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We don’t have enough lives to base all our decisions on the
statistically expected outcome.

— Unknown

In loving memory of my grandma





A B S T R A C T

Fabricating organic Field Effect Transistor (FET)s can be achieved
easily and cost effectively by depositing thin films of the organic semi-
conductor on top of a silicon wafer with a suitably thick oxide layer
(about 100nm to 200nm). In order to achieve high charge carrier
mobilities in organic semiconductor materials, the molecular order in
the device plays a crucial role, with higher order typically leading to
higher mobilities and thus better performance of the device. How-
ever, most organic semiconductor materials dewet on silicon wafers
with such thick oxide layers, and dewetting can limit the possibility
of crystallizing thin film organic semiconductors. This undesired phe-
nomena importantly affects the mobility in these systems, as the for-
mation of individual droplets due to dewetting often introduces grain
boundaries between crystals, thus severely limiting large scale order
and charge carrier transport. In this study, we used an oligothiophene
called 5TBT. It is based on 5 monomer units each consisting of two
thiophene rings surrounding a benzene ring. We present a method to
crystallize structures with a unique orientation up to the mm scale,
despite the fact that films of this molecule dewet into pancake struc-
tures on silicon wafers with thick oxide layers when molten. One im-
portant advantage of this method is that it can be easily extended to
other molecules besides the oligothiophene studied here, as the pre-
requisites are based on strong anisotropy in the growth speed of the
crystalline faces. We expect other organic molecules with anisotropic
crystal growth (e. g. molecules exhibiting π-stacking) to be suitable
candidates for this method. We present the first realization of FETs
with 5TBT based on this method. The extracted hole mobilities are
two orders of magnitude higher compared to non-crystallized films.

Additionally, we observed a very thin film of molecules connecting
the pancake structures after dewetting. This film seems to be ordered,
as the hole mobility measured in a FET configuration exceeds the mo-
bility obtained from an amorphous film by and order of magnitude.
The formation of this film can be suppressed by illuminating the sam-
ple with a light source (e. g. a microscope), and seems to play a
crucial role in crystal growth, as crystal growth stops without such a
layer.
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Compared to their inorganic counterparts, most organic FETs react
sensitively to the presence of adsorbates, depending strongly on their
physical and chemical interactions. This effect is commonly used in
sensor systems to detect the presence of target molecules in gases
or liquids, called chemical noses and tongues, respectively. As the
FETs designed in this study are stable in air for more then a month,
we tested them as chemical noses for acetone and 2,4-Dinitrotoluene
(DNT). The FETs show a strong sensitivity with respect to acetone,
surpassing the sensitivity of Poly(3-hexylthiophene-2,5-diyl) (P3HT).
5TBT is insensitive towards DNT, which is surprising, as 5TBTs fluo-
rescence is strongly quenched by DNT in solution.
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Z U S A M M E N FA S S U N G

Organische Feldeffekt-Transistoren (FETs) können einfach und kos-
tengünstig hergestellt werden, indem man dünne Filme eines orga-
nischen Halbleitermaterials auf die Oberfläche eines Siliziumswafers
mit geeigneter Oxidschichtdicke (etwa 100nm bis 200nm) aufbringt.

Bei der Aufgabe, hohe Ladungsträgermobilitäten in organischen
Halbleitermaterialien zu erreichen, spielt die Ordnung der Molekü-
le eine entscheidende Rolle, wobei eine Erhöhung der Ordnung typi-
scherweise zu höheren Mobilitäten und damit besserer Effizienz eines
Endgerätes führt.

Allerdings entnetzen die meisten organische Halbleitermaterialien
auf Siliziumwafern mit solch dicken Oxidschichten, und die Entnet-
zung kann die Möglichkeiten der Kristallisation eines Dünnschicht-
halbleiters drastisch einschränken. Dieses unerwünschte Phänomen
beeinflusst die Mobilität in solchen Systemen, da die einzelnen Tröpf-
chen, die durch die Entnetzung entstanden sind, neue Korngrenzen
zwischen Kristallen darstellen, und dadurch die Ordnung und den
Ladungsträgertransport auf großen Skalen stark einschränken.

In dieser Arbeit wird ein Oligotheophen names 5TBT untersucht.
Es basiert auf 5 Monomeren welche wiederum aus einem von zwei
Theophenringen umschlossenen Benzolring bestehen. Hier wird ei-
ne Methode vorgestellt, mit welcher kristalline Strukturen mit einer
einzigen Vorzugsrichtung mit einer Größe im Bereich von mm her-
gestellt werden können, obwohl die Filme aus diesem Molekül zu
Pfannkuchenstrukturen entnetzen, wenn sie auf Siliziumwafern mit
dicken Oxidschichten geschmolzen werden.

Ein wichtiger Vorteil dieser Methode besteht darin, dass sie ein-
fach auf andere Moleküle neben dem hier untersuchten Oligotheo-
phen ausgeweitet werden kann, da die Vorraussetzungen nur auf der
starken Anisotropie der Wachstumsgeschwindigkeiten entlang ver-
schiedener Kristallorientierungen beruhen. Es ist zu erwarten, dass
andere organische Moleküle mit anisotropem Kristallwachstum (wie
beispielsweie Moleküle die mittels π-π-Wechselwirkung wachsen) ge-
eignete Kandidaten für diese Methode sind.

Es wird die erste Herstellung eines auf dieser Methode basierenden
FETs aus 5TBT präsentiert. Die extrahierten Mobilitäten für Elektronen-
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Löcher liegen zwei Größenordnungen über jenen nichtkristalliner Fil-
me.

Zudem wurde nach der Entnetzung ein dünner molekularer Film
zwischen den Pfannkuchenstrukturen beobachtet. Auch in diesem
Film scheinen die Moleküle geordnet zu sein, da die Mobilitäten der
Löcher in einem FET-Aufbau die Mobilität eines amorphen Filmes
um eine Größenordnung übersteigt. Die Bildung eines solchen Fil-
mes kann durch Bestrahlung mit Licht aus einer Lichtquelle (zum
Beispiel eines Lichtmikroskopes) unterdrückt werden, und scheint ei-
ne entscheidende Rolle beim Kristallwachstum zu spielen, da ohne
eine solche Schicht das Kristallwachstum unterbunden wird.

Im Gegensatz zu anorganischen Halbleitern reagieren die meis-
ten FETs auf Basis organischer Halbleiter auf die Anwesenheit von
adsorbierten Molekülen, wobei dies stark von deren physikalischen
und chemischen Wechselwirkungen abhängt. Dieser Effekt wird üb-
licherweise in Sensorsystemen verwendet, um die Konzentration ei-
nes Schlüsselmoleküls in Gasen oder Flüssigkeiten zu messen. Diese
werden entsprechend Chemische Nasen beziehungsweise Chemische
Zungen genannt. Da die hier hergestellten FETs bei Raumbedingun-
gen über mehrere Monate stabil bleiben, wurden sie auf die Detektion
von Aceton und Dinitrotoluol (DNT) getestet. Die FETs zeigen eine stär-
kere Sensitivität gegenüber Aceton als P3HT. Überraschenderweise ist
5TBT insensitiv gegenüber DNT, obwohl dessen Fluoreszenz stark zu-
rückgeht, wenn 5TBT in Lösung mit DNT in Kontakt kommt.
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R É S U M É

L’un des enjeux essentiels dans le domaine de l’électronique mo-
léculaire est de réussir à réaliser des films minces organiques semi-
conducteurs parfaitement cristallisés sur des oxydes thermiques sur
wafers de silicium. Ces films doivent présenter des fortes mobilités
électriques afin d’obtenir un transistor à effet de champ (FET) per-
formant. Or, la plupart des matériaux organiques utilisés dans la lit-
térature, ne mouille pas ce type de substrat limitant ainsi fortement
la mobilité électrique. Ce travail de thèse a permis de lever cette dif-
ficulté grâce à une méthode de cristallisation qui permet de réaliser
des couches organiques présentant une seule orientation cristallogra-
phique sur des domaines d’une surface de l’ordre du mm2. Le proces-
sus expérimental proposé se généralise facilement à des systèmes mo-
léculaires autres que les oligothiophenes employés dans ce mémoire
puisqu’il suppose uniquement une forte anisotropie des vitesses de
croissance cristallines dans deux différentes directions de croissance.
C’est le cas par exemple pour tous les systèmes dont la croissance fait
appel à des interactions π-π entre molécules voisines. Nous avons
également réalisé et caractérisé des transistors à effet de champ ob-
tenus par cette méthode. Ils présentent des mobilités de deux ordres
de grandeurs au-dessus de celle des films non cristallisés. Nous avons
mis en évidence l’existence d’une monocouche supramoléculaire d’in-
terface présentant une forte conductivité. Celle-ci interconnecte, non
seulement électriquement mais aussi en terme d’orientation cristal-
line, des domaines de croissance qui ont l’air spatialement séparés
lorsque nous les observons en microscopie optique et en microscopie
à force atomique. Cette couche conduit à une mobilité de trous en
configuration FET d’un ordre de grandeur supérieur à celle d’un film
amorphe. L’un des avantages pratiques d’une structure FET utilisant
un film mince organique est que ce type de dispositif est très sensible
à la présence d’adsorbats, et de ce fait peut servir de détecteur de mo-
lécules cibles dans un environnement liquide ou gazeux. Puisque nos
dispositifs FET sont stables à l’air, nous avons testé leur efficacité de
détection de molécules cibles comme l’acétone et le 2,4-Dinitrotoluene
(DNT). Notre détecteur est insensible au DNT porté par un gaz inerte
alors que la fluorescence des oligothiophènes employés est fortement
atténuée en milieu liquide par le DNT. Par contre, nous mettons en
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évidence une très forte sensibilité à l’acétone de notre détecteur de
gaz bien plus importante que celle des détecteurs utilisant le Poly(3-
hexylthiophene-2,5-diyl) ou P3HT, un standard en détecteur à base
de polymères conducteurs.
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P U B L I C AT I O N S

Some ideas and figures have appeared previously in the following
publication:

A new growth process for crystalline ultra-thin layers of conjugated
oligomers used in Field-Effect Transistor applications (in review)
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1
M O T I VAT I O N

Organic electronics, such as perovskites and organic semiconduct-
ing polymers, were thought to be impossible until about 1960. Today,
it has found many applications (e. g. organic solar cells in textiles,
flexible screens) and become an active field of research for various
reasons beyond curiosity: Compared to silicon based semiconduc-
tors, manufacturing costs are considerably lower, and the resulting
devices are much more flexible, both mechanically and concerning
electro-optical properties such as e. g. tunable band gaps. In addition,
some effects like e. g. chemical sensing of target molecules in a lock-
and-key principle are unique to the chemical structure of the organic
semiconductor. As even small changes in the chemical structure of
a molecule can drastically change the macroscopic material proper-
ties, the unlimited number of combinations in chemistry allows for a
similar variety in material properties, most of which still wait to be
discovered.

