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CHAPTER 1 INTRODUCTION AND AIM OF THESIS

CHAPTER 1

INTRODUCTION AND AIM OF THESIS

Modern electronics is not possible to imagine without a small but important component —
the transistor, which is used to amplify or switch an electrical signal.™! Such devices are
ubiquitous elements of integrated circuits such as microprocessors or random-access memory
(RAM) elements applied in ordinary information and communication technology. Since the
1970s, monocrystalline silicon has been the traditional material used for all these applications.
Temperatures of approximately 1500 °C are required during the fabrication of
monocrystalline silicon, leading to high energy consumption as well as high manufacturing
costs. However, these processing conditions are not applicable for large-area applications
such as active matrix displays, which is the most common implementation of thin-film
transistors (TFT). The devices are used in active matrix displays to switch the individual
pixels of the display. Hydrogenated amorphous silicon (a-Si:H) is applied as the most
common, state-of-the-art semiconducting material. Large-scale manufacturing was realized by
deposition of the active layer by sublimation at high vacuum. Although this process takes
place at lower temperatures than for monocrystalline silicon, elevated temperatures are still
required for a-Si:H sublimation and the subsequent masking and lithographic steps performed
during device fabrication. The principle disadvantage of such devices is clearly the high
energy consumption required for maintaining high deposition temperatures and elaborate
high-vacuum techniques.

Nowadays, demand for TFTs on flexible polymeric substrates has arisen for applications
such as flexible displays!? or radiofrequency identification (RFID) tags®®l. As the latter are

thought to replace conventional barcodes, low-cost devices are demanded due to their single-
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CHAPTER 1 INTRODUCTION AND AIM OF THESIS

use only. The high temperatures during the fabrication of a-Si:H transistor devices impede the
deposition on such polymeric substrates but open up the chance for using organic
semiconductor materials instead. These compounds may even be processed from solution,
depending on their molecular structure, giving rise to cheap and large-area processing on
flexible substrates. To date, much scientific effort has been spent on the search for organic
semiconductorst*®! and suitable deposition methods with the aim to reach the performance of
a-Si:H. Organic polymers as well as small organic molecules are known to be applicable as
such semiconducting materials. A large number of semiconducting organic molecules and
polymers are already reported in the literature.”) Each class of compound features unique
assets and drawbacks, e.g. small molecules are often poorly soluble whereas polymers are less
likely to yield crystalline films. Despite these potential disadvantages, decent progress has
been made in the development of organic electronic devices based on such materials. For
example, the first flexible organic TFT driven OLED display (depicted in Figure 1) on a
polymer substrate was presented in May 2010 by Sony.[

Figure 1. The first flexible OLED display that can be rolled up on a pen while still displaying the
video was presented in May 2010 by Sony. Reprinted with permission from ref. 6. Copyright 2011,
Society for Information Display.

.

The search for new organic compounds providing enhanced solution processing of the
active layer with respectable transistor performance is still ongoing. In 2009, the groups of
Wirthner and Meerholz reported on outstanding short-circuit currents of solution-processed,
squaraine-based bulk-heterojunction solar cells.[”? Additionally, they studied the performance
of spin-coated transistor devices and found hole mobilities of up to 10 cm? V' s

Thus, this thesis will deal with the fabrication and characterization of TFTs based on
acceptor-substituted squaraine dyes similar to those applied in organic photovoltaics in order
to demonstrate their potential for thin-film transistor applications. Non-flexible substrates,

namely heavily doped silicon wafers, were used for this study because these are well-
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CHAPTER 1 INTRODUCTION AND AIM OF THESIS

established in the community and facilitate the comparability of the results. Spin coating of a
set of such squaraines initially was aimed at evaluating the influence of the chain lengths as
well as of the molecular electronic structure on the transistor performance of the
corresponding thin-films. The best performing molecules were selected for deposition by
solution shearing, which is a method applied to attain higher film quality accompanied by
better TFT characteristics as compared to spin-coated semiconductor layers. The construction
of the necessary setup and the optimization of the deposition conditions are also covered by
this thesis. Vacuum sublimation, known for yielding highly crystalline thin-films, was
introduced as a third method to round out the investigation of the deposition techniques and of
their influence on the transistor performance. Finally, the resulting devices were characterized
by optical spectroscopy, atomic force microscopy and X-ray diffraction experiments to
establish reliable relationships between molecular structure, crystal packing, thin-film
morphology and transistor performance that may guide the development of future devices.

Chapter 2 deals with the working principle of TFTs and gives an idea of charge transport
mechanisms in organic thin-film transistor (OTFT) devices. Furthermore, deposition
techniques for the active layer are discussed with a focus on solution-based methods followed
by a comprehensive overview of organic colorants, which have been applied as organic
semiconductor materials.

Chapter 3 includes the preparation, characterization and discussion of OTFTs built from
squaraine dye thin-films. While the general qualification of the squaraines for transistor
applications was shown by deposition of the active layer using the spin coating method,
distinct improvement of the transistor performance was achieved by performing solution
shearing at previously optimized conditions with a setup constructed during this thesis. A
further increase of the charge carrier mobility could be achieved by vacuum-deposition of the
active layer. Optical spectroscopy, AFM studies, X-ray diffraction experiments as well as
single crystal structure analysis were performed to gain insight into the packing arrangement
of the films. These analyses revealed quite similar packing motifs for all deposition methods,
indicated by J-type excitonic coupling. For solution-sheared samples it was even possible to
identify the probable alignment of the molecules in these highly oriented thin-films.

Chapter 4 and Chapter 5 finally give a summary of the thesis in English and German.
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CHAPTER 2

STATE OF KNOWLEDGE

2.1 Thin-Film Transistors®4d

The concept of thin-film transistors was first introduced in the 1960s by Weimer® and
later successfully applied to obtain transistors composed of a-Si:H.™ Based on this research,
fabrication of large area TFT devices was accessible, whereas crystalline silicon has one
major disadvantage, namely the high processing temperatures and therefore limited range of
applicable substrates, small area processing and quite thick semiconductor layers. Further
progress in a-Si:H TFT fabrication has made these materials crucial elements of active-matrix
liquid-crystal displays and other electronic devices.®® Since the late 1980s, organic polymers
as well as small organic molecules have been used to build thin-film transistors based on
organic semiconductor materials.™"

In principle, various architectures are known for OTFTs. However, all OTFTs require the
same five components: a thin layer of the organic semiconductor, an insulating dielectric, and
three electrodes. Two of the components, the charge-injecting/charge-extracting source and
drain electrodes, are directly attached to the semiconducting layer, while the third, the gate
electrode, is isolated from the active layer by the dielectric. The most common TFT structure
is the bottom-gate (BG) configuration that is schematically depicted in Figure 2. One
advantage of BG devices is that no elaborate texturing of the gate electrode is necessary;
hence, screening of new materials is quite easy in this configuration. Within the BG
configuration, there are advantages and drawbacks depending on whether the source and drain
are located on top of the semiconductor layer (top-contact (TC), Figure 2a) or at the interface

of the semiconductor and dielectric (bottom-contact (BC), Figure 2b). The contacts of BG-BC
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semiconductor

dieleotnio

Figure 2. Most common TFT structures: a) bottom-gate, top-contact configuration. b) bottom-gate,
bottom-contact configuration.

devices can be patterned well by microlithographic techniques without harming the
subsequently processed active layer. However, this configuration is not beneficial for
“mechanical” deposition methods of the semiconductor layer such as solution shearing, which
endangers the quality of the contacts or even destroys them. Furthermore, the performance of
such devices often suffers from the poor morphology of the active layer formed at the edges
of the contacts.!® So, the BG-TC configuration was employed for the semiconductor studies
discussed in this thesis (see Chapter 3). In the BG-TC case the electrodes are deposited
directly onto the semiconductor thin-film by means of shadow masks. A disadvantage of this
configuration is the “access resistance” arising from the highly resistive semiconductor
material located between the electrodes and the conduction channel. This effect becomes an
issue for active layer widths greater than 5nm.®l However, these devices benefit from
electrode metal penetration into the film leading to lower contact resistance due to improved
gate-field-enhanced charge injection in such a staggered electrode configuration.®

Although flexible conducting polymers have been successfully used as gate electrodes,
highly doped silicon, which fortunately can serve as substrate at the same time, is more
common for this purpose. Silicon substrates resist elevated processing temperatures, whereas
polymeric substrates often suffer from low thermal stability. The active layer of an organic
thin-film transistor is commonly vacuum sublimated or solution deposited by methods such as
spin coating and drop casting. This topic is discussed in more detail in Chapter 2.3. Although
organic polymers such as PMMA or PVP may be applied as the insulating dielectric layer,
inorganic insulators (e.g. SiOz, Al,O3 or SisN4) are most often used for this purpose. The
dielectric is essential for TFT operation, e.g. in TFTs designed for application in portable
devices that require operation with low voltages. The operation voltage can be tuned by the
thickness of the gate dielectric layer, which can be reduced by using dielectrics with high
permittivity & However, it has been shown that an increase of the permittivity systematically
reduces the charge carrier mobility,*” and choosing the dielectric material is always a

compromise between large gate coupling, low operating voltages, and small leakage currents.
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Various materials are also available for the source and drain contacts. Noble metals, most
often gold, are easily deposited by thermal evaporation in vacuum and patterned by shadow
masks, photolithography or other methods. However, conducting polymers have also been
employed to form the source and drain contacts due to their requirements similar to those of
the gate electrode. To minimize the contact resistance of the electrodes, commonly high work
function metals (such as Ag, Au, and ITO) are used to match the conduction band of p-type
semiconductor materials. Low work function metals are suitable for n-type transistor
operation, but suffer from their reactivity in air. Nevertheless, it was found that high work
function metals still give good contacts and the resulting TFTs function well [

While the source electrode is usually grounded during transistor operation, positive or
negative voltages are applied between this and the two other electrodes (drain and gate). The
potential difference between gate and source is referred to as gate voltage (V) and the
difference between drain and source is named drain-source voltage (Vg4). Depending on
whether positive or negative Vg and Vg are applied to an OTFT device, negative, i.e. electrons,
and positive charge carriers, i.e. holes, respectively, are injected from the source into the
semiconductor. The charge carriers are accumulated in the active layer next to the interface
with the dielectric and form the carrier channel of an OTFT. Organic semiconductors are
known to contain approximately equal amounts of n- and p-type doping impurities. Thus they
are called “compensated” materials and behave like intrinsic semiconductors. Respective
OTFTs work in accumulation mode, while metal-oxide semiconductor field-effect transistors
(MOSFETS) operate in inversion mode. The type of induced charge carriers not only depends
on the polarity of the applied voltage, but also on the semiconductor and the metals used to
form source and drain electrodes. The appropriate Fermi level of the electrodes with respect to
the HOMO or LUMO levels of the organic semiconductor determines whether the material is
p-type (i.e. hole transport) or n-type (i.e. electron transport), respectively (see Figure 3).
HOMO and LUMO energy levels can be determined well for single molecules by methods
such as cyclic voltammetry (HOMO), UV/Vis spectroscopy (LUMO) or photoelectron
spectroscopy (HOMO and LUMO). Although, these values measured for molecular
components cannot be considered the same as for the bulk materials, the molecular values are
easily accessible experimentally and have been proven over the last few years of transistor
research to be meaningful for evaluating the energy levels of the bulk materials.

The number of charge carriers accumulated in the channel depends on Vgs as well as on
the capacitance of the dielectric (C;). However, a gate voltage higher than a certain threshold

voltage (Vi) has to be applied to obtain a commensurable drain current (lg). This originates
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a) p-channel transistor {Vg <0V, V,<0V) b) n-channel transistor {’v’9 >0V,V,>0V)
— vacuum level
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Figure 3. Energy level diagrams of a p-type (2) and n-type (b) organic field effect transistor, where the
transport of holes and electrons is exemplified by the arrows. WF is the work function and Er the
Fermi level of the electrodes. IP is the ionization potential and EA the electron affinity of the
semiconductor material."" Reproduced by permission of The Royal Society of Chemistry.

from deep traps in the active layer, which are overcome at Vq = Vy,; further increase of Vg
induces charge carriers which are, to a certain extent, mobile along the channel region
(defined by the width W and the length L). It must be remembered that Vy, is for metal-oxide
semiconductor field-effect transistors defined as the minimum gate voltage needed to reach
strong inversion. As this is not the case in OTFTs, this definition strictly cannot be adopted.
Nevertheless the concept can also be used for OTFTs, where Vi, marks the transition point
from linear to saturation regime. Further contributions to the threshold voltage arise from
grain boundaries, bending of the energy levels and interface interactions.

In general, the basic operation of field-effect transistors is explained in the following text
with the help of the illustrations in Figure 4. With a gate voltage applied to the device a
homogenous distribution of charge carriers in the channel region is obtained whilst no bias is
applied between drain and source. A small Vq (<< V4 — Vi) generates a linear gradient from
the charge injecting source to the drain electrode. This is the so called linear operation regime
of a transistor (Figure 4a), where the drain current follows Ohm’s law and is therefore
proportional to Vy4 and V. If the drain bias reaches Vg — Vi, a pinch off of the conduction
channel is observed (Figure 4b). At this point the drain voltage exceeds the gate voltage,
which leads to the formation of a depletion region next to the drain electrode. Further increase
of V4 will expand this zone (Figure 4c), but will not essentially increase the drain current. This
means that I3 becomes independent of the drain voltage and the saturation regime is reached.

For interpretation of the OTFT performance analytical approaches were made to extract
values such as the charge carrier mobility, the on/off ratio and the threshold voltage from the

transistor characteristics. If the gate bias is higher than the threshold voltage, the surface
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Figure 4. Transistor operation within different regimes: a) linear regime; b) at the transition point from
linear to saturation regime; ¢) saturation regime. Reprinted with permission from ref. 8b. Copyright
2007, American Chemical Society.

charge density Q_, (x) of mobile charges at point x in the channel can be expressed via
Qmob (T) = Cj (‘/g -V =V (T)), (2.1.2)

where C; is the capacitance of the dielectric layer and V(x) the potential at point x.

Several assumptions have to be made to obtain a formula, which can be used for
calculation of the drain current. The first is the so-called gradual channel approximation. It
means that the electric field generated by the gate voltage (z-direction) is much higher than
the one perpendicular generated by the drain voltage, which is aligned along the x-direction.
Second, the charge carrier mobility () is assumed to be independent of the carrier density and

hence the gate voltage. With the resistance, dR, of a thin element of the channel, dx, defined

as
dx
dR = ’ (2.1.2)
VVQm(}b (l‘) M
substituting dR = /;dR and subsequent integration over the whole channel length gives
W 1%
Iq = fuoi (Ve = Vin) Va — Td . (2.1.3)

This general formula can be applied both to the linear and the saturation regime. In the first

case of V4 << V4 — Vi, and hence it simplifies to
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W
Iq = fltlmci (Ve — Vin) Va. (2.1.4)
The channel is pinched off in the second case when Vq>Vy— Vi, and therefore the drain

current can be expressed as

W ‘
In = o psanCi (Vg = Vin)®. (2.1.5)

Rearrangement of Eq. 2.1.4 and 2.1.5 leads to expressions for the charge carrier mobility in

the linear as well as in the saturation regime:

)
Hlin = CWV, 01/% ) (2.1.6)
2
2L (01,
Hsat = ; : . (2.1.7)
ow \ oy

An exemplary output characteristic for a typical n-channel organic field-effect transistor,
where the drain current is plotted against the drain voltage for various gate voltages, is shown
in Figure 5a. Linear operation of the device at low V4 as well as the gradual transition to the
saturation regime at high Vg4 can easily be seen. From the semi-logarithmic plot of I4 against
V, at constant Vy (the so-called transfer characteristic, Figure 5b and c) the onset voltage, Von,
can be extracted. This is the gate voltage after which a dramatic increase of the drain current
is observed and that may be used as a characteristic value instead of the threshold voltage
because of the more meaningful definition of V,,. The linear plot of the drain current against
gate voltage depicts the proportionality of both values at low Vg4 (Eq. 2.1.4, Figure 5b). From
this plot it is possible to extract i, from the gradient according to Eq. 2.1.6. For the saturation

regime, the square root of the drain current is plotted against the gate voltage and should

a) b) Linear Regime c) Saturation Regime

2 < _ = .
c saturation E ¥ o @
o = p 3 5
3 O ‘:‘— o &]
O £ O £ c
£ g c o ‘@
g Q © Q a

8 © 8
Source-Drain Voltage (V) Gate Voltage (V) Gate Voltage (V)

Figure 5. Output characteristic of a typical n-channel organic field-effect transistor for various V, (a),
transfer characteristics in the linear regime with Vyq <<V, — V4, (b), and in the saturation regime with
Vq > Vg — Vi Reprinted with permission from ref. 8b. Copyright 2007, American Chemical Society.
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exhibit a linear dependence on Vg (Figure 5¢). Here the gradient can be used to obtain s
from Eq. 2.1.7, while linear extrapolation to the abscissa yields Vy.

High mobility is a favorable feature of organic thin-film transistors, since this leads to
increased switching speeds of integrated circuits. Furthermore, threshold voltages near to 0 V
are desirable, because only low gate voltages are needed to switch the transistor between on-
and off-states. Finally, a high on/off ratio (lon/los), 1.€. the ratio of the drain current in the on-
state and the drain current in the off-state, is a feature of high-performance transistor devices,
where the smallest possible value of lqf is desired. That means that the leakage current in the

channel and therefore the power consumption in the off-state of the transistor are minimized.

2.2 Charge Transport in Organic Materials*?

Since the discovery of organic semiconductor materials, researchers have studied the
underlying mechanisms of charge transport. Hence, in the past 60 years numerous studies
have been carried out. The main breakthrough was achieved in the mid-1970s by a theoretical
description of hopping transport in disordered materialsi*®!, which was later subjected to a
Monte-Carlo simulation by Bassler and co-workerst**],

In general, band transport is the dominating mechanism in crystalline inorganic
semiconductor materials giving rise to high charge carrier mobilities (more than
1,000 cm? V™t s in single-crystal silicon™). This can be explained by the linkage of the
atoms by covalent bonds. That is, the electronic interactions between the atomic orbitals are
strong leading to the formation of broad bands, the valence and conduction band. For single-
crystalline organic semiconductors the molecular interactions are much weaker, because
mostly van der Waals interactions link individual molecules. In consequence, weaker
electronic interactions result and hence narrow bands are formed. This means, band transport
with high charge carrier mobilities (up to 20 cm? Vs at room temperature™®) can be
observed only in very pure organic molecular crystals from low temperatures up to room
temperature. However, at higher temperatures charge carriers are scattered in organic crystals
with a mean free path in the order of the distance between adjacent molecules. Band transport
is no longer possible and hence hopping transport becomes the dominating charge transport
mechanism.!

Finally, things look quite different in organic thin-films, e.g. deposited by spin-coating or
vacuum sublimation. Generally speaking, charge transport in organic semiconductor materials
is based on the injection of an electron into the LUMO and the extraction of an electron from
the HOMO-level of the molecule, respectively. This leads to an alteration of the distribution

-10-
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of the remaining electrons resulting in changes in the bond lengths of the molecule. The
energy resulting from this process is known as the geometric reorganization energy, while the
interaction of a charge with the surrounding molecules is called a polaron. Due to the fact that
organic semiconducting materials have quite low dielectric constants (&~ 3), electron-electron
correlations and electron-phonon couplings are present that are not observed for inorganic
semiconductor crystals with higher dielectric constants (¢~ 11).

As long as chemical and physical defects (the so-called off-diagonal disorder) can be
neglected, the charge transport in organic semiconductor materials is restricted only by the
dynamic diagonal disorder arising from electron-phonon coupling. Polaronic transport may be
split up into two cases, namely weak and strong electron-phonon coupling. For the first the
charge carrier mobility is dominated by tunneling and hence a band-like temperature
dependence of the mobility is found. Strong coupling leads to a lowering of the site energy by
the polaron binding energy, which has to be overcome by thermal activation before the charge
carriers can move further. This can be described as a phonon-assisted hopping process, where
the degree of polaron coupling is decisive for the measurable charge carrier mobility, i.e. u
increases with temperature.*?"!

In the early years of this research field, thin-films of organic semiconductors were mostly
amorphous which means that static off-diagonal disorder has to be taken into consideration.
The arbitrary orientation of molecules in such films together with random variations of the
surrounding polarization induce a random distribution of the molecular energies. The
resulting distribution of state energies is generally assumed to be of Gaussian shape (see

Figure 6) with the width being dependent on the dipole moment and the polarizability of the
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Figure 6. Schematic depiction of the hopping transport according to the model developed by Béssler
(a) and distribution of the density of states for a disordered organic semiconductor material (b).
Reprinted with permission from ref. 12d. Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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semiconductor material.”™® In other words, the band states of highly ordered materials are
more and more localized on introduction of increasing disorder. As a consequence,
uncorrelated hopping of charge carriers within a wide distribution of states is the dominant
transport mechanism. Béssler and co-workers developed a description for the charge transport
in such disordered organic materials based on Monte-Carlo simulations.**! One has to take
into account the charge hopping rates between sites as well as the density of the hopping
states. The hopping rate v; from an initial site i with energy E; to a final site f with energy E¢

can be expressed according to the Miller-Abrahams formalism™" as

exp (—E-L}Ei) if By > Ej
1 if Ei < E; ’

T
Vij = 1y exp (—27@;]) . (2.2.1)

with v a frequency pre-factor, rjj the jump distance, a the intersite distance, and ythe inverse
wave function localization radius. The energy of the states E may be expressed, as stated

above, by a Gaussian distribution:

Q(F) = ! exp (—E—) (2.2.2)

where o represents here the width of the density of states. With Eq. 2.2.1 and 2.2.2 subjected
to a Monte-Carlo simulation, several statements on the hopping transport are possible. First,
charge carriers relax into the tail of the density of states (DOS) distribution during the
simulation; dispersive transport is the consequence. After reaching equilibrium, the mean
energy of a charge carrier is dependent on disorder and temperature, and can be described as
o?

(Eeq) = }Ln% (E(t) = T (2.2.3)
It is evident from this equation that the energy of the carriers decreases on decreasing
temperature and, as a consequence thereof, the activation energy for a hop of the charge
carrier to the transport energy level increases. Hence higher temperature also means higher
mobilities. Second, a general expression for the charge carrier mobility in disordered organic

semiconductors regarding the temperature and field dependence can be formulated as

) 9 exp [C [02 — Zz) \/F] if X >1.5

a

p(T, F) = poexp |— (—3 7)1 (2.2.4)
exp [C (0% —2.25) \/ﬂ ity <1.5

where C is a numerical constant. It accounts for the fact that the activation energy for charge

transport is decreased by tilting of the DOS due to superposition of an electric field. So, a
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Poole-Frenkel behavior can be stated for the charge transport in amorphous organic
semiconductor films, where the mobility increases with the electric field strength. In
summary, it can be stated that higher disorder broadens the density of states, increases the
temperature and field dependence, and finally leads to low mobility transistor devices.

