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1. INTRODUCTION: ORGANIC FIELD-EFFECT
TRANSISTORS

The invention of the transistor in 1947 by John Bardeen,
William Shockley, and Walter Brattain is regarded as one of the
greatest discoveries of the 20th century since it is the basic
component in modern electronics. Since the first Ge-based
device a few centimeters in size, the microelectronics industry
has developed rapidly, and microprocessors with hundreds of
millions of transistors are currently fabricated. However, due to
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the fact that inorganic electronics have some technological
limitations associated with them, organic-based devices have
recently emerged in the market, beginning to replace amorphous
silicon in some applications, and also have great possibility to find
their place in a wide range of new applications. One of their main
advantages is solution- processability, and thus, organic materials
offer the possibility to fabricate low-cost and flexible devices and
are also suitable for large area applications. This has been the
motivation for why this field has been labeled “organic and large
area electronics (OLAE)”. In addition, the versatility of organic
synthesis allows for the preparation of materials “a la carte”. That
is, since by chemically modifying their molecular structure and
functionality the solid-state structure and the resulting macro-
scopic properties are altered, it is feasible to synthesize tailored
materials for specific uses.

The operation principle of an organic field-effect transistor
(OFET) relies on the application of an electric field that causes
the formation of a conducting channel in the dielectric/semi-
conductor interface. The two main configurations employed in
OFETs are depicted in Figure 1 and are known as top contact and
bottom contact. In both cases, the organic semiconductor depos-
ited on a dielectric is contacted with two metal contacts, namely,
the source and drain, and on the other side of the dielectric a third
contact, the gate, is placed. Thus, the source—drain current (Isp)
flowing along the organic material can be modulated by applica-
tion of a gate voltage (V) between the source and the gate,
which creates an electric field responsible for the formation of an
accumulation layer of charges at the semiconductor/dielectric
interface. Also, depending on the Vg applied, the nature of the
charge carriers accumulated at the interface can be controlled,
that is, holes (in p-type semiconductors) or electrons (in n-type
semiconductors).

In a simplified way, the operation of an OFET can be
explained as follows. The voltage applied to the gate shifts the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energy levels with respect
to the metal Fermi level (Er) of the source—drain contacts,
which allows for the formation of the conducting channel
(Figure 2). Hence, a negative gate voltage shifts the orbitals up
and might result in the alignment of the HOMO with Eg, making
it possible to have hole conduction. Otherwise, if a positive gate
voltage is applied, the HOMO and LUMO will shift down, and if
the LUMO becomes resonant with Eg, electrons will flow from
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Figure 1. Common OFET configurations employed: top contact (top)
and bottom contact (bottom).
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Figure 2. Schematic representation of the HOMO and LUMO of
the organic semiconductor with respect to the source—drain metal
Fermi level.
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Figure 3. Theoretical transport properties from a p-type OFET.

the metal to the LUMO. However, one should bear in mind that
the orbital shifting induces bending of the bands near the
source—drain electrodes and, thus, there is an energy barrier at
these contacts.

The calculated electrical characteristics obtained in an OFET
are shown in Figure 3. In general, the OFET transport properties
are described with two types of graphs. The output characteristics
correspond to the representation of the Isp versus the Vgp at
fixed V. In this plot, it is clearly observable that there are two
regimes, the linear regime, where the current is described by a
parabola, and the saturation regime, where the source—drain
current is independent of the source—drain voltage. Additional
information can be extracted from the transfer characteristics,

which plots the Isp with the Vg at fixed Vgp. Here, the on/off
ratio, which is the ratio of current in the accumulation mode to
the current in the depletion mode, and the threshold voltage
(Vr), that is, the gate voltage from which the conduction channel
starts to form, can be easily visualized. A few reviews have already
been published stressing the physics and operation mechanisms
of OFETs.'

