensity of the peak at 4.3eV (see Figure S2(b) (Ref.
26)). Such a peak has already been observed for thin films of
oligothiophenes of various conjugation core lengths and with
different substituents and is attributed to the absorption of a
single thiophene unit.? Its independence of Ty, originates
from the molecular character of the corresponding transition,
as opposed to the crystalline HOMO — LUMO transition
located at 3.3 eV.

DH6T thin films were used as the active material in
SGOFETs, the layout of which is sketched in Figure 3(a).
The Ti/Au contact pattern was predefined by photolithogra-
phy, deposited via thermal evaporation and partly covered
by a photoresist prior to the organic thin film growth.
Exemplary transistor output curves in a 5SmM PBS buffer at
pH 5 are shown in Figure 3(b). They show a current level of
several 10 #A and saturation behavior for high drain-source
voltages. Furthermore, the gate-source current is three orders
of magnitude smaller than /g, and cyclic voltammetry meas-
urements show no indication of Faradaic processes in the
potential window of the SGOFETs (see Figures S3(a) and
3(b) (Ref. 26)). Therefore, we can conclude that the current
modulation is dominated by the field-effect, in agreement
with previous reports.?>*° From the transfer curve at a drain-
source voltage Upg=—50mV (black dots in Figure 3(c)), a
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FIG. 2. Optical characterization by UV-Vis spectroscopy of 30nm thick
DH6T films deposited at different substrate temperatures. (a) Absorption
spectra, normalized by the intensity of the peak at 3.3 eV. (b) Average inten-
sity (black dots) and FWHM (red squares) of the same peak as a function of
Tsup- The lines were added as a visual guidance. The error bars represent the
standard error of the mean values.
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FIG. 3. Electrical characterization of SGOFETSs using 30 nm thick films of
DH6T as the active material. The measurements were conducted in 5 mM
PBS at pH 5. (a) Device layout. The width-to-length ratio is 4900. (b)
Typical output characteristics and (c) corresponding transfer curve at
Ups=—50mV on a linear (black dots) and logarithmic scale (red squares).
Linear fits to the data are represented by the solid lines and the threshold
voltage Uy is indicated. The DHOT thin film of this sample was deposited at
T =19°C. (d) Field-effect mobility (black dots) and subthreshold swing
(red squares) versus Ty, as extracted from the transfer curves. The lines
were added as a visual guidance. The error bars represent the standard error
of the mean values (see supplementary material®®).

transconductance g,,= 18 uS was obtained, which can be
used to determine the field-effect mobility u via p=g,/
(CayUps) LIW. In this equation, Cy is the electrical double
layer capacitance of the semiconductor-electrolyte interface,
which was estimated to 4 uF/cm? via electrochemical imped-
ance spectroscopy (see Figure S4 (Ref. 26)). This compares
well to the interfacial capacitances of other solution-gated
organic field effect transistor systems.'®*1*? From the maxi-
mum transconductance of the devices, we can estimate a
field-effect mobility of up to about 1 x 10~2 cm*/V s for the
discussed set of transistors (Figure 3(d)) and of up to
1.9 x 1072 cm?/V s for devices which organic thin film was
deposited at different rates. It is worth noting that the thresh-
old voltage Uy of about —0.1V is significantly lower than
what has been reported for 6T-based SGOFETS of the same
layout (Ur=< —0.3 V).1%17 Such a low Uy might be due to
favorable values of, for example, C, the surface charge of
the semiconductor or the work function of the DH6T mole-
cules.®® Above all, it enables the operation of the SGOFETs
at low voltages, which is of utmost importance for a good de-
vice stability.®'®!” To additionally characterize the current
onset of the transistors, the subthreshold swing was extracted
from a logarithmic plot of the transfer curve (red squares in
Figure 3(c)). Its theoretical limit at room temperature is
60 mV/dec.** Values as low as 160mV/dec confirm a fast
switching behavior of our devices. The deviation from the
theoretical limit may result from defect states at the
semiconductor-electrolyte interface or from the chosen de-
vice geometry.34

Furthermore, the influence of the morphology of the thin
films on the transistor characteristics was studied by evaluat-
ing field-effect mobility and subthreshold swing as a
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function of the substrate temperature during deposition.
Figure 3(d) (black dots) illustrates that the best performance
was observed at the lowest and highest temperature. This
possibly indicates two competing effects: On the one hand,
the films are more two-dimensional at low Ty, (cf. Figures
1(a)-1(e)), which enhances charge transport and, thus, the
field-effect mobility.* On the other hand, the analysis of the
structural properties suggests an improved degree of ordering
at high T,,. An increase in structural order has also been
reported for a,c0-DH6T thin films in comparison to films of
B.B'-DH6T or unsubstituted 6T, and it has been correlated to
an increase in field-effect mobility.23 Thus, the anew
increase in mobility at high 7, may presumably be attrib-
uted to an improvement of the structural order in the film. As
Figure 3(d) (red squares) further illustrates, the subthreshold
swing confirms this interpretation: a faster on-switching of
the SGOFETs (low subthreshold swing values) is enabled by
a two-dimensional film morphology (lowest T,;) and a high
degree of structural order (highest T,;). Nevertheless, it has
to be noted that the effect of 7, on the thin film is more pro-
nounced for the increase from room temperature to 43 °C
than for the change from 43°C to 55°C (cf. Figures
1(a)-1(d)). More data statistics will be needed in order to
verify the observed trend in u and in the subthreshold swing
(cf. Figure 3(d); see Figure S5 for a visualization of the sta-
tistics of u used in this work?®). From the correlation of the
subthreshold swing with both the defect density and the
field-effect mobility, it may also be concluded that the good
transistor performance is the result of a low defect density.

The capability of the DH6T-based SGOFETSs to be
applied as sensors in aqueous electrolytes, in this particular
case as pH sensors, is demonstrated in Figure 4(a). With
decreasing pH of the buffer solution, the transfer curves shift
to more negative gate voltages, while g,, stays unchanged.
Therefore, the pH sensitivity is given by the change in gate
voltage Ug per pH with respect to Ug at neutral pH for a
fixed value of the drain-source current /5. Ug experiences a
linear dependence over a wide pH range without any hystere-
sis between decreasing and increasing pH, yielding a sensi-
tivity of 14mV/pH. According to the amphifunctional
model, which is described in detail in the supplementary ma-
terial,*® the response of the transistor originates from a pH-
dependent surface charge o, at the semiconductor-
electrolyte interface.®® In order to obtain a good match
between experimental data and a simulation using the amphi-
functional model (blue line in Figure 4(b)), a monolayer cov-
erage with hydroxide ions and an ionizable surface group of
pK, 3.3 have to be assumed. The latter group can be ascribed
to oxygen-related moieties."” These findings are in agree-
ment with those by Buth er al. for devices using 6T as or-
ganic semiconductor.'”