Beyond the model of Bassler presented here, some other theories for describing the
charge transport in disordered organic materials have been reported in the literature over the
years eliminating some drawbacks of the Bassler model.l*®! Vissenberg and Matters, for
example, developed a variable-range hopping transport model, which is in contrast to the
Bassler model directly applicable to the relatively high charge carrier concentrations in the
accumulation layer of an OTFT.['%

2.3 Deposition Methods for the Fabrication of Organic Semiconductor
Thin-Films™

The semiconductor layer is one of the vital elements in a TFT device determining the
transistor performance. Hence, the deposition of the semiconductor plays an important role in
the fabrication process, because at this step the morphology of the semiconductor film has to
be built up in a fashion which promotes charge transport and leads to high charge carrier
mobilities. One way to reach this goal is to improve the semiconductor / dielectric interface
by modifying the surface of the dielectric with a self-assembled monolayer (SAM) of a silane
or phosphonic acid. Besides determining the influence of the SAM on the molecular structure
and morphology, the operating voltage of the OTFT can be significantly reduced by such a
SAM.P®! Additionally, the deposition method affects the morphology of the active layer, and
various methods are known to achieve high-quality semiconductor thin-films. In general, one
has to select the right deposition method for the semiconductor layer depending on the kind of
compound to be processed. Due to solubility reasons, for polymer materials mostly solution-
based techniques are chosen, while small molecules often may be processed by thermal
sublimation at high vacuum. It is well known that the thin-film morphology can be optimized
by tuning the temperature of the substrate and the deposition rate of the organic material.’*”!
Finally, the substrate has to be compatible with the deposition method, e.g. vapor deposition
often requires high temperatures and is therefore not a suitable method for transistor
fabrication on polymer substrates.

Intensive research in the field of small semiconductor molecules led to the discovery of
new highly soluble compounds during the last decade. Consequently, fabrication of the OTFT

semiconductor layer from solution has become increasingly important. Thus, several solution
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deposition methods have been developed. As this thesis is focused on small molecule
semiconductors and their processing from solution, a selection of relevant deposition methods
is discussed in the following text.

The most common methods are drop casting and spin coating. Both are quite fast and
hence suitable for initial screening of new semiconductor materials. For drop casting[21], a
certain amount of the semiconductor solution is placed on the substrate followed by
evaporation of the low boiling solvent. Usually irregular films of low crystallinity are

obtained by this method and the respective OTFTs perform quite badly. Spin coating'??

yields
more uniform thin-films. For this method, the substrate is completely covered by the solution
and rotated at high speed. The fluid spins off at the edges leading to simultaneous evaporation
of the solvent and thus to film formation from the center of the substrate. The thickness of the
film depends on the speed of rotation, the concentration of the solution and the solvent, which
usually is volatile. Treatment of the spin-coated films in vacuum or inert atmosphere at
elevated temperatures is often beneficial for improved film quality. For example, Piliego et al.
reported spin-coated and subsequently annealed films of N,N’-1H,1H-perfluorobutyl
dicyanoperylenecarboxydiimide with electron mobilities of up to 0.15cm?*V's™ in
vacuum.'?®! Usually, uniform films consisting of randomly oriented molecules are obtained by
this procedure. Ludwigs, Crossland and co-workers managed to obtain well-oriented films by
spin coating of regioregular poly(3-hexylthiophene) (P3HT) followed by solvent vapor
treatment.’*! Anisotropic charge transport was found within the large spherulites, which was
dependent on the orientation of the transistor channel with respect to the growth direction of
the spherulite. Hole mobilities up to 0.2cm?V s were measured for devices aligned
perpendicular to the radial spherulite growth direction, while OTFTs with parallel orientation
exhibited charge carrier mobilities of only 0.07 cm? V' s™. Despite P3HT being a polymeric
semiconductor, one can assume that well-oriented thin-films with a high degree of
crystallinity are also desirable features for high performance OTFT devices based on small
molecules.

Millen and co-workers used the zone-casting technique (the principle is depicted in
Figure 7b) for fabrication of devices based on discotic hexa-peri-hexabenzocoronene (see
Figure 7a).%¥ Columnar structures providing percolation pathways for charge carriers were
observed. An increase in charge mobility of nearly two orders of magnitude (up to
0.01 cm® V' s™) was determined for OTFTs deposited by zone-casting compared to drop-
casting. In the zone-casting method the solution of the organic semiconductor was supplied

through a nozzle with a meniscus onto the substrate, which is slowly moving (see Figure 7b).
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Figure 7. a) Chemical structure of the hexabenzocoronene derivative used for OTFT fabrication. b)
Schematic depiction of the zone-casting technique. ¢) Optical microscopy picture of a zone-casted
thin-film taken in reflection mode. Reprinted with permission from ref. 25a. Copyright 2005, WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim.

A concentration gradient is formed along the meniscus due to evaporation of the solvent.
Optimization of the concentration, deposition speed, solvent and temperature results in
efficient self-assembly upon reaching a critical concentration. The self-assembled structures
are deposited onto the substrate along the deposition direction, forming an aligned thin-film.
The high quality of such hexabenzocoronene-based films is visualized by the microscopy
picture in Figure 7c. Mas-Torrent et al. prepared highly oriented thin-films of dithiophene-
tetrathiafulvalene by using the same procedure.”® They successfully fabricated transistor
devices with these films and measured charge carrier mobilities up to 0.17 cm*V's™.
Remarkably, their mobility is only one order of magnitude lower than the values measured for
single-crystal devices.

Very recently, Jang et al. reached hole mobilities up to 1.5 cm? V™ s™* for uniform large-
area highly crystalline organic semiconductor thin-films prepared by the dip-coating

method.?!

Hereby a substrate is slowly withdrawn out of a solution of 6,13-
bis(triisopropylsilylethynyl)  pentacene and fluorinated 5,11-bis(triethylsilylethynyl)
anthradithiophene, respectively (for a schematic depiction see Figure 8b). A meniscus is
formed at the interface between the substrate and the solution leading to a concentration
gradient along the direction of the movement, which induces alignment of the molecules.
Growth of large-scale crystalline films (see Figure 8a) was reported for certain lifting-rates
using low boiling solvents at optimized temperatures. It is noteworthy, that this method could
also be applied successfully for constructing OTFTs on unconventional cylinder-shaped
substrates.

Bao and co-workers developed and optimized another method for thin-film deposition
known as solution shearing.””” As this method was applied for transistor fabrication within
this thesis, a more detailed description of this procedure can be found in Chapter 3.2.1, while

it will only be briefly covered here. Lee et al. covered substrates with solutions of
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Figure 8. a) AFM image of 6,13-bis(triisopropylsilylethynyl) pentacene-based crystalline films grown
by dip-coating. b) Schematic depiction of the dip-coating method. Reprinted with permission from ref.
26. Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

dichlorinated NDIs bearing fluorinated alkyl chains.?’® When moving a shearing tool with a
dewetting surface over the substrate, they obtained well-oriented thin-films over a large area.
Devices based on these films revealed air-stable electron mobilities of up to 0.57 cm?* V' s,
This is quite remarkable if one takes into account that the mobilities of vacuum-deposited and
spin-coated films of the same compound are in the range of about 1.4 cm? V' s?’4 and
10°-10* cm? V1 s respectively.

Besides these mechanical procedures, surface selective deposition of the semiconductor
material’®® and directed crystal growth at the gap between a hydrophobic surface and a
solution holding piece!® are examples for fabrication of highly oriented and crystalline thin-
films from solution. In the first case, a substrate is pre-patterned with solution-wettable and
non-wettable self-assembled monolayers.”®  Applying a chlorobenzene solution of
dioctylbenzothienobenzothiophene onto the patterned substrate yields self-organized organic

semiconductor layers at the selected regions of the surface (Figure 9). Large sized grains and

a)

Semiconductor
Evaporalion i 55?"“"

Ewvaporation
Unwettable SAM

Surface ) Wettable SAM

Figure 9. a) Schematic depiction of surface selective deposition of a semiconductor solution. b) OPM
picture of an array of self-organized and crystalline transistor devices and c) of a single transistor
device. Reprinted with permission from ref. 28a. Copyright 2009, American Institute of Physics.
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Figure 10. a) Schematic depiction of the method used for the fabrication of highly crystalline thin-
films of N,N’-1H,1H-perfluorobutyldicyanoperylene-carboxydi-imide (b). c) to d) OPM pictures of the
crystalline films with polarizer and analyzer at different angles with respect to each other. Reprinted
with permission from ref. 29. Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

layer by layer growth were observed within the fully covered channel region, where electron
mobilities ranged from 0.2 to 1.5 cm? V* s

Facchetti, Takeya and co-workers developed a simple and effective solution deposition
method for N,N’-1H,1H-perfluorobutyldicyanoperylene-carboxydiimide, by which they were
able to overcome the drawback of uncontrolled crystallite-growth observed with methods like
drop casting and spin coating (un only about 0.16 cm? V™ s%).®! They used the setup
depicted in Figure 10a, where a substrate modified with a hydrophobic, fluorinated SAM was
covered by a solution holding piece but separated at one edge by a spacer piece. First a
semiconductor solution was filled into this gap and subsequent heating of the substrate led to
evaporation of the solvent and growth of a highly crystalline film (see the OPM pictures in
Figure 10b and c). Devices based on these films exhibited electron mobilities from 0.5 up to
1.5cm? V's™, which is indeed a remarkable improvement with regard to the non-oriented
films obtained by ordinary deposition methods such as spin coating and drop casting.

Besides the herein reported procedures, a large number of other promising methods for
solution deposition of organic semiconductors have been developed in recent years. These
allow already, with certain limitations, large scale processing of highly ordered crystalline
active layers in devices with long-term stability. Despite these advances, further research is

needed to discover materials and methods that may be used in commercial applications.
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2.4 Organic Semiconductor Materials based on Organic Colorants

Organic semiconductor materials which can be applied in organic TFTs have emerged as
an important field of research in recent years.'! An overview covering the large number of
organic compounds used for organic electronic applications was recently published by Zhu
and co-workers.® From this review it becomes evident that crucial progress has been
achieved within the last years to reach the performance of a-Si:H (~1 cm? V* s7)." Several
p-type as well as n-type semiconducting materials based on small molecules have been
discovered with TFT charge carrier mobilities in the range of 1 cm® V™ s and a few exhibit
even higher mobility. However, only p-type organic semiconductors with good performance
and ambient stability are abundant, whereas the long term performance of most n-type
semiconductors suffers due to the inherent instability of organic anions in the presence of
oxygen and water. As a consequence, fabrication and characterization of n-channel OTFTs is
often performed under inert conditions to reach the maximum possible charge carrier
mobilities. Most devices degrade quickly after exposure to air; some do not even show a field-
effect under ambient conditions.

Because of these limitations, a lot of scientific effort has been put into the development of
ambient-stable, n-type organic semiconductors. For example, the effect of strong electron
withdrawing groups on transistor performance in air has been intensively studied.
Additionally, crystal engineering to prevent oxygen and water from penetrating into the active
layer has also been investigated. In 2008 Shukla and co-workers from the Kodak Research
Laboratories processed a n-type naphthalene diimide (NDI) derivative by vacuum
sublimation, that was substituted at the N,N’-positions with dicyclohexyl groups.[3°]
Respective devices showed electron mobilities of up to 7.5 cm® V™ s~ under inert conditions
with a decrease of the transistor performance to 6.2cm?V's™ upon exposure to air.
Nevertheless, this is still one of the highest values reported for n-type organic semiconducting
materials. The excellent performance can be ascribed to the crystal packing arrangement,
where every molecule interacts with four neighbors due to w-7 interactions leading to reticular
pathways for efficient charge transport.

On the side of p-type semiconductor materials, Kang et al. reported in 2011 a record
performance for devices based on alkyl-substituted dinaphtho[2,3-b:2',3'-f]thieno-
[3,2-b]thiophene.BY They found that vacuum-deposited transistors of the derivative with two
n-decyl groups exhibited ambient stable hole mobilities as high as 8.0 cm? V* s

Besides small molecules, organic polymers are also of interest for application in OTFTs

because of their excellent electronic properties and their solution-processability, which allows
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easy deposition on various substrates such as other polymers. However, the large molecular
weight and complex molecular structure hinder the formation of highly ordered (or even
crystalline) structures that are desirable for efficient charge transport.”! Despite these
drawbacks, high hole mobilities of up to 1.4 cm? V! s™* have been reported for a copolymer
of benzothiadiazole and cyclopentadithiophene after deposition by the dip-coating method.??
In general, most organic polymers exhibit mobilities around 0.1 cm?Vs? or lower.”
Polymers with n-type semiconducting properties are quite rare and typically show electron
mobilities in the range of 0.01 cm?V s or lower. One outstanding example, reported by
Facchetti and coworkers, is a naphthalenedicarboximide-based copolymer with unprecedented
ambient-stable OTFT performance (up to 0.85 cm? V! s7%).[

Amongst the small molecule organic semiconductors are also several representatives of
the class of organic colorants. Thousands of different synthetic organic dyes have been made
available in large scale by industry for the classical use of coloring of textiles, hair, paper,
food and so forth. In addition, such colorants have been applied in laser printers, data storage
devices, displays, biomedical sensors, solar cells and field-effect transistors.** Since this
thesis is focused on processing small molecule squaraine dyes as the active layer of OTFT
devices, the following pages will give a review on five classes of organic colorants with

respect to their capability as semiconductor materials in OFETS.

2.4.1 Phthalocyanines

In 1907, Brown and Tcherniac found by chance a synthetic pathway to
phthalocyanines.® They obtained the first representative of this new class of dyes as a blue
solid by melting o-cyanobenzamide and subsequent washing with ethanol. While these
researchers did not spend time on this observation, Linstead and co-workers made intensive
studies on this new class of organic colorants in the early 1930s and even provided a guess for
the structure of the phthalocyanines.® Later, Robertson and co-workers reported crystal
structures of nickel, copper, platinum and metal-free phthalocyanine and thereby confirmed
the postulate that these dyes consist of four isoindole units being connected by an extended
conjugated w-system and providing the possibility of metal coordination at the isoindole
nitrogen atoms.®”! The general structure of phthalocyanines is depicted in Scheme 1. A
semiconducting behavior was discovered for several phthalocyanines in 1948, which still
attracts interest in this class of dyes for organic electronics.®®! Beside their application in
OTFTs, metalphthalocyanines are well-known as active compounds in solar cells, optical

limiters, and photoconductors.?!
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Scheme 1. General structure of metal-free (Pc) and metal-containing phthalocyanines (MPc).

In the end of the 1980s, rare-earth phthalocyanines were used to make the first working
metalphthalocyanine-based OTFTs.*®! For this purpose, Madru et al. successively evaporated
a thin-film of zinc phthalocyanine (ZnPc) and lutetium bisphthalocyanine (LuPc;) on a Si
wafer with a SiO, insulating layer.[*®®! After a gate voltage was applied to this bottom gate,
top contact device, they observed n-type FET behavior with a mobility in the range of
107* cm? V1 571928 Thinfilm devices with values of up to 6 cm? V™ s™ have been realized
by optimizing the deposition conditions."**" Guillaud et al. reported that LuPc, and thulium
bisphthalocyanine (TmPc;) are able to act as intrinsic and extrinsic semiconductor materials,
respectively.[**! While the transport of n-type charge carriers is favored in absence of air (u
up to 10*cm? Vs, p-type behavior with a mobility up to 10%cm?V™'s™* has been
observed after exposure to air and annealing. These changes were attributed to oxidation of
the Pc semiconductor caused by the interpenetration of oxygen into the active layer. The same
group established the research on thin-film transistors based on nickel phthalocyanine (NiPc)
and ZnPc.*! By varying the film thickness they obtained x, values between 10~ and
102 em* Vs

Bao and co-workers studied and optimized TFTs with copper phthalocyanine, CuPc,*?
and other metal phthalocyanines with zinc, iron, tin, nickel, platinum, as well as the metal-free
one.*?! By varying the substrate temperature during vacuum deposition, they were able to
control the morphology of the semiconductor thin-films. It was shown by X-Ray diffraction
that high temperature improves the order and crystallinity of the active layer. This trend was
accompanied by an increased charge carrier mobility of the respective devices. However, for
most phthalocyanine derivatives a maximum value was reached at some point followed by a
decrease in u upon further raising the temperature. This was explained by transmission
electron micrographs of the respective films. For example, the crystallites of a CuPc layer
(Figure 11; 14, =0.0006 cm”* V' s™* at 30 °C) grew in size up to 125 °C (0.02 cm*V*s™Y),
while higher temperatures afforded thin-films with even larger crystals but showing

discontinuities and gaps (0.0067 cm? V-1 s71).[4%
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Figure 11. Transmission electron micrographs of CuPc films deposited at different substrate
temperatures (a) 85 °C; (b) 125 °C; (c) 150 °C; (d) 200 °C. Reprinted with permission from ref. 42a.
Copyright 1996, American Institute of Physics.

Similar observations were made for the other phthalocyanine derivatives, though the
performance of the respective devices (Table 1) was depending on the nature of the metal ion
and none of these compounds exceeded CuPc.l? Extended storage in air didn’t affect the
mobility, but a slight decrease of the former Ion/lof ratio of 4 x 10° was found.[*?¥! The crystal
structure of NiPc (Figure 12a) exemplifies the herringbone-like packing of the metastable o-
phase in phthalocyanine thin-films,’#4?*) which limits the percolation pathway of the charge
carriers to one dimension. Further, an edge-on orientation of the molecular planes could be
proven by X-ray diffraction analysis of the semiconducting layers.[*?

Yan and co-workers were able to improve the hole transport ability of ZnPc
(0.32cm?*Vts™) and CuPc films (0.15cm?V's™) by using a weak epitaxial growth
technique based on a monodomain layer of rod-like para-hexaphenyl.[*¥! It is noteworthy, that
these vacuum deposited devices readily reach the mobility values of single crystalline CuPc
transistors (0.1 up to 1.0 cm? V! s7).[*! A similar enhancement (1, = 0.11 cm? V' s™) was
observed for a device in sandwich configuration, whose active layer consists of consecutively
evaporated CuPc and CoPc films."*!

In recent years, remarkable improvements have been achieved in the performance of
OTFTs based on titanyl (TiOPc)® and vanadyl phthalocyanine (VOPc),*"! respectively.
Tada et al. measured under vacuum an electron mobility of 9 x 10° cm? V* s for TiOPc

devices.[*® After exposure to air the device switched to p-type operation with a Ly value

Table 1. FET mobilities for p-type charge carriers in devices, whose phthalocyanine layers were
vacuum-deposited at elevated substrate temperatures Tp.1*)

/108 em’ Vvits™

Compound Tpo=30°C Tp=125°C Tp=200°C
CuPc 0.60 20 6.7
SnPc 0.073 3.4 no field-effect
H,Pc 1.3 2.6 0.00056
ZnPc 0.23 2.4 2.8
FePc 0.036 0.069 0.011
PtPc 0.15 0.15 0.090
NiPc 0.0070 0.030 0.054
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of similar magnitude. Later, Hu and co-workers were able to explain the poor OFET
characteristics of such devices by the amorphous and mixed-phases states of vacuum-
by
introduction of a self-assembled monolayer of octadecyltrichlorosilane (OTS), with on/off

deposited thin-films on Si/SiO, substrates.”*®®) They improved s, up to 3.31cm*V's™
current ratios in the range of 10’108, In addition, the respective devices functioned under
ambient conditions for months. XRD patterns of respective thin-films revealed an edge-on
orientation of the molecules. Furthermore, the excellent performance could be ascribed to a
packing of the molecules similar to that in the a-phase of TiOPc single-crystals (Figure
12b).[*81 A slipped face to face packing with short intermolecular distances is representative
for such non-planar phthalocyanine derivatives, which opens up the possibility for two-
dimensional percolation pathways of the charge carriers. Ohta et al. were the first to process
VOPc, which is also non-planar, in OTFTs and determined a charge carrier mobility of
~5x 102 ecm? Vv 571178 Weak epitaxy growth of VOPc films on a highly ordered para-
sexiphenyl layer afforded devices with 4, values of 1.23 cm® V™ s7.F"]

Similar OFET characteristics were achieved by Li, Hu and co-workers when they used
OTS-modified Si/SiO; substrates instead of pure Si/SiO, substrates. The improvements were
again attributed to an a-phase like growth of the thin-films."*”! While these p-channel devices
exhibited long-term stability under ambient conditions, ambipolar conduction with low
mobility values in the range of only 10°-10"* cm?V's™ was observed under reduced
pressure. Huang et al. perpetuated the concept of growing the VOPc layer by weak epitaxy on
highly ordered crystal films, which were prepared by co-deposition from two rod-like
molecules.*’™ The quality of the VOPc thin-film as well as the OTFT behavior were shown

to be dependent on the mixing ratio of the inducing layer. Respective transfer characteristics

a)

Figure 12. a) Herringbone-like packing of NiPc molecules in an a-phase single crystal®® and b)
slipped face to face packing of TiOPc molecules in an a-phase single crystal.!*®!
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Figure 13. a) Transfer characteristics of VOPc-based transistors, which were grown by weak epitaxy
on inducing layers with different mixing ratios of BPTT and BPPh. b) Dependence of the hole
mobilities on the concentrations of the two molecules in the mixed crystal film. Reprinted with
permission from ref. 47d. Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

and mobility values are visualized in Figure 13, and show that the maximum performance
(1 = 3.2 cm® V' s™) is reached for a 1:1 mixture.

Besides this excellent p-channel performance, several electron deficient phthalocyanines
are currently known, which provide the possibility for devices with n-type behavior. Bao et al.
elucidated OTFTs based on F1sCuPc, FiZnPc, F19CoPc, FigFePc, CligFePc, (CN)sCuPc, and
PyCuPc. While the latter two could not be sublimed, the vacuum-deposited devices of the
other compounds exhibited electron mobilities of up to 0.03 cm? V! s™ (for F1CuPc), with
remarkable stability after storing in air for more than half a year.**! Perchlorinated CuPc,
ClisCuPc, performed even better (0.12 cm? V™ s71).%% Yan, Geng and co-workers found, that
introduction of either a monolayer of OTS or para-sexiphenyl yields SnCl,Pc-based, air-
stable transistor devices with 1 values of up to 0.30 cm? V1 s2.5% An electron mobility of
0.44 cm? Vs could be reached on using SnOPc instead of SnCl,Pc.®!