The performance of an OFET is mainly determined by the
charge carrier mobility («), which has been improved enor-
mously since the fabrication of the first OFET over 20 years ago.
This parameter can differ by orders of magnitude depending on
the materials used for the semiconducting channel. Poorly
conducting organic semiconductors have mobilities of 10 *
em?/(V s) or lower, good-quality organic materials have mobi-
lities of ~10~> ecm”/(V s), and well-ordered organic materials
have mobilities in the range of ~1—10 cm®/(V s). Amorphous
silicon has a mobility of ~1 ecm”/(V s), crystalline silicon has
mobilities on the order of ~10° cm”/(V s), and exceptionally
clean systems of inorganic semiconductors can have mobilities of
10" cm?/(V s). Thus, considering the OFET mobilities com-
monly achieved currently,” it is evident that organic devices will
not be suitable to fabricate high-speed components but they can
compete with amorphous silicon applications.

There are a large number of factors that affect the device
performance, and therefore, the comparison of measurements
performed in different laboratories should be carried out with
caution. For instance, the choice of metal electrodes affects
the contact resistance, since it is important to choose the
electrode metal according to the nature of the organic semicon-
ductor to have efficient charge injection.” The dielectric material
influences the electric field created along it, the current leakage
through the gate insulator, and also the charge trapping.* It is
also well-known that both organic semiconductor/metal and
organic semiconductor/dielectric interfaces have a strong impact
on the molecular and mesoscale structures.” Molecular self-
assembled monolayers (SAMs) on the metal electrodes and on
the dielectric have been proved to be a useful tool to control the
charge injection and the molecular order.® Likewise, the device
configuration will also affect the OFET properties. Finally,
the choice of the organic semiconductor will be key to achieve
a high mobility.

There are two main families of organic semiconductors that
can be used in OFETs: (i) conjugated polymers (e.g., poly-
phenylene, polythiophene, poly(phenylenevinylene)) and (ii)
small conjugated molecules with low molecular weight (e.g,,
pentacene, oligothiophene, tetrathiafulvalene). In both cases,
the conductivity is determined by the relative position of the
qt—at orbitals. Since in organic semiconductors the intermole-
cular van der Waals interactions are much weaker than the
covalent interatomic bonds found in inorganic semiconductors
such as silicon, thermal fluctuations disrupt the molecular order
and result in lower mobilities than the ones observed in their
crystalline inorganic counterparts. For this reason, while the
charge transport in inorganic semiconductors takes place via
delocalized states following a band transport regime in which the
conductivity is limited by the lattice vibrations, it is generally
agreed that, at least at room temperature, the charge mobility of
organic semiconducting materials is determined by a hopping
transport process, which can be depicted as an electron or hole
transfer reaction in which an electron or hole is transferred from
one molecule to the neighboring one. According to Marcus
theory, two major parameters determine self-exchange rates and,
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Figure 4. Conjugated polymers employed for the fabrication of thin-film OFETs.

thus, the charge mobility:” (i) the electronic coupling between
adjacent molecules (t), which needs to be maximized, and (ii)
the reorganization energy (lreorg), which needs to be small for
efficient charge transport.® The electronic coupling ¢ reflects the
strength of the interactions between the electronic levels
(HOMO for holes and LUMO for electrons) of the molecules
involved in the charge transfer process.9 /lreorg depicts the
changes in the geometry of the two molecules during the
electron transfer reaction.® It has two contributions, an internal
one (4;) that is often computed at the density functional theory
(DFT) level, giving values in good agreement with the ones
extracted from ultraviolet photoemission spectra,'’ and an
external one (4,) that accounts for the nuclear displacements
in the surrounding medium and the resulting electronic
effects.'’ This parameter cannot be easily accessed from quan-
tum-chemical calculations, though estimations are obtained
from simple models based on a dielectric continuum.'” In
addition, a theoretical study showed that when the local
molecular environment is taken into account (i.e., including in
the calculation a cluster of molecules instead of a single one) and
the charge can be partially delocalized over several molecules,
the value of the reorganization energy is significantly affected.'>'*
All this elucidates the primary importance of intermolecular
interactions on the hopping mobility.