Besides the study of the pH sensitivity, the sensitivity of
the devices to changes in the ionic strength was investigated
by adding KCI to the solution. In Figure 4(c), the correspond-
ing change in U for a fixed value of /4 is plotted logarithmi-
cally versus the salt activity for two different pH values of the
buffer. The ion sensitivity is defined as the slope of the linear
fit to the curves at high activity (¢ = 50 mmol/kg), yielding
values of —42mV/dec at pH 5 and —30mV/dec at pH 3
for the presented SGOFET. The ion sensitivity has been
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FIG. 4. Sensing and stability properties of SGOFETSs. (a) Transfer curves
recorded at three different pH values of the KPBS buffer. The solid lines
represent fits to the linear regions. (b) Shift of Ug; as a function of the pH of
the electrolyte, together with a simulation of the data using the amphifunc-
tional model. (c) Shift of Ug (compared to U at a salt activity a =0 mM) as
a function of the activity of KCI in the PBS buffer, which pH was adjusted
to two different values. The solid lines represent simulations of the experi-
mental data using the amphifunctional model. The substrate temperatures at
which the DHOT thin films used in (a)—(c) were deposited are indicated in
the graphs. (d) Evolution of the drain-source current /s during continuous
cycling of Ug between 0V and — 0.6V for Ups=—0.2V, measured in
5mM PBS at pH 5 and in the dark (deposition temperature of the DH6T thin
film: Ty, =31°C). For clarity, only the maxima (ON current) and minima
(OFF current) of the measured curve are shown in the graph.

interpreted in terms of the screening of the surface charge due
to an increase in the diffuse chaLrge.37 If the surface charge is
more negative, i.e., if the buffer is less acidic, the ion screen-
ing is more effective, which is confirmed by the higher sensi-
tivity at pH 5 as compared to pH 3. Using a model similar to
the amphifunctional model introduced by Hartl er al.,*” the
experimental data could be reproduced (solid lines in Figure
4(c)) assuming surface charges of —5.6 uC/cm? at pH 5 and
—3.5 uClem? at pH 3, respectively, in agreement with the cal-
culations by Buth er al. for 6T-SGOFETs.'®

For applications of organic SGOFETS, the device stabil-
ity during operation is of vital importance. A stability test was
performed by switching on and off the SGOFETSs continu-
ously. To this end, the gate voltage was cycled between 0V
and —0.6 V for approximately 60 h, while applying a constant
drain-source voltage of —0.2 V and recording the drain-source
current. Here, the high current level decreased by only 10%
with respect to the value after the initial increase in on-current
(Figure 4(d)). The latter has been reported before by Roberts
et al. for organic field-effect transistors immersed into an
aqueous environment.>®>° However, in contrast to the work
by Roberts et al., we observed a slight decrease in the off-
current over time (see Figure 4(d)). As the transconductance
of the respective device increased from 13 uS to 16 uS
throughout the measurement and the subthreshold swing was
reduced from about 550 mV/dec to 230 mV/dec, both changes
may possibly be attributed to the passivation of trap states at
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the semiconductor-electrolyte interface by water molecules
penetrating into the thin film.>*

In summary, vacuum-evaporated thin films of the or-
ganic semiconductor DH6T were investigated by AFM,
XRR, and UV-Vis spectroscopy. We could show that with
increasing substrate temperature, the films exhibit an increas-
ingly three-dimensional topography and feature a higher
degree of structural order. At the same time, the tilt angle of
the molecules towards the substrate surface normal appears
to increase. Furthermore, we have fabricated and character-
ized SGOFETs using these thin films as the active material.
The obtained characteristics are comparable to or even
exceed those of analogous devices based on 6T.'®'7 In par-
ticular, the low threshold voltage is beneficial for a good
transistor stability. Field-effect mobility and subthreshold
swing were found to be correlated to the morphology and
structural order of the films. This implies that the transistor
performance can, to some extent, be tuned by the substrate
temperature. Additionally, both pH and ion sensitivity of the
SGOFETs were demonstrated, and the data could be simu-
lated using suitable modifications of the amphifunctional
model.'®!7*%37 Finally, a good device stability was con-
firmed by switching it on and off continuously over a period
of 60 h. The initial increase in the on-off ratio was tenta-
tively attributed to the passivation of trap states at the
semiconductor-electrolyte interface by water molecules.
During the period of 60 h, the current level decreased by
only 10%. In conclusion, SGOFETs based on DH6T are
promising platforms for stable in-electrolyte sensing applica-
tions. By carefully choosing the growth parameters of the or-
ganic thin film, the performance may possibly be further
improved.

This work has been partially supported by the
Nanosystems Initiative Munich (NIM) and the Deutsche
Forschungsgemeinschaft (DFG) through the SFB 1032.
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Abstract

Recent advances in the development of attosecond soft x-ray sources toward photon wave-
lengths below 10 nm are also driving the development of suited broadband multilayer optics
for steering and shaping attosecond pulses. We demonstrate that current attosecond experi-
ments in the sub-200-eV range benefit from these improved optics. We present our achieve-
ments in utilizing ion-beam-deposited chromium/scandium (Cr/Sc) multilayer mirrors, opti-
mized by tailored material dependent deposition and interface polishing, for the generation
of single attosecond pulses from a high-harmonic cut-off spectrum at a central energy of 145
eV. Isolated attosecond pulses have been measured by soft x-ray-pump/NIR-probe electron
streaking experiments and characterized using frequency-resolved optical gating for complete
reconstruction of attosecond bursts (FROG/CRAB). The results demonstrate that Cr/Sc multi-
layer mirrors can be used as efficient attosecond optics for reflecting 600 attosecond pulses at a
photon energy of 145 eV, which is a prerequisite for present and future attosecond experiments
in this energy range.

Contribution

Reflectometry with hard X-ray radiation (1 = 0.71A) was used to evaluate the quality of the
layer system, i.e. spacing and roughness were analyzed. Here, I provided technical support
with the X-ray setup alignment and macro writing.
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Recent advances in the development of attosecond soft x-ray
sources toward photon wavelengths below 10 nm are also
driving the development of suited broadband multilayer
optics for steering and shaping attosecond pulses. We dem-
onstrate that current attosecond experiments in the sub-
200-eV range benefit from these improved optics. We
present our achievements in utilizing ion-beam-deposited
chromium/scandium (Cr/Sc) multilayer mirrors, optimized
by tailored material dependent deposition and interface
polishing, for the generation of single attosecond pulses
from a high-harmonic cut-off spectrum at a central energy
of 145 eV. Isolated attosecond pulses have been measured
by soft x-ray-pump/NIR-probe electron streaking experi-
ments and characterized using frequency-resolved optical
gating for complete reconstruction of attosecond bursts
(FROG/CRAB). The results demonstrate that Cr/Sc multi-
layer mirrors can be used as efficient attosecond optics
for reflecting 600-attosecond pulses at a photon energy of
145 eV, which is a prerequisite for present and future atto-
second experiments in this energy range. © 2015 Optical
Society of America

OCIS codes: (320.0320) Ultrafast optics; (230.4170) Multilayers;
(340.7480) X-rays, soft x-rays, (EUV);
(230.4040) Mirrors.

extreme ultraviolet
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The development and optimization of highly reflective near-
normal incidence multilayer mirror optics for the water win-
dow spectral range [1] defined by the K-shell absorption edges
of carbon and oxygen (284 and 543 €V, respectively) has been a
topic of intensive research over the recent past [2,3]. The
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driving force is the prospect of high-resolution soft x-ray
microscopy [4,5], soft x-ray astronomy [6,7], new optics for
soft x-ray free-electron lasers [8], or time-resolved attosecond
soft x-ray spectroscopy [9,10]. These multilayer mirrors pro-
vide a unique approach for beam steering, spatial and spectral
shaping, as well as spectral phase control with reasonably low
reflective losses. The most appropriate multilayer material com-
bination in the water window spectral range, above the carbon
K-edge and below the scandium L;-edge, is chromium (Cr)
and scandium (Sc) [2,11].

In this Letter, we show that optimizing this material system
is not only a key to future attosecond experiments in the water
window [12], but also facilitates a promising choice for realizing
new attosecond experiments at around 130-160 eV, the energy
range where attosecond sources with sufficient photon flux
are nowadays already available [13], but multilayer optics are
very limited.

The dominating generation process for single isolated atto-
second pulses is high harmonic generation (HHG) in gases [14]
driven by intense phase-stabilized few-cycle laser pulses [15].
Multilayer mirrors allow for spectral filtering of the broadband
high harmonic spectrum in the extreme ultraviolet (XUV)/soft
x-ray range with a very high precision upon reflection [16,17].
Central energy and bandwidth of the reflected spectrum can be
designed in a flexible manner by the proper choice of layer
materials and the multilayer stack design [18]. Figure 1 shows
a simulation comparison of certain established multilayer
material systems reflecting (attosecond) HHG pulses with a
central energy of 145 ¢V and a full width at half-maximum
(FWHM) bandwidth of 3 eV at an angle of normal incidence
of 5 degrees; parameters were chosen as a trade-off between
spectral and temporal resolution in high-resolution attosecond
experiments.