Finally, several approaches have been made over the past years to process
phthalocyanine-based transistors not only by vapor deposition but also from solution. Hirao et
al. used soluble phthalocyanine precursors for spin-coating of the semiconductor layer on
Si/SiO, substrates.®?® The respective thin-films were subsequently heated at 350 °C for
5 min, which initiated a retro Diels-Alder reaction yielding the phthalocyanine form as active
species (Scheme 2). For such devices a maximum hole mobility of 0.06 cm®* V™" s was
determined. Fourfold substitution at the benzo-sites improves the solubility of
phthalocyanines, but leads to a reduced order in the films and to four structural isomers,
which hardly could be separated. Such isomeric mixtures of liquid crystalline tetraoctyl-

substituted VOPc or tetraalkoxy-substituted ZnPc were applied in solution-processed OFET
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Scheme 2. Retro Diels-Alder reaction, which converts the well soluble pre-Pc into Pc, which can act
as the active layer in an OTFT device after thermal conversion.!*?!

devices by Dong et al.®®! and Chaure et al.,®*" respectively. They obtained highly ordered
films via thermal annealing in the liquid crystalline state, which exhibited moderate
performance (u =0.017 cm®V's? for the VOPc derivative). Although the isomers of
5-hexylthiophene-fused porphyrazines (see Scheme 3a) could also not be separated, 4 for
TFTs based on the isomeric mixture rose to a value of 0.2 cm? V* s |n contrast, for
non-peripheral tetrahexyl-substituted VOPc (see Scheme 3b) four structural isomers were
easily separated by column chromatography.®??! The molecules in a thin-film of the isomer
with the highest mobility (0.13 cm?V's™) adopt a similar packing arrangement as was
found for films of unsubstituted VOPc. Ma et al. recently reported the first solution-
processable n-type CuPc-based transistor devices.*® The attachment of electron-withdrawing
octyloxycarbonyl groups to the phthalocyanine periphery (see Scheme 3c) causes self-
assembly into one-dimensional nanostructures in binary solvent mixtures. TFTs prepared
from such solutions exhibited low electron mobilities of 1.6 x 10 cm? V' s under a dry

nitrogen atmosphere.
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Scheme 3. Phthalocyanine derivatives, which were used for OFET fabrication from solution (the
mobility is denoted beyond the structures): a) One out of four structural isomers of a
5-hexylthiophene-fused porphyrazine;®*¥ b) a tetrahexyl-substituted VOPc isomer;®*! c) Solution-
processable CuPc derivative with n-type behavior.
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2.4.2 Arylene Diimides

Similar to phthalocyanines, the large m-systems of arylene diimides are an encouraging
feature for efficient charge transport due to the possibility for n-n-stacking. In addition, low-
lying LUMO levels and their reversible redox behavior make them promising candidates for
application as n-type semiconductors in OTFT devices with enhanced ambient stability.
Already in 1995 the group of Dodabalapur et al.®* published electron mobilities up to
0.001 cm? V' s for 3,4:9,10-perylenetetracarboxylic dianhydride (PDA) and one year later
Horowitz et al.®*®! reported on the first 3,4:9,10-perylenetetracarboxylic diimide (PDI)-based
devices (for the general structure of PDI see Scheme 4). At the same time, Katz, Dodabalapur
and co-workers found n-type behavior for the smaller homologue 1,4:5,8-
naphthalenetetracarboxylic dianhydride (NDA) with z values up to 0.003 cm?V*s™. For
H,H-NDI-H they observed one order of magnitude lower values (~10* cm? V' s7%) (for the

general structure of 1,4:5,8-naphthalenetetracarboxylic diimides (NDIs) see Scheme 4).1°!

z XY z

(o] (0]
RS eS oS

HOH0

z Z

X,Y-NDI-R X,Y-PDI-R

Scheme 4. General structures of naphthalene (X,Y-NDI-R) and perylene tetracarboxylic diimide
(X,Y-PDI-R), where X, Y and Z represent the substituents at the aromatic scaffold and R those
attached at the N,N’-positions.

Ambient operational stability of NDI and PDI based transistor devices was achieved by
two principal concepts: One is to create closely packed transistor films by attaching
(per)fluorinated substituents at the N,N’-positions, while the second concerns the lowering of
the LUMO energies by incorporation of electron-withdrawing groups at the aromatic core. To
test the former concept, Katz et al. varied the degree of fluorination at the imide substituents
of H,H-NDI. While an n-octyl group gave almost no field effect in air,*®® devices based on
H,H-NDI-CH,C;F5 led to improved air stability with an electron mobility of 0.05-
0.1 cm?Vts! under ambient conditions.®®*! One possible explanation for the enhanced
stability of such transistor materials is the denser packing of fluorinated alkyl chains
compared to that of non-fluorinated ones, which prevents water and oxygen from penetrating
into the central NDI core.® Similar results were found for a series of H,H-NDIs with p-
alkylbenzyl substituents at the N,N’-positions.®®*! Devices based on the methyl derivative
1 S—l

exhibited a mobility of only 107° cm? V- in air, while replacement with a CF3 group led to
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a maximum value of 0.12 cm? V*s2.5%! Finally, substitution with CH,CH,CgF17 further
enhanced performance at ambient conditions (z = 0.57 cm? V1 s74).[5¢d]

Following the second concept, the attachment of electron-withdrawing groups helps to
adjust the LUMO levels of NDIs (Figure 14, right), so that their radical anions and also the
respective OTFTs are no longer susceptible to reaction with water (below Ej, = -1.14 V; vs.
Fc/Fc).®! In 2007 Jones et al. reported on the dicyanated derivative CN,H-NDI-CgH17.°%
Application in vacuum-processed OTFTs yielded ambient-stable electron mobilities of
0.11 cm? V' s, Both concepts were combined by Bao, Wiirthner and co-workers, when they
carried out the synthesis of core-chlorinated NDIs with fluoroalkyl substituents at the N,N’-
positions.?’%?"% " Dichlorinated CI,H-NDIs exhibited better air-stability than the
tetrachlorinated counterparts, despite the lower LUMO energies of CI,CI-NDIs. This fact was
explained by a higher packing density of the fluoroalkyl chains for the former. Eventually,
OTFTs of Cl,H-NDI-CH,CsF; with maximum g =1.43cm”V s were obtained after
surface treatment with SAM.

Similar progress for ambient stable OTFTs based on PDI derivatives has been made in the
last decade. In 2002, Malenfant et al. reported on core-unsubstituted H,H-PDI-CgH;7 as
organic semiconductor material.*®® While n-type transistor operation ceased rapidly on
exposure to air, under ambient conditions z = 0.6 cm? V* s~ was measured. By optimization
of the processing conditions for this derivative®™® and switching to H,H-PDI-Cy3H,7 with an

even longer alkyl chain[®! the performance could be raised to 2.1 cm? V' s, but only under

PDI NDI
1.8 ® X YINH-CHNH | 30
1 @ X NHR ~Y:NHR
> -1.64 --3.2
*E 1.4 @ X/NHR Y:H --3.4
o 1 ® XNR YH ® X0R Y:OR [ >
< 2] 2 . 36 @
? 1 ® X:OR Y:OR % XH  Y:H s
S -1.04 --3.8 3
= * X:H Y:H I o
~ 1 * X:F  Y:F
X -0.8- : : L 4.0
< 0.8 ﬁ: CBII ¥: (é‘,l t § (B:; ¥ Ié[r I
— 9 . Br - er . .
§ 6l * X:Cl  Y:Cl [ 40
w ® X:Cl Y:Cl zcl
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| X:SO,R Y:SOR I

Figure 14. First reduction potentials E;,,(X/X") and respective LUMO energies for known PDI and
NDI derivatives. Water reduction can occur in the hatched area.® Reproduced by permission of The
Royal Society of Chemistry.
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non-ambient conditions. The groups of Bao and Wirthner showed in 2009, that introduction
of fluoroalkyl chains at the N,N’-positions of the parent core-unsubstituted PDI yields air-
stable devices with mobilities of up to 1.18 cm*V's™ in air and 1.42cm*V st in N,
atmosphere (both for H,H-PDI-CH,C3F;).[%?

While core-cyanation and non-fluorinated imide substituents resulted in OTFTs with poor
operation at ambient conditions (1 up to 0.12 cm? V! s7),1%% an improved value of up to
0.64 cm? Vs could be achieved for CN,H-PDI-CgF1; by the Northwestern group.®3"]
Besides lowering the LUMO energy, electron-withdrawing groups at the PDI bay positions
affect the packing in the crystal structure due to their bulkiness. The trade-off between these
two effects was studied by Schmidt et al. for a series of core-halogenated PDI derivatives
with fluorinated alkyl chains at the N,N’-positions.’? Analysis of the crystal packing of H,H-
PDI-CH,C3F7 revealed an intermolecular - overlap of about 50 % for the nearly planar =-
cores in a slip-stacked arrangement (see Figure 15), whereas the difluorinated derivative
exhibited a herringbone like pattern along with a slightly twisted perylene core (~3.0°).
Thereby, the face-to-face overlap of F,H-PDI-CH,C3F; was found to be less than 5 %.
Further substitution with two additional fluorine atoms increased the torsion angles (19.8° and
25.1°, respectively) resulting in negligible - contacts. These findings were also reflected by
the results of respective OTFT devices: While the perfect packing of H,H-PDI-CH,CsF;
gives ambient-stable charge carrier mobilities of up to 1.18 cm? V™ s, a dramatic decrease is
found by increasing number and size of the electron-withdrawing substituents
(F,H-PDI-CH,CsF7;:  058cm?V*s?; F,F-PDI-CH,CsF7;:  0.05cm?V*s™), which

compromise the solid state packing. For tetrachlorinated and tetrabrominated PDI derivatives

¥ p
@0 CO-Lo—CL-Co- P & o @& @ &CC@%E,%&
e

Figure 15. Side view on the perylene core of H,H-PDI-CH,C;F;, F,H-PDI-CH,C;F;, and
F,F-PDI-CH,C;sF; (top, from left to right), which clarifies the increase of the twist-angle with the
number of substituents in the bay-region. Slip-stacked face-to-face packing in the crystal structure of
H,H-PDI-CH,C;F-, herringbone structure of F,H-PDI-CH,Cs;F; and packing motif of the twisted
F,F-PDI-CH,C;F; are depicted at the bottom (from left to right). Reprinted with permission from ref.
62. Copyright 2009, American Chemical Society.
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with an even higher degree of twisting (torsion angles ~35-37°) only poor transistor
performances were observed (e~ 10~ cm® V' s™). In 2010, the same authors managed to
overcome the packing problems associated with core-distortion by a crystal engineering
strategy.[64] Full core-chlorination accounted for a quite low LUMO level of —4.23 eV and for
a strongly twisted perylene core. However, free NH imide groups enable formation of
hydrogen bonds, which lead together with close m-m contacts to a brick stone arrangement.
Thus, the possibility for two-dimensional charge transport is given and an electron mobility of
0.82 cm? V! s in air was measured. The so far known highest mobility for PDI transistors in
air (up to 3cm?*Vv st
CN,H-PDI-CH,C;F7.[]

Whilst the performances obtained for devices based on vacuum deposited thin-films and

) was reported by Molinari et al. for devices from single-crystals of

single-crystals are of high importance from the scientific point of view, solution processing of
NDI and PDI materials is of great interest for cheap and large scale manufacturing. Facchetti
and co-workers were able to obtain an ambient stable mobility of up to 0.01-0.06 cm? V' s*
for CN,H-PDI-CgHy7 using inkjet printing®®*“! and drop casting methods,®®™ respectively. It
was shown by the same groups in 2009, that again introduction of fluorinated alkyl chains at
the N,N’-positions was an effective remedy for enhanced performance of solution-processed
OTFTs in air.2®"! Spin-coating of CN,H-PDI-CH,CsF; from CHCl; solution and subsequent
thermal annealing of the thin-film gave rise to an electron mobility of 0.133 cm?V's™.
Recently, even higher values were presented for NDI-derivatives: Gao et al. introduced a new
concept for mt-core expansion and thereby achieved mobilities of up to 0.51 cm? V' s in air
by spin-coating of a NDI fused with 2-(1,3-dithiol-2-ylidene)malonitrile,”! while Bao,
Wirthner and co-workers used the method of solution shearing to obtain large arrays of CI,H-
NDI-CH,C3F; (see Figure 16a).2“®®1 When processed on PTS-treated Si/SiO, substrates, a
maximum g of 0.22 and 0.57 cm? V™ s could be recorded for devices oriented parallel and
perpendicular, respectively, with regard to the shearing direction.!””* Besides an improvement
of the ambient OFET characteristics (up to 0.95 cm? V' s™ for perpendicular orientation),
Stolte et al. observed a rather unprecedented behavior under bias stress, namely an
unexpected increase of the electron mobility up to 4.26 cm® V™ s™* on continuous recording
of the transfer characteristics on bare Si/SiO, substrates (see Figure 16b).[*®!

Recently, Wurthner and Klauk reported the first NDI derivative, which acts as a p-
channel semiconductor.® Lateral extension of the NDI core by electron-rich carbazole rings

and bulky imide substituents result in a p-type semiconducting axis, which is orthogonal to
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Figure 16. a) Optical microscopic image of a thin-film with source and drain gold contacts. The film
was processed by solution shearing of ClI,H-NDI-CH,CsF; from 0-DCB. The direction of shearing is
indicated by the arrow, whose lengths equals to 1 mm. Charge carrier mobility of individual devices is
color coded in the area of the OTFT channel b) Transfer characteristics of a solution-sheared NDI
transistor in perpendicular orientation with respect to the shearing direction before (open circles,
dotted lines) and after (filled circles, solid lines) 200 times of measuring the transfer characteristics.
The inset displays the evolution of the electron mobility during this measurement.[®®! Reproduced by
permission of the PCCP Owner Societies.

the electron deficient N-N axis (see Figure 17). Localization of the HOMO along the
expanded r-cores (Figure 17c) accompanied by stacking in this direction facilitates transport
of holes and hence a large mobility of 0.56 cm? V' s was measured for this NDI-derivative
in air.

By using terrylene and quaterrylene diimides n-type OFET performance under ambient
conditions was not improved despite their further enlarged m-systems. The former are known
to show charge carrier mobilities of 0.07 cm? V™' s~* under inert atmosphere, [ whereupon
for the latter a solution processable derivative with reasonable air-stability
(e = 0.088 cm? V! s™%) has been reported by Bao and co-workers recently.[*

Significant advances in the application of NDI and PDI in OTFT devices has been

b>o_(P:<H c) | : :
*vtu *Ifll

Figure 17. a) Schematic depiction of the p- and n-type semiconducting axis of the n-expanded NDI. b)
Structural formula of this NDI. ¢) HOMO (left) and LUMO (right) of this NDI, which were obtained
by DFT (B3-LYP) calculations.”™ Reproduced by permission of The Royal Society of Chemistry.

HOMO LUMO
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achieved over the last few years. Ambient stable electron mobilities of 1.0 cm® V' s and
higher have been obtained for solution- as well as vacuum-deposited devices based on NDI
and PDI semiconductors. Unexpectedly, recent work has also shown that NDIs may be tuned

to exhibit p-type charge transport.

2.4.3 Diketopyrrolopyrroles

Polymers based on diketopyrrolopyrrole (DPP) have been known since the early 1990s!™!
and monomeric DPPs represent a class of organic colorants that has been established for more
than 30 years. Although they are employed in large scale commercial application (e.g.
Pigment Red 254),1% until recently little effort has been spent on their application in organic
electronics.

In 2008, Turbiez, Winnewisser and co-workers reported the first DPP-containing polymer
BBTDPP1 for OTFTs (see Scheme 5).[73] They observed ambipolar charge transport with
tgt Lst for

hole mobilities of up to 0.1 cm? V™ and electron mobilities of up to 0.09 cm? V™

thin-films on OTS-modified Si/SiO, substrates with barium top-contact electrodes. Operation
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Scheme 5. Structures of polymeric and small molecule DPP dyes used in organic electronics.
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of these transistors under appropriate bias conditions led to emission of near-infrared light.["*!
Bijleveld et al. developed the polymer PDPP3T (see Scheme 5), which exhibited slightly
lower mobilities for both types of charge carriers, and was additionally applied in
photovoltaic cells as a donor, reaching a power conversion efficiency of 4.7 %." During the
last two years, several new solution-processable DPP polymers, which mainly differ in the
kind of linkage, have been developed. Ambipolar charge carrier mobilities between 0.3 and
1.0 cm? V' s (inert conditions) were measured for these derivatives, some of which were
also successfully used as donor materials in organic solar cells with quite high power
conversion efficiencies of up to ~5 %.1"*! Bronstein and co-workers spin-coated thin-films of
their polymer DPP-P1 (see Scheme 5) from solutions in chlorobenzene and observed a
maximum hole mobility of 1.95cm?V's™ for transistors in top-gate, bottom-contact
configuration.l”® Despite this remarkable p-type performance, electron transport and therefore
ambipolar operation was still present in these devices, although only a s value of 0.03
cm? V' s was determined. Blends of this polymer and PC7;BM in a 1:2 ratio were shown to
operate in organic photovoltaic devices with a power conversion efficiency of 5.4 %.
Compared with the significant recent activity in DPP polymers less activity has been
devoted to small molecule DPP-based organic electronics. Yanagisawa et al. reported in 2008
on transistors with their active layer deposited by vacuum sublimation of unsubstituted DPP1
and spin-coating of the t-Boc derivative of DPP1 as a soluble precursor (see Scheme 5) with
subsequent cleavage into the parent pigment on annealing at about 200 °C.I""! Both ways of
preparation yielded devices with hole mobilities in the range of 10°cm?*V's™.
Functionalization of DPP with alkyl-substituted terthiophenes opened up the possibility for
solution-processing of DHT6DPP (see Scheme 5) semiconductor films with decent field
effect mobilities (up to 0.02cm?V s after annealing) superseding additional cleaving
procedures.l’® For these DPP derivatives it never has been clarified to what extent the hole
transport is governed by the oligothiophene subunits, which are well-known building blocks
for p-type semiconductors. However, Wurthner, Klauk and co-workers presented in 2011 the
pristine derivative DPP2 (see Scheme 5)."! Vacuum-deposited devices on FOPA-modified
Si/SiO,/AlO, substrates exhibited remarkable hole mobility of up to 0.7 cm? Vs despite
the small size of the conjugated n-system, a huge coverage of space by the electronically

inactive alkyl chains, and the mixture of DPP2 diastereomers being present in the active
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Flgure 18. AFM amplltude and topography (inset) |mages of DPP2 th|n fllms which were deposited
by vacuum sublimation at different substrate temperatures.” Reproduced by permission of The Royal
Society of Chemistry.

layer. The optimum in OFET performance at a substrate temperature of 70 °C was found by
variation from 20 °C up to 90 °C and subsequent study of the film morphology by AFM.
Increasing mobility could be explained by the formation of larger grains accompanied by a
decrease of the number of grain boundaries (see Figure 18).

Very recently, Nguyen and co-workers reported balanced field-effect mobilities of up to
0.01 cm? V! s for ambipolar transistors, which were fabricated from solutions of BTDPP2
(see Scheme 5) by spin-coating.®™ Qiao et al. managed to obtain the DPP derivatives
DPP3-C6 and DPP3-C10 (see Scheme 5) exhibiting quite low LUMO levels at about
—4.51 eV.I® Ambient stable n-type OTFTs with electron mobilities of up to 0.55 cm? V' s™
for DPP3-C6 and 0.35 cm® V* s for DPP3-C10 could be processed by vacuum deposition
and spin-coating, respectively. While the air-stability of these devices may be explained by
the energetically low LUMO, the efficient charge transport was attributed to a favorable
packing in the crystal structure of DPP3-C6 (see Figure 19). The interdigitation of the alkyl
chains, a columnar =-stacking structure in a slipped face-to-face arrangement, and
intermolecular hydrogen bonds seem to favor the formation of percolation pathways for the

charge carriers.

Figure 19. Packing motif of molecules in the crystal structure of DPP3-C6.!
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2.4.4 Merocyanines

Merocyanine (MC) dyes are composed of an electron-donor and electron-acceptor unit
interlinked by a m-conjugated polymethine chain and therefore belong to the class of
polymethine dyes. Their optical properties can be tuned by changing the number of “~CH="
units in the methine bridge as well as by varying the strength of the donor and acceptor
groups.’® These well-established donor-acceptor colorants were successfully applied in the
field of nonlinear optics more than a decade ago. In addition, they have been used as spectral
sensitizers in photography and as markers in biological and medicinal applications.’®® More
recently, merocyanines have been proven to be a potent alternative to the ruthenium
sensitizers used in dye-sensitized solar cells.[®*

Already in 1984, Kudo and co-workers reported on merocyanine-based organic transistor
devices. However, the mobilities were quite low with a highest value for vacuum-deposited
TFTs of MC1 (see Scheme 6) of 5.0 x 10> cm? V' s (p-type).®™ The groups of Meerholz
and Warthner introduced merocyanines as p-type hole-conducting components in bulk
heterojunction (BHJ) solar cells in 2008.1%687 Besides the characteristic power-conversion
efficiencies (PCE) of respective organic photovoltaic devices (up to 6.1 % for vacuum-
deposited MC2a in combination with Cg fullerene,®’? see Scheme 6), only poor charge
carrier mobilities were determined for the dyes with the highest PCEs from solution-
processed OTFTs of the pristine colorants.®” Table 2 highlights the performance of
transistors and solar cells based on various merocyanines and shows maximum hole
mobilities of up to 4 x 10 cm? Vs (for MC3a,'®! see Scheme 6). These data acquired
for amorphous films suggest, contrary to conventional knowledge,™*'®! that large ground-
state dipole moments do not necessarily impede the charge transport in organic semiconductor

materials.
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Scheme 6. Structures of merocyanine dyes used in organic electronics.
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Table 2. Hole mobilities of TFTs based on spin-coated films of the pristine merocyanine and power
conversion efficiencies of BHJ solar cells consisting of merocyanine:PCBM blends.

Compound  4,/10° cm*V's™ PCE /% Literature
MC2a 5 2.6/6.1F [87b]/ [87d]
MC2b 3 1.4 [87b]
MC2c 1 15 [87b]
McC2d 1 2.3 [87¢]
MC2e 0.7 3.0 [87¢]
MC3a 40 1.1 [87¢]
MC3b ~0.1 2.7 [87¢]

[ Determined for a merocyanine:Ce blend.

Further evidence for charge transport through highly dipolar molecules was provided by
the just published results of the Wirthner group.®®® They reported transistor devices of the
highly dipolar (x4 = 13.6 D) merocyanine dye MC3c (see Scheme 6) by vacuum deposition
with hole mobilities up to 0.18 cm? V' s on TPA-modified substrate. Investigation of the
film morphology by AFM revealed quite large (0.5 -1 um), random stripe-like crystals on
SAM-modified substrates (see Figure 20). In contrast, amorphous disordered films were
observed after deposition on bare Si/SiO, substrates leading to lower mobilities. X-ray
diffraction of the thin-films on TPA substrates as well as SAED experiments indicated the
formation of highly crystalline films. Taking into account the d-spacing values from the XRD
measurements as well as the J-type excitonic coupling derived from UV/Vis data, extended -
stacks with a slipped packing arrangement can be assumed. With the additional information
that highly dipolar merocyanines adopt an antiparallel packing arrangement, the authors
derived a structural model which is depicted in Figure 20. As the merocyanine exhibits
molecular layers that lack bipolarity, the drawbacks of highly polar molecules are overcome
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Figure 20. a) UV/Vis spectra of merocyanine MC3c in methylene chloride solution (dashed line) and
thin-films on TPA substrate (solid line). b) Structural model for the packing arrangement in these
films, where the arrows depict the orientation of the dipole moment. Reprinted with permission from
ref. 88. Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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on a supramolecular level,’®® and one can assume that the dipole moment may even be the
driving force for the desirable dense packing. Therefore, efficient charge transport may even

be facilitated by such dipoles in centrosymmetric crystalline packing arrangements.