Considering all of the above discussion, it is obvious that the
choice of the organic semiconductor will mainly determine the
device performance and, therefore, it will be important to take into
account the intermolecular interactions that the molecules exhibit,
as the stronger the electronic coupling between neighboring
molecules, the higher the mobilities achieved. However, the
correlation of the molecular order and crystal structure with the
device performance to fully understand the transport mechanisms
and to facilitate the design of new promising semiconductors still
remains an extremely complex subject. Careful theoretical and
experimental studies have been carried out pursuing this purpose,
but often theory and experiments do not match, elucidating that
there is a lot of work needed to understand the transport
mechanisms and develop advanced performance devices.

The main goal of this review is to highlight the influence of the
molecular organization on the mobility of OFET's, with emphasis

4835

on some of the factors that should be bore in mind, such as
polymorphism, intermolecular interactions, and interfaces.

2. MORPHOLOGY AND MOLECULAR ORDER IN THIN-
FILM TRANSISTORS

In thin-film OFETs, in addition to the local intermolecular
interactions, the film morphology will strongly influence the
charge transport. Great efforts are therefore being devoted to
control the local intermolecular ordering as well as the meso-
scopic film morphology" in both polymer thin films (Figure 4)
and films based on small conjugated molecules (Figure S).

2.1. Polymers

Devices fabricated with thin-film polymers have more poten-
tial applications due to their solution processability. However,
polymers form typically complex microstructures, where micro-
crystalline domains are embedded in an amorphous matrix,
which limits charge transport.'® The most studied polymer for
OFETs has been regioregular poly(3-hexylthiophene) (P3HT;
Figure 4), which has given one of the highest OFET mobilities
(0.1—0.2 cm*/(V's)) found for an organic polymer OFET."” ™"
This high mobility is ascribed to structural order in the polymer
film induced by the regioregular head-to-tail coupling of the
hexyl side chains, which results in a lamellar structure
(Figure 6).”° The microstructure of P3HT, in addition to the
degree of regioregularity, depends on the deposition conditions
and the molecular weight (i.e, the average polymer chain
length). The dynamic self-organization of this polymer during
the process of going from the solution to the solid-state phase is
greatly influenced by the deposition method employed. Thus,
the drop-casting technique tends to give rise to higher OFET
mobility than spin-coating.”’ On the other hand, the best
mobility has been achieved by employing the dip-coating
deposition method."” Additionally, depending on the solvent
employed, P3HT can form fibers in solution, which can then be
deposited on the substrate.”” Hole mobilities in the range of
0.02—0.06 cm”/(V s) have been reported for single nanofibers
and films of fibers aligned by applying an ac voltage.”®> The
formation of similar fibers has also been observed in other
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Figure 5. Small conjugated molecules employed for the fabrication of thin-film OFETs.

Figure 6. Schematic lamellar-type ordering in P3HT films. Reprinted
with permission from ref 20. Copyright 2000 Wiley-VCH Verlag GmbH
& Co.

conjugated polymers and is believed to be governed by the 7
stacking of the conjugated chains.** It has also been reported
that the molecular weight has an impact on the film morphology.
It is known that, in small molecular weight P3HT, crystalline
fibers are formed by the face-to-face interactions of the polymer
chains. By increasing the molecular weight, the fiber morphol-
ogy evolves into a nodular structure with chain folding and lower
crystallinity. However, the OFET mobility in P3HT is found to
increase with the molecular weight, which is attributed to the

4836

improved interconnectivity between the domains. That is,
although the lower molecular weight polymers form larger
crystalline domains, the pronounced grain boundary sites act
as deep charge trapping sites for transport hindering, thus the
resultant OFET mobility of the films.**

Mechanical techniques have also been used to promote film
ordering in P3HT. The friction transfer technique has been shown
to be promising for preparing molecularly arranged films with-
out involving solution processes.”® Efficient molecular orienta-
tion at the nanometer scale in P3HT films has also been achieved
by the nanorubbing technique with an atomic force microscopy
(AEM) stylus.>” Moreover, the use of a directional crystallization
technique that takes advantage of 1,3,5-trichlorobenzene acting
first as a solvent and second as a substrate for polymer epitaxy
permits the preparation of regioregular P3HT films that are
highly anisotropic in-plane.”