Field effect transistors, light emitting diodes and solar cells based
on organic semiconductors are available commercially, and many ap-
plications have been found thanks to the unique properties of these
materials, such as e. g. fabric coated with organic solar cells in order
to charge a smartphone, or surface coatings for windows in smart
homes, allowing to drastically change the transparency and/or color
by applying a small voltage. However, inorganic semiconductors still
perform considerably better concerning charge carrier mobilities and
efficiency. Comparing the current efficiency of organic solar cells to
the efficiency of photosynthesis, we can safely assume that a huge po-
tential remains. Despite considerable efforts and progress in the field,
the method of trial and error prevails in research about the struc-
ture property relationship, as the link between chemical structure
and macroscopic properties is still obscure. In fact, the complexity
of the problem arises from the seemingly endless possible combina-
tions of chemical building blocks, and the notion of a single link may
be misleading. At the current state of the art, precisely controlling the
structure in the nano- and micro scale seems to be easier than predict-
ing the resulting macroscopic properties. Thus, the fabrication of a
high performing device or one with a very specific purpose remains
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2 motivation

difficult, as even minor changes in the chemical structure may or may
not lead to drastic changes of the macroscopic properties.

This study focuses on the structure function relationship of a new
organic semiconductor named 5TBT. Based on its chemical structure,
it promises interesting charge carrier properties and chemical sensing
behavior. The general goal of this thesis is the characterization of
these properties by applying the first field effect transistor based on
a large scale crystalline film build from 5TBT. Then, the mobility and
its chemical sensing capabilities are probed.

With a few noticeable exceptions, crystallization of both small mole-
cules and polymers usually leads to enhanced charge carrier mobility,
often by orders of magnitude. When fabricating a device, e. g. a Field
Effect Transistor (FET), crystallization is easily achieved by heating
the film above its melting temperature and subsequent quenching
and holding it at the desired (lower) crystallization temperature un-
til the material is crystallized. For some molecules, more advanced
techniques can achieve oriented growth of the crystals. A common
approach to building FETs is to spin coat or drop cast a film onto a
(doped) silicon wafer with a thick oxide layer, as the substrate can
be directly used as the gate contact in a bottom gate top contact de-
vice. However, when using silicon wafers with an oxide layer, organic
molecules tend to dewet as soon as one heats them above melting
temperature. Dewetting occurs when the van der Waals forces be-
tween the molecules are stronger than the van der Waals forces be-
tween molecule and substrate. Then, previously homogeneous films
rupture and form patterns of droplets or pancakes. This is especially
pronounced for relatively short molecules like 5TBT. The formation of
such patterns can significantly hinder crystal growth into large scale
structures. However, in this thesis we discuss a method of growth of
large scale structures even after dewetting, which was not described
before.



2
I N T R O D U C T I O N

The background of techniques, methods and the molecule used
is summarized in this chapter. At first, we will present the the-
ory of dewetting. Then, the molecule family is presented, includ-
ing a summary of previously conducted studies on the subject. A
brief summary of the developments from Scanning Tunneling Mi-
croscopy (STM) over Atomic Force Microscopy (AFM) to the principles
of qPlus, a technique combining both STM and AFM, follows. Then,
we describe the use of crossed polarizers in optical microscopy. The
chapter ends with a description of the working principle of organic
field effect transistors.

2.1 dewetting

When bringing a liquid into contact with a surface, we can observe
two distinct behaviors: if the adhesive forces are stronger than the
cohesive forces, the liquid spreads over the surface, in case it is vice
versa, the liquid forms droplets in the shape of a spherical cap on
the surface. For simplicity, we consider only liquids on solid surfaces
here, but similar principles govern liquid liquid interfaces.

When cohesive forces are stronger than adhesive forces, a charac-
teristic contact angle θ at the edge of a spherical cap is determined by
the surface tensions γ between liquid and solid, liquid and gas, and
solid and gas. The spreading coefficient S is defined as

S = γSG − γSL − γLG (1)

The spreading coefficient is a useful measure to characterize the be-
havior of a liquid on a film. If it is positive, the liquid spreads over
the surface and covers it, we say the liquid wets the surface. If S is
negative, the liquid forms spherical caps, e. g. mercury on glass and
water on Teflon dewet. The well known and intensively studied lo-
tus effect[3] is based on the same principle, using very large negative
spreading coefficients.

The contact angle θ between the spherical cap and the surface can
be determined by a consideration of forces acting on the edge of the

3



4 introduction

droplet in equilibrium. The forces caused by the surface tension at
the interfaces are balanced, and thus sum to zero:

γSG + γSL + cos(θ)γLG = 0 (2)

Depending on the contact angle, the liquid may adopt different shapes.
For contact angles θ > 90deg, the shape is called droplet. For very
small contact angles, as we observe in this study, the spherical caps
resemble pancakes.

In many cases, non-equilibrium states can be observed, where the
liquid is not in the form of a droplet, even though it is the energeti-
cally favorable state. Considering coatings and thin films in general,
the material is often present in the state of a solid homogeneous film,
before being molten. Then, the liquid film will still remain homoge-
neous initially, but given enough time it will reach towards its equi-
librium configuration. This process is called dewetting.

When preparing a thin polymer film for the application of a Field
Effect Transistor (FET), those films are usually solid at room temper-
ature. In order to crystallize such a film (enhancing its order and
thus mobility), one has to melt the film at higher temperatures. If
the spreading coefficient is negative, as is true for most organic semi-
conductors on SiO, the configuration of spherical caps is energetically
preferred over a film. However, even for negative surface coefficients
a system may stay in the shape of a film. If the film thickness h is
sufficiently large, a film will not dewett. Considering films below a
critical height hc, given enough time the liquid eventually will form
spherical caps with the characteristic contact angle for the system.
Two scenarios of dewetting can be distinguished: dewetting via nu-
cleation of a hole and subsequent growth, and spinodal dewetting. In
the first scenario, the process governing nucleation can be further dis-
tinguished between thermal and heterogeneous nucleation. Figure 1

compares AFM snapshots of all three cases.
Heterogeneous nucleation (c) occurs from defects in the surface,

e. g. dust particles. As this process is based on the initiation of nuclei
at a random place but at a specific time, and all holes grow with
the same speed, holes will be randomly distributed but having the
same size. When thermal nucleation (b) dominates the formation of
nuclei through thermal motion, not only the place but also the time of
formation of a hole is random. Thus, when taking a snapshot holes
have random positions and differ in size. In both cases (b) and (c),
holes grow by retracting the edge and therefore forming an elevated
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Figure 1 – Comparison of different dewetting processes: spinodal dewet-
ting, thermal and heterogeneous nucleation, taken from [43]

rim with higher thickness. This can be seen as a white line in Figure 1

(b) and (c). At one point in time, the liquid has retracted from most
parts of the surface and the rims will meet (coalesce) with their next
neighbors, forming a polygonal structure of liquid rims. These rims
subsequently decay into individual droplets and thus finally reach
the equilibrium state as discussed above. Due to the characteristic
formation process, droplets will be aligned in the polygonal shape of
the connected rims.

In the second scenario, spinodal dewetting, small perturbations of
the surface of the liquid get enhanced by the difference in capillary
forces on the curved surface[51]. Initial small perturbations of the
surface grow with a specific wavelength, thus the resulting spheri-
cal caps have similar size and are evenly distributed in space. The
inset in Figure 1 (a) shows a 2D-Fourier transformation of the AFM

image. The ring seen in the Fourier transformation visualizes the
predominant wavelength clearly. This wavelength depends on the
initial thickness of the film, increasing with increasing film thickness.
A transition from dewetting via spinodal dewetting towards nucle-
ation and growth is expected with increasing film thickness. Also,
as an increase of polymer length (molecular weight) results in higher
viscosity, films containing longer polymer chains are dominated by
nucleation and growth rather than spinodal dewetting[51]. In addi-
tion, polymers may exhibit additional effects due to their chain-like
structure[13, 41]. In this study, we use both a rather short oligomer
with just 5 repeat units and aim at the formation of crystals with just
a few layers of molecules, thus expecting spinodal dewetting.
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2.2 characteristics of tbt

The molecule studied belongs to a family of molecules called TBT.
This is a shorthand for the monomer structure, consisting of 2 thio-
phene rings on opposite sides of a benzene ring. It was shown that
the molecule can be synthesized with various side chains and with a
variety of defined lengths. Oligomers with a length ranging from 1

to 40 repeat units and with different side chains attached to the ben-
zene rings were used in previous studies. In this study, we focus on
the molecule with an ethyl-hexyl side chain and 5 monomers. This
document always refers to the subfamily of TBT molecules with ethyl-
hexyl side chains, except when otherwise mentioned explicitly. The
full chemical structure of 5TBT is depicted in Figure 2, the leftmost
monomer is surrounded by a blue box. Each monomer contains a ben-
zene ring with a thiophene on opposing sides, forming the backbone
of the polymer structure, and two side chains linked to the benzene
via oxygen atoms.

Figure 2 – Chemical structure of the 5TBT molecule.

Previous studies have shown that sulfur-oxygen bonds form be-
tween the sulfur in the thiophene and the oxygen in the benzene-1,4-
diol rings [30, 35, 40], as represented by green dotted lines in Fig-
ure 2. These bonds stabilize the backbone against rotation and make
the backbone relatively stiff, which in turn leads to a strong conjuga-
tion along the backbone. Fully stretched, a single molecule of 5TBT
is about 6nm long and the side chains span over a distance of about
2nm.

Interesting optoelectric properties of the molecules were found [33,
45]. In one study 3TBT molecules with an octyl side chain were evap-
orated onto graphene in a Ultra High Vacuum (UHV)-chamber. The
molecules self assemble such that the backbones lie in continuation
of each other. In this configuration, the end thiophene rings can
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connect, forming supramolecular conjugated pathways over several
molecules[45].

Single crystal needles grown from 3TBT with octyl side chains have
been proven to act as a wave guide[33] due to their highly ordered
backbones.