Please note that throughout this manuscript, reflectivity sim-
ulations and reflectivity fits have been performed using a
Matlab multilayer Fresnel code, which uses tabulated values
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of the atomic scattering factors from Henke and Gullikson
[19]. The simulations show only a weak suppression of un-
wanted low-energy out-of-band radiation in the range of
~120 eV with lanthanum (La)-based multilayer mirrors (La/
Mo, La/B,C); the inevitable and commonly used metal filter
for blocking the near-infrared (NIR) laser radiation [typically a
200-nm-thick palladium (Pd) filter] cannot be used to elimi-
nate the out-of-band radiation due to its transmission proper-
ties. As a result, chirped plateau harmonics are not sufficiently
suppressed by such multilayer reflectors, which is a prerequisite
for filtering isolated single-attosecond pulses from the cut-off
area of the high harmonic spectrum. This suppression of low-
energy out-of-band radiation is essential for attosecond
spectroscopy experiments, e.g., delay measurements [20] or di-
rect observation of electron propagation [21]. Well-established
molybdenum/silicon (Mo/Si) mirrors, which are widely used in
attosecond experiments at photon energies below the silicon
Ls-edge at ~100 eV, suffer from very low reflectivity above
100 eV. Other molybdenum-based multilayer systems like mo-
lybdenum/boron carbide (Mo/B4C), molybdenum/yttrium
(Mo/Y), molybdenum/beryllium (Mo/Be), or molybdenum/
strontium (Mo/Sr), which on the one hand can provide a
higher degree of out-of-band radiation suppression
(Mo/B4C) accompanied with a higher reflectivity (Mo/Y,
Mo/Be, Mo/Sr) [22-25] but on the other hand suffer from
strong spectral modulations around the main reflectivity
Bragg peak by Kiessig fringes and therefore introduce addi-
tional group delay dispersion (GDD), which broadens the pulse
in the time domain. Furthermore, Mo/Sr is not stable and
shows long-term degradation, and beryllium is strongly toxic,
thus limiting experimental adoption. A reflection comparison
in the time domain of multilayer mirrors composed of Cr/Sc
and a high reflective system, here as example Pd/B,C [26], is
shown in the small inset of Fig. 1, which already takes the trans-
mission and the spectral phase of a 200-nm-thick Pd filter into
account. Whereas the pulse reflection of the Cr/Sc mirror is
close to its Fourier limit and exhibits a Gaussian pulse shape,
the Pd/B4C system shows unwanted temporal pulse broaden-
ing due to GDD as well as temporal modulations resulting
from the multilayer reflectivity fringes. The Cr/Sc multilayer
mirror system, however, combines all the advantages required

10— -
—_ La/B4C 2
= 8l —LaMo =
B — Mo/Si =
67 5
3 =
=Nl v
2 2101 2
2l Time [fs]
0

120 130 140 150 160 170
Energy [eV]

Fig. 1. Simulation comparison of certain multilayer material sys-
tems for the reflection of a FWHM bandwidth of 3 eV centered at
145 V. The small inset shows a comparison of the Cr/Sc and
Pd/B4C system in the time domain including the transmission
through a 200-nm-thick palladium (Pd) filter. The black line shows
the Fourier limit (FL) of the Cr/Sc mirror reflection.
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Table 1. Mirror Parameters

System d [nm] %

Cr/Sc 4.371 0.4 0.5 65 1.4 nm nat. ox.
La/B,4C 4.402 0.5 0.8 50 —
La/Mo 4.423 0.5 0.4 56 3 nm B,C
Pd/B4C 4.402 0.6 0.84 44 —
Mol/Si 4.376 0.5 0.5 60 1.5 nm nat. ox.

6 [nm] N Capping

for applications with HHG attosecond pulses: sufficient
throughput due to the optimized reflectivity [27], suppression
of out-of-band radiation components (in case of the lantha-
num-based systems a thicker filter can increase the suppression
in the 120 eV range but reduces the overall throughput as well),
and a nearly (Fourier-limited) Gaussian pulse profile, both in
the spectral and temporal domain. The corresponding mirror
parameters (period thickness d, ratio 7, interface roughness o,
period number N, and capping) applied in the simulations of
Fig. 1, for a bandwidth of 3 ¢V (FWHM) centered at 145 ¢V,
are depicted in Table 1.

The experimental realization of the Cr/Sc attosecond
multilayer mirror was performed by a dual-ion-beam-sput-
tering technique [12] together with tailored interface polishing
[27] for a higher mirror reflectivity.

For a later characterization by attosecond streaking, the mir-
ror was additionally analyzed by two independent measurement
techniques, hard x-ray reflecometry and XUV/soft x-ray
reflectometry. The hard x-ray reflectometry (XRR) measure-
ment, using a molybdenum K, source with a wavelength of
A= 0.071 nm, was performed on a flat witness sample, grown
on assilicon (100) wafer with a native SiO, layer. A comparison
of the measured and simulated XRR data of the Cr/Sc attosec-
ond mirror is shown in Fig. 2.

The fitting procedure of the XRR measurement, including
the native Cr,Oj top layer, reveals only a 0.2% shift of the
aimed period thickness and a Nevot—Croce [28] interface
roughness of ¢ = 0.198 nm since even the 9th Bragg order
is well resolved. The 5th Bragg order is not completely sup-
pressed and points to a period thickness ratio of y = 0.405.
Even though every 10th period (chromium layer) was polished
with krypton (Kr) ions [27], the multilayer still shows a pro-
nounced periodicity as indicated by very sharp Bragg peaks.
The strong periodicity is the prerequisite for a flat spectral phase
upon reflection without additionally introduced GDD.
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Fig. 2. Hard x-ray reflectometry measurement (green dots) and the
fit (solid blue) for the Cr/Sc attosecond mirror.
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Fig. 3. XUV/soft x-ray reflectometry measurement (solid brown),

the corresponding fit (solid blue), and the target design (dotted gray)
together with the simulated phase (dashed red).

We have additionally analyzed the Cr/Sc mirror reflectivity
at near-normal incidence by XUV/soft x-ray reflectometry,
which was performed on a second witness sample. The mea-
sured reflectivity profile, together with its simulation and target
curve, is shown in Fig. 3.

The Cr/Sc attosecond mirror design exhibits a maximum re-
flectivity of 8.36% centered at 145.4 eV and reflects over the
intended bandwidth of ~#3 €V, as depicted by the solid brown
line in Fig. 3. We find a perfect match of the simulation (solid
blue) and the measurement, with only a 0.27% shift of the
measured peak wavelength from the target wavelength (dotted
gray). The XUV/soft x-ray measurement was carried out at the
Physikalisch-Technische Bundesanstalt (PTB) beamline at
BESSY 1II in Berlin.
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As a final application of this Cr/Sc multilayer mirror to atto-
second pulses at 145 ¢V, an attosecond-electron-streaking ex-
periment was performed to characterize the mirrors temporal
attosecond pulse response. High harmonics (HH) have been
generated in a neon (Ne) gas jet (200 mbar, <4 fs, 1.5 m],
f =40 cm), resulting in an HH spectrum with a cut-off
energy ranging up to 150 ¢V, and are then focused by means
of a Cr/Sc multilayer-coated double mirror in a second Ne gas
jet for photo-ionization.