In addition to P3HT, a variety of thiophene-based polymers
have also been reported for the fabrication of OFETs, and
different approaches to engineer higher performance have also
been focused on improving the packing. One example is the
copolymer poly(2,5-bis(thiophene-2-yl)-3,7-ditridecanylte-
trathienoacene, P2TDC13FT4) designed to increase the rigidity
of the thiophene monomer through the use of an alkyl-substi-
tuted core that consists of four fused thiophene rings
(Figure 4).>° This polymer exhibited a field-effect hole mobility
exceeding 0.3 cm®/(V's). Polymers with elevated molecular weight
have also been proved to have higher macroscopic order,
reducing the number of trapping or scattering sites, such as
cyclopentadithiophenebenzothiadiazole copolymer (CDT-BTZ;
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Figure 4), which reached a mobility of up to 0.67 ecm?®/(V's) in
films prepared by spin-coating followed by an annealing step.>
This is in contrast to what is observed with P3HT films that
show higher crystalline domains with shorter polymer chains.
A different strategy followed recently to obtain polymers with
increased structural order has been the use of polymer liquid
crystals.'® OFETs based on the liquid crystal poly(2,5-bis-
(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene (PBTTT;
Figure 4) have led to mobilities as high as 0.7 cm”/(V s) in the
mesophase.®'

Despite this interest in preparing polymers that show long-
range-ordered structures, some examples of amorphous films
have been described to exhibit remarkably high OFET mobilities.
For instance, mobilities of 10~ and 0.17 cm*/(V s) were found
for a poly(triarylamine) thin film** and for a low molecular
weight CDT-BTZ copolymer,” respectively, and more recently,
for films of a conjugated copolymer based on N-alkyldithieno-
[3,2-b:2/,3'-d]pyrroles and thiophene units (DTP-co-THs(P6);
Figure 4), a mobility of up to 0.21 cm*/(V s) has been reported.**

All the previously mentioned polymers belong to p-type
semiconductors, since the progress in OFETs using n-type
semiconductors is still far from the performance achieved with
p-type materials. However, very importantly, a new n-type
polymer based on a naphthalenebis(dicarboximide) (Figure 4,
P(NDI20OD-T2) has been reported to show a very high electron
mobility (0.45—0.85 cm®/(V s)) together with solution proces-
sability and air stability.>® Surprisingly, the wide-angle X-ray
diffraction (XRD) scans of these films reveal negligible Bragg
reflection intensities, indicating also the amorphous nature of
these films.

In principle, disordered films are not expected to be suitable
for charge transport due to the presence of numerous charge
carrier trapping sites, although some theoretical models have
tried to explain charge transport in such disordered media,'*°
The high OFET performance obtained for the poly(triarylamine)
amorphous films was explained by the lower degree of energetic
disorder, which was achieved by employing a nonpolar dielectric
that provided uniform charge transport paths. In any case, the
exceptionally facile processability of amorphous films makes
them extremely appealing for introducing organic devices into
the market.

2.2. Small Conjugated Molecules

The importance of the molecular ordering for fabricating
OFETs with high performance is even more important in
small-molecule-based transistors. Small molecules, which are
more commonly deposited employing vacuum deposition tech-
niques due to their lower solubility in organic solvents, can also
form films with a variety of crystallinity degrees and even exhibit
different solid-state structures. For instance, Dimitrakopoulos
and Mascaro demonstrated that films of pentacene evaporated at
different temperatures show a range of crystallinities that corre-
late with the resulting OFET performance.®” The influence of the
substrate temperature was also investigated in thin films of
copper phthalocyanine (CuPc; Figure S), and a strong impact
on the film morphology was observed, which went from grains to
rodlike and large flat crystals with increasing temperature
(Figure 7).*® Although large crystals are expected to be more
optimum for the electronic transport, at high temperature the
nucleation was sparse and the large crystals were not well-
interconnected. Thus, the best device performance was achieved
here for an intermediate temperature (120 °C), indicating the

4
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Figure 7. Transmission electron images from CuPc films deposited at
(2) Towp =20 °C, (b) Teup = 120 °C, (c) Teup = 170 °C, and (d) Tep =
200 °C. Reprinted with permission from ref 38. Copyright 2003
Springer.

importance not only of the grain size but also of the film
homogeneity. On the other hand, we should also mention that
recently Salleo and co-workers reported that the device perfor-
mance can be optimized by controlling the grain boundary
orientation or reducing the energetic barrier associated with
transport across less favorable boundaries.” They found that in
films based on the perylenediimide semiconductor PDI8-CN,
(Figure S) the grain boundary orientation modulates by about 2
orders of magnitude the charge mobility and also that the
molecular packing motif is crucial in the grain-boundary-induced
anisotropy.