5TBT has a molar mass of 2480 gmol−1. The melting point of
186 °C was measured by observation of the melting process of a thin
film on a hot stage under a microscope. As received from synthesis,
it forms dark red, brittle aggregates. The flat, plate-like aggregates
form a powder with grain size of 0.1mm to 1mm. 5TBT is soluble
in many organic solvents, most notably for this study in toluene and
dodecane, and thus it can be easily processed by e. g. spin coating,
drop casting and printing techniques.

Thermogravimetric analysis of 5TBT has shown good stability up
to 325 °C. The weight loss of 67% can be attributed to the decomposi-
tion of the ((2-ethyl)-hexyloxy) solubilizing side chains. This result is
in great accordance with what was reported for
poly(1,4-bis-[2-(4-hexylthiophene)]-2,5-dimethylphenylene[39].

Figure 3 – Diffraction analysis of 5TBT.

Figure 3 shows the diffraction analysis of 5TBT in a several µm
thick film. The sample was prepared by repeatedly dropcasting highly
concentrated solution of 5TBT in toluene with an intermediate drying
step onto a silicon waver. During drying, the molecules formed ran-
domly oriented small crystallites within the thick film. Wide-angle
X-ray scattering (WAXS) measurements were performed with a mod-
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ified Siemens D500 X-ray diffractometer with a conventional Cu K
α X-ray source of wavelength λ = 0.1542nm. The unit cell parame-
ters a, b, c and γ can explain the observed peak structure with the
given peak orientations. The unit cell parameter a = 1.4nm can
be related to the distance between stacked side chains. This value
suggests a slight interdigitation between side chains. The unit cell
parameter b = 1.3nm compares favorably with the size of a single
TBT monomer unit. The unit cell parameter c = 0.34nm strongly
suggests π-π-stacking between 5TBT molecules.

2.3 use of crossed polarizers in microscopy

In optical microscopy, many different techniques can be used to en-
hance contrast between the objects under study and the background.
In bright field microscopy, contrast arises from differences in absor-
bance of the material, thus it is best suited if the objects under study
differ in absorbance from the background. In dark field microscopy,
where the light coming directly from the sample is blocked from view,
the contrast comes from scattered light. Thus, dark field microscopy
is best suited for the investigation of light scattering objects. A Flu-
orescence microscope illuminates the sample with a specific wave-
length, while filtering this wavelength from the view. Thus, only
fluorescent objects appear in the image with strong contrast.

In order to enhance contrast based on birefringence, two polariz-
ers are mounted perpendicular (crossed) to each other into the light
path of the microscope. The first polarizer serves to illuminate the
sample with linear polarized light of a specific orientation. The sec-
ond polarizer filters this specific orientation from the magnified view,
resulting in a black image when the direction of polarization is not
altered by the objects in the field of view. This second polarizer is
called analyzer, as it bases the contrast of objects on their birefrin-
gence properties.

When polarized light passes through a birefringent object, its po-
larization direction is changed based on the thickness of the object,
the wavelength of the light and the birefringence. When the polariza-
tion of the light matches the optical axis or is perpendicular to the
optical axis, the polarization direction is not changed and no light
is transmitted to the view. When rotating a birefringent object un-
der crossed polarizers, these four perpendicular positions where the
object appears black are called extinction positions. In the diagonal
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position with a 45° angle to the extinction position the highest inten-
sity is observed. This pattern is used to identify birefringent objects
and the orientation of their optical axis. For organic semiconductors,
this can be used as a tool to investigate the degree of order in the
crystal[32].

2.4 scanning probe microscopy

Scanning Probe Microscopy (SPM) is a term used for a large set of
surface imaging methods. In all of them, the basic idea is to scan over
a surface with a tip while measuring a specific interaction between
tip and surface. The interactions used in SPM range from tunneling
current over interatomic forces to electrostatic potential and magnetic
interactions. Most SPM-techniques are named after the respective in-
teraction used in the set-up: The two most commonly used interac-
tions are the tunneling current between tip and surface and the force
between them, respectively. The first technique is called STM, the lat-
ter AFM.

Measuring the interaction strength at each point of a line wise scan
allows to present these measured data points in two-dimensional
images, where the range of measured interaction strength can be
mapped by a false color code, analogous to the use of hypsomet-
ric tints in maps. As the data acquired during such a scan usually
contains more information than the mere distance between tip and
sample, SPM images often show aspects of the surface that go far be-
yond its mere topography.

Figure 4 – A sketch of the working principle of SPM

Figure 4 shows a schematic drawing of the general setup of SPM.
The piezo scanner is capable of positioning the tip precisely by us-
ing the piezo effect. Typically, it consists out of three piezo elements
attached to each other orthogonally, thus controlled elongation in all
three spatial directions is possible by applying appropriate voltages
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at the corresponding piezo element. Nowadays, piezo scanners from
a single piezo element with contacts applied in different spatial direc-
tions are commercially available, too. Elongation of the piezo scanner
along the direction of the tip controls the distance between tip and
surface. Elongation orthogonal to this allows to position the tip at a
specific point over the surface, and is used to execute the scanning
motion. Piezo scanners typically exhibit responses in the order of a
few nmV−1[9], allowing to position the tip with sub nm precision.

The type of mount can differ considerably between different SPM

techniques. For STM, the tip is simply glued to the scanner; for AFM, it
is usually mounted to a cantilever, which itself plays a crucial role in
the measurement process of the interaction strength. The mounting
can be a complex part of the technique, as we will discuss in more
detail later, e. g. on the example of qPlus.

Generally the strength of the interaction between tip and surface
changes when moving the scanner. These changes may arise due to
changes in topography or material properties. In the most basic set-
up called constant-height mode, the scanner is moved over the sur-
face, while the position perpendicular to the surface is held constant.
In such a setup, the measured differences in interaction strength can
be interpreted e. g. as topography. In a more common setup, the tip
is held at a constant interaction strength with respect to the surface
by moving the piezo scanner accordingly at each point of the scan.
This is called constant interaction mode, e. g. constant current for STM

or constant force for AFM. Using constant current mode in STM corre-
sponds to approaching if the tunneling current drops and retreating
if the tunneling current rises. This is done with a feedback loop that
feeds the measure of the interaction back into the piezo positioning.
A computer is used to collect the data and for controlling the feed-
back loop at the same time.

When using a feedback loop, the voltage applied to the piezo ele-
ment (perpendicular to the surface) reflects the topography with re-
spect to the interaction used. Note that this varies depending on the
technique used and on the sample under study. In STM, the level of
constant tunneling current reflects a level of a given electron density,
while in e. g. contact mode AFM this can be the level of mechanical
contact between tip and surface.

The invention of STM was published in 1982[7, 8], and was honored
with a Nobel Prize for Binnig and Rohrer just a few years later in 1986.
Already 1985, the first AFM was implemented as a next step after the
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STM by Binnig, Quate and Gerber[6]. Since then, a lot of effort was
dedicated to improving AFM, introducing new measuring techniques
that allow to measure not only the force between tip and surface, but
also e. g. currents, work function and magnetic interactions, in most
cases in addition to the force. In the following, we will discuss these
techniques in more detail.

2.4.1 Scanning Tunneling Microscopy

Using the tunneling current between a tip and a surface is a rela-
tively easy way to image conducting surfaces. The tunneling current
I can be given as:

I ∝ Uρe−2λd with λ ≈
√
2mW
 h

(3)

The tunneling current is proportional to the applied voltage U and
the local density of states close to the Fermi level ρ. It depends expo-
nentially on the distance between tip and sample d. In good approxi-
mation, λ is a constant depending on the mass of the electron m and
the work function W,  h denotes the reduced Planck constant.

As the tunneling current depends exponentially on the distance be-
tween tip and surface, this technique is very sensitive to topograph-
ical changes. A small change of about 0.1nm in distance can easily
lead to a change by an order of magnitude in the tunneling current.
This is at the same time the main limitation of STM, as it is not possible
to image non conducting surfaces.

The STM tip can be used to move atoms[11, 15] or molecules[16],
and was shown to induce chemical reactions upon exciting a molecule
by applying a voltage pulse[1, 22]. This principle was extended to
the synthesis of a polymer from its ordered monomers induced by
STM[37, 38].

Magnetic tips were used to spin polarize the tunneling current, al-
lowing to investigate the local density of states with respect to their
spin[10, 48].

2.4.2 Atomic Force Microscopy - Contact Mode

The first attempts to build an instrument that is capable of overcom-
ing STMs limitation to conducting surfaces resulted in contact mode
AFM. In the most common setup, a tip is mounted to the piezo ele-
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ment via a flexible beam, as shown in Figure 5. When bringing the
tip close to a surface, the forces acting on it will deflect the beam.
This deflection is proportional to the force (to a good approximation).
Most commonly, the deflection is measured by a laser beam directed
at the end of the cantilever. Other approaches to measure the deflec-
tion of the cantilever like interferometry or using a STM on top allow a
good performance, too[42]. However, we will focus on the setup with
a reflected laser beam here: The reflection of the laser can be focused
onto a Position Sensitive Device (PSD) far away from the cantilever,
thus allowing to measure even small deflections of the cantilever at
the PSD. The force calculated from this deflection can be used as a
feedback to regulate the distance between tip and sample. In addi-
tion, the lateral deflection of the laser gives information about the
friction forces acting on the tip.

Figure 5 – A sketch of the working principle of AFM

One of the main disadvantages in contact mode AFM lies in the
strength of the interactions between tip and surface. The sample can
easily be changed by the influence of the tip, and vice versa the tip
can get blunt when measuring with too large forces. Nevertheless,
the technique was proven to allow for atomic resolution with a suited
setup[5]. Moreover, different techniques of contact mode AFM were
implemented, depending on the physical property in question, such
as tribological behavior or electrical conductivity. The latter leads
to the so called Conductive Atomic Force Microscopy (CAFM), which
will be presented in more detail later (see Section 2.4.4).
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2.4.3 Atomic Force Microscopy - Non-contact Mode

Non-contact mode AFM is a method were the tip is not in phys-
ical contact with the probed surface. In order to achieve this, the
cantilever is resonated close to its resonance frequency. Typically,
the resonance amplitude is in the order of 100nm with a cantilever
setup. Resonance frequencies are about 200 kHz. Compared to can-
tilevers used in contact mode AFM, an about two orders of magnitude
higher stiffness (of about 50Nm−1) is desired in order to prevent the
tip from snapping into contact with the surface. When long range
(e. g. van der Waals) forces start to act on the tip, they affect the reso-
nance frequency of the cantilever, allowing to derive forces from the
measure of resonance frequency shifts, given that the stiffness of the
cantilever is known.