2.4.5 Squaraines

Currently, very little is known about squaraine dyes and their application in OFETS,
although this class of colorants has been widely studied for a range of applications, for
instance in bio-imaging probes, for photo dynamic therapy, in nonlinear optics and as
photoconductors in recent years.®¥) Moreover, Thompson, Forrest and co-workers
successfully applied squaraines in organic photovoltaics and could achieve PCEs up to 5.9 %,
but did not study the charge carrier mobilities of these dyes.®™ Pagani, Marks, Facchetti and
co-workers reported also on organic solar cells based on squaraine derivatives (SQ4c-d, see
Scheme 7) with PCEs up to 2 %. They also studied TFT devices of these compounds and
found moderate hole mobilities in the range of 10 cm? Vs .°Y Similar values were
reported earlier for squaraines, which were designed for NIR light-emitting ambipolar organic
field-effect transistors (SQ3),°? near infrared (NIR) detectors (SQ4a-b)"*® and nanowire
transistors (SQ1).* OTFTs with hole mobilities in the region of 10 cm?V*s™ were
obtained for the first two cases by spin-coating, while in the latter, well-aligned and single
crystalline squaraine nanowires (for SEM and TEM images see Figure 21) were used as the

active layer of transistor devices (u = 2.8 x 10* cm® V*s%).
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Scheme 7. Structures of squaraine dyes used in organic electronics.
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Figure 21. a), b) SEM images of a SQ1 nanowire film at different magnifications. c) TEM image of
one squaraine nanowire with the respective electron-diffraction pattern (inset). Reprinted with
permission from ref. 94. Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Finally, the groups of Wiirthner and Meerholz studied the application of squaraine dyes as
donor materials for bulk heterojunction solar cells and reported power conversion efficiencies
up to 1.8 % for a series of squaraine derivatives (SQ2a-b and SQ5a-e).l"*! Additionally, they
used solutions of this dyes for spin-coating the active layer of OTFTs. These devices
exhibited p-type behaviour with charge carrier mobilities between 5.5 x 10° cm? V™ s™* for
SQ5a and 1.3 x 102 cm? Vs for SQ5d, which was also the squaraine with the highest
PCE in BHJ solar cells (1.8 %).1"
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CHAPTER 3

RESULTS AND DISCUSSION

As it can be seen from the overview in Chapter 2.4.5, squaraine dyes may be an
auspicious class of dyes for organic electronic applications. Hence this thesis focussed on
studying the charge transport behaviour of a series of squaraines SQa-f (see Scheme 8), which
were synthesized within the Wurthner group by Dr. Ulrich Mayerhoffer (SQb, SQd-f) and
Eva Kirchner (SQa, SQc). Squaraines SQb-f feature good solubility in common organic
solvents with rising solubility from short to long alkyl chains, where concentrations of about

4 mg mL™" in chloroform were determined for the dodecyl derivatives SQd-f.

NC CN

\ a: X =Se,R=CH,

b: X = Se, R = C,Hg

R\N J = N,R C: X =Se, R =CgHyy
VAT d: X=Se, R =CyHys

_ €1 X =S, R=CyoHys

f: X =0, R = CypHpg

SQa-f

Scheme 8. Chemical structures of the squaraine dyes used for TFT fabrication within this thesis.

Therefore transistor devices of those compounds were easy to process by spin coating from
chloroform solutions, while the low solubility of SQa prevented processing of adequate films

of this compound.

3.1 Squaraine-Based Thin-Film Transistors — Deposition by Spin Coating

3.1.1 Performance of the Transistor Devices

The OTFT devices were prepared by spin coating thin-films of SQb-f onto Si/SiO;

substrates and subsequent vacuum deposition of gold through shadow masks texturing the
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source and drain contacts. A second set of devices was prepared using the same procedure but
with annealing of the thin-films for 10 minutes at 130 °C under Argon atmosphere prior to
deposition of the gold contacts. Thermal annealing has been shown before to influence the
film morphology of the active layer in a beneficial manner leading to improved transistor
performance (see Chapter 2.3). The performance of the as spun as well as of thermally
annealed p-type OTFTs is summarized in Table 3. It was found that the as spun films of the
butyl-substituted selenium squaraine SQb showed no field effect, but elongation of the alkyl
chains to octyl (SQc) and dodecyl (SQd) induced an increased transistor performance. For as
spun OTFTs, the highest hole mobility (up to 0.017 cm?V*s™) was obtained for SQd.
Improvement of the transistor characteristics could be achieved by annealing prior to contact
deposition. In comparison to the as spun films, the mobility values for annealed devices were
up to one order of magnitude higher. Within the series from methyl- to dodecyl-substituted
selenium squaraines a maximum value of 0.037 cm? Vs was measured for the longest
alkyl chain (SQd). The output and transfer characteristics of this device are depicted in
Figure 22. Even for SQb, where no field effect for as cast films was detected, annealing led to
mobility values higher than 1 x 10 cm? V! s™. Comparing as cast and annealed devices
reveals for both cases an increasing transistor performance with rising length of the alkyl

substituents. Thermal treatment of the thin-films not only affects the charge carrier mobilities

Table 3. Summary of mean electrical properties for OTFTs of squaraine dyes SQb-f (averaged over
three randomly picked devices), which were prepared by spin coating from solutions in chloroform on
Si/SiO, substrates and measured in air.

Compound Annealing™ Lo lon/ Lot Vin
(X, R [10% cm? Vs [V]
SQb x no field effect

(Se, C4Ho) v 0.16+0.01 10" 24+1
SQc x 0.42+0.03 10" 2245
(Se, CgHyy) v 1.1+0.1 102 16+2
sQd x 1.740.1 10° 165
(Se, CizHzs) v 3.7+0.1 10* 6+1
SQe x 0.054+0.004 10! 58+4
(S, C12Hzs) v 7.310.5 102 11+1
SOf x no field effect

(O, C12Hzs) v no field effect

[ See Scheme 8. ™ Annealing of the thin-film under Argon for 10 min at 130 °C.

—38-



CHAPTER 3 RESULTS AND DISCUSSION

a) 00 1E5
1E-6
-0.54
1E-7
< 10- 1Es <
o T
1E-9
-1.54
4 110
2.0 , , , , 0.0 , , , —am 1E-11
50 -40 -30 20 -10 O 40 30 20 -10 O 10
V,/V VIV
¢}

Figure 22. Output (a) and transfer (b) characteristics of a bottom-gate, top-contact OTFT based on an
annealed thin-film of SQd deposited by spin coating. The respective transfer curves of such a device
are colored black and red in b), while the forward measured transfer-characteristics of an as spun
device of SQd (blue), of an as spun (purple) and of an annealed (green) SQe-based TFT are also
shown.

but also leads to enhanced device performance with regard to the on/off ratios (up to two
magnitudes of order higher) and the threshold voltages (reduction to at most one third).
However, with threshold voltages in the positive regime and relatively high off-currents of
about 107® A the transistor devices are not found to reach the ‘off’-state (10™° — 102 A). The
transistor built from an annealed thin-film of SQd is the only exception within this series and

approaches the “off’-state with an off-current of about 107°

A (Figure 22b, black squares). In
comparison to the as spun device (Figure 22b, blue squares), a decrease of the off-current is
found for the annealed device, whereas the on-current is just about the same value for both
devices and thus not affected by annealing. Neither for as cast nor for annealed devices based
on oxygen squaraine SQf a field effect could be determined, while as cast films of sulfur
squaraine SQe showed modest transistor performance with s =5.4 x 10~ cm? V' s and an
on/off ratio of 10 (Figure 22b, purple squares). Again, annealing of the thin-film improved the
OTFT characteristics (Figure 22b, green squares) and thus hole mobilities in the order of SQd
were measured. The on/off ratios of the SQe devices rose to 10° because of an increase of the
on-current with nearly constant current of the “off’-state (Figure 22b, green curve), but still
lag two orders of magnitude behind those of the selenium squaraine SQd. Additionally, the
threshold voltage of SQe-based OTFTs is twice as high as for SQd-based ones.
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Considering all these results, one can conclude that selenium squaraine SQd features the
best transistor performance amongst this series of compounds. Despite the relatively low
mobilities (0.01 to 0.1 cm? V' s7%) these TFTs exhibit the highest values reported so far for

solution-deposited devices of squaraine dyes (see Chapter 2.4.5).

3.1.2 Spectroscopic and AFM Studies

Spin-coated thin-films of squaraines SQb-d were studied by AFM topography imaging before
and after annealing (see Figure 23) to gain insight into the morphology of the films and the
influence on transistor performance. The root-mean-square deviations of the surfaces of the as
spun films were found to be between ~1.0 nm (SQc and SQd, Figure 23c and e) and ~4.0 nm
(SQDb, Figure 23a), where no significantly different values were determined upon annealing.
The high roughness stemming from the grain boundaries within the as spun films of squaraine
SQb (Figure 23a) appears to be responsible for the inappreciable field effect of this dye.
While the RMS deviation is not affected by annealing, the number of holes diminishes
(Figure 23b) and a field effect can be observed. Films of SQc and SQd, on the other hand, are
much smoother (Figure 23c and e, respectively). Some larger domains indicating a higher
degree of crystallinity can already be recognized in the as spun active layers of the latter
squaraine. Thermal treatment increases the size of the domains and therewith the degree of
crystallinity for both compounds (Figure 23d and f, respectively), where for SQd even larger

crystallites are apparent. With these observations in mind, the increase of the transistor

Figure 23. AFM topography images of thin-films prepared by spin coating of squaraine dyes SQb
(a,b), SQc (c,d) and SQd (e,f) in CHCI; on SiO,. Images a), ¢) and ) show the morphology of the as
cast films, while b), d) and f) were recorded after annealing of the films for 10 minutes at 130 °C
under argon atmosphere.
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performance from SQb through to SQd and from as cast to annealed films seem to be related
to the crystallinity and homogeneity of the thin-films. Beyond that, the AFM images allowed
the determination of the film thickness and revealed for all three compounds similar values
around 9 to 11 nm. Thus, it could be excluded that the differences in the OTFT behaviour
originate from varying film thicknesses.

Spectroscopic studies were performed to exclude aggregation of the squaraine dyes in the
solutions used for spin coating of the semiconductor thin-films. Additionally, the optical
properties of thin-films can shed some light onto the packing arrangement of the active layers
of OTFTs. UV/Vis/NIR absorption and fluorescence properties of squaraine dyes SQa-f were
studied in methylene chloride, and the data are summarized in Table 4. Narrow absorption
bands and small Stokes’ shifts are observed, which decrease for the selenium squaraines
SQa-d with increasing length of the alkyl chain (from 361 cm™ to 302 cm™). The small
bathochromic shift from SQa to SQd may be explained by the donor strength of the
benzoselenazol group, which increases along with the +I-effect of the attached alkyl chain.
This means that the donor-acceptor-donor structure of the squaraines slightly increases with
the length of the alkyl substituent. Within the series of dodecyl-substituted squaraines SQd-f
rising Stokes’ shifts are calculated from the selenium over the sulfur to the oxygen derivative

(302 cm™ to 471 cm™™). This effect may be accounted for by the decreasing electronegativity

Table 4. Summary of optical and redox properties of squaraines SQa-f in methylene chloride.

Compound Amax £ Aem o Av EHOME ELumo
(X, R)¥ [nm] [Mtcm?] [m] [%] [cm] [eVI® [ev]"
SQa 716 163 000 735 71 361 — — [

(Se, CHy) 382 36200

SQb 718 168000 736 89 340 -48 31
(Se,CiHy) 382 37600

SQc 719 167000 736 89 321 -48 -31
(Se,CgHir) 382 36300

sQd 720 173000 736 91 302 -48 31
(Se, Ci,Hs) 382 37900

SQe 703 179 000 722 80 374 -4.8 -3.1
(S, Ci2Hzs) 379 35700

SQf 626 151 000 645 98 471 _48 28
(O, CioHas) 383 63 800

[ See Scheme 1. ™ Calculated from CV measurements (E1,™) in methylene chloride calibrated against the ferrocene/ferrocenium couple
(Fc/Fc', —4.8 eV) as internal standard. ' Eyymo = Eromo + (NC / Amax). ™ Solubility of SQa is too low for CV measurements.

—41 -



CHAPTER 3 RESULTS AND DISCUSSION

and the increasing polarizability from oxygen (SQd) over sulfur (SQe) to selenium (SQf).
With regard to classical squaraines such as SQ2a (see Chapter 2.4.5, Av =219 cm ),/ these
values are still rather small, what can be ascribed to only small changes of the geometry as
well as the surrounding shell of solvent molecules upon excitation from the ground into the
excited state. Squaraines SQa-f altogether exhibit in methylene chloride similar absorption
and fluorescence properties with emission maxima in the region above 700 nm and high
quantum vyields (up to 98 % for SQf). Solvent dependent UV/Vis/NIR and fluorescence
studies have been carried out exemplarily for squaraine SQd (see Figure 24). Small negative
solvatochromism is observed in the range of the used solvents (methylene chloride, & = 8.93;
chloroform, & = 4.81; 1,4-dioxane, & = 2.21; toluene, & = 2.38). One can extract from these
studies that the energy levels of both ground and excited state are lowered in polar solvents
but show a higher degree of stabilization for the former. This means higher polarity for the
ground state than for the excited state and is indicative of the bipolarity of squaraines, which
has been suggested before to be the driving force for packing arrangement in the solid state
(cf. the highly dipolar merocyanine dye MC3c in Chapter 2.4.4).8 Furthermore, it can be
seen from Figure 24 that absorption and emission spectra are mirror images, which suggests
the presence of monomeric species in all these solvents. Additional support comes both from
the comparable extinction coefficients at Amax and fluorescence properties®® and the lack of
appreciable spectral changes at high concentrations (up to 10~ M in chloroform).

Thin-films of squaraine dyes SQb-f were prepared by spin coating from chloroform
solutions on quartz substrates to get an insight into the active layers of squaraine OTFTs
before and after annealing using optical spectroscopy. A similar morphology to that of the

spin-coated OTFTs can be assumed because the surface of a dielectric layer consisting of

a) 200 b)
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Figure 24. a) UV/Vis absorption spectra of 10> M solutions of squaraine dye SQd in methylene
chloride (black), chloroform (red), 1,4-dioxane (blue) and toluene (green) and b) respective
fluorescence spectra for SQd in these solvents which were recorded at an excitation wavelength of
640 nm (black arrow in (a)).
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SiO; (RMS ~ 1.0 nm) is comparable to that of a quartz substrate (RMS ~ 3.8 nm). While no
aggregation was observed even for highly concentrated solutions in chloroform, red-shifted
absorption bands were found for the as cast films of all studied squaraines (see Figure 25),
indicating J-type excitonic coupling in the thin-films. The broadened bands may be explained
by either disorder or the presence of several allowed exciton transitions (Davydov splitting) in
the solid state.’] Annealing of the as spun films under the same conditions used for the
transistor devices caused changes such as sharpening (SQb-e) or broadening (SQf) of the red-
shifted absorption band (Figure 25). Decomposition could be excluded by DSC analysis
which also revealed the absence of phase transitions up to 130 °C for SQb, SQc and SQe. For
SQd a transition to a liquid-crystalline phase is found at 25 °C. This does not affect the
arrangement of the molecules in the thin-film, as indicated by the almost identical shape of
both as cast and annealed thin-films as compared with the spectra of non liquid-crystalline
squaraines with shorter alkyl chains, SQb and SQc. Due to exclusion of decomposition, the
spectral changes can be attributed to a reorganization of the molecules on the quartz surface
upon thermal treatment. The changes are most prominent for thin-films of SQe and SQf, in
which a sharpening of the J-type band is accompanied by an increase of the intensity (SQe),
whilst the band broadens and loses intensity for SQf. In addition, SQe shows the largest
increase of the transition dipole moment for the J-type band upon annealing. As mentioned
before, a comparable packing can be assumed for thin-films both on quartz substrates and on

SiO, dielectric due to similar surface roughness. Hence, the improvement of the transistor
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Figure 25. UV/Vis/NIR absorption spectra of thin-films on quartz substrates prepared by spin coating
from a 10° M solution of squaraine dye SQb (a), SQc (b), SQd (c), SQe (d), and SQf (e) in
chloroform. The spectra of the respective 10° M solutions in chloroform are shown in blue, the
spectra of the as cast films in black, and those in red were recorded after annealing of the spin-coated
films for 10 minutes at 130 °C under Argon.
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performance for thin-films of SQb-e upon annealing can be correlated with the rearrangement
of the molecules leading to J-type excitonic coupling, which seems to force the molecules to
adopt an arrangement with transition dipole moments shifted clearly against each other.”®

In contrast to the other molecules, a phase transition is observed in the region around
100 °C for SQf. However, already the shape of the thin-film spectrum of SQf-based as cast
film (see Figure 25e) is different from those of the other squaraine dyes. This indicates that
the molecules might have another orientation with respect to the surface of the dielectric, e.g.
they might be more tilted than in the case of SQb-e, leading to a dramatic decrease of the
intensity accompanied by a band broadening upon annealing. These findings indicate that the
interaction of the transition dipole moment with the incident light is less effective. Further
tilting of the molecules due to the phase transition may be a reason for this observation. Since
no field effect was determined for spin-coated devices of SQf, it seems that it adopts for as
cast as well as for annealed thin-films a packing arrangement that is unfavorable for charge
transport.

The HOMO and LUMO levels of all squaraines (see Table 4) were extracted from
UV/Vis/NIR absorption and CV data to judge whether the different ability for charge
transport comes from variation of these levels. The energies were found to be identical
(Enomo =—4.8 eV, ELumo =-3.1¢eV) for all squaraines studied in this thesis with the
exception of the slightly higher LUMO level of SQf (ELumo =—2.8 €V). Consequently the
HOMO levels cannot be the origin of the variations in the performance of p-type OTFTs
based on the squaraine dyes SQb-f.

The low ionization potential of these squaraines, which is even lower than that of
anthracene (=5.7 eV)® tetracene (=5.2 eV)® or pentacene (=5.0 eV)®!, results in a high
sensitivity for oxidation of the molecules in the thin-films. This effect was systematically
studied for pentacene-based TFTs, where freshly prepared devices were found to operate
under inert conditions with on/off ratios of up to 10°.%! Rapid degradation by up to four
orders of magnitude with finally almost failing transistor operation was observed for these
devices upon exposure to ambient conditions. Because of their high-lying HOMO level,
oxidation of the squaraine molecules in the thin-films is easier as compared to pentacene and,
thus, gives an explanation for the only moderate on/off ratios obtained by preparation and
characterization of the devices at ambient conditions.

Within this chapter it has been shown that the increase of OTFT performance upon
thermal treatment can be attributed to changes of the film morphology, namely an increase of

the crystallinity, and to molecular rearrangement leading to packing motifs more favourable
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for hole transport. Hence, charge carrier mobilities of up to 0.1 cm?V's™* were measured
under ambient conditions, which are the highest values known so far for solution-deposited
squaraine-based TFT devices (cf. Chapter 2.4.5).

3.2 Squaraine-Based Thin-Film Transistors — Deposition by Solution
Shearing

3.2.1 The Solution Shearing Method

In 2008, Bao and co-workers reported for the first time on the deposition of small-
molecule organic semiconductors by solution shearing to obtain large-scale high quality thin-
films.1?®! Since then, only little interest has been spent on this method of solution processing
(for a few examples see Chapter 2.4.2). Herein the basics of this method were adopted to
build a shearing apparatus™, which facilitates preparation of solution-sheared OTFTs of
squaraine dyes SQd-f. The setup of the apparatus is depicted in Figure 26b, whereas the
principle of this method is schematically depicted in Figure 26a. The substrate is fixed on a
basis built from copper, which can be heated by a precision heating stage to enable
homogeneous distribution of the heat. Preheated blocks of copper act as carriers for the
shearing tool which consists of a piece of substrate with dewetting surface (here:
Si/SiO,/OTES substrate). Due to different shapes of the holder for the shearing tool, the angle
6 between the substrate and the shearing tool can be adjusted to certain values. The contact of
the shearing tool with the substrate was controlled with the aid of a laser beam being reflected

by a piece of Si/SiO, substrate glued to the backside. The beam projection along the axis of

micrometer screw

<7

a) b)

‘ organic semiconductor
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Figure 26. a) Schematic depiction of the solution-shearing method. b) Design drawing of the
developed solution shearing apparatus, where the essential parts are labeled.%?
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the micrometer screw is used for approaching the shearing tool to the substrate surface. As
soon as the shearing tool touches the substrate, it bends slightly and hence the reflected laser
beam reverses direction of movement. After adjusting the shearing tool, the heated
semiconductor solution (~40 uL) is deposited into the remaining gap and the shearing tool
subsequently is moved by a motorized track at a slow, adjustable velocity. Evaporation of the
solvent from the thin solution film on the substrate surface starts at the edge of the shearing
tool, which induces a continuously rising concentration gradient along the direction of
shearing. The result is the formation of thin-films, which exhibit large, crystalline domains
oriented along the moving direction of the shearing tool.!*®!

Herein, solutions of squaraine dyes SQd-f in 0o-DCB were used to fabricate solution-
sheared thin-films of these compounds, which have been proven before by spin-coating to be
the most promising candidates regarding OFET performance (see Chapter 3.1). 0-DCB has
been chosen as solvent both for the good solubility of the squaraines therein and its high
boiling point, which allows processing at elevated temperatures. An OTES-functionalized
wafer was used as the shearing tool, while all the other conditions such as the substrate,
shearing angle, shearing velocity, concentration, etc. were optimized (see Chapter 3.2.2).
Finally, all the OFETs were completed by deposition of source and drain contacts by
evaporation of gold through shadow masks onto the thin-films. The orientation of the devices
is termed in this thesis as follows: they are called parallel, if the transistor channel is aligned
along the shearing direction, whereas perpendicular orientation means that this direction and

the channel form a right angle.

3.2.2 Optimization of the Processing Conditions

Optimization of the conditions used for solution shearing is needed prior to the
investigation of the three squaraines with the best solubility (SQd-f). In Chapter 3.1 spin-
coated transistor devices based on squaraines were studied, from which SQd was shown to
exhibit the best transistor characteristics. Hence, this compound was chosen for the
optimization of the processing conditions, while these were later applied for a comparative
study of OTFTs based on SQd-f deposition (see Chapter 3.2.3).

The conditions applied by our group for the preparation of thin-films of NDI CI,H-NDI-
CH,C3F; (see Chapter 2.4.2) were taken as a starting point for the processing of squaraine
SQd by solution shearing.®® The angle between the substrate and the shearing tool was
adjusted to a value of 30°, the shearing velocity was set to 0.083 mm s™, and the solutions

had a concentration of 2 mg mL™. However, a first variation was made for the temperatures
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Table 5. Ambient-stable hole mobilities (U,) and on/off ratios (lon/lor) of SQd-based OTFTs, which
were prepared on Si/SiO, substrates by solution shearing (6=30°) from an 0-DCB solution with a
concentration of 2 mg mL™*. The temperature T of the shearing tool and of the substrate as well as the
number n of the measured devices are also given. The orientation of TFTs with respect to the direction
of shearing is symbolized by || and L.