There are other parameters during the evaporation of the
organic semiconductor that also affect the molecular solid-state
structure and, hence, the device performance. For example, the
deposition rate affects the nucleation density.** Generally, a
slower deposition rate results in a lower nucleation density and
large grains, which are favorable for charge transport. However,
there are exceptions to this rule since variations of these para-
meters can also lead to modification of the crystal structure (see
the section “Polymorphism”). Accordingly, the investigation of
the molecular beam deposition of pentacene and bis(1,2,5-
thiadiazolo)-p-quinobis(1,3-dithiole) (BTQBT; Figure S) re-
vealed that these materials show higher OFET mobility when
they are deposited at a high rate due to the presence of mixed
phases at a low deposition rate in the case of pentacene*' and the
improved molecular ordering in BTQBT at higher deposition
rates.**

Another clear example of the influence of all the previously
mentioned deposition parameters on the film morphology and,
as a consequence, on the device mobility has very recently been
described by Facchetti and Marks.** They synthesized a series of
benzo[d,d]thieno[3,2-b;4,5-b]dithiophene (BTDT) derivatives
and prepared OFETs with thin films of these molecules on bare
SiO, and on octadecyltrichlorosilane (OTS)-treated SiO,, vary-
ing the substrate temperature and deposition flux rate during the
material evaporation. Since the trend in mobilities achieved
within this series of semiconductors could not be accounted
for by the calculated values of HOMO energies and the reorga-
nization energies, as Marcus theory predicts, the authors
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investigated the film morphological and microstructural char-
acteristics. They found for these BTDT molecules that the grain
size increases with the substrate temperature and that higher
deposition rates produce smaller but better interconnected
crystalline domains. Finally, although hydrophobic substrates
tend to result in larger grains, this was not obvious here, but
instead, films on bare SiO, exhibited larger voids between the
grains. By properly adjusting the deposition rate and substrate
temperature of films deposited on OTS-SiO,, an efficacious
compromise between high film crystallinity and efficient grain
interconnectivity was achieved, making it possible to significantly
modify the device performance and reaching a maximum OFET
mobility greater than 0.7 cm”/(V s).

Solution-based deposition methods have also been developed
to prepare ordered films of small conjugated molecules, and
similarly, investigations concerning the influence of the deposi-
tion garameters on the film morphology have also been carrled
out.”" In the past few years, techniques such as zone- castlng,
dip-coating,*® solution-sheared deposition,*” or a combination of
capillarity—wetting techniques™ have successfully been em-
ployed to grow from solution crystalline oriented films or stripes
of the organic semiconductors.

An elegant approach based on supramolecular chemistry has
recently been published by Fréchet and Xu.*’ They show that the
noncovalent linking of an organic semiconductor to a polymer
chain allows solution processing and ordering of semiconductor
molecules into hierarchical assemblies with macroscopic align-
ment of the organic semiconductor in thin films.

2.3. Postdeposition Treatments

Furthermore, the thin-film morphology can also be improved
after deposition regardless of the method employed to deposit
the organic material (i.e., solution or vacuum) or the material
nature (i.e., polymer or small molecule). Temperature annealing
is commonly used since it gives energy to the molecules to
reorganize. Polymers can be annealed at around or above the
glass transition and oligomers below their melting point. Even at
room temperature it has been observed that molecules can
rearrange, as found in thin films of the semiconductor
((triethylsilyl))ethynyl)anthradithiophene (TES-ADT) that after
seven days showed a 100-fold increase of the OFET mobility.*°
Interestingly, it has also been demonstrated that by using a vapor-
annealing treatment the device performance can be improved
since the solvent also facilitates the self-organization of the
molecules.”’ More recently, a solvent-assisted reannealing pro-
cess based on the introduction of a small amount of solvent into a
polymer film followed by a heating process has also been proved
to significantly help the device performance.®