The shift of the frequency can be measured in two distinct ways:
either the driving frequency is held constant, and a shift of the reso-
nance peak is detected via its influence on the resonance amplitude,
or the amplitude is held constant with a phase locked loop, and the
changes in driving frequency is used as direct measure of the shift.
The first method is called Amplitude Modulation AFM (AM AFM), the
latter Frequency Modulation AFM (FM AFM).

2.4.4 Conductive Atomic Force Microscopy

As noted above, CAFM is a common extension of contact mode AFM,
where conductive tips are used in a contact mode AFM. It was first
introduced by Murrell et al in 1993[34]. Conductive tips can be either
intrinsically conductive or coated with a conducting layer[17]. Intrin-
sically conductive tips - like doped silicon - often are subject to an
oxidation reaction, making them better suited for the use in vacuum,
as the oxides are usually non-conductors. In this study we used PtIr-
coated tips, which are resistant to oxidation and reasonably resistant
to wear, but have larger tip radii of about 25nm instead of the 10nm
for uncoated tips. Thus, the spatial resolution is limited compared to
both contact and non-contact AFM or STM. More recently, graphene
coated CAFM tips have been developed[28], which are more resistant
to both high currents and mechanical wear compared to metal coated
tips, while also preserving small tip radii[25].

Using such a tip, the local current can be mapped by applying a
bias voltage between tip and sample. In contrast to STM, the tech-
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nique can be used on surfaces that are not conductive, or where only
parts of the structures are conductive, as the current is not needed as
a feedback in the scanning process. Thus, the CAFM setup can shed
light on the conductivity and charge transport in semiconductor ar-
chitectures[24].

2.4.5 Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is an extension of non-contact
AFM allowing to map the work function of a surface[31, 36]. During
a KPFM scan, each line is scanned twice. The first scan of each line is
a standard non-contact AFM scan in order to measure the topography.
This data is used during the second scan of the same line, where the
piezo controls the tip position such that it has a constant distance to
the surface at all times. Simultaneously, an alternating voltage bias is
applied between tip and sample.

2.4.6 qPlus

A relatively recent invention called qPlus aims at the combination
of AFM and STM in a single tip. A conducting tip is mounted to a
quartz tuning fork as commonly used in watches[19]. The resonance
frequency of quartz tuning forks can be controlled precisely, and in
the commercial mass market product it is usually fabricated with a
resonance frequency of 32 768Hz. This is favorable for digital clocks,
as it is a power of two (215) and allows a simple bit counting resulting
in a very precise measurement of a second.

The tuning fork itself is attached to a piezo with one of its prongs,
as shown in Figure 6. With this setup, the tip can be resonated by
driving the tuning fork. Due to one prong being fixed to the piezo
element, and the mass added by the tip, the resonance frequency is
typically in the order of 16 kHz to 20 kHz. Typically, the amplitude
of the resonance is in the order of 1nm to 10nm, and thus much
lower than in the more common cantilever setup[19]. With this setup,
FM AFM is a much more sensitive application, especially when using
the system in UHV.

Driving the tuning fork allows for the use of the instrument as
a non-contact AFM. Using such a setup in AFM mode, the distance
between tip and sample is comparable to the typical distances used
in STM. Both the amplitude and the distance between tip and sample
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Figure 6 – A photography of a qPlus sensor by Omicron.

is rather low (about 1nm to 10nm) in comparison to AFM with a
cantilever mount. This allows to measure the tunneling current while
performing a AFM scan. Moreover, it enables to perform a STM scan
while driving the tuning fork, simply by using the tunneling current
as feedback instead of the frequency shift. This is called dynamic
STM.

Figure 7 – A photography of the UHV setup in Freiburg.

The UHV-setup used in Freiburg is shown in Figure 7. It consists
of two main chambers, a transfer chamber (smaller chamber in the
background) and an evaporation chamber (smaller chamber on the
left hand edge of the picture). Each main chamber contains a stage
for STM measurements. In the left hand main chamber, AFM mea-
surements with the traditional cantilever setup can be performed al-
ternatively. The attached evaporation chamber allows evaporation of
molecules through a crucible with a separated set of vacuum pumps.
The right hand main chamber allows for alternative qPlus measure-



16 introduction

ments. A low energy electron diffraction (LEED) setup allows to
check the crystallinity of samples, e. g. of graphene. An ion gun can
be used to clean surfaces with argon ions. Samples can be heated
via resistive heating using different contacting techniques. The right
hand main chamber can be cooled using liquid nitrogen or helium,
in order to reduce thermal noise during measurements. The transfer
chamber allows to transfer samples between the main chambers. It
also has a separate set of vacuum pumps and a fast entry chamber,
allowing to introduce samples relatively quickly.

2.5 organic semiconductors

Most organic materials are insulators, but it is well known that or-
ganic materials can transport charges in certain circumstances. Charge
transfer complexes were found to have semiconducting properties in
the 1960s[26, 27]. The discovery of conductivity in conjugated poly-
mers by Shirakawa, Heeger and MacDiarmid in 1977 earned them
the Nobel prize in chemistry in 2000[21, 44]. In addition, small con-
jugated molecules have found to exhibit semiconducting properties
as well. The basis of charge transport in all of these materials is the
formation of π-bonds. Organic semiconductors are mainly based on
carbon and hydrogen, where σ- and π-bonds form between the car-
bon atoms. The molecules can also contain other elements, most com-
monly sulfur, oxygen and nitrogen, which allows for a wide range of
compounds with various properties, and an uncountable number of
possible variations.

The formation of π orbitals is a consequence of the orbital hy-
bridization. For carbon, the s and p orbitals are populated; at the
ground state two electrons occupy the 1s orbital, another two the 2s
orbital and one electron occupies each of two 2p orbitals. Slightly
higher energy states are given from the superposition of the 2s or-
bital with any number of 2p orbitals. This process is called hybridiza-
tion. The energy cost associated to the hybridization is overcompen-
sated by the formation of σ- and π-bonds, and the lowest energy cost
is given by σ-bonds in equivalent orbitals. When the carbon atom
forms just two σ-bonds, as in e. g. acetylene, one of the 2p orbitals
mixes with the 2s orbital. This is called sp-hybridization, which re-
sults in two sp orbitals used for (equivalent) σ-bonds and two lone
p orbitals. In acetylene, both carbon atoms have two lone p orbitals,
allowing them to form two π-bonds between them. Such a bond,
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where a σ- and two π-bonds form between two atoms, is called a
triple bond. When the 2s orbital hybridizes with two 2p orbitals
(called sp2-hybridization), the carbon atom can form three σ-bonds,
and has one lone p orbital left for the formation of a π-bond. The
ethylene molecule is the simplest example of two carbon atoms in sp2

hybridization, forming a π-bond out of the two lone p orbitals. Such a
bond is called double bond. Finally, a carbon atom can form four sim-
ilar σ-bonds through sp3-hybridization, like in ethane or methane.

As a consequence of the overlap of wave functions, π-bonds are de-
localized. In a polymer like polyacetylene, where double bonds alter-
nate with single bonds, the π-bonds are delocalized and can transfer
charges along the backbone in the direction of the π-bonds. Charges
can also be transferred to neighboring molecules. These processes are
strongly dependent on the chemistry of the molecule and its orienta-
tion to its neighbors. It was found that crystallization can enhance
the charge transfer in between molecules. As the transfer of electrons
from one molecule to the next is associated with losses, well ordered
packing reduces these losses due to both reduced distances and fewer
displacements.

2.6 organic field effect transistors

Transistors can be used as amplifiers and as electronic switches. As
such, they can be used to form all forms of logic gates, being the foun-
dation of modern computing. Here we will discuss the basic working
principle and properties of transistors built from organic semicon-
ducting materials, called Organic Field Effect Transistor (OFET)s.

Figure 8 – A sketch of a top-contact bottom-gate OFET

A typical setup of such a OFET is shown in Figure 8. A FET con-
tains three contacts, called source, drain and gate. The source and
drain contacts are connected via a semiconductor, which is separated
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from the gate via a dielectric. In principle, this configuration can
be manufactured in many different ways. As manufacturing silicon
wafers with a thermal oxide layer is well controlled and cheap, these
are often used as gate and gate dielectric. The organic semiconductor
can then be applied via surface coating methods, such as e. g. spin
coating or drop casting. After any processing, e. g. crystallization of
the film, source and drain contacts are applied, usually via physi-
cal vapor deposition. The configuration shown is called top-contact
bottom-gate, and used in this study. Configurations where the or-
ganic semiconductor is applied after the source and drain contacts
(called bottom-contact bottom-gate) are popular, too. In addition, it
is possible to use other, even flexible substrates, and to apply the
gate on top of the semiconductor. In this way, both bottom-contact
top-gate and top-contact top-gate devices can be constructed.

Applying a voltage VGS between gate and source electrodes results
in an accumulation layer of electrons or holes in the organic semi-
conductor, depending on the sign of the applied voltage. Here, the
organic semiconductor and the gate can be seen as a capacitor with
the silicon oxide as dielectric. These charge carriers can be extracted
through the drain contact by applying a voltage VSD between source
and drain.

As long as VSD � VGS, the accumulation layer connects both con-
tacts and the charge carriers can be extracted through the drain, re-
sulting in Ohmic behavior. Operating a FET under these conditions
is called the linear regime. For larger VSD, the region close to the
drain is depleted from charge carriers. Here, a Space Charge Limited
Current (SCLC) flows through the depleted region. When increasing
VSD further, the depleted region grows and the SCLC has to bridge a
larger gap, which effectively limits the maximum current. Thus this
operating regime is called saturation regime. This can be visualized
when plotting the current ISD between source and drain over VSD as
shown in Figure 9. Such a plot is called output characteristic. Plotting
ISD over VGS is called transfer characteristic.

The mobility can be extracted from the following equation,

µsat =
2L

WC

(
δ
√
ISD

δVGS

)2
(4)

where L denotes the length of the channel (the distance between
source and drain electrodes), W the width of the channel (the length
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Figure 9 – Output and transfer characteristics of an ideal FET.

of the electrodes), and C the capacity of the dielectric between gate
and semiconductor.
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2.7 chemical sensing

Chemical reactions and intermolecular interactions can influence
the absorption and fluorescence spectra of molecules. This effect is
used in optical chemical sensors, where a color change represents the
presence of a specific concentration of a certain analyte molecule. The
pH indicator paper strips are a well known example for this kind of
a chemical sensor, here detecting hydronium or hydrogen ions. De-
pending on the interactions between analyte and detecting molecules,
a wide range of molecules can be detected.