To characterize the attosecond pulses upon reflection from
the Cr/Sc multilayer mirror, we used the well-established XUV/
soft x-ray pump/NIR probe-streaking technique [29]. Here,
both the attosecond soft x-ray pulse and the NIR laser pulse
are focused by a double mirror into neon gas. The soft x-
ray pulse photo-ionizes Ne atoms, which frees photoelectrons
from the 2p shell, which are then momentum-streaked by the
co-propagating temporally synchronized and phase stabilized
NIR laser’s electric field. The inner part of the double mirror
can be moved with respect to the outer part, to introduce a
temporal delay between the soft x-ray pulse, which is reflected
at the mirror core, and the laser pulse, which is reflected at the
outer ring. Changing the delay between the laser and the soft
x-ray attosecond pulse yields a typical streaking spectrogram
[Fig. 4(a)].

FROG/CRAB [30] analysis allows for a complete
reconstruction of both the intensity and the phase of the soft
x-ray attosecond pulse, as well as the vector potential of the
streaking laser field from a recorded spectrogram [Fig. 4(a)].
Figure 4(b) shows the result of the appropriate FROG/
CRAB retrieval as described in [31,32].

Figures 4(c) and 4(d) display the retrieved intensity (solid
blue line) and phase (dotted red line) of the soft x-ray pulse,
once in the spectral (c) and once in the temporal (d) domain.
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Fig. 4. Cr/Sc multilayer mirror for attosecond pulses. (a)—(d) Results of an attosecond streaking experiment for pulse characterization in neon.
(a) Shows the measured electron streaking trace and (b) the retrieved trace performed by FROG/CRAB analyses. (c) The retrieved soft x-ray pulse
(solid blue) and the phase (dotted red) in the spectral domain. (d) Soft x-ray pulse and phase in the temporal domain.
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Shifted by the binding energy of the Ne-2p electrons (21.6 eV),
the soft x-ray pulse shows a central energy of 145.6 ¢V, which is
in good agreement to the target and the previously described
results. With the retrieved spectral bandwidth and phase being
the most prominent sources of uncertainty, the temporal error
can be estimated to be about 20 as. From the retrieved ampli-
tude and phase, we find an attosecond pulse duration of about
580 as in the temporal domain, which is in excellent agreement
with the previous estimations (based solely on the mirror reflec-
tivity plus the assumption of a flat mirror phase). A perfect
Gaussian Fourier-limited pulse with 2.9 ¢V bandwidth has a
duration of 629 as.

In summary, we have developed and applied an optimized
Cr/Sc multilayer mirror for reflecting single isolated attosecond
pulses at a photon energy of 145 ¢V with a pulse duration of
580, which is to the best of our knowledge 27 ¢V higher than
the recent energy limit in tabletop attosecond pump studies
[21]. This experimental achievement now paves the way for
attosecond experiments above 130 eV, the soft x-ray photon
energy range that was not addressed until very recently. The
true benefit of this achievement is in its scaling toward the
preparation of attosecond pulses at even higher photon energies
ranging into the water window spectral range, which will give
access to even deeper bound electronic core states and open up
new possibilities for attosecond experiments on biomolecules in
the foreseen future.
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Abstract

Organophosphonate self-assembled monolayers (SAMPs) fabricated on SiO2 surfaces can in-
fluence 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 de-
posited 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 dielec-
tric 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.

Contribution

To correlate structural order of the pentacene films on the different SAMPs to Raman analysis
and electronic properties, I performed X-ray reflectometry analysis of all discussed systems
and wrote the respective text passage in the manuscript.
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Surface-directed molecular assembly of
pentacene on aromatic organophosphonate
self-assembled monolayers explored by
polarized Raman spectroscopy
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Matthias Sachsenhauser,® Kung-Ching Liao,“ Simon Noever,”

Paolo Postorino,? Jeffrey Schwartz,© Gerhard Abstreiter,? Bert Nickel,”
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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 depos-
ited 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 mod-
ulated by controlling the SAMP-modified dielectric surface, with potentially beneficial effects on the optimization of electron
transfer rates. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: polarized Raman spectroscopy; self-assembled monolayers; pentacene; organophosphonate
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Introduction moieties by Si-O-Si bond formation competes with true monolayer
bonding to the surface, which can result in suboptimal surface
Chemical and morphological structure at the interface between  passivation. In this regard, organophosphonates are preferable to
semiconductor and dielectric in an organic field-effect transistor  siloxanes for modifying inorganic surfaces (e.g., SiO,), thanks to
(OFET) is critical to device performance. Semiconductor-dielectric  their superior monolayer properties>'” Indeed, aromatic
affinity influences crystal nucleation and growth of organics on
the dielectric surface. Growth modes determine both molecular
order (overall morphology, domain structure, and grain bound-
aries) inside crystallites and nanoscale and micro-scale variation in Correspondence to: Anna Cattani-Scholz, Walter Schottky Institut, Technische
ﬂ:—conjugated overlap among crystallites in the bulk semiconductor. Universitcit Miinchen, Am Coulombwall 4, 85748 Germany. E-mail: cattani@wsi.
In particular, surfaces functionalized with self-assembled mono- tum.de;llariaZardg, Deparrmenrgfﬁh){sics, Universi_tyofBase/, Klingelbergstrasse
. . . . . . 82, 4056 Basel, Switzerland. E-mail: ilaria.zardo@unibas.ch
layers (SAMPs) might provide nucleation sites for organic semicon-
ductor crystallization, influencing growth size, dendritic structure, Walter Schottky Institut, Technische Universitdt Miinchen, Am Coulombwall 4,
ordering, and homogeneity of crystalline domains.” Moreover, 85748, Miinchen, Germany
highly ordered and uniform monolayers can electrically passivate
the dielectric and neutralize the large number of charge traps ordi-
narily found on exposed surfaces typically arising from dangling
bonds or stoichiometric defects. This effect is particularly important,
for example, in low-voltage organic transistors, which operate at
supply voltages <2V and require consistently thin dielectrics.?
Organic coatings can be grown on semiconductor oxides using
various anchoring groups, among which siloxanes are common. Department of Physics, University of Basel, Klingelbergstrasse 82, 4056, Basel,
In silanization, however, preferential cross-linking of the organic Switzerland
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organophosphonate monolayers (SAMPs) find applications in
functionalizing surfaces because of their high stability and excellent
passivating properties. High-quality organophosphonate mono-
layers have shown excellent dielectric and interfacial properties in
high-performance OFETs!'"! 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 transis-
tors (TFT).'? However, because reports are typically based on OFET
device characterization, it is often difficult to understand the de-
pendence of the device performance on fabrication conditions
and technologies.

To further elucidate the effect of the SAMPs-based surface
functionalization on semiconductor growth and device 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 semi-
conductor film growth studies given that it is known to be dielectric-
dependent,”*'¥ and that film thickness can be easily controlled via
vacuum deposition. The symmetry group of pentacene is D5y, with
51 Raman active modes: 18A4 +7B;4+ 11B54 + 15B35; modes with
A4 symmetry are strongly enhanced when excited in the electronic
absorption region, as is of interest here. Of particular interest is the
C-H in-plane bending modes (1140-1190 cm™ ") and the C-C
aromatic stretching modes (1330-1390 cn ). A representative
Raman spectrum collected from pentacene deposited on base
SiO, is presented in Fig. S3 (Supporting Information).

Using pentacene growth on untreated SiO, as a reference, we in-
vestigate the effects of surface functionalization with several
SAMPs:  benzylphosphonic  acid (1),  9,70-diphenyl-2,6-
diphosphonoanthracene ), and 9,10-dinaphthyl-2,6-
diphosphonoanthracene (3). The SAMP of 1 is hydrophobic and
hydrocarbon-terminated, and the others (from 2 and 3) are termi-
nated with somewhat hydrophilic phosphonic acid groups (Fig. 1);

©
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Figure 1. Schematic illustration of the deposition of pentacene on plain
(untreated) silicon oxide and on self-assembled monolayers of
benzylphosphonic acid (1), 9,10-diphenyl-2,6-diphosphonoanthracene (2),
and 9,10-dinaphthyl-2,6-diphosphonoanthracene (3).

the difference in monolayer distal end structure, as well as SAMP
footprint dimensions,'? 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!'?