T=100°C T=130°C

— [a] [a] | [a]

,Up ‘up,max Ion; lofs n ,Up 'up,max Ion; lofs n
I 1.4+18 63  10° 9 7.445.5 19 100 12
L 0.37+0.31 1.2 10° 9 3.0+1.4 5.1 10° 12

in102cm?vts?

of the shearing tool and substrate. Two sets of transistor devices were obtained, one by films
was obtained at higher temperatures, which is reflected by the up to one order of magnitude
higher charge carrier mobilities and on/off current ratios. As a result, the temperature of
substrate and shearing tool was fixed to 130 °C for the following studies. It is also evident
from the data in Table 5 that the charge transport within the films is anisotropic with respect
to the direction of shearing. Devices with parallel orientation show higher hole mobilities than
those oriented perpendicularly, which will be discussed in detail for devices obtained after
optimization of the processing conditions.

Shearing speeds slower than 0.083 mm s failed to give a closed covering of thin-film.
Processing of closed films was possible only when the velocity is equal or higher than
0.083mms™. It was fixed to this lowest possible value for further optimization of the
solution shearing process to keep the evaporation of the solvent and the subsequent growth of
the semiconductor film at low rates. The studies of CI,H-NDI-CH,C3F; (see Chapter 2.4.2)
already have shown the importance of the shearing angle & for the quality of the thin-films.
Thus, OTFTs based on SQd were processed at five different angles between 0° and 60° (in
steps of 15°) and additionally at an angle of 90°. Solely for a value of 45° it was not possible
to deposit a thin-film onto the Si/SiO, substrate, whereas at all the other angles a closed

covering was obtained. Up to an angle of 30° large-area and homogeneous films were

a) b) 4

Figure 27. SEM images of the edge of the shearing tool taken at different positions.
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Table 6. Maximum ambient hole mobilities of SQd-based OTFTs, which were prepared on Si/SiO;
substrates by solution shearing from an 0-DCB solution with a concentration of 2 mgmL™. The
shearing angle &was varied from 0° up to 90°. The orientation of TFTs with respect to the direction of
shearing is symbolized by || and L.

tpmax | 1072 cm? Vst

0 0° 15° 30° 45° 60° 90°
l 13 23 1.8 --- 1 6.2 " 410
L 3.7 9.9 0.21 S 0.49 [P 0.21 1

[ No closed film obtained. ™ Only small area coverd with closed film.

observed, but for 8= 60° and higher angles only small regions of the substrate were covered
with a semiconductor film. Deposition was achieved for all angles by using the same piece of
OTES-modified substrate as shearing tool to exclude variations in the film morphology
caused by different tools. This had to be considered, because preparation of the shearing tool
by breaking whole wafers into small pieces never leads to identical edges of the substrates.
The structure of the edge of the used shearing tool was investigated by scanning electron
microscopy (SEM). The images show regions nearly without any defects but also ranges with
outbreaks at the edge (Figure 27). This may be one of the impediments for the formation of
completely homogeneous films all over the width of the substrate. The highest hole mobility
of 0.23 cm?* V' s* at ambient conditions was determined for a transistor device prepared at
an angle of 15°. This angle seems to promote the formation of thin-films with a packing
arrangement favoring the charge transport. The other angles led to lower transistor
performance, the values of which are summarized in Table 6. Once more, the anisotropy for
devices oriented parallel and perpendicularly to the shearing direction is evident, where the
former are up to one order of magnitude higher.

With the results of Table 6 in mind, the shearing angle was fixed to an optimum value of

15° followed by a study of the influence of the concentration. For this purpose, a dilution

Table 7. Maximal values for the ambient hole mobility of SQd-based OTFTs, which were prepared on
Si/SiO; substrates by solution shearing (¢ =15°) from 0-DCB solutions with various concentrations c.
The orientation of TFTs with respect to the direction of shearing is symbolized by || and L.

Lomax | 1072 cm? Vs

c 20 10 5.0 2.5 1.3 0.65 0.33
I 2.9 7.8 11 4.5 2.1 4.1 2.2
1 0.54 3.1 1.2 0.17 0.14 1.2 0.62

@ inmgmL™.
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series of SQd in 0-DCB ranging from 20 to 0.33 mg mL™ was prepared and the solutions
were used for solution shearing on Si/SiO, substrates. As can be seen from Table 7, no
significant differences in the transistor performance were found for the various
concentrations. Those devices oriented parallel to the direction of shearing predominantly
exhibit charge carrier mobilities within the narrow range from 0.01 up to 0.08 cm? V' *s™%. As
no clear trend can be extracted from the data summarized in Table 7, it appears that the
concentration of the solution has a negligible influence on the formation and quality of the
films. This suggests that the crystallization process does not take place directly beyond the
shearing tool. Instead, a thin solution film with a concentration gradient due to continuous
evaporation of the solvent is formed behind the shearing tool (see Figure 26a). After the
concentration within this film has reached a critical value due to solvent evaporation, a
crystallization zone that propagates in the direction of shearing can be observed. This region
will be near to the edge of the shearing tool for highly concentrated solutions. For less
concentrated solutions, a larger amount of solvent has to evaporate, which results in the
formation of a larger region with concentration gradient and hence the crystallization zone
being further apart from the shearing tool. However, the mechanism of film formation by
solution shearing has not been studied in detail within this work. Due to the observed
concentration independence, the concentration was set to the initially used value of
2 mg mL™* for further investigations.

Finally it was shown in this chapter, that heating the shearing tool and the substrate to
130 °C in combination with a shearing angle of 15° and a shearing velocity of 0.086 mm™
can be used as a good starting point for comparing studies of solution-sheared OTFTs from

heated solutions of the squaraines SQd-f (¢ = 2 mg mL™) in 0-DCB.

3.2.3 Performance and Long Term Stability of Transistor Devices Prepared under

Optimized Conditions

Large-scale (~2.25cm?), high quality thin-films of the squaraine dyes SQd-f were
obtained on Si/SiO, substrates using the previously optimized shearing conditions. The
transistor performance of the devices is summarized in Table 8. It is found that ambient
transistor performance increases from the oxygen squaraine SQf over sulfur squaraine SQe to
the selenium squaraine SQd, where the hole mobility (0.15 cm? V! s7) for the latter is more
than three orders of magnitude higher than that for the former. It is remarkable that spin-
coated devices of SQf did not show a field effect (see Chapter 3.1), but processing thin-films

by solution shearing leads to charge carrier mobility in the range of 10*cm?*V's™. In
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Table 8. Summary of ambient electrical properties for OTFTs of squaraine dyes SQd-f prepared by
solution shearing (SS) from 0-DCB on Si/SiO, (€= 15°) and with HMDS-SAM (6= 0°), respectively.

Compound SAM  Orientation™ Uomax | ™y lo/Tott~— Vin!
X, R 102em?Vist 102 cm?Vist \
SQf | 0.015 0.012+0.004 107 73
(O, C1,Has) 1 0.011 0.010+0.001 10° 6+4
SQe | 5.0 1.742 100 54+19
(S, C12Has) 1 0.63 0.250.2 10" 57420
SQd | 21 1545 10° 1148
(Se, CioHas) 1 2.0 0.66+0.81 10° 16+3
SQd HMDS | 45 3716 10° 5+1
(Se, CioHys)  HMDS 1 12 11+1 10° 5+1

[l See Scheme 8. ™! The orientation of TFTs with respect to the direction of shearing is symbolized by || and L.

general, the mobilities obtained for solution-sheared devices are at least one order of
magnitude higher than those of the respective spin-coated devices (see Chapter 3.1). This can
be seen as a first indication for the better film quality enabled by the directed deposition of the
thin-film. As observed already during the optimization of the shearing conditions, an
anisotropy in the charge carrier mobility in dependence of the orientation of the measured
devices with respect to the direction of shearing was observed for thin-films deposited by this
method.

OTFTs of SQd-f, which are oriented parallel to the direction of shearing, exhibit mobility
values that are three to four times higher than those found for devices with perpendicular
orientation. Finally, the optimized processing conditions for the deposition on Si/SiO,
substrates led to a maximum mobility of 0.21cm®V s and an average mobility of
0.15+5 cm? V' s for devices of SQd with parallel orientation to the shearing direction,
while devices with perpendicular orientation exhibited an average mobility of only
0.0066+0.008 cm? Vs,

Self-assembled monolayers are known to be useful for the optimization of the interface
between the semiconductor and dielectric, leading to reduced surface energies, less charge
trapping and improved film morphology.® Thus, a monolayer of HMDS was introduced onto
the Si/SiO, substrates. Due to the dewetting properties of this SAM a deposition of the thin-
film applying a shearing angle of 15° could not be accomplished. It was found, that switching

to 8= 0° helps to overcome this drawback by forcing the solution between the substrate and
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Figure 28. a) Output and b) transfer characteristics of a bottom-gate, top-contact OTFT of squaraine
dye SQd on Si/SiO,/HMDS measured under ambient conditions. The respective transfer curves of
such a device are colored black and red in b), while the forward measured transfer-characteristic of a
device on Si/SiO, substrate (blue) is also shown.

the shearing tool. This change in the deposition conditions also makes the fabrication of high
quality and square centimeter-sized thin-films of SQd on SAM-modified substrates possible.
The introduction of the HMDS monolayer increased the maximum mobility up to
0.45 cm? V! s (on/off ratio of 10° and threshold voltage of 5 V) and an average mobility of
0.37+0.06 cm? V™t s™ for 20 devices oriented parallel to the shearing direction was found
while devices with perpendicular orientation exhibited an average mobility of only
0.11+0.01 cm? V*s™. Output and transfer characteristics of the OTFT with the highest
charge carrier mobility of 0.45 cm® V™ s are shown in Figure 28. Furthermore, the transfer
curve of a transistor built on Si/SiO, is plotted in Figure 28b showing the more curved
appearance representing the lower hole mobility of this device. It also makes clear that there
is not much difference in the on/off ratios for Si/SiO, and Si/SiO,/HMDS substrates.
Representative optical polarizing microscopy pictures of such devices taken at different
angles between crossed polarizers are depicted in Figure 29, where for 32 transistor devices
(20 with parallel and 12 with perpendicular orientation with respect to the shearing direction)
the field effect mobilities are visualized by a color code in Figure 29a. The anisotropy in the
OFET performance is evident from this illustration, as all devices perpendicular to the
shearing direction show considerable lower mobility values than those oriented in a parallel
fashion. The OPM pictures also provide clear evidence for the good orientation and
crystallinity of the SQd thin-films, as they show extended ribbon-like structures along the

direction of shearing.
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Figure 29. a) and b) OPM pictures of thin-films prepared by solution shearing of squaraine dye SQd
on Si/SiO,/HMDS taken at different angles between crossed polarizers, with an overlay for a), which
represents the field effect mobilities of 32 TFTs (20 parallel and 12 perpendicular with respect to the
shearing direction). The direction of shearing is indicated by the arrow.

Introduction of the HMDS SAM also shifts Vi, to lower values (5 V), but still the
transistors exhibit low on/off ratios in the magnitude of 10% and never reach the ‘off’-state
similar to the spin-coated devices (see Chapter 3.1). This again can be attributed to the high-
lying HOMO level of the squaraine dyes (Eqomo =—4.8 €V) meaning generation of oxidized
species in the semiconductor thin-film upon preparation and characterization at ambient
conditions comparable to the effects reported for pentacene-based devices.*%” Therefore,
charge transport is already possible without a gate-source voltage applied due to the charges
generated by oxidation, and Vi, is consequently shifted to more positive values. For
comparison, OTFT devices with a mean mobility value of only 0.030+0.004 cm®V*s™
(on/off ratio of 10% and threshold voltage of 6 V) were obtained by spin coating of SQd in
CHCI; onto the same HMDS-modified substrates. Annealing of these thin-films for
10 minutes at 130 °C under Argon atmosphere slightly raised the mean mobility to a value of
0.032+0.001 cm?® V* s with these devices exhibiting a lower standard deviation compared to
the as cast ones. While no change in the threshold voltage was observed, the thermal
treatment induced a change in the thin-film morphology, which led to a dramatic increase of
the on/off ratio (<10%) by two magnitudes of order and which is in the same order of
magnitude of solution-sheared devices.
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Figure 30. Averaged hole mobilities and 1./l ratios for five SQd OTFTs, which were processed by
solution shearing onto Si/SiO, and stored for the time t at ambient conditions. The respective standard
deviation for the charge carrier mobility is depicted by a bar.

Five solution-sheared SQd OTFTs on a Si/SiO, substrate, which are oriented along the
direction of shearing, have been subjected to a long-term study at ambient conditions. For
these devices, the output and transfer characteristics were both recorded once at specific days
over a period of 55 days. The trend over time for the averaged hole mobility and the on/off
ratio is depicted in Figure 30. The freshly prepared OTFTs exhibited a hole mobility of
0.19 cm? Vs with an on/off ratio of 10° (each averaged over the five transistors). A
dramatic decrease of loi/lort to 10" was already observed after one day of exposure to air,
while the mobility values were almost constant within the range from 0.15 to 0.20 cm® V™ s7*
for the first 16 days. In the following period, a continuous decrease to 0.06 cm? Vs after
55 days was found. The on/off ratio recovers after eight days back to a value of 10 and
remains constant until the end of the study. Threshold voltage is affected to a lesser extent by
storage of the device under ambient conditions, which is indicated by only a slight increase of
the threshold voltage from about 8 V up to 13 V (after 55 days). In summary, it can be stated
that only moderate stability of SQd transistor devices upon exposure to air can be reported
over a period of 55 days, where the mobility dropped finally to approximately 25 % of the
initial value. This is in accordance to other p-type organic semiconductors with high-lying
HOMO levels, such as pentacene, which, when used as active layer of OTFTs, exhibited rapid

degradation upon exposure to ambient conditions.*®” However, repeated contacting of the
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electrodes leads to their destruction with the concomitant reduction of the induction area. This
has also to be taken into account as an additional effect decreasing the transistor performance
but is not the main reason for the dramatic decrease of the performance after one day of
exposure to air. At this time the devices were just contacted for the second time with the

electrodes still being virtually intact.

3.2.4 Spectroscopic and AFM Studies of the Thin-Films

AFM images were recorded to investigate the influence of the morphology on the charge
transport properties of squaraine thin-films. To that end, films deposited on Si/SiOy,
Si/Si0,/HMDS as well as quartz substrates were studied. Optical spectroscopy of these films
will be discussed below with regard to the packing arrangement of the molecules. As already
discussed in Chapter 3.1, film morphology on quartz can be seen as a good measure for the
active layer on Si/SiO, substrates, which could not be studied itself by optical spectroscopy.
All films exhibit a similar topography with extended ribbons oriented along the shearing
direction (see Figure 31). Large-scale textures covering the whole channel of a single
transistor device were found on Si/SiO, substrates, which indicate a quite homogenous
alignment along the direction of shearing in dimensions greater than 100 um (Figure 31a). An
even higher degree of orientation with extended grain size and high crystallinity is found for
the films on HMDS-modified Si/SiO, substrates (Figure 31b). The magnification shows the
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Figure 31. AFM topography images of thin-films prepared by solution shearing of squaraine dye SQd
on Si/SiO, (a,d), on Si/SiO,/HMDS (b,e), and on quartz (f). ¢) Cross section analysis along the yellow
dashed line in b). The direction of shearing is indicated by the arrows.
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high quality of the thin-films with a low roughness [RMS(SQd on Si/SiO;) = 0.4 nm,
Figure 31d; RMS(SQd on Si/SiO,/HMDS) =0.8-1.2 nm, Figure 31e], which equals the
values determined for the uncoated substrates. Thin-films prepared on quartz substrates
exhibited similar morphology with ribbon like structures and slightly higher roughness
[RMS(SQd on quartz) = 1.6-2.0 nm, Figure 31f] in comparison to those films on Si/SiOs,
which was expected due to bare quartz substrates being already rougher than bare Si/SiO,.
This can be seen as a first indication for the packing arrangement on quartz being quite
similar to that on Si/SiO, substrates. As a consequence, the results from the optical studies
discussed below can be correlated to the transistor performance. By analyzing the AFM
images it was possible to determine the thickness of the spin-coated thin-films. It was found
to be in the range of about 30 nm for Si/SiO, substrates and about 20 nm for squaraine
semiconductor films deposited on Si/SiO,/HMDS substrates. In addition, cross section
analysis of a SQd thin-film on a HMDS-modified Si/SiO, wafer reveals a layer-by-layer
structure of the solution-sheared film with the height of each step in the range of 1.5t0 1.7 nm
(Figure 31c). As this value matches the dimension of small molecules, it seems likely that
solution shearing leads to deposition of stacked layers of the squaraine dyes.

UV/Vis/NIR absorption spectra of a solution-sheared and a spin-coated thin-film of SQd
on quartz substrates were recorded using linearly polarized light (Figure 32). Analogous to the
spin-coated films (see Chapter 3.1), deposition of the semiconductor layer by solution
shearing leads to a bathochromic shift of the absorption maximum (Amax(thin-film) = 801 nm)
in comparison to the spectra in solution (Amax(solution) =732 nm) due to J-type excitonic

coupling of the molecules in the thin-film. Broadening of the band may be attributed either to
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Figure 32. Normalized UV/Vis/NIR absorption spectra of squaraine dye SQd in solution (black,
dashed; a) 0-DCB; b) CHCI3) and of its solution sheared (a) and spin-coated (b) thin-films (red). The
thin-film absorbance was measured with linearly polarized light oriented parallel (solid; «=0°) and
perpendicularly (dotted; « = 90°) with respect to the shearing direction.
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disorder or the presence of several allowed exciton transitions (Davydov splitting) in the solid
state.””! The spectra in Figure 32a exhibit a dramatic drop of the intensity of this band upon
rotation of the axis of the polarized light from parallel (« =0°) to perpendicular orientation
(ax=90°) with respect to the shearing direction. This can be attributed to the fact that the
transition dipole moment related to the broad band with the maximum at 732 nm has to be
aligned parallel to the direction of shearing. Exactly the opposite behavior is observed for the
second band at around 430 nm: maximal absorption is observed for perpendicularly polarized
light, whereas the intensity drops on rotation of the axis of the polarized light to 0°. That
implies that the transition from the ground to the excited state is polarized for this band at
right angles with respect to the shearing direction and thus also perpendicular to the transition
dipole moment of the long-wavelength band. It is evident from this data, that the molecules in
a solution-sheared thin-film adopt an alignment in which the transition dipole of the band with
a maximum at 801 nm is oriented mostly along this direction, while transition of the high
energy absorption band is aligned perpendicularly. The degree of orientation in a thin-film

can be estimated by the dichroic ratio D, and the therefrom derived order parameter S,

A)\ ax
Dy = === (3.2.1)
A/\,min
A/\._max - A/\._min D)\ —1
Si = (3.2.2)

N Axmax + 2A ) min N Dy, +2’
where A, max and A, min are the maximum and minimum absorption at a certain wavelength A
with the angle « being either 0° or 90°.% A dichroic ratio Dgo; and an order parameter Sgo:
are calculated for the absorption maximum of the solution-sheared film at 801 nm to a value
of 5.9 and 0.62, respectively. Calculations for the maximum at 434 nm yield D434 = 3.0 and
S434 = 0.40. For comparison, D-values of about 2.2 up to 15 (S ~0.29 up to 0.82) for liquid
crystals™®@*l and of 41 (S=0.93) for oligo(p-phenylenevinylene)si®< were found after
deposition onto rubbed polymer aligned layers. That implies that the solution-sheared thin-
films of SQd exhibit a high degree of uniaxial alignment, which can be seen as an explanation
for the anisotropy found in the transistor performance. The charge transport within these films
seems to be favored along the direction of a J-type packing motif indicated by the red-shift of
the absorption maximum. In contrast to this quite perfect alignment of the molecules within
the active layer, spin-coated thin-films show no dependence of the UV/Vis/NIR absorption
spectra upon variation of the polarization of the incident light (Figure 32b). This means a
random orientation of the transition dipole moments indicating less order in the spin-coated

—-56 -



CHAPTER 3 RESULTS AND DISCUSSION

4- |10
g 21 o
D S
= 0- 0 E
5 :
T 24 L5 o
g 5
& 4 F-107s
S\ S\
|

6. .15

400 - "s00 700 800

A/ nm

Figure 33. Optical (¢ ¥}, right scale, solid line in red) and electro-optical (L £ 7%, left scale; ¢ = 0°,
open symbols; ¢ =90°, solid symbols; multi-linear regression, solid black line) absorption spectra of
squaraine dye SQd. Solvent: 1,4-dioxane, T =298 K. The orientation of g, (400 Nm) and
Leg(727 nm) is depicted for the structure of the squaraine SQd by arrows.

films. Hence, lower transistor performance can be assumed due to the isotropic orientation of
the molecules in the thin-film, which has indeed been observed (cf. Chapter 3.1).

A permanent dipole moment is given for acceptor-substituted squaraines (such as SQa-f)
which is induced by the C,, symmetry of the molecules. Electro-optical absorption
measurements (EOAM)™®! were performed in 1,4-dioxane to estimate the dipolar character
of SQd. The results of the experiment are depicted in Figure 33.11%! A decrease of the
absorption (L £= (£ - &) E™) of light polarized parallel to the electric field (¢ = 0°; open
symbols in Figure 33) is determined for the long wavelength band with a maximum at
727 nm. The opposite observation is made for the band located around 400 nm, where a
positive signal is found for ¢ = 0°. Additionally, this band shows a decrease in absorption in
the case of perpendicular polarization of the incident light (¢ =90° solid symbols in
Figure 33) and, thus, overall positive electrodichromism. The sigmoidal shape for the long
wavelength band for ¢ =90° originates from the large negative dipole difference (-11.2 D)
confirming positive electrodichroism. Taking molecular symmetry into account, the transition
dipole moments of the bands at around 400 nm and 727 nm must be perpendicular polarized

with respect to each other. Furthermore, the transition dipole moment related to the short
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wavelength band, 44(400 nm), has to be oriented along the C,-axis and this direction is
coextensive with the ground state dipole moment 4 pointing from the dicyano group to the
oxygen atom of the squaric acid, as schematically depicted in Figure 33. Considering the C,,
symmetry of SQd, one can conclude that the transition dipole moment of the band with a
maximum at 727 nm, zeq(727 nm), has to be located in the on mirror plane and oriented along
the long molecular axis. As recently reported for a structural similar squaraine,[“”] the origin
of the band with a maximum at 727 nm can be attributed to a transition from the HOMO to
the LUMO level, whereas the band in the region around 400 nm relates to a higher energy
transition from the HOMO-1 to the LUMO level. Moreover, the evaluation of the EOA data
gives a ground state dipole moment of 6.0 D meaning that SQd is a molecule with medium
dipolar character.