An alternative attempt to utilize high-quality organic semi-
conductor crystalline films to realize promising applicable de-
vices has been reported.*® This method consists in preparing
a homogeneous mixture of an organic semiconductor (in this
case, rubrene), a vitrifying diluent (1,2-diphenylanthracene) that
hampers crystallization on casting from solution, and a high
molecular weight polymer (atactic polystyrene) that provides
good film-forming characteristics. When a hypereutectic mixture
of the semiconductor and the glass-inducing species is annealed
at a temperature above Teytecticr crystallization of the semicon-
ductor takes place. A very high OFET performance with a
mobility of 0.7 cm”/(V s) has been obtained with this method,
which could be extended for other organic semiconductors.
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Figure 8. Some possible crystal packing motifs of conjugated organic
molecules.
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Figure 9. Crystalline order of anthradithiophene derivatives. Reprinted
from ref 55. Copyright 2005 American Chemical Society.

3. SOLID-STATE ORGANIZATION

The study of the influence of the crystal packing on the device
performance is essential to design new promising materials. The
structure—property correlation is still not well understood,
although currently great efforts are being devoted in this
direction, both theoretically and with experiments. The solid-
state packing of the organic semiconductors depends on the
nature of their conjugated electronically delocalized core to-
gether with the substituents that they might bear. However, it is
extremely difficult to predict the solid-state order of the crystal-
engineered molecules since small chemical modifications can
cause a huge difference in the solid-state organization. Ideally,
the investigation of the influence of the solid-state packing on
the transport should be carried out in materials that are as similar
as possible (i.e., molecular formula, type of intermolecular
interactions, and electronic properties) and that only differ in
crystal structure.

3.1. Crystal Packing Motifs: Herringbone versus Cofacial
Unsubstituted acenes and thiophenes tend to crystallize
following a herringbone pattern, in which the molecules form
2D layers interacting face-to-edge through C—H- - - 77 interac-
tions and minimizing the electrostatic 7t orbital repulsion
(Figure 8). Although systems that can exhibit 2D conductivity
are highly desirable for the fabrication of devices, intuitionally
one would expect that if the molecules would adopt a more
face-to-face arrangement, the electronic coupling would be

4838 dx.doi.org/10.1021/cr100142w |Chem. Rev. 2011, 111, 4833-4856
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4TTMS (26°). Reprinted with permission from ref 57c. Copyright 2009 Wiley-VCH Verlag GmbH & Co.

maximized due to enhanced ;71— overlap, and thus, the charge
carrier mobility would also be improved. The addition of
substituents to the conjugated core can indeed strongly modify
the crystal packing of the organic semiconductors, forming
slipped stacks, like in the high-mobility organic semiconductor
rubrene, or brickwork arrays (Figure 8).>* Interestingly, in the
latter case, the 2D structure is preserved. Anthony and co-
workers fabricated OFETs employing a series of anthradithio-
phenes that exhibit different packing depending on their chemi-
cal substitution (Figure 9).° It was observed that the
(triethylsilyl))ethynyl-substituted anthradithiophene that crystal-
lizes in a brickwork motif exhibited the highest charge carrier
mobility (on the order of 1 cm*/(V s)). On the other hand, the
molecule that bears (triisopropylsilyl)ethynyl groups forms 1D
slipped stacks when crystallized, whereas the one that is
(trimethylsilyl)ethynyl-substituted forms the typical herring-
bone structure of unsubstituted acenes. The mobility found in
the former case was lower than 10~ * cm?/(V s), and in the latter
one no appreciable OFET characteristics were measured.