Experimental

9,10-Diphenyl-2,6-diphosphonoanthracene (1) and  9,10-
dinaphthyl-2,6-diphosphonoanthracene (2) were synthesized as
previously reported4 Benzylphosphonic acid (3) (97%) was
purchased from Sigma-Aldrich. Common reagents and organic
solvents were purchased from Sigma-Aldrich and were used with-
out 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 9x 9 mm? pieces. Contact angle mea-
surements 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 L
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 10-130N/m in air) were used
for all measurements.

Self-assembled monolayers of phosphonates: Silicon oxide-
coated Si electrode surfaces were cleaned with acetone under
sonication for 10 min followed by rinsing successively with isopro-
pyl alcohol and water. The samples were further washed with a
solution of water/H,O, 30%/NH4OH 5:1:1 at 80°C for 10 min
followed by washing with sonication in water for 10 min, cleaned
under an oxygen plasma (200W, 5min), and then used immedi-
ately for preparing the SAMPs shown in Fig. 1. Following previously
reported procedures,m 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 tetrahydro-
furan; the solvent was allowed to evaporate slowly so that the
meniscus traversed the surface of the substrate, thereby transfer-
ring 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 18-20h to convert the hydrogen bonded phosphonic acid
monolayer to the covalently bonded SAMP. Hydrogen bonding
among phosphonate head groups can give rise to surface multi-
layers. For this reason, all samples were carefully sonicated twice
in methanol for 10 min, then with sonication in a solution of
water/tetrahydrofuran/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/SiO2 substrate. Any resid-
ual multilayers were removed by washing in methanol with sonica-
tion and then gently wiping. AFM analysis probed the homogeneity
of the monolayers formed: spots of greater thickness could be ob-
served locally and may be assigned to residual multilayers. Surface
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roughness of samples was measured for a scan area 5um x5 um
and compared with that of the bare substrate. The root mean
square values of roughness were found to be between 0.21 nm
and 0.34nm, 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 6=73°, ©=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 at
the C1s 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 100nm 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 1x 10”7 mbar. All the samples were
prepared under identical deposition conditions in the same chamber.

Raman spectroscopy: Polarization-dependent Raman spectros-
copy was performed in backscattering configuration. The
676.4nm 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 in-
cident light was 300 uW (equivalent to ~49 kW/cm?), with fluctua-
tion below 1%. This power has no detrimental effect on the
molecule monolayers and is well below the threshold where ther-
mal effects are observed. The scattered light was collected by an
XY Raman Dilor triple spectrometer with a multichannel charge-
coupled device 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 100 x 100 pmz; excitation polariza-
tion was rotated through a A/2 plate. A linear polarizer was used to
analyze the polarization of the scattered light e,. Because the
efficiency of the spectrometer depends on the polarization of the
incoming light, a 1/2 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 TFT highly p-doped silicon
substrate with 300 nm thermally grown SiO, was used as gate con-
tact 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 water. Two of the cleaned substrates were
functionalized with SAMPs of 2 following the procedure mentioned
previously, whereas two other substrates were not functionalized
but served as reference with bare SiO, surface. Ninety nanometers
of pentacene were grown via molecular beam deposition onto the
SAMP treated and untreated substrates simultaneously. As source
and drain contact, 2 nm titanium and 50 nm gold were evaporated
on top of the pentacene film via electron beam evaporation. The
dimensions of the transistor channel with a length of 50 pm and a
width of 4mm were defined using shadow masks. The transistor
devices were then electrically contacted with a point probe station,
and device characteristics were measured under ambient condi-
tions using a Keithley Instruments Source Meter 2612.

Results and discussion

A convenient route for the modification of several silicon-based
devices has been established in our group.®® Here, SAMPs are

used to modulate the surface properties of the silicon oxide di-
electric in an effort to improve crystallite ordering of pentacene
overgrowth. For the four differently functionalized surfaces, we
keep the growth conditions for pentacene deposition identical
that allowed us to obtain crystalline films as shown by X-ray re-
flectivity measurements reported in Fig. S1 (Supporting Informa-
tion). 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.
AFM images and the integrated Raman intensities of the C-C
ring stretching mode at~1374cm™' for pentacene were com-
pared (Fig. 2) with the four surface treatments investigated. We
notice that the Raman signal observed was coming just from
the pentacene, because Raman measurements carried out on
SAMPs 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 1x 1 um? initial pentacene aggregation is
almost entirely two-dimensional. According to diffusion-limited ag-
gregation theory, SiO, apparently provides few nucleation centers:
Pentacene molecules can diffuse over a large area before encoun-
tering a seed; three-dimensional growth then takes place and
terrace-shaped grains are formed. In contrast, substrates functional-
ized with SAMPs of 2 or 3 show smaller, submicron grains about
0.2 x 0.2 pm?, 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 because of the lateral phenyl and
napthyl groups of 2 and 3, respectively. This idea has been recently
proposed!'? where the comparison between theoretical and mea-
sured footprints and theoretical calculation suggests an increased
intermolecular interaction within the SAMP because of superposi-
tion of the lateral groups. Moreover, the presence of the hydrophilic
phosphonic acid groups at the distal ends of SAMPs of 2 and 3 may
further favor pentacene nucleation, because increased hydrophilic-
ity reduces the diffusion length of pentacene. In confirmation,
pentacene grown on the SAMP of 1, a rather small molecule
compared with 2 and 3 with no lateral groups and no hydrophilic
phosphonic acid groups at the distal end, 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 organic thin-film transistor devices are
determined by charge traps in the channel region, most of which
are located not at the grain boundaries of the organic semiconduc-
tor, but instead at the organic/insulating-layer interface.l'®'”! This
argument may explain why in some cases organic thin-film transis-
tors with smaller grain sizes show higher mobilities than counter-
parts with larger grain sizes: It is the structural order and
molecular orientation within the active channel at the
semiconductor-dielectric interface that is a key." In order to
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Figure 2. Integrated intensities of the short axis mode (black spheres) extracted from a spatially resolved Raman spectroscopy scan along 10 um together
with a 5x 5 pm* atomic force microscopy 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 atomic force microscopy 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).

confirm this hypothesis, we carried out detailed studies on the ef-
fects of dielectric modification with SAMPs of 2 on the trap states
of pentacene and its electrical properties. Interestingly, the trans-
port characteristics of pentacene TFT based on inferior, commercial
Si/SiO, substrate can be drastically improved via functionalization
of the substrate, as shown in Fig. 3 and Fig S2 (Supporting Informa-
tion). All the devices built on the untreated SiO, substrate do not
show a well-behaved transistor characteristic because the transistor
current lsp between source and drain cannot be properly sup-
pressed by the applied gate voltage Vgs. This situation drastically
changes because of functionalization of the SiO, dielectric with
SAMP of 2. Through this, the so-called threshold voltage of the
transistor is shifted towards zero gate voltage and the transfer
characteristics exhibit a well-defined on-off-behavior. These results

Pentacene on plain Si02 and on SAMPs of 2

-
[=]
-

i
2

-
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Figure 3. Comparison of transfer characteristics for devices based on a
pentacene film deposited on plain SiO, and deposited on SAMPs of 2. 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.