It has become clear from the absorption spectroscopy that the transition dipole moment of
the long wavelength band has to be aligned parallel to the direction of shearing, whereas the
one of the band in the region around 400 nm has to be oriented perpendicularly. Assuming
that the transition dipole moments in the case of monomers in solution and of J-type excitonic
coupled molecules in thin-films have the same alignment,®®*®! it can be concluded that the

orientation of the C, axis of SQd has to be perpendicular to the direction of shearing.

3.2.5 X-Ray Analysis of the Thin-Films and Crystal Structure of SQc

Single crystals could only be grown for squaraine dye SQc, while attempts to crystallize
all the other squaraines were not successful. The single crystals of SQc were subjected to
X-ray single crystal structure determination. The structure and the most prominent packing
features are depicted in Figure 34. The packing parallel to the (301) plane (Figure 34a)
involves intermolecular CN-Se interactions (N-Se-distance 3.07 A) with alternating ribbons
of molecules that are separated from one another by a distance of 14.3 A due to self-
segregation induced by the alkyl-chains (see Figure 34b). Such CN-Se interactions have been
reported before by Davis et al., who found N-Se-distances between 3.05 and 3.58 A for
diselenadiazolyl dimers.[**% Analysis of the molecular packing reveals also that the direction
of the ground state dipole moments (they are depicted by a black arrow in Figure 34a) is
alternated from ribbon to ribbon and hence in total the dipole moment is cancelled. The view
onto the (010) plane (Figure 34b) reveals furthermore an antiparallel slipped packing
arrangement in m-stacks with a m—n-distance of 3.38 A. In such arrangement, the transition
dipole moments, which are parallel to the molecules’ long axis (cf. Chapter 3.2.4), are oblique

with respect to the (100) plane and show a slip angle @ of about 29°. According to the
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Figure 34. Packing arrangement parallel to the (301) plane with the ground state and transition dipole
moments indicated by arrows (a), view onto the (010) plane with definition of the slip angle & (b),
molecular structure in the crystal with numbering of the atoms (c), and ball-and-stick-model of a
centrosymmetric dimer (d) of squaraine dye SQc. Hydrogen atoms (a-d), the octyl chains (a,d) and
their disorder (b,c) are omitted for clarity. Thermal ellipsoids are set at 50 % probability.

excitonic coupling theory of Kasha and co-workers,!®®'%! 3 displacement of the dyes with
#<54.7° induces a J-type excitonic coupling. In Figure 34d the packing of the two SQc
molecules within a centrosymmetric dimeric unit is depicted. Because the dipole moments of
the two molecules point to opposite directions efficient cancellation of the molecular ground
state dipole moments is found. Another annihilation is found for the packing arrangement
shown in Figure 34a. On the basis of these findings, one can conclude that the overall dipole
moment within the crystal is cancelled.

XRD measurements were performed for solution-sheared films of SQd. The specular
scans (26 scans) for spin-coated and solution-sheared OFET devices on Si/SiO,,
Si/SiOx/HMDS and quartz substrates as well as respective rocking curves (RCs) for the
solution-sheared samples are shown in Figure 35.1*" No Bragg reflexes were observed for an
as cast sample of SQd, which was prepared by spin coating on Si/SiO,/HMDS substrates
(Figure 35a). For those films annealed prior to the X-ray diffraction experiment an increased
crystallinity in comparison to the as cast films was indicated by sharp reflexes in the

respective specular scan. Solution-sheared films exhibited an even higher degree of
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crystallinity, which is evident from the observation of further reflexes at higher angles. Hence,
the increase in OTFT-performance from as cast spin-coated films over annealed ones to thin-
films deposited by solution shearing can be attributed to the crystallinity, which rises in the
same order. That is, the highest degree of crystallinity and consequently the best transistor
performance could be observed for transistor devices processed by solution shearing.

Assuming that the SQd-based thin-films crystallize in the same space group as
determined for the single crystals of SQc (C2/c), the observed reflections could be indexed as
those arising from the (200), (400), (600) and (800) planes according to the reflection
conditions reported for this space group.*'?

The (200) rocking curves of thin-films deposited on different substrates by solution
shearing are depicted in Figure 35c. Their peak widths (full width at half-maximum) are a
measure for the angular spread of the orientations of the crystallites. For films deposited by
solution shearing on Si/SiO, and Si/SiO,/HMDS substrates, values of 0.02° were determined,
whereas peak width increases up to 0.4° for films on quartz substrates. This means that a quite
narrow distribution in the molecular orientation exists for the thin-films of SQd on each of
these substrates. Hence the large-scale crystallinity is quite high, where an increase was found
from quartz to HMDS-modified Si/SiO, substrates.

The diffraction studies suggest that the crystallites on the quartz substrate are sufficiently
well oriented and their spectroscopic studies are therefore a good measure for the
semiconductor films on Si/SiO, substrates. Because specular XRD scans of films prepared on
quartz and on Si/SiO; substrates show nearly identical diffraction pattern (Figure 35b), one
can assume for OFET devices on Si/SiO, the same packing arrangement as on quartz as well
as the same anisotropy, which was evidenced by polarized UV/Vis/NIR spectroscopy for thin-
films on quartz substrates with a dichroic ratio D of 5.9 (Figure 32). Further support was
provided by AFM studies of films prepared on quartz and Si/SiO, substrates (Figure 31b
and f) revealing a similar morphology for both. It is known from the EOAM experiment
associated with the optical spectroscopy with linearly polarized light, that the molecular axis
connecting both benzoselenazol units is aligned parallel to the direction of the shearing. With
the further assumption of a packing in the thin-films of SQd-based transistor devices similar
to the arrangement of the molecules in the crystal structure of SQc, the crystallographic c-axis
has to be oriented parallel to the direction of shearing, while the (100) plane is parallel and,
thus, the a-axis is perpendicular to the substrate surface. The latter can be deduced from
analysis of the (200) reflex of the solution-sheared thin-film of SQd on Si/SiO,/HMDS
(Figure 35a) yielding a layer spacing of 17.1A and, thus, a unit cell
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Figure 35. Specular XRD scans of thin-films of SQd prepared by a) solution shearing (red) and spin
coating (blue: as cast, green: after annealing for 10 minutes at 130 °C) on Si/SiO,/HMDS and b)
solution shearing on Si/SiO, (black) and quartz substrates (purple). c) (200) RCs of solution-sheared
thin-films of SQd on Si/SiO, (black), Si/SiO,/JHMDS (red) and quartz substrates (purple).

parameter a of 34.2 A. This value is slightly higher as compared to the cell parameter a of the
crystal structure of SQc (27.6 A), which can be explained by the elongation of the alkyl chain
from eight to twelve carbon atoms leading to an increase of the cell parameters with only
minor influence on the packing arrangement. Additional support comes from the AFM cross
section analysis of solution-sheared thin-films of SQd on Si/SiO,/JHMDS substrates, from
which a layer height of 1.5 to 1.7 nm was calculated. This is about half the value of the unit
cell parameter a determined by the XRD experiments, meaning two monomolecular layers per
unit cell along the a-direction. That implies that after every second monomolecular layer the
packing motif is repeated, which is in good accordance with the crystal data of SQc.[***!

In conclusion, the XRD, AFM and UV/Vis/NIR data point to an orientation of the
crystallographic c-axis parallel to the shearing direction and the (010) plane being
perpendicular to the substrate surface. Accordingly, percolation pathways for charge carriers
in the crystallographic c-direction are provided by J-type =-stacking, while packing

arrangement driven by CN-Se interactions facilitates decent charge transport in the
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b-direction. Hence, efficient two-dimensional charge-transport is possible parallel to the (100)
plane and, consequently, parallel to the substrate surface, whereas the c-direction should be
the more favored one. This is in good agreement with the observed anisotropy in OFET-
performance with higher charge carrier mobilities parallel to the shearing direction (c-axis) as
compared to lower but still remarkable values for devices with perpendicular orientation
(b-axis).

With regard to the Bassler model (see Chapter 2.1), which predicts low charge carrier
mobilities for molecules exhibiting dipole moments, the high transistor performance of the
dipolar squaraines is surprising. However, the ground state dipole moments are annihilated
due to an alternating packing arrangement (see Figure 34a, b and d) and hence the possibility
for effective charge transport is facilitated. Support for this idea was recently given by Huang
et al.®® They reported on hole mobilities of up to 0.18 cm®V*s™ for vacuum-deposited
devices of a highly dipolar merocyanine, where also an antiparallel packing arrangement of

the molecules leads to molecular layers that lack bipolarity.

3.3 Squaraine-Based Thin-Film Transistors — Deposition by Vacuum
Sublimation

3.3.1 Performance of the Transistor Devices

Processing the active layers of OTFTs by solution-based methods (see Chapters 3.1 and
3.2) gave proof for the potential of squaraine dyes SQa-f in organic electronic applications.
As vacuum deposition facilitates a much better control of the film morphology by adjusting
the deposition conditions such as deposition rate and substrate temperature (see Chapter 2.3
and 2.4), it appeared promising to process squaraine semiconductor films also by sublimation.
Unfortunately, compounds SQa, SQc and SQd decomposed during evaporation, while a
stable deposition rate and the formation of a thin-film on the transistor substrates were only
obtained for SQb bearing n-butyl chains. Thermogravimetric analysis (TGA, Figure 36)
confirmed that the above results are consequence of low stability of SQa, SQc and SQd. It is
evident from this data that decomposition of SQa already starts at around 200 °C, which is
further supported by the results from differential scanning calorimetry, where no melting
point but an exothermic decomposition from about 270 °C is observed (inset of Figure 36).
All other squaraines exhibit transitions from solid to liquid phase with a thermal stability of
the melt of up to 295 °C for octyl- and dodecyl-substituted derivatives SQc and SQd. The
only sublimable compound SQb exhibits the best thermal stability within this series and does
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not start to decompose up to an approximate temperature of 325°C (see TGA plot in
Figure 36), as confirmed by DSC analysis.

OTFTs of SQb were built by sublimation of 30 nm thick films onto Si/SiO, substrates
under high vacuum. These substrates were modified by different SAMs prior to deposition of
the active layer to vary the surface energy, which is one of the parameters directly influencing
the arrangement of the molecules and transistor characteristics (see Chapters 2.3 and 2.4). The
deposition rate was adjusted to approximately 1 nm min~* and the substrate temperature set to
approximately 180 °C. Keeping the substrate during the evaporation process at an elevated
temperature provides the opportunity for reorganization of the molecules, which drives them
to adopt an optimum arrangement on the substrate and to establish large grains. Bottom-gate,
top-contact configured transistor devices were accomplished by deposition of the gold source
and drain electrodes through shadow masks. Such OTFT devices exhibited an average p-type
charge carrier mobility of only 0.011 cm? V* s™* with a poor on/off ratio of the drain current

(10') and a high threshold voltage of nearly 20 V. In comparison to spin-coated and
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Figure 36. Comparison of the TGA traces of SQa (blue), SQb (green), SQc (orange) and SQd (red).

The measurements were performed with ceramic pans under a flow of N,. The inset shows the DSC
thermogram of SQa (1% heating: solid; 1% cooling: dotted; 2" heating: dashed; 2" cooling: dash-dot).
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Table 9. Summary of mean electrical properties (averaged over at least five devices) for OTFTs of
squaraine dye SQb prepared by vapor deposition on different substrate/SAM combinations.

| Vin !
Substrate SAM sz‘ij_l o TolTore y
Si/SiO, 0.011+0.003 10" 18+2
Si/Sio; OTES 0.0036:0.0040 10° 8.240.9
Si/SiO, HMDS 0.03620.005 10° 142
Si/Si0,/AIO, FOPA 0.23+0.02 10 30+1
Si/Si0,/AIO, TPA 1.240.1 10° ~1.240.1

subsequently annealed thin-films, x, of the vacuum-deposited ones is an order of magnitude
higher, while the on/off ratio and the threshold voltage are not affected.

The OTFT performance of vacuum-deposited SQb transistor devices is summarized in
Table 9. As can be easily seen from this set of data, the introduction of a HMDS or OTES
SAM did not affect the OFET performance in an essential way: deposition of SQb onto
HMDS-modified substrates led to only a slightly higher mobility (0.036 cm? V™' s7%), while
for OTES even a decrease in the range of one order of magnitude was observed. However,
these two substrate modifications had a positive impact on the on/off ratio, which rose up to a
value of 10%. A dramatic increase to hole mobilities of 0.23 cm*V's™ (V4 =30 V) and of
1.3cm?* Vs (Vi =-1.2V) could finally be reached by using FOPA and, respectively,
TPA-modified Si/SiO,/AlO4 substrates. It is noteworthy that the threshold voltage for
transistors built on TPA SAM is low leading to a reduced power consumption in the ‘off’-
state, which is desirable for operation of mobile devices. Representative output and transfer
characteristics of an OFET exhibiting such high charge carrier mobility are depicted
inFigure 37. As with the solution-processed squaraine-based devices, a quite high lu
(~107® A; for FOPA even ~10°° A; see Figure 37b) was measured for these OTFTs resulting
also in low on/off ratios between 10 (for bare substrates) and 10° (for TPA-modified
substrates). These devices never reach the “off”-state, which may be ascribed to transistor
operation at ambient conditions and therefore to oxidation of the electron-rich squaraine
molecules as discussed before for the solution-processed thin-films (Chapters 3.1 and 3.2).

Furthermore, the highly electronegative FOPA SAM may lead to an extraction of electrons
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Figure 37. Output (a) and transfer (b) characteristics of a bottom-gate, top-contact OTFT of squaraine
dye SQb on Si/SiO,/AIO/TPA measured in air. The respective transfer curves of such a device are
colored black and red in b), while the forward measured transfer-characteristics of devices on Si/SiO,
substrates (blue), Si/SiO./HMDS substrates (green) and Si/SiO,/AlO,/FOPA substrates (purple) are
also shown.

from the semiconductor film at the interface, which may account for the even higher off
current of this substrate. Additionally, it is noteworthy that the transistor characteristics of the
vacuum-deposited devices show low standard deviations, while for solution-deposited devices

the determined values were more widespread.

3.3.2 Spectroscopic and AFM Studies of the Thin-Films

It is common knowledge that vacuum deposition can provide higher charge carrier
mobilities than spin coating due to more ordered films with higher degree of crystallinity. The
morphology of the vapor-deposited thin-films of SQb on all substrates used for transistor
fabrication has been investigated by AFM and the resulting images are depicted in Figure 38.
Large crystalline domains are observed for films on OTES-modified substrates, in which the
crystallites are isolated from one another hindering the efficient charge transport (Figure 38b).
As a result, only a moderate performance of devices based on such films was measured.
Untreated Si/SiO;, substrates (Figure 38a) and HMDS-modified ones (Figure 38c) show
similar film morphologies, and the respective OTFTs exhibit almost identical charge carrier
1 S—l

mobilities in the range of 0.01 cm? V' s7%. These films feature a rough surface with irregular

structures distributed all over the substrate. The morphology of thin-films deposited on
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Si/SiO,/AIO,/FOPA (Figure 38d) is much more homogeneous and large domains with few
grain boundaries are observed leading to enhanced charge transport with approximately one
order of magnitude higher hole mobilities. Finally, films on Si/SiO,/AIO/TPA (Figure 38e
and f) feature the largest domains of this series together with the highest charge carrier
mobility of 1.3 cm? V' s™. The surface of the domains features terrace-like structures of a
height of 1.5 to 1.9 nm for each layer, which is in the range of the values found for solution-
sheared films of SQd (1.5 to 1.7 nm, see Chapter 3.2.4). According to the discussion
concerning the correlation of the results from X-ray diffraction, spectroscopic and AFM
studies (see Chapter 3.2.5), the molecules in the vacuum-deposited film presumably adopt a
packing arrangement similar to that assumed for solution-sheared thin-films giving rise to an
excellent transistor performance.

Further support for this hypothesis was extracted from the comparative spectroscopic
study of SQb-based thin-films on miscellaneous substrates and a solution in chloroform.
UV/Vis/NIR spectra of a vacuum-deposited thin-film and a spin-coated and subsequently

annealed one on quartz substrates are depicted in Figure 39. As discussed in Chapter 3.1,

similar morphologies are quite likely for thin-films on Si/SiO, and quartz substrates, which

*

Figure 38. AFM topography images of a thin-film prepared by vapor deposition of squaraine dye SQb
on Si/SiO, (a), Si/SIO,/OTES (b), Si/SIO,/HMDS (c), Si/SiO,/AIO/FOPA (d), Si/SiO/AIO/TPA
(e,f) substrates. The inset in f) shows the cross section analysis along the yellow dashed line.
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makes spectroscopic studies of films on quartz a useful tool for gaining information about the
packing arrangement of the semiconductor molecules in the active layer. Studying thin-films
on quartz substrates was necessary by this devious route because direct measurement of the
thin-film absorption spectra on Si/SiO, substrates using reflection mode was not possible due
to the low reflectivity. With the introduction of a SAM at the interface between the
semiconductor layer and the Si/SiO,, the surface energy changes and the spectra are no longer
comparable to those of thin-films on quartz. Even Si/SiO,/AlO,/TPA substrates suffer from
this disadvantage, but upon deposition of the active layer on high reflective Si/Al/AIO,/TPA,
the thin-film spectra could be recorded. The only difference of these two substrates is the
composition and thickness of the dielectric layer, where the AIO4 surface is in both cases
covered by a self- assembled monolayer of TPA. Thus, identical surface energies can be
assumed and similar film growth is quite likely. It was possible to calculate the absorption of
such thin-films measured by applying the theory of Kubelka and Munk to the spectra recorded
in reflection mode.!***!

A bathochromic shift of the absorption maximum with respect to the spectrum in solution
is accompanied by a band broadening and the appearance of a hypsochromic shoulder for all

thin-film samples (Figure 39). Thin-films of SQb on Si/Al/AIO/TPA substrates exhibit a

1

0.8

0.6 -

0.4 4

norm. Abs. / a.u.

0.2 1

0.0 : ,
400 600

I T i T
800 1000 1200
Al nm

Figure 39. Normalized UV/Vis/NIR absorption spectra of squaraine dye SQb in chloroform (black), a
spin-coated and annealed thin-film on quartz (blue) and vapor deposited thin-films on quartz (red) and
Si/Al/AIO,/TPA (green), respectively.
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much sharper band with a larger bathochromic shift as it could be observed for the films on
quartz. This red-shift indicates a J-type coupling of the transition dipole moments in these
thin-films, which is similar to the spectroscopic behavior of the active layers of solution-
deposited OTFTs (see Chapters 3.1 and 3.2). The much sharper and more red-shifted
absorption maximum of the film on TPA SAM may originate from a stronger excitonic
coupling with less disorder, while the excitonic states of films on quartz are less strongly
coupled and exhibit a higher degree of disorder. The hypsochromic bands indicate that also
the transitions from the ground to the energetically higher excitonic coupled states are
allowed.®"! These transitions appear to be much less allowed for films on TPA SAM,
meaning a higher order within them. This is consistent with the observed charge carrier
mobilities: the films on Si/SiO, with weaker excitonic coupling and higher degree of disorder
give only moderate transistor performance with charge carrier mobilities between 10~ and
102 cm? Vs As already supported by the layer height determined by AFM for the SQb
films on a TPA-modified substrate, a packing arrangement similar to that discussed in
Chapter 3.2 seems quite likely due to the spectroscopic results (a strong J-type excitonic
coupling and high degree of order). This may be the reason why devices based on such
vacuum-deposited films give the best OFET performance within this study, where charge
1 Sfl

carrier mobilities of up to 1.3 cm? V™ have finally been realized. These results equal the

performances found for common a-Si:H TFT devices.
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CHAPTER4

SUMMARY IN ENGLISH

Whilst the typical high performance organic semiconductor molecules are based on non-
polar molecules such as acenes, oligothiophenes or triarylamines, in this thesis the suitability
of dipolar squaraine dyes for organic electronics has been evaluated.

The starting point of this project was the observation that acceptor-substituted squaraines
exhibit decent hole transport in not optimized thin-films and quite good photo-currents in bulk
heterojunction solar cells.”! Hence, the aim of this thesis was to perform a more in-depth
investigation of the applicability of acceptor-substituted squaraine dyes for OTFTs. A general
screening was first performed by spin coating a set of squaraines with variations in the
molecular and electronic structure. A number of molecular structures were explored including
variations of alkyl chain length and heteroatoms, where oxygen, sulfur or selenium atoms
were introduced at the squaraine core. As expected, these spin-coated films exhibit a low
degree of crystallinity accompanied by poor transistor characteristics. Subsequently,
squaraines were also deposited by vacuum sublimation and solution shearing onto the
substrates in an effort to access highly ordered and crystalline thin-films with adequate
transistor characteristics. A setup for the latter method was constructed, optimized and then
applied to the squaraines that exhibited the best solubility and performance by spin coating.
For one sublimable squaraine derivative OTFT devices were also manufactured by vacuum
deposition. Thereby it was additionally made possible to evaluate the OTFT performance of
thin-films from solutions with respect to those from sublimation, where the transistor
performance is known to be maximized. In the end, the morphology of the films was studied
by several methods such as UV/Vis/NIR spectroscopy, AFM and X-Ray experiments and was

- 69—



CHAPTER 4 SUMMARY IN ENGLISH

related to the observed transistor performance to yield a structure-property relationship for
squaraine dyes in OTFT devices.

Chapter 2 first introduces the reader to the fundamentals of TFT operation followed by a
brief summary regarding charge transport mechanisms in organic semiconductor materials.
Additionally, methods for depositing the active layer of an OTFT are reviewed with the main
focus on solution-based techniques. The chapter concludes with a comprehensive overview of
small molecule organic semiconductor materials based on organic colorants. Therein, five
classes of dyes are discussed in view of their application in the active layers of OTFT devices
and the achieved transistor performance.

Chapter 3 deals with the fabrication and characterization of transistor devices based on
thin-films of a series of acceptor-substituted squaraine dyes. First of all, thin-films of these
dyes that vary in chain length and that bear oxygen, sulfur or selenium at the squaraine core
were deposited by the common spin coating method. Thereby it was possible to identify the
optimal electronic as well as molecular structure for achieving the highest transistor
performance by applying this simple deposition method. It became clear that selenium and
sulfur squaraines with dodecyl substituents (SQd and SQe, respectively) seem to be most
promising for solution-processed transistor devices because as cast films of these molecules
already yielded moderate charge carrier mobilities reaching values of around 0.01 cm® V* s
at ambient conditions. These initially measured mobilities exceeded the previously reported
values for SQ5d (see Figure 40) by already one magnitude of order.l” The performance could
be further improved by annealing of the thin-films under inert atmosphere due to
rearrangement of the molecules by thermal activation, with the hole mobilities for squaraines
SQd and SQe approaching 0.1 cm? V' s (see Figure 40). With these results, the capability
of acceptor-substituted squaraines to act as efficient p-type semiconductor materials in OTFT
devices becomes clear.