Another possibility is the application of a surface acoustic wave
sensor, where an acoustic wave is generated in a thin polymer film
and evaluated at another position. Changes in the response, such as
amplitude, frequency, phase or travel time changes, can be attributed
to changes to the film. In the case of a chemical sensor these changes
are due the adsorption of a specific analyte molecule to the film - gen-
erally speaking other properties of the film such as viscosity or mag-
netization can be used for applications. The probability of a molecule
adsorbing to a polymer film depends on the analyte-polymer interac-
tions, which allow these sensors to exhibit specific responses to single
target molecules, and thus allowing to identify a target analyte based
on its calibrated response.

In 1981 it was found that when using Pd as a gate in a FET, the cat-
alytic reactions of hydrogen introduces traps in the gate, effectively
changing the gate voltage, which in turn can be measured in the
FET[12]. This allows to measure the concentration of hydrogen in the
gas surrounding the FET. Similarly, adsorption and chemical reac-
tions in the channel of an OFET can be measured. Here, the analytes
can exhibit specific responses, too. Such chemical sensors are usually
called electronic nose[50]. Various applications from detection of dis-
eases through analysis of breath odor[18, 46] to the quality control of
groceries[49].
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C RY S TA L G R O W T H

In this chapter we will discuss the growth of crystals from thin
5TBT films on various substrates. The substrates employed during
this thesis include silicon wafers with native and thermal oxide lay-
ers, and graphene grown from silicon carbide. Here, we examine
the growth of 5TBT crystals on these substrates, starting with silicon
wafers with a native oxide layer (with a thickness of about 2nm). Sub-
sequently we will investigate the surface structure with Atomic Force
Microscopy (AFM), before discussing the growth mechanisms on sil-
icon wafers with a thermal oxide layer (with a thickness of about
100nm) and finally on graphene. We will discuss our finding about
the influence of light on the crystallization process and the chap-
ter ends with an investigation of the conductivity with Conductive
Atomic Force Microscopy (CAFM).

3.1 growth on silicon wafers with native oxide

For the study of crystal growth of 5TBT in thin films, commercial
highly doped silicon wafers were used. These wafers are cut from
a pure silicon crystal, and originally have no oxide layers. As sili-
con oxidizes under ambient conditions, an about 1nm to 2nm thick
oxide layer forms when exposed to air. This so called native oxide
layer passivates (protects) the underlying silicon from further oxida-
tion. Wafers were consecutively cleaned in ultrasonic baths of water
with soap, acetone and isopropanol for 15min each.

Spin coating a solution of 5TBT in toluene onto these wafers leads
to thin and homogeneous films. At a concentration of 0.0025mgµl−1

and a spinning speed of 2000min−1, the resulting films have a thick-
ness of about 10nm. The thickness can be easily controlled by vary-
ing the spinning speed.

Samples were heated on a Linkam hot stage, allowing simultaneous
observation by microscopy. This setup allows the direct observation
of the film melting at 186 °C.

In order to crystallize a film, the sample is first heated slightly
above the melting point. As can be seen in the temperature protocol

21
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in Figure 10, the temperature is cooled down to a lower crystalliza-
tion temperature and held there until crystals have been grown fully.
Depending on the nucleation density and the crystal growth speed
(which depend on the film thickness and the crystallization tempera-
ture), crystal growth takes 1h to 48h. Samples should be held in the
dark during growth, as light influences the crystal growth. We will
discuss this effect in more detail in Section 3.4.

Figure 10 – A typical temperature protocol used to form crystals.

We observe different morphologies depending on the crystalliza-
tion temperature. For crystallization temperatures around 180 °C,
slightly below the melting temperature, the crystals grow into nee-
dles with a width of about 5µm to 10µm and a height of 0.1µm to
2µm; they can reach lengths of up to a 100µm as shown in Figure 11

Figure 11 – Microscopy image of rod-like crystals grown from a thin film
(2000min−1) crystallized at 180 °C.

These crystals resemble those grown in a previous study[32]. There,
crystals were grown from 3TBT by cooling a solution in toluene slowly
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below the point of saturation. A similar approach with 5TBT leads to
aggregates without a clear morphology. Note that the 3TBT used in
this study and the 5TBT used here differ not only in length, but also
in the type of side chain (no branching in the case of 3TBT), which in-
fluences both solubility and crystallization. We suggest that the side
chains play a crucial role during crystallization, both for the growth
from solution and for the growth in a thin film. Similar behavior was
observed during self-assembly with branched side chains[47].

For crystallization temperatures around 170 °C the crystals have
a reduced height and are much wider, as can be seen in Figure 12.
Changing the temperature influences the ratio of the growth speeds
in different directions. Attaching a molecule to the side of the crystal
instead of on the top becomes more likely with decreased temper-
atures. This change can be attributed to the difference in strength
of the interaction between molecules depending on their orientation
with respect to each other.

Similarly to the findings for 3TBT, when observing these crystals
under crossed polarizers, they show strong birefringence. As the
extinction position is aligned with the long axis of the crystals, the
largest dipole moment is aligned with the fast growth axis of the crys-
tal needles. Presumably, the dipole moment is caused by π-stacking
interactions. Thus we conclude that, as expected, the fast growth is
caused by the π-stacking interaction. This fits well to the observed dif-
ferences in growth speed, as we can safely assume that the π-stacking
interaction is stronger than the Van der Waals force based side chain
interactions as well as the coupling between the end groups of the
molecular backbone.

When crystallizing with even lower temperatures, the crystals start
branching during growth, leading to single crystals covering a large
area, as shown for a crystallization temperature of 160 °C in Figure 13.
Each nucleus initiates growth through the film with a thickness of
about the initial film thickness, stopping only when reaching the
growth front initiated by other nuclei. With still lower crystallization
temperature, the nucleation density rises, resulting in more nuclei
and thus smaller and smaller single crystals.

A non-contact AFM image of a very thin crystal can be seen in Fig-
ure 14. The sample was grown from a film spin cast with a spinning
speed of 2200min−1 and a crystallization temperature of 170 °C. The
resulting crystals are about 4nm to 8nm thick. We observe steps with
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Figure 12 – Crystals grown from a thin film (2000min−1) at 170 °C are
wider and less high, compared to the rod-like crystals.

a height of 2nm on these crystals, and crystal heights are multiples
of 2nm.

The structure of the surface will be discussed in more detail in
Section 3.1.1.

As the molecule is significantly planar and stiff, with a height of
about 2nm and a length of about 6nm, the existence of crystals with
a thickness of 4nm suggests that the molecules are not standing up-
right.

Furthermore, the recurring height of the crystal steps of 2nm fits
well to the length of the molecules side chains, thus suggesting that
the molecules are in an edge on configuration. This orientation of
the molecules is consistent with the finding of large dipole moments
along the fast growth direction, giving rise to the assumption of π-
stacking along the fast growth direction, as discussed before.

The minimum height of crystals was found to be 4nm, as shown
in Figure 14, corresponding to a double layered crystal. Even when
growing crystals from thinner films, no single layered crystals were
found. Thus, we assume that the interaction between the side chains
plays a crucial role in the nucleation process and crystal growth.
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Figure 13 – Crystals grown from a thin film (2000min−1) at 170 °C are
wider and less high, compared to the rod-like crystals.

Figure 14 – An AFM image of a thin crystal. The surface structure is clearly
visible and the step height indicates a double and triple layer.
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3.1.1 Surface structure characterization

The surface of 5TBT crystals shows an intriguing structure. An
AFM image of a 5TBT crystal grown on a silicon wafer with native
oxide is shown in Figure 15. The crystal was grown at a crystal-
lization temperature of 170 °C from a film spincast at 2000min−1.
The surface structure is clearly visible, a quasi checkerboard pattern,
with two types of domains, each one consisting of multiple parallel
lines. The direction of fast crystal growth goes from bottom to top
of the image (or vice versa). Note that the fast growth direction cor-
responds to the large dipole moment as seen in optical micrographs
under crossed polarizers, and thus to the assumed π-stacking direc-
tion. With respect to the fast growth direction, the lines (marked in
red) in the domains (marked in green) form an angle of 40° to each
side.

Figure 15 – An AFM image of a crystalline branch, with a clearly visible sur-
face structure

This observation is consistent with other substrates and growth con-
ditions, as it can be seen on silicon samples with and without thermal
oxide, on crystals grown on graphene; and with various crystalliza-
tion temperatures, independent of morphologies in the larger scale.

An apparent change in size, of both domains and the lines inside,
can be related to the thickness of the crystals. The thicker the crystal,
the larger the distance between lines gets, and the domains with iden-
tical orientation of the lines grows accordingly. In figure Figure 16,
this dependency is shown to be linear over an order of magnitude.
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We found that the distance between lines is independent of crystal-
lization temperature. Both branched and elongated structures show
the same distance between lines when comparing crystals of identical
thickness. As we will discuss later in Section 3.2 and Section 3.3, the
crystals grown on other surfaces than silicon with native oxide show
differing morphologies. Nevertheless, the microscopic surface struc-
ture as observed by AFM stays the same. In addition, the distance
between lines does not depend on the sample surface, but only on
crystal thickness.

Figure 16 – Plot of the distance between lines on the surface structure over
the corresponding height of the crystal.

Extrapolating the typical domain sizes to the thickness of rod-like
crystals, which can reach a thickness between 100nm and 1µm, one
would expect domains exceeding the lateral size of such crystals by
at least an order of magnitude. Indeed, no domains can be observed
in AFM scans of the surface of rod-like crystals, as shown in Figure 17.
While the structure seems to have changed significantly, as neither the
lines nor the domains can be found here, we suggest that the origin
of the structure is the same. The lines as seen before spread out very
far and they seem to turn to steps, forming edges at the side of the
crystal rod. A second orientation, even though not aligned in a 40°
angle here, can be seen in the phase image.

In Figure 18 we show how the surface structure transitions through
different thicknesses. On this sample, initially the temperature was
held at 180 °C for a few minutes. During this time, the higher, bottom
part of the image has grown (as marked in green and yellow). Then,
as we reduced the temperature to 160 °C gradually, the crystal starts
to broaden and to branch along its growth (marked by a red arrow).
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(a) Topographic non contact AFM im-
age

(b) Corresponding phase image

Figure 17 – The surface structure of a rod-like crystal.