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'>'% we
have further investigated by Raman spectroscopy whether crystal-
lization of pentacene on all SAMP functionalized substrates can
influence growth size, dendritic structure, ordering, and homoge-
neity 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 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 SAMPs simply converts the two-
dimensional surface of the oxide into a three-dimensional lattice.
This three-dimensional lattice acts as a template and induces
pentacene nucleation with predominant direction and growth of
crystalline domains of pentacene with lower grain boundary angles
and thus higher interconnectivity. In order to access this hypothe-
sis, we carried out a detailed study of the preferential grain orienta-
tion for pentacene grown on bare silicon oxide and for pentacene
deposited on the different SAMPs. This information can be gath-
ered via polarized Raman spectroscopy.?' > Different scattering
intensities can be observed for pentacene depending on the geom-
etry of the Raman tensor, and the scattering geometry because the
Raman intensity can be described as a function of the crystal orien-
tation, the scattering geometry, that is, excitation and scattered
polarizations, respectively. Indeed, the Raman tensor varies for
different point group symmetries and their irreducible representa-
tions that define the crystalline structure. The short axis C-C
aromatic stretching mode at 1374cm ™" can be used to probe the
orientation of pentacene molecules and to determine the degree
of their local molecular order.”" The mode at 1374cm ™' is a C-C
ring stretch modes with the carbon atoms predominantly vibrating
along the short axis. This mode can be used to probe the in-plane
orientations of the short-axis of the pentacene backbones in the
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films, because a maximum Raman scattering intensity will be
observed when the laser polarization aligns parallel to the short
axis. Because this mode has Ag 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) should show zero intensity. Significant
measurements on pentacene deposited on untreated SiO, and on
the different SAMPs are displayed in Fig. 4. 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. 4 (a) and (d)) are well
described by the Raman tensor of the A mode with triclinic symme-
try C;, as discussed in the Supporting Information. In contrast, the
polar plots obtained from pentacene deposited on SAMPs of 1
and 2 (Fig. 4 (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 local molecular order in deposited pentacene

films, polarization-dependent Raman measurements were
conducted at different positions on the pentacene deposited on
the untreated SiO, control (Fig. S4, Supporting Information) and
on pentacene deposited on SAMPs from 2 (Fig. S5, Supporting In-
formation). It is worth noting that the absolute values of maximum
intensities from pentacene deposited on SAMPs of 2 measured at
various positions were similar, 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 indi-
cate that the dielectric surface functionalization induces a different
crystallite organization for pentacene grown on SAMPs of 2 com-
pared with pentacene grown on the plain SiO,. In particular, analy-
sis 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. The anisotropy gives
an indication of the degree of molecular order of the system, with
0= (Imax-Imin)/lmax. @nd a=1 for purely ordered phases and a=0
for purely disordered phases. 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
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Figure 4. Raman intensities of the short axis mode of pentacene deposited on a reference of plain SiO, (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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Figure 5. 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. (c) Spectra collected in parallel configuration on SAMPs of 1 (black open diamonds), SAMPs of 2 (red open stars), and SAMPs
of 3 (blue open triangles) in the spectra range of the C-C stretching modes between 1310 and 1380 cm

aligned in the same direction, that is, 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 with 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 with 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
(~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 surpris-
ing 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 better interconnectivity of pentacene domains
on SAMPs, as suggested previously.

A thorough Raman study of pentacene modes can provide in-
formation not only on molecular microstructure in the deposited
organic semiconductor films but also on intermolecular interac-
tions. 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 oc-
cur at 1158cm™" and 1178cm™, respectively, both with Ag
symmetry. The two differently oriented pentacene molecules
per unit cell lead to splitting of these intramolecular modes into
a doublet, called Davydov splitting ©.**' The Davydov splitting
can be resolved using polarizations of incident and scattered
light either parallel (PC) or perpendicular (CC) to each other. In-
deed, ® becomes more significant when the coupling between
vibrations is increased and is expected to vary inversely propor-
tional 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 excitation with a red line. For this reason, investigation fo-
cused on this mode to gain information on possible differences
in Davydov splitting and on relative intensities for differently
functionalized substrates. Typical spectra collected from penta-
cene deposited on SiO, and on SAMPs from 2 are shown in
Fig. 5. Davydov splitting for pentacene deposited on the SiO,
control could not be clearly observed. Increases of the peak at

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

Aw (cm™") Ig PC (arb. u)) ©7 (meV) FWHM 1351 (cm ) FWHM 1371 (cm )
Si0, 187426 72+13
SAMPs of 1 45+09 59+17 126+13 11306 75402
SAMPs of 2 29+0.1 13+04 10.1+02 132+1.1 72402
SAMPs of 3 53409 64+20 137412 11.8+0.7 7.6+02

deviation.
SAMPs, self-assembled monolayers; FWHM, full width at half maximum.

The values are given by the average over the result of the analysis of several spectra collected at different positions. The errors are given by the standard
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about 1161 cm™" measured in CC mode, that is, a Davydov dou-

blet, could be resolved on all other samples with SAMP treated
substrates; the lower Raman shift peak remains dominant be-
cause of excitation in resonance. The influence of different SAMP
structures is reported in Table 1, which shows an effect on
Davydov splitting in terms of ® as well as on the relative inten-
sity, Ir=1(1156)/1(1161), of the two modes. The vibrational cou-
pling energy @i = v2woAw, with w, the wavenumber of the
mode at the higher wavenumber,*® could be estimated. These
results clearly indicate that Davydov splitting and, hence, inter-
molecular interactions are maximized for pentacene deposited
on SAMPs from 3 and 1, suggesting a positive effect of the
dielectric functionalization on pentacene intermolecular organiza-
tion. 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 well as
the modifications in the surrounding medium because of polar-
ization effects. It has been shown that efficient transport takes
place in OFET devices when Aeorg is smalll**! The relaxation
energy decreases with increasing degree of intermolecular order
and is, therefore, related to the 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 1600cm ™" provide the larger contribution to the relaxation
energies associated with hole-vibrational and electron-vibrational
couplings in pentacene* Among them, the C-C stretching
modes between 1310 and 1380cm ™' account for 70% of the
total Areorg for pentacene molecules®: spectra in this range
are reported in Fig. 5(c) and the FWHM values for the modes
at 135Tcm™ " and 1371cm ™" are reported in Table 1. The FWHM
of the mode at 1371 cm ™' is constant within experimental error,
while the FWHM of the mode at 1351cm™' 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 elec-
tron 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 mo-
lecular microstructure and intermolecular interactions in the de-
posited 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 TFT 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 neighbor-
ing crystallites are oriented in the same direction. This may con-
firm 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 tem-
plate and induces pentacene nucleation with predominant
direction'  Analysis of morphologies and estimations of
relaxation energies support this conclusion, showing the forma-
tion of low-angle grain boundaries with tight contact and high
homogeneity for pentacene films grown on the SAMPs. Intermo-
lecular interactions estimated by analyzing Davydov splitting in
the Raman spectra are maximized for pentacene deposited on
SAMPs of 3 and 1, supporting our hypothesis that dielectric
modification can strongly affect pentacene nucleation and can
induce growth of crystalline domains with favorable interconnec-
tivity. Our results show the significance of both interface modifi-
cation and morphology control for the optimization of
pentacene thin films.
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GIXS measurement of pentacene-Cg heterojunction:

GIXS measurement of the pentacene-Cg bilayer with full indexing of all diffraction features.
The measurement confirms the standing up pentacene thin film phase and [111] fcc growth of

fullerene Cgo. A sketch of the measurements geometry is depicted below.
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Calculated hcp features of Cgy:
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e FTR [ » 3

Bragg condition not fulfilled

GIXS measurement of the pentacene-Cg bilayer. The indices show the calculated positions

for hep stacking of fullerene Cg. Clearly the measured features cannot account for such a

crystal structure.
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Off-specular x-ray measurement:
The off-specular diffraction pattern of a pentacene-Cg bilayer emphasizes the good
crystallinity of both semiconductors (notice the scales of the in-plane and the out-of-plane

components of the momentum vector q).
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Experimental

Sample preparation: For all experiments, the pentacene (Sigma Aldrich triple sublimed,
additionally purified by Creaphys) thin films were deposited at a rate of ~ 0.1 As™* under equal
conditions. Sample temperatures were held at room temperature, while the chamber pressure was
kept below 1-107 mbar. The Si/SiO2 substrates were cleaned via sonicating in acetone and
isopropanol for 10 minutes, respectively. After thorough rinsing with DI water, the substrates were

plasma cleaned using oxygen plasma (50 W for 30 s, LabAsh).