A positive impact on the OTFT performance was expected by employing advanced
processing methods such as the solution shearing method for deposition of the active layer,
which is known to result in well-oriented and large-scale thin-films.?”? A setup for this
method was first constructed (see Figure 41a), followed by an optimization of the shearing
conditions. The dodecyl-substituted selenium, sulfur and oxygen squaraines (SQd-f) were
selected for deposition in this way due to their excellent solubility and the promising results
obtained for spin-coated devices. Anisotropic hole transport behavior with respect to the

shearing direction was observed for the transistors based on such thin-films. Three to four
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Figure 40. Hole mobilities of squaraine-based OTFT devices of same geometry (W =200 pm,
L = 100 um) prepared by various deposition methods. The example for SQ1d from literature was spin-
coated and annealed (W = 1 cm, L = 10 um).["

times higher values for the charge carrier mobility were determined for devices with parallel
orientation to the shearing direction than for those aligned perpendicularly. The highest
average mobility of 0.15cm? Vs could be extracted from the saturation regime of the
transfer characteristics of a SQd-based transistor device with parallel alignment. Introduction
of a self-assembled monolayer of HMDS onto the Si/SiO, substrates more than doubled the
charge carrier mobility ending up with an average value of 0.37 cm? V*s™ and a peak at
0.45 cm? V! s7* (see Figure 40).

The transistor performance could even be driven to values beyond 1cm?V™s™ by
vacuum deposition of the active layer due to better control of the crystallinity as compared to
those films processed from solution-based methods. The sublimable derivative of SQd with a
shorter alkyl chain, SQb was sublimed onto various substrates, whereby a record hole
mobility of 1.3cm?V s was achieved (see Figure 40). These well-performing devices
impressively display that judicious selection of the deposition method gives rise to OTFTs
based on acceptor-substituted squaraine dyes approaching the performance of those devices
that are based on amorphous silicon or of high-performance acene- and oligothiophene-based
OTFTs.
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Figure 41. a) Schematic depiction of the solution shearing method. b) Molecular structure of the best-
performing solution-processed squaraine SQd. ¢) OPM picture, d) AFM image, e) X-ray diffraction
studies and f) UV/VIS/NIR absorption experiments with polarized light of a thin-film of this dye
prepared by solution shearing. g) EOAM-experiment yielding the orientation of ground state and
transition dipole moments. h) TFT configuration of the studied devices. i) Packing arrangement of
SQc molecules in the single crystal, which was shown to also be applicable for solution-sheared films
of SQd, whereas the a-axis is perpendicular to the substrate surface and the c-axis parallel to the

direction of charge transport. The J-type packing arrangement is illustrated by two molecules drawn as
CPK model. j) Output characteristics of the solution-sheared TFT with the best performance.
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Additionally, the morphology of the active layers of these OTFTs and the packing of the
molecules therein was investigated in great detail by optical spectroscopy, AFM studies and
X-ray experiments. UV/Vis/INIR spectra of squaraine thin-films revealed red-shifted
absorption bands compared to spectra recorded for solutions (see Figure 41f). This could be
explained by a J-type excitonic-coupled packing arrangement of the molecules, which was
found to be the standard motif of all films obtained by the herein studied deposition methods.
It became clear from this study that the increase of the charge carrier mobility for spin-coated
thin-films upon annealing can be — at least partially — attributed to changes in the molecular
packing. Furthermore, AFM investigations for all films were a valuable tool to evaluate the
morphology of the films. Upon thermal treatment of spin-coated films a rise of the
crystallinity could be observed explaining also the rise in transistor performance as compared
to as cast films.

Charge carrier mobility could be further increased and showed an anisotropic behavior
with respect to the shearing direction, when depositing the active layer by solution shearing.
This could be understood by the high degree of orientation and crystallinity that was evident
from the large-scale domains observed not only by optical polarizing microscopy (see
Figure 41b) but also by AFM (see Figure 41c). AFM images of vacuum-deposited devices
revealed crystallites with terrace-like texture, which seemed to be the cause of the excellent
transistor operation. A more detailed study of the packing arrangement of the molecules was
carried out for solution-sheared thin-films. The orientation of the transition and ground state
dipole moments with respect to the scaffold of the squaraine molecule was derived from
EOAM experiments (see Figure 41g). Relating this to the optical anisotropy observed by
optical spectroscopy of solution-sheared films with polarized light (see Figure 41f) led to the
conclusion that the long molecular axis of the molecules has to be aligned along the direction
of shearing. That implies that also the J-type packing motif is oriented parallel to this
direction. Whilst taking into account all these results together with the layer spacing derived
from X-ray diffraction experiments of the thin-films, it eventually could be concluded that the
molecules in the solution-sheared thin-films adopt a packing arrangement similar to that of the
crystal structure, where the long molecular axis is aligned parallel to the direction of shearing
as depicted in Figure 41i. The determined anisotropy for the charge transport in solution-
sheared films as well as the better performance as compared to spin-coated ones likewise can
be well-explained by such a packing of the molecules.

In summary, it can be stated that the herein studied set of acceptor-substituted squaraine

dyes can be seen as potent candidates for OTFTs. Furthermore, their transistor performance
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can be easily tuned to obtain hole mobilities up to 0.45cm*V s from solution and
1.3cm? Vs from sublimation by choosing adequate deposition techniques. In the end, a
probable structural model derived from studies of the thin-film morphology by methods such
as optical spectroscopy, AFM and X-ray even facilitated the clarification of the observed

charge transport behavior.
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CHAPTER 5

SUMMARY IN GERMAN

Nachdem typischerweise unpolare Molekille wie Acene, Oligothiophene oder
Triarylamine als leistungsfahige organische Halbleitermolekiile zum Einsatz kommen,
wurden in der vorliegenden Arbeit dipolare Squarainfarbstoffe auf ihre Eignung fur
organische Elektronikbauteile untersucht.

Als Ausgangspunkt fiir dieses Projekt diente die Tatsache, dass akzeptorsubstituierte
Squaraine bei der Verwendung in nicht optimierten Filmen bereits respektablen Lochtransport
sowie in BHJ-Solarzellen recht hohe Fotostrome aufweisen.[” Infolgedessen zielte diese
Arbeit auf eine tiefergehende Untersuchung der Eignung von akzeptorsubstituierten
Squarainen fiir OTFT-Bauteile ab. Eine Vorauswahl wurde zundchst anhand einer Reihe von
Squarainen getroffen, die sich in ihrer elektronischen und molekularen Struktur unterscheiden
und welche mittels Rotationsbeschichtung prozessiert wurden. Durch Variation der
Alkylkettenldange sowie durch Einbringung von Heteroatomen wie Sauerstoff, Schwefel oder
Selen in das Squaraingerust konnte eine Vielzahl verschiedener Molekdlstrukturen erhalten
und untersucht werden. Erwartungsgemal wiesen diese mittels Rotationsbeschichtung
erhaltenen diinnen Filme einen geringen Grad an Kristallinitat auf, was sich in Bauteilen mit
geringer Leistung widerspiegelte. Daraufhin wurden die Squaraine durch Vakuumsublimation
und durch Scheren aus Losung auf die Substrate aufgebracht, um hdher geordnete und
kristalline Dunnfilme mit zufriedenstellender Leistung zu erhalten. Fir die letztgenannte
Methode wurde eine Apparatur entwickelt, optimiert und im Anschluss zur Prozessierung
derjenigen  Squaraine eingesetzt, welche die hochste Loslichkeit und nach
Rotationsbeschichtung die beste Leistung besallen. Dartiber hinaus konnten OTFT-Bauteile
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eines sublimierbaren Squarainderivats durch Abscheidung im Vakuum erhalten werden. Dies
erlaubte eine Beurteilung der Transistorleistung von lésungsprozessierten Dunnfilmen in
Bezug auf die mittels Vakuumverdampfung erhaltenen Filme, welche bekanntermaRen zu
OTFT-Bauteile mit der besten Leistung fuhren. Schlie3lich wurde die Morphologie der Filme
mit Hilfe verschiedener Methoden wie UV/Vis/NIR-Spektroskopie sowie AFM- und
Rontgenexperimenten untersucht. Diese Ergebnisse wurden in Relation zu den ermittelten
Transistorleistungen gesetzt, womit eine Struktur-Wirkungs-Beziehung fur die Anwendung
von Squarainfarbstoffen in OTFT-Bauteilen hergestellt werden konnte.

Kapitel 2 flihrt den Leser zundchst in das Funktionsprinzip von TFTs ein, worauf eine
kurze  Zusammenfassung  von Ladungstransportmechanismen  in  organischen
Halbleitermaterialien folgt. Im Weiteren wird ein Uberblick iber Abscheidungstechniken fiir
die aktiven Schichten von OTFTs gegeben, wobei der Schwerpunkt auf I6sungsbasierten
Methoden liegt. Eine umfassende Ubersicht (iber organische Farbstoffe, die als
niedermolekulare organische Halbleitermaterialien eingesetzt werden kénnen, schliel3t dieses
Kapitel ab. Dazu werden fiinf Farbstoffklassen im Hinblick auf ihre Anwendung in der
aktiven Schicht von OTFTs und die damit erzielbare Transistorleistung diskutiert.

Kapitel 3 behandelt die Prozessierung und Charakterisierung von Transistorbauteilen, die
auf Dunnfilmen einer Serie von akzeptorsubstituierten Squarainfarbstoffen beruhen. Diese
Farbstoffe variieren in der Alkylkettenlange und im Squaraingerust, welches Heteroatome wie
Sauerstoff, Schwefel oder Selen enthalt. In einem ersten Schritt wurden Dunnfilme dieser
Squaraine mittels der weitverbreiteten Rotationsbeschichtungsmethode auf die Substrate
aufgebracht. Diese einfache Abscheidungsmethode erlaubte die Identifizierung der zur besten
Transistorleistung fiihrenden elektronischen und molekularen Struktur. Dabei stellte sich
heraus, dass dodecylsubstituierte Selen- und Schwefelsquaraine (SQd bzw. SQe) am
vielversprechendsten fur l6sungsprozessierte Transistorbauteile sind, da fir frisch
abgeschiedene Filme dieser Molekule bereits moderate Ladungstrdgermobilititen um
0.01cm?V's™ an Luft gefunden wurden. Diese anfangs gemessenen Mobilitatswerte
ubersteigen die zuvor in der Literatur fir das Squarain SQd genannten Werte (Abbildung 42)
um bereits eine GroBenordnung.!”! Die Leistung der Bauteile lieR sich durch das Tempern der
Dunnfilme unter inerter Atmosphare deutlich verbessern, was eine Anderung der Orientierung
der Molekdle durch die thermische Aktivierung zur Folge hatte und fir die Squarainderivate
SQd und SQe in Lochmobilitaten von nahezu 0.1 cm?Vs™ resultierte (Abbildung 42).
Diese Ergebnisse zeigen, dass akzeptorsubstituierte Squaraine als effiziente p-
Halbleitermaterialien in OTFT-Bauteilen eingesetzt werden kénnen.
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Abbildung 42. Lochmobilitdten von OTFT-Bauteilen, deren aktive Schicht aus Squarainmolekiilen
besteht und die mittels verschiedener Techniken prozessiert wurden. Die Bauteile weisen dabei alle
dieselbe Geometrie auf (W =200 um, L =100 um). Das Literaturbeispiel SQ5d wurde durch
Rotationsbeschichtung abgeschieden und im Anschluss ausgeheizt (W =1 cm, L = 10 um)./"

Ein positiver Einfluss auf die Transistorleistung lasst sich erwarten, wenn man zur
Abscheidung der aktiven Schicht zukunftsweisende Methoden wie das Scheren aus Ldsung
verwendet, da sich mit diesen hoch geordnete und grol3flachige Dinnfilme realisieren
lassen.” In dieser Arbeit wurde zunachst eine Apparatur fiir diese Methode konstruiert
(Abbildung 43a) und im Anschluss eine Optimierung der Scherbedingungen durchgefihrt. Da
fiir die rotationsbeschichteten Transistorbauteile von dodecylsubstituierten Selen-, Schwefel-
und Sauerstoffsquarainen (SQd-f) eine vielversprechende Transistorleistung gefunden wurde
und diese eine ausgezeichnete Loslichkeit aufweisen, wurden die Squaraine SQd-f zur
Dinnfilmprozessierung mittels Scheren aus Ldsung ausgewahlt. Flr Transistoren, die auf
solchen Filmen basieren, konnte anisotroper Ladungstransport in Bezug zur Scherrichtung
beobachtet werden. Fur Transistorbauteile mit paralleler Ausrichtung zur Scherrichtung
wurden drei- bis viermal hohere Ladungstrdgermobilitdten bestimmt als fir diejenigen, die
senkrecht ausgerichtet sind. Die héchste gemittelte Mobilitat von 0.15 cm? V' s konnte aus
dem Séttigungsbereich der Transfercharakteristik eines Transistorbauteils des Squarains SQd

mit paralleler Orientierung extrahiert werden. Die Einflihrung einer selbstorganisierenden
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Abbildung 43. a) Schematische Darstellung des Scherens aus Ldsung. b) Strukturformel des Squarains
SQd, dessen ldsungsprozessierte Transistoren die héchsten Mobilitét zeigen. ¢) OPM-Aufnahme, d)
AFM-Aufnahme, e) Rontgenbeugung und f) UV/VIS/NIR-Absorptionsexperimente mit polarisiertem
Licht eines mittels Scheren prozessierten Dunnfilms von SQd. g) EOAM-Experiment, das die
Ausrichtung des Grundzustands- und Ubergangsdipolmoments liefert. h) Aufbau der untersuchten
OTFTs. i) Packung der SQc-Molekile im Einkristall. Eine vergleichbare Anordnung kann fiir
gescherte Filme von SQd angenommen werden, wobei die a-Achse senkrecht auf der
Substratoberflache steht und die c-Achse parallel zur Richtung des Ladungstransports orientiert ist.
Die einem J-Aggregat &hnliche Packung ist anhand zweier als Kalottenmodell gezeichneter Molekiile
dargestellt. j) Ausgangscharakteristik des gescherten Transistors mit der htchsten Mobilitét.
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HMDS-Monolage auf der Oberflache des Si/SiO,-Substrats fihrte zu mehr als einer
Verdoppelung der Ladungstragermobilitat, wobei ein Mittelwert von 0.37 cm? V™ s und ein
Maximalwert von 0.45 cm? V! s gemessen wurden (Abbildung 42).

Eine Steigerung der Leistung der Transistoren auf Werte tiber 1 cm? V" s™ konnte bei
der Abscheidung der aktiven Schicht mittels Vakuumsublimation erzielt werden, da sich
hierbei die Kristallinitat im Vergleich zur Losungsprozessierung besser kontrollieren l&sst.
Das sublimierbare SQd-Derivat mit kirzerer Alkylkette, SQb, wurde mittels Sublimation auf
verschiedene Substrate aufgebracht, wobei ein Rekordmobilitatswert von 1.3 cm?V™*s?
erreicht werden konnte (Abbildung 42). Diese gut funktionierenden Bauteile zeigen auf
beeindruckende Art und Weise, dass eine besonnene Wahl der Abscheidungsmethode den
Weg zu OTFT-Bauteilen aus akzeptorsubstituierten Squarainfarbstoffen frei macht und dabei
sogar die Leistung derjenigen Bauteile erreicht werden kann, die aus amorphem Silizium oder
leistungsfahigen Molekulen wie Acenen oder Oligothiophenen aufgebaut sind.

Des Weiteren wurden die Morphologie der aktiven Schichten solcher OTFT-Bauteile
sowie die Packung der Molekile in diesen Schichten mit Hilfe von optischer Spektroskopie,
AFM-Studien und RoOntgenexperimenten ausfuhrlich untersucht. UV/Vis/NIR-Spektren der
Squaraindinnfilme  wiesen im  Vergleich zu  Ldsungsspektren  rotverschobene
Absorptionsbanden auf (Abbildung 43f). Dies konnte anhand einer Packung der Molekile
vergleichbar mit der in exzitonisch gekoppelten J-Aggregaten erklart werden. Ein solches
Packungsmotiv wurde fur alle Filme beobachtet, die mit den in dieser Arbeit verwendeten
Methoden prozessiert worden waren. Anhand dieser Studien zeigte sich auch, dass Tempern
von rotationsbeschichteten Dinnfilmen zu einer Verénderung in der Molekilpackung fihrt,
welche — zumindest teilweise — fir die Zunahme der Ladungstragermobilitaten im Zuge eines
solchen Heizprozesses verantwortlich gemacht werden kann. Fernerhin konnte die
Morphologie aller Dinnfilme mit Hilfe von AFM-Studien untersucht werden. Nach dem
Tempern von mittels Rotationsbeschichtung erhaltenen Dunnfilmen konnte ein Anstieg der
Kristallinitat beobachtet werden. Dies lieferte eine weitere Ursache fur die Zunahme der
Leistung der Transistoren im Vergleich zu frisch abgeschiedenen Dinnfilmen.

Ein weiterer Anstieg der Ladungstrdgerbeweglichkeit, fur die zudem Anisotropie in
Bezug auf die Scherrichtung festgestellt wurde, lies sich durch die Abscheidung der aktiven
Schicht mittels Scheren aus LAsung realisieren. Eine Erklarung ist der hohe Orientierungsgrad
und die Kristallinitat, die sowohl durch optische Polarisationsmikroskopie (Abbildung 43b)
als auch AFM-Studien (Abbildung 43c) fiir groRflachige Domanen nachgewiesen werden

konnten. Die AFM-Aufnahmen von aufgedampften Dunnfilmen zeigten Kristallite mit
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terrassenartiger Struktur, welche fur die exzellente Leistung solcher Transistoren urséchlich
zu sein scheinen. Eine tiefergehende Untersuchung der Molekulpackung wurde fir gescherte
Dinnfilme durchgefiihrt. Aus EOAM-Experimenten (Abbildung 43g) konnte die Orientierung
der Ubergangs- und Grundzustandsdipolmomente in Bezug auf das molekulare Gerlist der
Squaraine hergeleitet werden. Unter Beachtung der optischen Anisotropie, die flir gescherte
Filme durch optische Spektroskopie mit polarisiertem Licht nachgewiesen wurde
(Abbildung 43f), konnte die Schlussfolgerung gezogen werden, dass die lange Molekiilachse
in den Dunnfilmen parallel zur Scherrichtung orientiert sein muss. Das bedeutet dartiber
hinaus, dass das einem J-Aggregat &hnliche Packungsmotiv entlang dieser Richtung orientiert
sein muss. Fasst man all diese Ergebnisse zusammen und bezieht den Ebenenabstand mit ein,
der aus Rontgenbeugungsexperimenten an den Dinnfilmen bestimmt werden kann, so kommt
man zu dem Schluss, dass die Molekiile in den gescherten Filmen eine Packungsanordnung
einnehmen, welche derjenigen in der Kristallstruktur ahnelt. Dabei ist die lange Molekulachse
parallel zur Scherrichtung orientiert, wie auch in Abbildung 43i dargestellt. Eine derartige
Anordnung der Molekule im Dinnfilm bietet eine Erklarung sowohl fur die beobachtete
Anisotropie des Ladungstransports in den gescherten Filmen als auch die im Vergleich zu
rotationsbeschichteten OTFT-Bauteilen htheren Mobilitatswerte.

Zusammenfassend lasst sich sagen, dass die in dieser Arbeit untersuchten
akzeptorsubstituierten Squarainfarbstoffe durchaus als leistungsféhige Kandidaten fiir den
Einsatz in OTFT-Bauteilen angesehen werden kdnnen. lhre Transistorleistung lasst sich durch
geeignete  Wahl der Abscheidungsmethode dahingehend einstellen, als dass sich
Lochmobilitaten von bis zu 0.45 cm? V™" s mittels Lésungsprozessierung und von bis zu
1.3cm?V st mittels Sublimation realisieren lassen. SchlieRlich erméglichte die
Untersuchung der Dinnfilmmorphologie mit Methoden wie der optischen Spektroskopie,
Rasterkraftmikroskopie und Rontgenbeugung die Schlussfolgerung auf ein mutmaRliches

Strukturmodell.
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CHAPTER 6

EXPERIMENTAL SECTION

6.1 Equipment, Methods and Materials

Fluorescence Spectroscopy

The fluorescence spectra were recorded using a PTI QM-4/2003 spectrometer and 10 mm
cuvettes (SUPRASIL®, produced by Hellma). All measurements were performed at ambient
conditions and the spectra were corrected against the photomultiplier and the intensity of the
lamp. The fluorescence quantum yield @y was calculated from the averaged value of three
different excitation wavelengths against Rhodamin 800 (Ethanol, @ =0.21) as standard
(Acros) using the high dilution method (Abs. < 0.05).1!

UV/Vis/NIR spectroscopy

The UV/Vis/NIR spectra in solution were recorded against a reference cuvette filled with the
respective solvent using a Lambda 950 UV/Vis/NIR spectrometer from Perkin Elmer in
10 mm or 1 mm quartz cuvettes (SUPRASIL®, produced by Hellma). All measurements were
performed with spectroscopic pure solvents (Uvasol, Merck). Thin-films for spectroscopy
were obtained by spin coating (30s, 2000 rpm) of a concentrated squaraine solution in
chloroform onto quartz (SUPRASIL®) substrates. Solution-sheared thin-films were
additionally prepared on quartz (SUPRASIL®) and Si/Al/AIO,/TPA substrates by applying
the same conditions as for processing OTFTs on Si/SiO, and Si/SiO,/AlO,/TPA substrates,
respectively. While spectra for films on quartz could be obtained in transmission mode due to
transparency, switching to reflection mode was required for non-transparent Si/Al/AIO/TPA

substrates. A polarizer was used for recording transmission spectra of thin-films on quartz
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substrates with linearly polarized light. Recorded reflection spectra were transformed to a
qualitative absorption spectrum applying the embedded processing function of the
spectrometer software, which performs the transformation according to the theory of Kubelka
and Munk M4

Differential scanning calorimetry, DSC
DSC thermograms were recorded using a DSC Q1000 (TA Instruments) at a scan rate of

10 K mint,

Thermogravimetric analysis, TGA
Thermogravimetric analysis was performed using a Perkin Elmer STA 6000 Simultaneous
Thermal Analyzer under nitrogen atmosphere at a heating rate of 10°Cmin™ up to a

maximum temperature of 900 °C.

Cyclovoltammetry, CV

CV was performed on a standard commercial electrochemical analyzer (EC epsilon; BAS
Instrument, UK) in a three electrode single-compartment cell under argon. Dichloromethane
(HPLC grade) was obtained from J. T. Baker and dried over calcium hydride and degassed
prior to use. The supporting electrolyte tetrabutylammonium hexafluorophosphate (TBAHFP)
was synthesized according to literature,™® recrystallized from ethanol/water and dried in
high vacuum. The measurements were carried out under exclusion of air and moisture at a

concentration of 10~ M with ferrocene as internal standard for the calibration of the potential.

(Scanning rate: 100 mV s*; working electrode: Pt disc, @ 1 mm:; reference electrode:

Ag/AgCI; auxiliary electrode: Pt wire; concentration of the solution of the electrolyte
TBAHFP: 0.1 mol L™)

Atomic Force Microscopy, AFM
AFM measurements were performed at ambient conditions with a Bruker AXS MultiMode™
Nanoscope IV System in tapping mode. Silicon cantilevers (OMCL-AC160TS, Olympus)

with a resonance frequency of ~ 300 kHz and spring constant of ~ 42 N m™* were used.