Eventually, it crystallizes in a branching fashion as seen before for a
stable temperature of 160 °C (as marked in brown colors). Here, the
dependency of both the surface structure and the crystal thickness on
crystallization temperature can be seen in a single image.

Figure 18 – An AFM scan taken on a sample where the temperature was
changed from 180 °C to 160 °C during crystal growth.

3.1.2 Solvent vapor annealing

To further investigate the nature of the surface structure, samples as
described above were exposed to solvent vapors. For Solvent Vapour
Annealing (SVA), the samples are stored in a sealed glass container to-
gether with a reservoir of toluene for 18h at room temperature. AFM
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images of the samples were taken after the exposure, as depicted in
Figure 19. Toluene was chosen as a good solvent for both benzene
and thiophene, the molecules forming the backbone of 5TBT. In an-
other experiment we used dodecane for SVA, as a good solvent for
the side chain (2-ethyl-hexane) of 5TBT. As dodecane has a signifi-
cantly higher boiling point, it does not sufficiently evaporate at room
temperature to cause significant changes as seen for SVA with toluene.
Hence, we stored the sealed glass container at a temperature of 50 °C.
The resulting changes as observed with AFM are shown in Figure 20.

For both treatments, the surface structure changed significantly.
The lines as seen before disappeared, and a different surface struc-
turing emerged for both solvents. However, for toluene the surface
structure still shows two major orientations, again with a 80° angle
between them, symmetrically clasping around the fast growth axis.
As before, we again observe domains where one of these orienta-
tions stays predominant. Next to the crystals, nanowire-like struc-
tures formed on the silicon oxide.

Figure 19 – An AFM scan after SVA with toluene. The fast growth axis is
aligned from the bottom to the top of the image.

For dodecane, the situation is slightly different. While one of the
orientations was preserved, in the domains where one would expect
the other direction, lines along the fast growth axis emerged. Overall,
the surface structure is more distorted, and when using even higher
temperatures (e. g. 100 °C and 150 °C) during solvent vapor exposure
to dodecane, the surface structure loses its order.
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Figure 20 – An AFM scan after SVA with dodecane. The fast growth axis is
aligned from the bottom to the top of the image.

The surface structure could be caused by surface stresses, growing
through the crystal laterally. A possible explanation for these stresses
can be found in the molecular arrangement. Different ways to stack
5TBT molecules are possible: Considering the stacking of molecules
along the π-stacking direction, either 5TBT molecules stack with like
aromatic rings on top of each other, or with unlike aromatic rings. In
the first case, thiophene rings would stack on thiophene rings and
benzene rings would stack on benzene rings. In the latter case, thio-
phene rings would stack on benzene rings and vice versa. However,
due to the structure of the molecule, where always two thiophene
rings stand between the respective benzene rings, two directions of
such a stacking are possible. Such a stacking mechanism is shown in
Figure 21. Using the unit cell parameters of 5TBT to determine the
angle resulting from this stacking, we obtain an angle of 38°, in good
agreement with the observed angle between lines and π-stacking di-
rection of 40°. The changes from one stacking direction to another
could be explained by stacking defects during crystal growth.
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Figure 21 – Proposed stacking mechanism of 5TBT along the π-stacking di-
rection. The π-stacking direction is thought to be from bottom
to top. In the lower part of the sketch, stacking occurs to the
right hand side, in the upper part of the sketch, stacking occurs
to the left.

3.2 growth on silicon wafers with thermal oxide

The branched structures formed on silicon wafers with native ox-
ide are well suited for building field effect transistors, as the large
scale single orientation allows for probing the charge transport along
different directions. Especially the branched structures are promising
candidates for the application of chemical sensing, as they cover large
areas (even the complete sample) with a high density, thus increasing
the sensitivity of the devices compared to needle like structures, as
those have only a limited area exposed to the material.

As the application of a field effect transistor requires a gate, silicon
wafers with native oxide are not the best choice. The native oxide
layer has a thickness of about 2nm, which cannot withstand gate
voltages above 2V . Growing similar structures on silicon wafers with
thermal oxide poses the problem of dewetting, which usually inhibits
crystallization. The attraction between a film and a substrate is dom-
inated by van der Waals interactions, which themselves depend on
the thickness of the oxide layer on silicon wafers[43]. With increas-
ing thickness of the oxide layer, the long range attraction stemming
from the pure silicon below the oxide decreases. For most organic
molecules the attraction to silicon is much stronger than to the oxide
layer, leading to a transition from wetting behavior to dewetting be-
havior with increasing oxide thickness. This effect can be observed for
5TBT. On silicon wafers with a thermal oxide layer (100nm), spinodal
dewetting occurs for films of 5TBT as soon as they are heated to the
melting point at 186 °C. As the contact angle for 5TBT is very small,
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the resulting structure consists of many homogeneously spaced and
sized liquid pancakes.

Crystallizing those structures with a temperature of about 160 °C,
a single crystal forms extending over many pancakes as seen in a
microscopy image under crossed polarizers in Figure 22. Here, the
fast growth axis extends diagonally from the bottom left to the top
right of the image. Both sides of the image show the same area with
different orientation of the crossed polarizers as depicted with red
arrows. In the extinction position (left), only minor deviations of the
optical axis can be seen by slightly illuminated spots. This proves that
the crystal growth spreads through many pancakes without loosing
its initial orientation.

Figure 22 – Two optical micrographs of the same area under crossed polar-
izers with different orientation.

Figure 23 compares two samples grown at different crystallization
temperatures, 164 °C and 172 °C, respectively. Note the large scale of
the images, which were taken by stitching several large scale optical
micrographs together. In both images, the crystals formed by some
nuclei are visible, and the grain boundaries between those are marked
by red lines. Two main differences can be seen when comparing those
different crystallization temperatures. First, for higher crystallization
temperature, the resulting crystals are larger. Secondly, in the high
crystallization temperature we can observe region, where the surface
is not covered by molecules. Instead, the edges of the crystals are
higher (darker blue).

The first observation can be explained by the rise of nucleation
probability with decreasing temperature. With lower temperature,
thermal nucleation is more likely, thus each individual nucleus has
less space to grow before reaching the growth front of another crys-
tal. The second observation is explained by change of the ratio be-
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tween π-stacking and vertical (along the backbone) growth speed of
the crystals. In accordance with the previous observations on silicon
wafers with native oxide, the ratio between the orthogonal growth
speeds rises with increasing temperature. At some point, the growth
orthogonal to the fast growth axis becomes slower than diffusion, re-
sulting in high edges of the crystals and depletion zones in between
them.

Figure 23 – Large scale optical micrographs of two samples grown at differ-
ent crystallization temperatures: 164 °C to the left and 172 °C to
the right, respectively.

Figure 24 shows a sketch of the time evolution for the growth of
a single crystal through several pancakes. When a nucleus forms,
it starts growing along the π-stacking direction much faster than
vertically to the substrate (marked by green arrows to the left and
right in Figure 24). Thus, the crystal spreads below a reservoir of
molten molecules, which diffuse (red arrows) towards the growth
front. Molecules may also diffuse over the surface from neighboring
pancakes, allowing the bottom layers of the crystal to grow until even-
tually reaching neighboring pancakes. Hence, the crystal can grow
through the next pancake rapidly, transferring the orientation of the
initial nucleus. This process repeats into the next nearest neighbors
until eventually ending when all pancakes on the sample are crystal-
lized. Effectively creating large single crystals with unique orienta-
tion over hundreds of µm.

When reducing the crystallization temperature further, the nucle-
ation density increases, and thus the size of the single crystals de-
creases. Upon quenching to room temperature quickly (e. g. by lifting
the sample off the hot stage), the nucleation density is so high that
each pancake forms its own nucleus. Also, the crystal growth speed
increases so drastically (in relation to the speed of the diffusion) that
crystals stay in the shape of the pancakes.
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Figure 24 – Sketch of the droplet growth mechanism

3.3 growth on graphene

Using a conducting substrate for crystal growth allows to perform
STM measurements, which in turn would provide additional informa-
tion about the crystalline order, revealing the intrinsic stacking and
may lead to better understanding of the surface structure. Graphene
samples were prepared from polished silicon carbide plates. In sili-
con carbide, silicon and carbon atoms form alternating layers. When
heating it to about 1250 °C in Ultra High Vacuum (UHV), the topmost
silicon atoms evaporate, leaving a layer of carbon atoms that are only
bonded to the carbon atoms below, creating a so called buffer layer.
Upon further evaporation, the next layer of silicon atoms diffuses
through the buffer layer and evaporates, too. Now, the second layer
of carbon atoms bonds to the third, building the new buffer layer. In
this case, the topmost carbon atoms form a layer of graphene with-
out chemical bonds to the subsequent layers[4]. It stays attached to
the surface through van der Waals forces. Graphene has been widely
studied, and is well known for its potential applications as a tunable
semiconductor[23, 29]. Here, graphene was used as a substrate to
enable currents large enough for the use of Scanning Tunneling Mi-
croscopy (STM) and qPlus.

A first challenge to the growth of 5TBT crystals is the spin coat-
ing of the films. As the sample size of silicon carbide with graphene
is limited to a maximum width of 2mm in our setup, spin coating
of homogeneous films is difficult. Droplets of solvent tend to stick to
sample edges, resulting in considerably less homogeneous films close
to said sample edges. This may affect the whole sample, when it is
only 2mm wide. However, even with poorly controlled film thick-
ness, crystals can be grown from those films. As on silicon wafers
with thermal oxide, 5TBT dewetts on graphene, resulting in an iden-
tical growth mechanism and similar morphologies.
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(a) Optical micrograph of the
graphene sample, close to the
edge of the sample.

(b) Optical micrograph taken far from
the edge of the sample.

Figure 25

In Figure 25, two areas on one of the graphene samples are shown.
As can be seen easily, the morphologies resemble those seen on silicon
wafers with thermal oxide. In Figure 25 (a), the crystals grew via the
growth mechanism proposed before. In Figure 25 (b), the crystals
grew in a more rod-like fashion, while pancakes between the rods
crystallized individually. This can be explained due to drastically
different film thicknesses in the two areas, as the first image was
taken closer to the edge of the sample, where the solvent droplet was
pinned during spin coating.