The PVA layers were produced using the following protocol: first a 5 % PVA (Fluka Polyvinyl
alcohol 6-98) solution in DI water was prepared via stirring at 800 rpm at 75 °C for 3 hours.
Afterwards, the solution was filtered using a standard folded paper filter, and spincast onto the
substrates (here, oxidized, highly doped Si wafers) for 60 seconds at 4000 rpm, leading to layer
thicknesses of ~ 200 nm. The brass sheet in Fig. 2 was cleaned with acetone and isopropanol prior

to lamination with the pentacene film.

The gold structures for the SNOM samples (cf. SI) were defined via positive photolithography.
First the sample surfaces were coated by LOR 3B (MicroChem) at 4000 rpm and soft baked for 3
minutes at 150 °C. A layer of S1813 G2 (Microposit) was spincast at 5000 rpm followed by a 3
minute soft bake at 115 °C. This photoresist was illuminated by a Karl Suss Maskaligner MJB3
and developed with Microposit 351 Developer, diluted with DI water 1:3. The structures (3 nm
Cr, followed by 50 nm Au) were deposited via electron beam deposition at ~ 1 As™. For the lift

off, Microposit 1165 remover was used, followed by rinsing in acetone and IPA.
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Characterization: GIXD measurements were taken at the P08 beamline at PETRA 11 / DESY in
Hamburg using an X-ray energy of 18 keV. The diffraction signal was recorded using a Perkin

Elmer XRD 1621 detector. An oxidized Si wafer with a 300 nm SiOz2 layer served as substrate.

For the UV-VIS measurements, 50 nm pentacene films were deposited on fused silica, i.e.
transparent glass substrates. The absorbance spectra were recorded using a PerkinElmer Lambda
EZ201 spectrometer in wavelength scan mode. Each measurement was corrected by a baseline

recorded with cleaned and bare silica substrates.

Vibrational spectroscopy data were recorded using a Nicolet Nexus FTIR equipped with a
ThermoFisher SAGA grazing incidence accessory. A 23 nm pentacene layer was deposited onto a
100 nm Au film. Before each FTIR measurement, the atmosphere was allowed to stabilize for 10
minutes, and no nitrogen or dry air purge was used. Background spectra were recorded from a

clean Au film and used for the automatic baseline correction of the Omnic v6.2 software.

The AFM micrographs were measured in tapping mode with a Veeco Dimension 3100 AFM and

analyzed using Gwyddion 2.40. The SEM images were taken at a Zeiss-LEO 982.

Helium ion microscopy was conducted with a Carl Zeiss Orion Plus instrument employing
secondary electrons collected by an Everhart-Thornley detector. For this image, the film was
grown on a 300 nm Au/mica substrate, crosslinked via a high dose flood gun (electron energy: 300

eV, dose: 250 mC/cm?) and transferred onto an oxidized Si wafer.

Transistor characteristics were recorded via a Keithley Instruments Source Meter 2612. The
transfer curves in Fig. 4 were measured under high vacuum. The transistor had a channel width of

2 mm and a channel length of 50 pm. The contact resistance measurements were taken under
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ambient conditions. The transistor layouts for the contact resistance measurements were
Generation 4 test wafers, purchased from the Fraunhofer IPMS, which were cleaned using the
same protocol as all Si/SiOz substrates. The gate-dielectric substrate consisted of n-doped Si (n ~
3E17 cm®) topped by a 230 nm thick SiO2 thermal oxide layer. 30 nm Au on a high work function
ITO (indium tin oxide) adhesion layer served as source and drain contacts. The pentacene
nanosheets were transferred to the test pads as described in Fig. 1 and stored in a desiccator to

remove residual water.

Table T1: Specifications of crosslinked samples from main manuscript

Sample electron energy | Emission current | irradiation time | approx. dose
GIXS sample 1 300 eV 5mA 1200 seconds 3.0 mC/cm?
GIXS sample 2 800 eV 5 mA 1200 seconds 3.0 mC/cm?
TFT sample 1 350 eV 5mA 600 seconds 1.5 mC/cm?
TFT sample 2 700 eV 5mA 1800 seconds 4.5 mC/cm?
Spectroscopy 500 eV 2 mA 1200 seconds 3.0 mC/cm?
sample 1

Spectroscopy 1000 eV 2 mA 1200 seconds 10.3 mC/cm?
sample 2

All other samples | 500 eV 5mA 1200 seconds 3.0 mC/cm?

4
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a) b) c)
pristine pentacene irradiated surface transferred nanosheet

Figure S1: AFM micrographs of pristine, irradiated and transferred pentacene surface. a)
The AFM height micrograph shows typical pyramidal growth mode of pentacene. b) After
irradiation by a low energy electron (LEE) beam, AFM image indicates unchanged pentacene
topography. c) After transfer to a new substrate, AFM image shows slightly disturbed topography
from the transfer and drying, but otherwise unchanged characteristics. The z-scale for all AFM

micrographs is 50 nm, the film thickness is 50 nm in all cases.
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Figure S2: GIXD measurements Scheme of the grazing angle dependent penetration depth of the
evanescent wave into pristine and crosslinked surfaces. The angle of incidence a; controls the
probe depth of the X-ray beam. Here, different angles below the critical angle for total reflection
a. are shown. With decreasing angle, the probe depth is more and more confined to the surface

region.

The fitted total intensities of the scattered beam are calculated by the product of transmission
functions and the structure factor as follows:

1= |T2|s_,|T7|

The transmission functions calculate to:

2 sin ai,f

T;,

sina; p + /sin? a; ; — sin? a,

while the structure factor is given by the following term:

a .
|eT _ e—lNQza

S—P = |1_e—ina|2

with p dead layers on top of the sample surface. N is the number of molecular layers within the
film thickness (here, N = 33), A is the scattering depth of the evanescent wave, and a = 15.4A
is the lattice spacing in z-direction. Q, = g, — 0.1909 A~ is the momentum transfer parallel to
the sample surface normal of the examined peak, corrected by the tilt of the unit cell with respect

to said surface. This tilt was extracted from the detector image position of the first truncation rod

peak, which is positioned at the sample horizon for upright crystal structures. The momentum
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transfer can be calculated to:

q, = k7 —kf = 27” [\/sin? a; — 25 —2iB + +/sin2 a; — 28 —2iB], with 26 = sin? a,, and 2i =
i%, where p = 5.8-10A is the absorption factor (data taken from henke.lbl.gov). The

scattering depth of the evanescent wave calculates to:

A . V2 . -
A= Py with [; » = 7\/(26 — sin? aj¢) + +/(sin2 o — 28)2 + (28)2.