The bricklayer arrangement also proved to be very promising
for the n-semiconductor 5,5-bithiazole with (trifluoromethyl)-
phenyl groups, which exhibited one of the highest reported
electron mobilities of 1.83 cm®/(V s ), while the mobility found in
related materials with less favorable packing was much lower.*®

Other works have also tried to rationalize the device perfor-
mance obtained in oligothiophene and acene analosgues in terms
of the most favorable cofacial 77 stacking structure.”” Depending
on the substituents of tetracene or O.-oligothiophene, different
structures are obtained. Thus, monosubstituted S- bromo- and
S-chlorotetracenes have the herringbone-type structure, while
5,11-dichlorotetracene®”® and 5,6,11,12-tetrachlorotetracene57b
have a face-to-face slipped 7 stacking motif. The mobilities of
5,11-dichlorotetracene and 5,6,11,12-tetrachlorotetracene were
as high as 1.6 and 1.7 cm”/(V s), respectively, in single-crystal

transistors, whereas S-chlorotetracene displays a mobility 4
orders of magnitude lower.

A family of oi-oligothiophene derivatives functionalized at the
terminal positions with trimethylsilane (TMS) groups also dis-
play differences in the packing depending on the number of TMS
substituents. In this case all adopt a layer-by-layer herringbone
motif, but the tilt angle of the molecules within the bc plane varies
with the terminal substitution (Figure 10).>’

The changes in the structure promote differences in the
molecular overlap, which has a dramatic influence on the effective
charge transport. Thus, the OFET performance decreases with
substitution, being better for the device based on quaterthio-
phene (4T) and 1 order of magnitude lower for the one based on
4T2TMS. Interestingly, the predicted charge transport efficiency
trend, 4T > 4TTMS > 4T2TMS, was coincident with the mea-
sured one.>®

A nice study of the effect of very small changes in crystal
structure on the performance of organic field-effect transistors
has been developed by Minari et al. with a family of metallopor-
phyrin (2,3,7,8,12,13,17,18-octaethyl-21 H,23H-metalloporphyr-
in, M-OEP) crystals with four different center metals, i.e., Co, Cu,
Zn, and Pd. All compounds are isostructural, adopting the simple
7T stack structure along the ¢ axis. The effect of the central metal is
reflected in the intermolecular distance, which varies from 3.34 A
in Co-OEP to 3.41 A in Pd-OEP. The field-effect mobility of the
transistors measured along the stacking c axis is found to increase
with decreasing intermolecular distance, which has been attrib-
uted to greater overlap of 77 orbitals among close-packed mole-
cules and the consequent 0promotion of charge transport.>

Curtis and co-workers® also described the solid structure of a
series of bithiazole and thiophene oligomers and substituted
pentacenes employing the terminology “pitch and roll inclina-
tions” from an ideal cofacial 77 stack. Pitch distortions are defined
as shifts between adjacent molecules relative to one another in
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Figure 11. Molecular structure of the three DNTT isomers 1, 2, and 3 (top) and their crystal structures (bottom). Intermolecular distances:
dy(S+-+H)=3.037 Aand d,(7- + - 7) = 3.536 A for isomer 2; d;(C- + -H) = 2.861 and 2.866 A and d,(7- + - 7) = 3.434 A for isomer 3. Reprinted from

ref 62b. Copyright 2007 American Chemical Society.

the long molecular axis direction, whereas roll inclinations
produce a translation along the short molecular axis. They state
that moderately large pitch distortions do not disrupt 7—m
interactions but roll displacements greater than 2.5 A destroy the
m— overlap between adjacent molecules. However, this che-
mical intuition regarding the favored cofacial stacking for trans-
port in opposition to the herringbone packing has not been
clearly demonstrated, and some theoretical studies predict that
although cofacial oligomers show larger bandwidths, if the
molecules are tilted, 7 overlap can be optimized and the
electrostatic repulsion decreased."