Scanning Electron Microscopy, SEM
SEM images were recorded using a Zeiss Ultra plus field emission scanning electron
microscope equipped with GEMINI e-Beam column operated at 10 kV.
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Crystal Structure Determination

The crystal data of SQc were collected at a Bruker Kappa Apex Il diffractometer with an
Apex Il CCD area detector and by Montel multilayer optics monochromated Mok, radiation.
The structure was solved using direct methods, refined with SHELX software package!**”) and
expanded using Fourier techniques. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were assigned idealized positions and were included in structure factor

calculations.

X-Ray Diffractometry of Thin-Films

The measurements were performed with a GE Inspection Technologies X-ray diffractometer
(model XRD 3003 T/T) applying Bragg-Brentano geometry. This arrangement means that the
X-ray tube and the detector can rotate on the Rowland circle around the fixed sample. The X-
ray is based on the copper K, line with a wavelength 4 of 1.5418 A and may be focused by
apertures and slits. @-26-scans were performed during the intensity measurement of the
diffracted radiation, while the source is rotated through an angle @ with respect to the
spatially fixed sample and the detector is rotated simultaneously through 26. The orientation
of the source and the detector with respect to each other, the position of the sample in the
beam path as well as the alignment of the beam itself is adjusted prior to each measurement.
The angular resolution of this setup is limited to 0.005°. The layer spacing dny for thin-films
can be calculated with the aid of the Bragg equation from the angular position of the Bragg
peaks:

2dpp - sinf = A\ (6.1)

Rocking curves were recorded by adjusting the angles » and 28 to fulfill the Bragg condition
for a certain reflection. Then the sample was tilted out of plane stepwise by a small angle « up

to a final value of 2.5°, while the exposure to X-rays was continued.

Electro-optical absorption measurements, EOAM

Electro-optical absorption measurements were carried out like described in the following.
Dipole moments of the ground state x4 and the dipole moment differences Au = e — 14y (1
excited state dipole moment) of chromophores have been determined by means of EOA
spectroscopy by which the difference of absorption of a solution with (¢5(¢,v)) and without
(s(v)) an externally applied electric field E is measured with light parallel (¢ =0°) and

perpendicularly (¢ = 90°) polarized to the direction of E.1'%'8 For uniaxial phases, induced
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in a solution by both an alternating and a constant electric field of about 3 x 10° V m™, the
dichroism & (¢p,v) — &(v) depends on the orientational order of the molecules due to their
ground state dipole moment 4, the shift of the absorption band proportional to the dipole
moments difference Ay, and on the electric field dependence of the electric transition dipole
moment zeq(E). The transition dipole moment zeq was determined from UV/Vis/NIR spectra

recorded at 298 K.!**® All measurements were carried out in dry dioxane.

Spin Coater Spin 150
Cleaning of silicon wafers and substrates as well as deposition of thin-films from squaraine
solutions were performed using an APT Spin 150 Spin Coater at rotation speeds between

2000 and 3000 rpm. Wafers and substrates were fixed on the turntable by vacuum.

UVO-Cleaner®-Ozone Cleaning Device 42A-220 Jelight

A UVO-Cleaner®-Ozone Cleaning Device 42A-220 (Jelight Company) was used to remove
residues of organic material from the surface of the silicon wafers. The working principle is
based on excitation and/or dissociation of impurities by short-wavelength UV radiation and
the simultaneous generation of atomic oxygen, which then can react with the excited

contaminant molecules.

BOC Edwards Auto 306 Evaporator

Deposition of gold source and drain contacts on top of semiconductor films and of SQb
semiconductor thin-films on various substrates was performed with a BOC Edwards Auto 306
Evaporator. The deposition rate as well as the thickness of the deposited layer was monitored
by a crystal oscillator. The deposition rate for gold was varied by manual control of the
voltage applied to the tungsten boat, while the one for organic materials in quartz crucibles
was determined by the temperature of the source, which was adjusted by an Edwards Oven
Source Controller. The substrates attached to the substrate holder were heated from the
backside with a heating lamp. The chamber was pumped down to a pressure of around

10°° mbar prior to deposition of gold and the organic material, respectively.

Micromanipulator 4060 & Semiconductor Parameter Analyzer 4155C
Source, drain and gate electrodes of the OTFTs were contacted with a Micromanipulator 4060
for characterization of the transistor devices. For contacting, the sample was viewed through a

reflection polarizing microscope with a camera attached. The output and transfer
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characteristics were recorded in air by means of an Agilent Semiconductor Parameter
Analyzer 4155C. The sample was fixed to the probe station by a vacuum chuck, which was

kept at a temperature of 25 °C.
Drop Shape Analysis System DSA25
The contact angle @ for water on the substrates was determined with a Kriiss Drop Shape

Analysis System DSA25.

Solvents for the Preparation of Substrates and Transistors

Chloroform (CHCIs3), water-free (> 99 %) (Sigma Aldrich)
o-Dichlorobenzene (0-DCB), water-free (> 99 %) (Sigma Aldrich)
Acetone, semiconductor grade (Sigma Aldrich)
Isopropanol, semiconductor grade (Sigma Aldrich)
Toluene, AnalaR NORMAPUR (VWR)
Hydrogen peroxide, 30 % (pa) (Merck)
Trichloroethylene (TCE), anhydrous (> 99 %) (Sigma Aldrich)
Sulfuric acid, > 95 % (Fischer Scientific)

SAM reagents
Hexamethyldisilazane (HMDS), electronic grade, 99 % (ABCR)
n-Octadecyltriethoxysilane (OTES), 94 % with 5 — 10 % branched C18-isomers (ABCR)
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6.2 Substrates

Table 10. Composition of SAM-modified substrates, the contact angles @ for water on these substrates
and the molecular structures of the SAMs.

TPA (1.7 nm) FOPA (1.7 nm) OTES (2.1 nm) HMDS (2.1 nm)

AlO, (3.6 nm ALD) AlO, (3.6 nm ALD) SiO, (300 nm thermal) | SiO, (300 nm thermal)
SiO, (100 nm thermal) |SiO, (100 nm thermal)
Si (heavily doped) Si (heavily doped) Si (heavily doped) Si (heavily doped)

contact angle @
for H,O
F. F
F F
F F
F F
FS/F
E F
F F
F
molecular H
structure of ﬂe\TSi'N‘Si;me
the SAM fé  me©
_P.,
="\ 'OH
O YoH
_P: 'OH EIO’SgCE)Et
o & t

Silicon substrates

P/Bor doped n-type Si (100) wafers (<0.02 Q cm) were used as substrates, which also served
as a common gate electrode of the transistors. In the case of bare substrates the gate dielectric
consisted only of a 100 nm SiO, layer (capacitance per unit area C;=34.0 nF cm™). The
surface of the SiO, layer was also treated with HMDS and OTES to obtain SAM-modified
Si/SiO; substrates (see below).

Additionally, Si/SiO,/AlOy substrates were prepared from such Si/SiO, wafers by atomic
layer deposition of an 8 nm thick layer of AlOy, which was done by Dr. Hagen Klauk from
the Max Planck Institut in Stuttgart. This group prepared also highly reflecting Si/Al/AlOy
substrates, which were used for spectroscopy in reflection mode. First, a 20 nm thick
aluminum layer was deposited onto silicon wafers by thermal evaporation and subsequently a

3.6 nm thick AlOy layer was obtained by brief exposure of the aluminum to oxygen plasma.
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Preparation of HMDS-modified wafers

Si/SiO, wafers were rinsed with toluene, acetone and finally isopropanol in the spin coater at
3.000 rpm for about 60 seconds and subsequently treated in the UVO-Cleaner for five
minutes. These purified wafers were coated with a SAM of HMDS according to the following
procedure: HMDS was filtered through a syringe filter (WICOM PERFECT-FLOW® PTFE,
13 mm, 0.2 um). The surface of the wafers was covered with the filtered liquid and the
residual was after an application time of 10 seconds removed in the spin coater at 3000 rpm
for 30 seconds. A capacitance per unit area C;j=34.0 nF cm™ was determined for these

substrates.

Preparation of OTES-modified wafers

Si/SiO, wafers were treated for 30 minutes in a bath of freshly prepared piranha solution,
which is a mixture of concentrated sulfuric acid and hydrogen peroxide in a ratio of 7:3. To
remove the residues of the etching process, the wafer was first sonicated for five minutes in
demineralized water and subsequently rinsed with demineralized water at 5000 rpm in the
spin coater. Coating with the OTES SAM succeeds this purification procedure. For this
purpose a 3 mM solution of OTES (filtrated through a syringe filter, WICOM PERFECT-
FLOW® PTFE, 13 mm, 0.2 um) in TCE was prepared and filtrated at least two times through
a syringe filter. The wafer is then covered completely with the solution, which is after an
application time of 10 seconds removed in the spin coater at 3000 rpm for 30 seconds. The
wafers were stored overnight in a desiccator over ammonia solution to interlink the SAM
molecules. Afterwards they were sonicated for six minutes in toluene to remove possibly
formed multilayers. Subsequent purification is done in the spin coater by rinsing with toluene,
acetone and subsequently isopropanol at 3000 rpm for about 60 seconds. A capacitance per

unit area C; = 34.0 nF cm~2 was determined for these substrates.

Tetradecylphosphonic acid (TPA) and 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18H-
pentadecafluorooctadecyl phosphonic acid (FOPA) modified substrates

These substrates were kindly provided by Dr. Hagen Klauk from the Max Planck Institut in
Stuttgart.

The Si/SiO,/AlOy substrates were coated by isopropanol solutions of TPA and FOPA to
obtain densely packed monolayers with a thickness of 1.7 nm and 2.1 nm, respectively. A

capacitance per unit area of C; = 32.4 nF cm™ was determined for these modified substrates.
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The same procedure was applied to Si/Al/AIOy substrates for formation of a self-assembled
TPA monolayer with a thickness of 1.7 nm.

6.3 Thin-Film Deposition

6.3.1 Spin Coating

The substrates were cleaned in the spin coater by rinsing with toluene, acetone and
subsequently isopropanol at 3000 rpm for about 60 seconds. Bare Si/SiO, substrates were
additionally treated in the UVO-Cleaner for five minutes. A solution of the semiconductor
material in chloroform with a concentration of 2.0 mgmL™ was prepared and filtrated
through a syringe filter (WICOM PERFECT-FLOW® PTFE, 13 mm, 0.2 um). The substrate
was covered by this solution and the residual was after an application time of 10 seconds
removed in the spin coater at 3000 rpm for 30 seconds. The substrates were split into two
parts, where one was used for preparation of as cast devices and the other for preparation of
annealed devices. Thermal treatment of the film was carried out under argon atmosphere at
130 °C for 10 minutes.

6.3.2 Solution Shearing

semiconducto
solution (¢)

Figure 42. Schematic depiction of the shearing process illustrating the various shearing parameters.

Substrates were cut to the size of approximately 1.5 x 2.5 cm? to fit to the recess of the copper
substrate holder. The substrates were cleaned in the spin coater by rinsing with toluene,
acetone and subsequently isopropanol at 3000 rpm for about 60 seconds. Bare Si/SiO;
substrates were additionally treated in the UVO-Cleaner for five minutes. The shearing tool, a
piece of an OTES-modified Si/SiO, wafer, was cleaned by rinsing with chloroform, toluene,
acetone and subsequently isopropanol. The substrates were placed in the recess of the
substrate holder and heated to the substrate temperature Ts (Ts =100 °C or 130 °C for SQd;
Ts =130 °C for SQe and SQf) by a precision hot plate (model PZ 28-2, Harry Gestigkeit

GmbH). Semiconductor solutions were prepared with o-DCB at various concentrations
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(c=0.33mgmL™?, 0.65mgmL™, 1.3mgmL™?, 20mgmL™, 25mgmL™, 5.0mgmL™,
10 mg mL™, 20 mg mL™ for SQd; ¢ = 2.0 mg mL™ for SQe and SQf). The solutions were
stirred and heated at 100 °C for at least half an hour before filtration through a syringe filter
(WICOM PERFECT-FLOW® PTFE, 13 mm, 0.2 um). 40 uL of the 100°C hot solution were
dispensed by a 100 uL. EPPENDORF pipette between the shearing tool and the substrate. The
shearing tool was bolted on copper holders, which were shaped in such a way that the
shearing tool adopts an angle & with respect to the substrate (¢=0°, 15°, 30°, 45°, 60°, 90°
for SQd, #=15° for SQe and SQf). The shearing tool together with the shearing tool holder
was heated to the respective substrate temperature for at least 5 minutes prior to the shearing
process. After positioning of the shearing tool holder the distance between the edge of the
shearing tool and the substrate was adjusted for >0° by a micrometer screw with the help of
a laser pointer. Its laser beam was reflected by a piece of Si/SiO, wafer mounted upside down
on the back of the shearing tool. On approaching the shearing tool to the substrate surface the
reflected laser beam was projected onto a board with a grid. It was observed that the shearing
tool is rebound after contact with the substrate, which means the laser beam moving from this
point on to the opposite direction. This fact was used to assure that the shearing tool is in
contact with the surface of the substrate. Because this method doesn’t work for a shearing
angle 8= 0°, the procedure was as follows: Prior to the deposition of the solution the shearing
tool was brought into direct contact by adjusting the micrometer screw. The value for this
position was read from the screw and noted down. After deposition of the solution the
shearing tool was then approached to the substrate with the help of the micrometer screw,
which was tuned to a value close to that noted down before to ensure a small gap between the
shearing tool and the substrate. The proper adjustment of the distance between shearing tool
and substrate was followed by the shearing process, where the shearing tool was moved over

the substrate by a motor with the variable speed set to v = 0.086 mm s™.

6.3.3 Vapor Deposition

A 30 nm thick layer of the squaraine dye SQb was deposited on bare Si/SiO,, SAM-modified
Si/SiO, and quartz substrates (Ts=180°C) in a BOC Edwards Auto 306 Evaporator by
thermal sublimation (Tes =212 °C) at high vacuum (p = 1.35 x 10°° mbar). The deposition
rate was adjusted to a value of approximately 1.0 nm min™ prior to opening of the shutter.
The substrates were allowed to cool to room temperature before venting the evaporation

chamber with nitrogen 5.0 and further processing of the substrates.
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6.4 Device Fabrication and Characterization

The transistor devices of thin-films prepared by spin coating, solution shearing or vacuum
deposition were finally completed by deposition of 30 nm thick source and drain electrodes.
This was done in a BOC Edwards Auto 306 Evaporator by thermal sublimation of gold
through steel shadow masks at high vacuum (p ~ 1 x 10°° mbar). The deposition rate was
adjusted to a value of about 2.0 nm min™*. The pads had a size of 200 x 200 um? and were
separated from each other by a distance of 100 um (see Figure 43). This means, that all
devices had a channel width W of 200 um and a channel length L of 100 um. All OTFTs were
electrically isolated prior to the characterization by scratching the semiconductor film around
the device with a needle of the micromanipulator. All devices were then characterized by first
recording the transfer curve (Vps =-50 V; Vgs = 10 to —40 V) followed by the measurement
of the output characteristics (Ves=0V, -10V, -20V, -30V, -40V, -50V;

Vps = 0 to =50 V) at ambient conditions.

200 pm

Figure 43. Mask design applied for deposition of the gold contacts.
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6.5 Crystal Structure Data of SQc

Table 11. Overview for the crystal structure and refinement data for squaraine SQc.

Squaraine SQc
Chemical formula C39H44N4OSe,
Molecular weight (g mol™) 742.70
Temperature (K) 109(2)

Radiation, 4 (A)
Description of the crystal

Dimension of the crystal (mm x mm x mm)

Color
Description
Crystal system
Space group
Dimensions of the unit cell
a(A)

b (A)

c (A)

a(°)

B()

4Q)

Volume (A%
z

Peatc (9 Cm_s)

4 (mm™)

F(000)

Range of 6 (°)

Number of recorded reflections
Number of independent reflections
Minimum / maximum of transmission
Method of refinement

Parameters / restraints
Goodness-of-fit for F2

Final R indices [I > 2o(1)]

R indices (all data points)

Maximum / minimum of residual electron density (e A™®)

Mok, 0.71073

0.045 x 0.22 x 0.42
purple

plate

monoclinic

C2lc

27.572(3)

9.4876(9)

13.5972(13)

90

101.349(5)

90

3487.3(6)

4

1.415

2.157

1528

2.28910 27.32

52 182

4321

0.6037/0.7457
full-matrix least-squares on F?
249/0

1.070

R; = 0.0306; wR, = 0.0681
R1 = 0.0438; wR, = 0.0726
0.68/-0.59
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Table 12. Atomic coordinates (x, y and z) and equivalent isotropic displacement parameter U(eq) [A%]
for the squaraine SQc. U(eq) is defined as one third of the trace of the orthogonalized Uj; tensors.

X y z U(eq)

Cc1 0.58928(8)  1.1466(2)  —0.00984(15)  0.0209(4)
c2 0.60300(8)  1.2775(2)  —0.04105(16)  0.0244(5)
c3 0.62438(9)  1.2843(2)  -0.12474(17)  0.0262(5)
C4 0.63163(8)  1.1621(2)  -0.17666(16)  0.0250(5)
3 0.61766(8)  1.0315(2)  —0.14612(15)  0.0222(4)
Ccé 0.59596(8)  1.0242(2)  —0.06242(16)  0.0213(4)
c7 0.55871(8)  0.9161(2)  0.05885(16)  0.0202(4)
cs 0.54113(8)  0.8035(2)  0.10848(15)  0.0219(4)
c9 0.51794(8)  0.8136(2)  0.18972(15)  0.0201(4)

C10  0.5000 0.9243(3)  0.2500 0.0195(6)
C1l  0.5000 0.7086(3)  0.2500 0.0210(6)
Cl2  0.5000 0.5613(3)  0.2500 0.0230(6)

C13  052616(9) 0.4838(2)  0.18812(17)  0.0288(5)
Cl4  057923(8) 0.7669(2)  —0.07896(16)  0.0239(5)
C15  0.62979(9)  0.6952(2)  —0.05566(17)  0.0287(5)
C16  0.64637(9)  0.6525(2)  0.05400(18)  0.0319(5)

Cl7  0.69733(11) 0.5911(3)  0.0797(2) 0.0505(8)
C18  0.71196(15) 0.5707(4)  0.1966(3) 0.0314(10)
C19  0.76596(15) 0.5298(4)  0.2304(3) 0.0421(11)
C20  0.7815(2) 0.5006(6)  0.3421(4) 0.0457(12)
c21  0.7780(5) 0.6271(11)  0.4117(10) 0.055(3)
C17B  0.69733(11) 0.5911(3)  0.0797(2) 0.0505(8)
C18B  0.7221(4) 0.4924(12)  0.1557(9) 0.041(3)
C19B  0.7404(5) 0.5915(13)  0.2380(9) 0.035(3)
C20B  0.7595(7) 0516(2)  0.3412(14) 0.053(5)
C21B 0.7737(14)  0.618(4)  0.413(3) 0.060(11)

N1  0.54836(10) 0.4225(2)  0.13900(19)  0.0439(6)
N2  057837(7)  0.90135(17) -0.02452(13)  0.0207(4)
Ol  0.5000 1.0540(2)  0.2500 0.0235(5)
Sel  0.559055(8) 1.10671(2) 0.099608(15)  0.02053(7)
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Table 13. Anisotropic displacement parameters U [A?] for the squaraine SQc.

Ull U22 U33 U23 U13 U12
Cc1 0.0291(11) 0.0163(9)  0.0190(10) -0.0001(7) 0.0089(8)  —0.0011(8)
Cc2 0.0353(12)  0.0149(10) 0.0251(11) -0.0010(8) 0.0111(9)  —-0.0014(9)
Cc3 0.0360(13)  0.0174(10)  0.0276(12) 0.0022(8)  0.0119(10)  —0.0035(9)
c4 0.0345(12)  0.0228(11)  0.0202(11) 0.0017(8)  0.0110(9)  —-0.0028(9)
C5 0.0315(12) 0.0182(10) 0.0183(10) -0.0010(8)  0.0083(8)  —0.0005(9)
c6 0.0304(12)  0.0148(9)  0.0193(10) -0.0002(8) 0.0066(8)  —0.0014(8)
c7 0.0292(11) 0.0128(9)  0.0199(10) -0.0013(7) 0.0081(8)  0.0014(8)
c8 0.0341(12) 0.0128(9)  0.0207(10) -0.0008(8) 0.0103(9)  —0.0006(8)
Cc9 0.0298(11) 0.0123(9)  0.0188(10) -0.0005(7) 0.0062(8)  0.0002(8)
C10  0.0266(15) 0.0154(13) 0.0172(14)  0.000 0.0065(11)  0.000
C1l1  0.0288(16) 0.0169(14)  0.0185(14)  0.000 0.0077(12)  0.000
Cl2  0.0353(18) 0.0140(13) 0.0224(15)  0.000 0.0124(13)  0.000
C13  0.0478(15) 0.0117(9)  0.0311(12) 0.0011(8)  0.0184(11)  —0.0029(9)
Cl4  0.0393(13) 0.0157(10) 0.0187(10) -0.0037(8) 0.0108(9)  —0.0004(9)
C15  0.0422(14) 0.0183(10) 0.0281(12) -0.0013(9) 0.0130(10)  0.0036(10)
C16  0.0427(14) 0.0230(11) 0.0298(12) 0.0026(9)  0.0063(10)  —0.0013(10)
C17  0.0431(16) 0.0464(17) 0.0592(19) 0.0204(14)  0.0031(14) -0.0040(13)
C18  0.033(2) 0.0283(19)  0.036(2) 0.0027(15)  0.0119(16)  0.0091(15)
C19  0.040(2) 0.044(2) 0.042(2) ~0.0050(16) 0.0084(16)  0.0188(19)
C20  0.046(3) 0.047(2) 0.042(2) ~0.0067(18)  0.004(3) 0.018(3)
C21  0.043(6) 0.052(4) 0.068(7) ~0.019(4)  0.006(4) 0.014(4)
C17B  0.0431(16) 0.0464(17) 0.0592(19) 0.0204(14)  0.0031(14) —0.0040(13)
C18B  0.039(7) 0.031(6) 0.056(8) 0.000(5) 0.015(6) 0.009(5)
C19B  0.024(6) 0.037(6) 0.043(7) 0.007(5) 0.003(5) 0.008(5)
C20B 0.050(11)  0.073(11)  0.042(8) 0.004(7) 0.020(9) 0.029(10)
C21B  0.025(11)  0.12(3) 0.031(14)  -0.007(13) -0.007(9)  -0.022(12)
N1  00727(17) 0.0149(9)  0.0571(15) -0.0025(9)  0.0444(13)  —0.0031(10)
N2  0.0334(10) 0.0117(8)  0.0186(8)  -0.0007(7)  0.0093(7)  —0.0005(7)
Ol  00372(13) 0.0115(9)  0.0245(11)  0.000 0.0126(9)  0.000
Sel  0.03393(13) 0.01177(10) 0.01838(11) -0.00073(8) 0.01121(8) -0.00071(9)
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