a. = 0.0915¢° is the critical angle for pentacene (measured via X-ray reflection. q; is the angle of
incidence. The diffraction angle a; = 1.149° was extracted from the detector data. The wavelength
was set to A = 0.68884 , i.e. a photon energy Epn = 18keV , for all experiments. For the whole
fit, surface roughness and grain topography as well as exponential decay of electron beam inside
the film are neglected. The fit parameters were the number of dead layers p and a scaling factor

to normalize the intensities.
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Figure S3: Crystallinity of transferred pentacene. In-house specular X-ray reflectometry
measurement of crystalline pentacene after film transfer to an SiO2 substrate with Au transistor
structures. The dominant pentacene polymorph is thin film phase (tfp). The small bulk phase (bp)
features are probably due to long storage. The overall small intensity of the Bragg features is due
to the low signal to noise ratio (in-house compared to synchrotron) and the small flake size of ~ 2

mm.
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Figure S4: Output characteristics of transferred and deposited FETs for contact resistance
evaluation. The source-drain sweeps were measured at room temperature under ambient
conditions. From them, the necessary data is extracted to calculate the channel resistances,

discussed in the main text.
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B.3 SUPPORTING INFORMATION FOR "SUB-MONOLAYER PER-
COLATION OF PENTACENE ON ROUGH PARYLENE-C DI-
ELECTRICS"
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Figure S1. Height-height-correlation-function (HHCF) analysis of AFM micrographs of
different sizes. a) 5x5 pum micrograph and the respective HHCF (black) with Gaussian fit
(red). From the fit, the correlation length is 169 nm and the rms 6.0 nm. b) 3x3 um
micrograph and the respective HHCF (black) with Gaussian fit (red). From the fit, the
correlation length is 167 nm and the rms 7.2 nm. ¢) 0.3x0.3 um micrograph and the
respective HHCF (black) with Gaussian fit (red). From the fit, the correlation length is 53
nm and the rms 3.7 nm. The significant drop in rms roughness and correlation length
with decreased scan size implies that one would need to measure at even smaller
length scales, i.e. beyond the resolution limit of our AFM, to evaluate the surface with

respect to molecular ordering. The height scale for all micrographs is 50 nm.
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Figure S2. Height profiles of Au electrode edges on parylene-C surface. a) AFM
micrograph (length: 30 um, scale: 80 nm) of the pure gold electrode grown on parylene-
C and a profile cut from left to right. The 30 nm Au electrode edge is clearly visible in
the profile. b) AFM micrograph (length: 30 pm, scale: 170 nm) of the Au electrode edge
topped with a 50 nm layer of pentacene and a profile cut from left to right. The 30 nm Au

electrode can be discerned in the profile, while it is difficult to see it beneath the
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pentacene layer in the topography image due to plane correction. Only the change in
pentacene growth indicates the subjacent electrode. The white lines in the AFM

micrographs indicate the profile positions.
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The amphifunctional model

Charges and potentials at the organic semiconductor-electrolyte interface are responsible for the
pH and ion sensitivity of solution-gated organic field-effect transistors (SGOFETSs). The site-
binding model is employed to describe the surface charge due to ionizable surface groups.! In
this model, surface atoms, represented by A, and water molecules in the solution form
amphoteric surface groups AH, which can either release or take up a proton, depending on the

pH of the solution. The dissociation constant K, is given by

[A7]- [H+]surf

Ka=—m '

where [A7] and [AH] are the concentrations of the deprotonated and deprotonated surface sites,
respectively. The number of deprotonated surface groups depends on the pK, of the

corresponding moieties and on the local pH at the interface via
Ny = Ng/(1 + 10PKa+log (H lsurp)y |

yielding a charge due to protonated species of g,- = —eN,- where e is the elementary charge.

Ny is the total number of ionizable surface sites. [H*],, s is the proton activity at the surface,

which is related to proton activity in the bulk of the solution [H*],,,; via a Boltzmann factor,

ey
[H+]surf = [H* 1puik * exp (_ kB—;) ,

with ¢, being the surface potential, kp being the Boltzmann constant and T the temperature.
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A second charging mechanism of the organic surface is the specific adsorption of hydroxide
ions.2 The resulting charge 0,4, is described by the Freundlich isotherm on a heterogeneous

hydrophobic surface:3

— kgT/Q*
[OH ]surf) 57/Q

O'ads = —€N0< [OH_]O

Q* is a decay constant, and the maximum hydrogen concentration [OH "], in an aqueous solution
is about 1mol/L. Furthermore, the electric charge in the organic semiconductor g, is taken
into account,* which is controlled by the gate voltage U; and related to the double layer

capacitance Cyand the surface potential via

Oetec = Catl(Ug — ®0) -

Altogether, charge neutrality between o, the surface charge og,f = 0445 + 04~ and the

charge in the diffuse layer o, has to be ensured:
Oclec + Osurg + Ogiff =0

By solving the equations given above for the surface potential ¢, the response of the transistor

to changes in the pH or ion concentration in the electrolyte can be simulated.

Optical characterization by UV-Vis spectroscopy of DH6T thin films

The absorption spectra of DH6T thin films deposited at different substrate temperatures Tsu, are
shown in Figure Sla. From all spectra, a baseline was subtracted to normalize them to the
absorption at the absorption edge. The peak intensity of the peaks at 3.3 eV and 4.3 eV is defined
as the difference in intensity between the dip at 3.6 eV and the respective peak. In Figure S1b,
both average peak intensities are plotted as a function of the substrate temperature. The

interpretation of the influence of Tsu, can be found in the main text.
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Figure S1: Optical characterization by UV-Vis spectroscopy of 30 nm thick DH6T films deposited
at different substrate temperatures. (a) Absorption spectra. (b) Average intensity of the peaks at

3.3 eV (black symbols) and 4.3 eV (red symbols) as a function of Tsup.

Electrochemical impedance spectroscopy

Figure S2 displays electrochemical impedance spectroscopy data of a SGOFET, showing the
magnitude of the impedance and its phase as a function of the frequency of the applied AC
voltage in a Bode plot. During the measurement, a DC voltage of -0.4 V vs. the Ag/AgCl reference
electrode was applied; this potential is larger than the threshold voltage, and thus sufficient to
induce the hole conductive channel at the semiconductor’s surface. Between 0.1 Hz and 100 Hz,
the phase is close to -90°, which indicates a mostly capacitive behavior of the semiconductor-

electrolyte interface in this frequency range.
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Figure S2: Electrochemical impedance spectroscopy data of a SGOFET visualized in a Bode plot,

showing the magnitude of the impedance (black symbols) and its phase (red symbols).
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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 LaBr3 scintillation detector (FMB Oxford) in 6/20 geometry and was
corrected for footprint effects. The Bragg equation q, = (4m/A)sin(0) was used to convert the scattering angle
(20) into momentum transfer q,. Reflectometry measurements are shown in Fig. S1.
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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 (O0L) direction. (b) Close-up of the (001) peak. The intensity is
highest for pentacene grown on plain SiO,.

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 ISD 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-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. S2¢). 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

1
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associated with the SAMP coverage. Corresponding to the trap-and-release model, the density of shallow
trap states, that can be thermally released, also determines the mobility of charge carriers in organic
semiconductors.’ Thus, the increased hysteresis due to shallow traps is in line with a reduced charge carrier
mobility of 1.7 x 10° cm®V™'s™ for samples based on SAMP treated dielectric compared to 3 x 107 cm®V's”
! 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.? 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.

a Pentacene on plain SiO, b Pentacene on SAMPs of 2
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Fig. S2 Transfer characteristics for devices based on a pentacene film deposited on plain SiO, (a) and deposited on SAMPs of 2
(b). Comparison of transfer characteristics for both types of devices, i.e. on plain SiO, 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.

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.

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
2

120



B.5. SUPPORT: MOLECULAR ASSEMBLY OF PENTACENE ON AROMATIC SAMS 121

example, a representative Raman spectrum3 collected from pentacene deposited on SiO; is shown on Fig.
S3. A multi-Lorentzian fitting analysis was done to extract the integrated intensity of the short axis mode
centered at ca. 1376 cm™'. 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 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.

Average height (nm) Max. height (nm) RMS roughness (nm)
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.
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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
indication of the degree of molecular order of the system, with & = (Imax—Imin)/Imax, and & = 1 for purely
ordered phases and a = 0 for purely disordered phases. Raman intensities /s 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 &s, respectively (Equation 1).

3

121



122 APPENDIX B. SUPPORTING INFORMATION

Isoc|ei- R - & (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, C1. In this case, R has the form as shown in Equation 2.

a d e
n- <d b f) @
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 A, mode of the
form shown in Equation 3.

a 0 O
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 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
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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
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