Various AFM scans were taken at different spots on this graphene
sample, showing the differences in morphology. Figure 26 shows
scans from three different areas, one with small pancakes (a), one
with larger pancakes (b), and one with a rod-like crystal (c). A zoom
to the surface of the rod-like crystal is shown in (d). The surface
structure has the same characteristics of lines and domains as pre-
sented before for silicon wafers with native oxide and thermal oxide.
When considering the crystals thickness, the distances between ad-
jacent lines on the surface fit well into the linear dependency as ob-
served for crystals grown on native oxide. Thus, we conclude that
the surface structure is independent of the substrate.

As graphene is a good conductor, STM can be performed on crystals
grown on a graphene sample. We used qPlus in order to shed light
on the connection between orientation of molecules and the surface
structure. In principle, the AFM signal of qPlus gives information
about the side chains of the molecules, while the STM signal shows
the conjugation of the backbone. When measuring in pure STM mode,
we achieved a stable signal. When exciting the tuning fork during an
STM scan, molecules were moved by the tip. This can be seen in a
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(a) Small pancakes (b) Large pancakes

(c) Rod-like crystal (d) Zoom to the surface of the rod-like
crystal in (c)

Figure 26

scan in Figure 27. First, a scan was performed in dynamic STM mode.
Afterwards, a second scan with larger scan area was performed in
(pure) STM mode. The part of the image where the previous scan
removed the molecules from the surface is clearly visible (and marked
by a red square).
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Figure 27 – qPlus image taken after a scan in the marked region. Molecules
were removed from the surface due to the scanning.

3.4 light influence on the crystallization

We observed a strong inhibiting effect when shining light on the
samples during crystal growth. It was observed to completely halt
ongoing growth when shining intensive light (e. g. of the microscope)
onto a growing crystal. Figure 28 shows the result of a crystal growth
while the microscopes light source was focused onto a single spot
on the sample. The sample was prepared by spin coating a film at
2000min−1 on a silicon wafer with thermal oxide. After melting, it
was held at 160 °C on a Linkam hot stage under a light microscope
with the light source on for about 2h. During the subsequent cooling
to room temperature the light source was kept on, too.

After cooling, several images of the previously illuminated region
were taken (with the same microscope), and stitched together to form
a large area view as shown in Figure 28. The previously illuminated
spot is marked with a red circle. As expected, the area that stayed
in the dark crystallized as described before, forming a pattern of con-
nected pancakes. On the other hand, the droplets in the illuminated
area crystallized individually, during the final cooling to room tem-
perature.

Right outside the border, a transition zone can be seen, where in
many parts droplets in the dark also crystallized individually. This
can be explained as nucleation density and growth speed are the lim-
iting parameters. For each area, there is only a finite chance that a
nucleus forms inside it. As the growth speed is limited, the crystals
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closest to the illuminated area did not have sufficient time to crystal-
lize up to the border in all the cases. This special situation allows us
to investigate the differences between droplets that were exposed to
light, and those that were not.

Figure 28 – Concatenation of optical micrographs of crystals grown over
night. The light source of the microscope was switched on, illu-
minating the area indicated by the red circle.

Figure 29 – A zoom to the edge between droplets under illumination (right
side) and in the dark (left side).

A zoom to the border between both areas is shown in Figure 29.
We can see two major differences: first, the droplets in the illuminated
area are slightly larger and tend to be darker than the ones held in the
dark, second, the color of the background (in between the droplets)
is darker in the illuminated area than in the dark one.
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The first observation indicates that the droplets in the illuminated
region are slightly more spread out, and the different color indicates
different heights. This can be confirmed by an AFM scan as shown in
Figure 30. The scan shown here was taken right at the border between
the two areas. Indeed, droplets on the illuminated side are less high,
with a maximum height of 20nm on the illuminated side compared
to 28nm on the dark side. In average, pancakes are 5nm to 10nm
less high when illuminated. Thus, we can deduce that the light has
an influence on the contact angle and the wettability, respectively.

Figure 30 – Topographic AFM image of the border between illuminated and
dark parts of the sample.

The second observation of differing background color in the two
areas could be caused by an optical illusion, as the human perception
judges color and contrast depending on the surrounding. Here, it is
indeed a color difference, as can be shown by a RGB-value analysis
as discussed in more detail in Section A.1 in the appendix.

As both the wettability and the color between the droplets changes,
we assume that a layer of adsorbed molecules forms. We suggest that
this layer gets disrupted by light, most likely due to a conformation
change of the molecules when excited. Conformation changes upon
excitation with light are well known for molecular switches [20] and
even light powered molecular machines exist [2]. Such a conforma-
tion change could easily explain why molecules desorb under the
influence of light. The presence or lack of such a layer can explain
the color difference in the background. It would also influence the
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wettability on the surface. Unfortunately, a more direct observation
of the proposed layer is yet to find, as the resolution in our AFM set-
up was not sufficient to prove the layer. Note here that we expect a
height difference of only 0.05nm for a single layer of molecules in
flat on orientation, which is already smaller than the typical surface
roughness of both the native and the thermal oxide.

We further suggest that the proposed absorption layer plays a cru-
cial role in crystal growth, as crystal growth stops under the influence
of light, and nucleation is fully inhibited. In addition, it could ex-
plain the observations previously described (see Section 3.4.1), where
droplets shared the same orientation of surface structure (and thus
molecular orientation) even though they were not visibly connected.
A layer of adsorbed molecules may self assemble into highly ordered
structures, as was e. g. shown for 3TBT. This order may transfer into
the resulting crystal.

3.4.1 Evidence for an underlying layer

Figure 31 (a) shows the AFM scan of a crystal grown with the
method described above, at a spin speed of 1800min−1 and a crys-
tallization temperature of 160 °C. Interestingly, while most of the
pancakes have a visible connection to their neighbors and thus thou-
sands of pancakes are connected to each other, the larger droplet to
the bottom left seems to be connected to only two smaller pancakes
to the top. Other instances of such separated pancakes where found
in different occasions.

Figure 31 – qPlus image taken after a scan in the marked region. Molecules
were removed from the surface due to the scanning.
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In Figure 31 (b) we can see a zoom to the area marked by a red
rectangle in (a). Figure 31 (c) shows the corresponding phase image,
where the surface structure of the two pancakes is visible in more
detail. Even though the pancakes seem to have no connection in the
macroscopic scale, the orientation of the surface structure and thus
the order of the molecules is well aligned. Considering the evidence
for the underlying layer discussed in Section 3.4, we can further as-
sume that the underlying layer transfers its own order into the crys-
tallizing pancakes.

3.5 conductivity of the samples

In a first attempt to probe the conductivity of the samples, we used
branched crystals grown on silicon wafers. Evaporation of gold lines
through a mask allowed us to investigate the conductivity with CAFM.
In this experiment, we contacted both the gold lines and the bottom
side of the silicon wafers to the CAFM-base. In such a setup, source
and base voltages are always the same, but it allows simple measure-
ments of the conducting pathways. As we used native oxide layers,
the base voltage was limited to about 2V . With higher voltages, the
oxide layer was not isolating anymore. However, these experiments
confirmed that the crystals build conducting pathways, and that the
current decreases according to the length of the pathway. Figure 32

shows a CAFM scan of such a sample. The electrode is directly to
the right side of the image, but not shown here. As the electrodes
are about 100nm thick, scanning the electrodes quickly wears down
the conducting tips and results in mostly distorted images, thus, the
measurement of electrodes was avoided.

In Figure 32 (a) the topography of the branched crystals is shown.
Note that the surface structure can not be resolved, as CAFM is a
contact mode technique. The high interaction forces used in contact
mode combined with the large tip radii used for CAFM reduce the
resolution and increase the wear acting both on tip and sample signif-
icantly. The branches in this area were chosen with different lengths
of the channel to the electrode. The branch to the right side is directly
connected to the electrode. The middle branch has a relatively long
path to the electrode via the top. The leftmost branch has a relatively
short path to the electrode via the bottom.

Figure 32 (b) shows the corresponding current measured during
the scan. It is clearly visible that the directly connected crystal shows
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(a)

(b)

Figure 32 – Topographic (a) and current (b) CAFM image of a branched struc-
ture on a silicon wafer with native oxide layer. A gate and tip
voltage of 2V was applied. The crystal branch on the right side
is directly connected to the electrode, the left branches are con-
nected via a short path through branches to the bottom, the mid
branch is connected via a considerably longer path to the top.

the highest currents. The bottom left crystal shows at least a little
current, while due to the long pathway of the middle crystal no sig-
nificant currents can be detected. Note also that the current is consid-
erably larger on the edges of the crystal compared to the flat top of
the crystal. This is in agreement with the assumed orientation of the
molecules, as the side chains are expected to conduct much less than
the π-stacked backbones. As the molecules are in an edge-on config-
uration and the highest mobilities are expected along the π-stacking
axis and the backbone axis, while the side chains are expected to
considerably hinder electron and hole transport, the electrons can be
injected into the conducting channel best through the edges of the
crystal, where no side chains block the pathway.

CAFM measurements in pancake structures yield similar results
(compare Figure 33), however, here individual pancakes do not show
reduced currents, even though they have no visible topographic
connection, as can be seen for the pancake in the top middle of the
image. This strongly suggests that the adsorbed layer enables the
flow of electrons between the pancake structures.
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(a) (b)

Figure 33 – Topographic (a) and current (b) CAFM image of connected pan-
cakes on a silicon wafer with thermal oxide layer.
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F I E L D E F F E C T T R A N S I S T O R A P P L I C AT I O N

In this chapter we present the fabrication and characterization of
Field Effect Transistor (FET)s built from thin film crystals as described
before. The resulting FETs can be used as chemical sensors for acetone,
and finally we discuss experiments with regard to the detection of 2,4-
Dinitrotoluene (DNT).

4.1 field effect transistor fabrication

Samples with crystals grown on silicon wafers with thermal oxide
are a good starting point for the fabrication of FETs. Therefore, sili-
con wafers were cleaned in soapy water, acetone and isopropanol for
15min each, and subsequently introduced into the glove box. Spin
coating and crystal growth was performed inside the glove box, in
analogy to the experiments conducted outside previously. Evapora-
tion of an injection layer of MoO and subsequently silver contacts
through a mask results in a bottom gate top contact FET configura-
tion. Samples were prepared in collaboration with the university of
Strasbourg. The full process from spin coating, crystallization, evap-
oration of contacts and the characterization as described in the fol-
lowing section was performed under nitrogen atmosphere in a glove
box. Contacts were evaporated in a high vacuum chamber directly
connected to the glove box.

The size of the masks used ranged from 60µm, 80µm to 100µm in
channel length and from 21.88mm, 29.17mm to 36.46mm in channel
width, respectively. In Figure 34 an optical micrograph of such a FET

built from a crystal grown at 160 °C is shown. The smallest mask was
used here. In principle, different mobilities can be expected along
different axis in organic semiconducting crystals. A higher mobility
along the π-stacking direction is expected and well known for various
molecules. Note that the size of the crystals at 160 °C is below the
size of the FET, so that the channel consists of multiple crystals with
random orientation. Given the size of the FETs used in this study,
the measured mobility in this setup reflects an averaging over the
mobilities along various directions.

45
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Figure 34 – Optical micrograph of a FET built by evaporation of silver on top
of a crystal structure

Figure 35 – A zoom to a part of a FET with a few channels. On the right,
the channels can be seen in optical microscopy, on the left, the
same area under crossed polarizers is shown. the luminescence
of the crystals indicate their orientation, such that the size of
individual crystals can be seen. Arrows indicate the local fast
growth direction.

In this study we consider branched structures grown at 160 °C,
as more narrow elongated structures do not fully cover the surface.
Thus, FETs fabricated with such a morphology would need individual
measurement of the channel length and width, as most of the surface
are gets depleted of molecules, thus negating the advantage of this
easily applicable technique.

In order to compare the mobility of the crystals, two reference sam-
ples were build: one with an amorphous film and one with sepa-
rated, individually crystallized droplets. For the first, we spin cast
a film at 2000min−1, and applied contacts without prior tempera-
ture treatment. In this case we expected a lower mobility, as crystal-
lization is well known to enhance charge transport in systems with
π-stacking. For the latter, we heated such a film to 186 °C and subse-
quently quickly quenched it to room temperature before the growth
could spread across multiple droplets. For such a sample we had
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initially expected to measure no current, as these droplets crystallize
individually and do not form a pathway leading from one electrode
to the other. However, in the next section we will present the obser-
vation of a current in such samples and discuss it in more detail.

4.2 field effect transistor characterization

Output and transfer characteristics of the obtained FETs were mea-
sured. Typical transfer and output characteristic are shown in Fig-
ure 36. The devices show only low leakage, a reasonably low contact
resistance and well reproducible characteristics. Extracting the mobil-
ity from the transfer characteristics yields values from
1.0× 10−4 cm2 V−1 s−1 to 4.0× 10−4 cm2 V−1 s−1, depending on the
device. Slight differences between the devices are expected for several
reasons: the orientation of the crystals are not controlled in the setup,
the thermal oxide layers are not perfectly homogeneous in thickness,
and the evaporation of injection layer and silver contacts do not al-
ways yield the same contact resistance.

Figure 36 – Typical output and transfer characteristics of a FET as obtained
by evaporation of contacts onto crystals grown at 160 °C.

The reference samples with an untreated, thus amorphous thin film
show a mobility reduced by two orders of magnitude, consistent with
the theory that order enhances charge transport in systems exhibiting
π-stacking. Their output and transfer characteristics are considerably
less stable.

Surprisingly, the devices that have no visible connection, as the pan-
cakes grew individually through rapid cooling, show a well defined
FET characteristic as well. Interestingly, the mobility of these devices
is in between the amorphous reference and the crystalline devices,
ranging from 1.0× 10−3 cm2 V−1 s−1 to 4.0× 10−3 cm2 V−1 s−1.
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We assume that this effect can be attributed to the previously sug-
gested surface layer of adsorbed molecules (compare Section 3.4). As
we proposed before, we assume that this layer self assembles into a
highly ordered structure, giving rise to nucleation and growth with a
related order. This explains well why these extremely thin films show
a higher mobility than the amorphous thin film devices.

Experiments described in this section were performed in a glove
box under nitrogen atmosphere. Samples were removed after the
measurement and exposed to ambient air for a month, and reintro-
duced and measured again for comparison. Degradation was unex-
pectedly low with a loss of about 10%.

4.3 chemical sensing

In order to measure the capabilities of TBT to detect acetone and
DNT, we used a chemical sensing setup in Strasbourg. The setup is
shown in Figure 37.

The chemical sensor testing setup has two chambers, the Detector
Chamber (DC), where the Organic Field Effect Transistor (OFET)s can
be placed and their output and transfer characteristics can be mea-
sured, and a Analyte Chamber (AC) for introducing the analyte molecules
into the gas flow.

Two Mass Flow Controller (MFC) allow the controlled flow of nitro-
gen through the chambers. The flow leads through the AC first, where
the analyte molecules evaporate, and thereafter to the DC, where the
detection of the OFETs can be evaluated.

Experiments are conducted in the following manner: Transfer char-
acteristics of an OFET are measured at various gate voltages, scanning
over the range of −60V to 60V in steps of 10V . This procedure mini-
mizes saturation effects. The highest measured current of each cycle
is then tracked over time. Usually this is the current at highest Vds
and highest Vg, only differing in case a measurement suffered from
outside influences. Exposure to analyte molecules results in a change
(usually a drop) of this current.

Figure 38 shows the detection of acetone with a 5TBT OFET built
from a crystalline structure grown at 160 °C as described before. The
sample was measured in the DC-chamber with a constant nitrogen
flow. During this first section of the measurement the maximum cur-
rent slowly declines due to saturation effects. After changing the flow
from pure nitrogen to a flow carrying acetone with the same flow rate,
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Figure 37 – Setup for measuring the sensitivity of FETs to chemical vapors,
taken from reference

the maximum current drops exponentially, as molecules diffuse and
attach to the conducting channel. After switching back to the pure
nitrogen flow, the maximum current recovers partially. This may be
due to the influence of the gas molecules on the surface structure.
Due to time constraints, the surface structure was not investigated
after the exposure to acetone, but drastic changes of the surface struc-
ture are known from other solvents, namely toluene and dodecane
(see Section 3.1.1). Similar changes to the surface structure can be ex-
pected from acetone, as it also dissolves 5TBT to some degree. Such
changes in surface structure could drastically influence the mobility
of the crystal.

Detection of acetone by a FET built from a droplet type crystalliza-
tion is shown in Figure 40. Here, the sample was quenched to room
temperature rapidly after melting the film, resulting in apparently
separated crystalline droplets, each with it’s own nucleation and thus
orientation. As the mobility in these samples is drastically lower, and
the overall quality of the FET is worse, reliable results have been ob-
tained for a smaller gate voltage range of −40V to 40V only. Thus,
the saturation effects are clearly more pronounced, as can be seen in
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Figure 38 – Measurement of the maximum current flowing through a FET on
a carpet type structure during exposure to acetone

the first 15min of the experiment. Nevertheless, it clearly shows that
the detection mechanism for acetone is independent of the morphol-
ogy of the sample.
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Figure 39 – A second exposure

Figure 40 – Measurement of the maximum current flowing through a FET on
a droplet type structure during exposure to acetone





5
O U T L O O K

This thesis has open up new questions that were not yet addressed.
The most promising prediction from the observations for 5TBT is that
similar, π-stacking molecules exhibit a similar growth mechanism af-
ter dewetting. Such an experiment could be performed with a variety
of differing chemical structures, in order to see similarities between
molecules and also limitations to this type of growth. Therefore, vari-
ous lengths of TBT, different side chains and also different backbones
(like e. g.Poly(3-hexylthiophene-2,5-diyl) (P3HT)) could be probed.

Unfortunately, the exact crystal structure could not be described
fully in the time limits of this thesis, especially due to the instability
of molecules when scanned with qPlus. Low temperature measure-
ments with qPlus may yield better results. In addition to qPlus, a
x-ray study could reveal the crystal structure, too.

Now, as the growth mechanism and preparation conditions are
known, we set the foundation for further experiments. Expecting
higher degrees of order with higher crystallization temperatures, a se-
ries of mobility measurements with differing crystallization temper-
atures could lead to further insight about the relationship between
order and mobility. In addition, as we reached ordered structures
in the mm-range, constructing Field Effect Transistor (FET)s with a
single orientation throughout the whole channel seem feasible with
a slightly more sophisticated application of the evaporation masks.
This would allow a measure of the mobility as a function of the an-
gle between π-stacking and channel, which by itself is an interesting
question, not just for 5TBT but for π-stacking molecules in general.

Another promising set-up for an experiment would be to perform
Kelvin Probe Force Microscopy (KPFM) on a running device while
exposing it to analyte molecules (acetone, 2,4-Dinitrotoluene (DNT)).
KPFM allows to visualize areas of differing work function and trapped
surface charges. Thus, the positions where analyte molecules interact
with the channel could be revealed. For example, the analyte channel
interaction may be restricted to step edges or specific features on the
surface structure of the crystals.
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A
A P P E N D I X

a.1 optical illusion

As mentioned in Section 3.4, human color perception depends on
the surrounding. This may be applicable to Figure 29, as the color of
the foreground (droplets) differs between the dark and illuminated
regions, while the color of the background seems to change, too. This
change could in principle be caused by an optical illusion similar to
the Chubb illusion shown in Figure 41, where the background can
influence the perception of the foreground. In this image, the circular
central areas on the left and right are fully identical, but appear to
be different due to the differences in the surrounding[14]. Knowing
about optical illusions like this, one is left unsure about the true colors
and ones own perception when watching Figure 29.

Figure 41 – The Chubb illusion, showing the same circular area in different
context. The human eye takes the context into account and mis-
interprets the central areas as different.

In order to prove that no similar effect is responsible for the per-
ceived differences in Figure 29, Figure 42 shows two slightly modified
versions of the initial image. In Figure 42a, similar colors to a pixel
in the background of the dark region were selected by the color se-
lection tool available in the image manipulation program gimp. This
tool selects all pixels in the image based on similar RGB values. Subse-
quently, their color was replaced by white in order to visualize which
pixels indeed share a similar color. The same for similar colors in the
illuminated region is shown in Figure 42b. Thus indeed not only the
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color of the droplets but also the color of the background changes
between dark and illuminated areas. An optical illusion can be ex-
cluded.

(a) (b)

Figure 42 – The image from Figure 29 manipulated with the color selection
tool in gimp. Pixels are colored white when and only when they
share similar color. This image manipulation is based on RGB
values and not on human perception.



Improvement is a subset of change. Often, the complement of
improvement is called decline, but we should rather call it trial and

error.

— Unknown
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