The formation of different crystal structures can be caused not
only by the functionalization of the molecules but also by the
isomer configuration chosen. A very illustrative example has very
recently been reported by Takimiya and colleagues in which they
reported three structural isomers of dinaphtho[2,3-b:2/,3'-
flthiopheno[3,2-b]thiophene (DNTT) (Figure 11).°* Isomer
DNTT 1 crystallizes following a herringbone pattern such as
pentacene, while isomer DNTT 2 takes a simple 77 stack structure
and DNTT 3 adopts the so-called sandwich herringbone struc-
ture in which dimers of molecules are packed in a herringbone
manner. The formation of different crystal structures was attrib-
uted to the molecular shape that induced preferred intermole-
cular interactions. Thus, for linear isomer 1 the packing
resembles that from acenes, while for the bent isomer 2 the
herringbone packing motif is not favorable due to a reduced
amount of face-to-edge C—H: + -7 interactions. In the case of
isomer 3, an intermediate situation is found. OFET thin-film
devices exhibited a very high hole mobility of 3.0 cm®/(V s) for
isomer 1, while for the other two isomers lower values of mobility
were found (10 >—10> em*/(V s)), which was also primarily
justified by the larger transfer integrals of DNTT 1. Again, the
question of which crystal packing is more suitable for OFETs can
be raised here; in this case the herringbone structure was the one
leading to enhanced device performance instead of the
cofacial one.

Further to the crystal packing motif, theoretical calculations
also predict that the transfer integral values are extremely

sensitive to the relative position of neighboring molecules.®’ %

As a consequence, small changes in the intermolecular distance
and shifting or tilting of adjacent molecules can have a strong
impact on charge transport.

3.2. Intermolecular Interactions

The molecular packing is certainly driven by the intermole-
cular interactions. In addition to the mw—m and C—H---7
interactions which are commonly found in acene and thiophene
analogues, there are other types of weak intermolecular interac-
tions that can be used to tune the solid-state molecular arrange-
ment and can play a crucial role. For instance, the semiconductor
2-(anthracen-9-ylmethylene )malonitrile was described to crys-
tallize in a cofacial 7—s manner assisted by the hydrogen-
bonding interactions between the cyanovinyl groups of neigh-
boring columns.®*** When the cyano groups were replaced with
methyl groups, no crystals were obtained, but when the methyl
groups were replaced by carboxylic acids, the nanoribbon crystals
grew again.

Halogen-based interactions, and in particular fluorine interac-
tions, can also be exploited as supramolecular synthons. The
partial fluorination of anthrathiophene semiconductors has been
proved to help to accelerate crystallization thanks to the F- - -F
and F- - - S interactions.®® In addition, the approach of adding a
few fluorine substituents did not affect the p-type transistor
properties but improved the thermal stability and photostability
of the materials.

Another type of molecular interaction widely employed in
crystal engineering is the S---S interaction, which favors 7
stacking and can provide enhancement of the electronic dimen-
sionality. The influence of such intermolecular interactions is
clearly seen in hexathiapentacene, which when it crystallizes
forms 1D stacks instead of following the herringbone motif
typical of polyfused aromatic compounds.®” An analogous
situation was found when a sulfur atom was introduced into the
perylene core.%®

Furthermore, following an approach very much exploited in
the field of organic conductors based on tetrathiafulvalene
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Figure 12. Organic semiconductors comprising Se or Te that have been
employed for OFETs.

(TTF) charge transfer salts, Takimiya and collaborators have
substituted the sulfur atoms in thiophene-comprising semicon-
ductors with heavy chalcogen atoms such as selenium and
tellurium (Figure 12).277" These atoms are more polarizable
and thus show enhanced overlap integrals. Of particular interest
are the investigations of the OFET properties in the series of
semiconductors DPh-BDX, where X is S, Se, and Te.”* It was
found that, as expected, the selenium homologue exhibited a
mobility 1 order of magnitude higher than that of the sulfur one.
However, the tellurium analogue had alower performance, which
was attributed to the lower aromatic nature of tellurophene rings
causing less charge delocalization. We should, nevertheless,
mention that this tendency of achieving a higher OFET mobility
for Se-containing semiconductors compared to the sulfur deri-
vatives has not been observed for the other studied materials.

3.3. Single-Crystal OFETs

Although the realization of low-cost organic electronic devices
would entail the utilization of solution-processed materials
that permit fabrication of films of large area coverage, the
fundamental material characteristics of organic semiconductors
are most clearl_;r measured in single crystals. In addition, single-
crystal OFETs"” can be regarded as model systems to carry out
correlation studies between crystal structure and device perfor-
mance since in such devices parameters such as grain boundaries,
alignment, film morphology, and crystallinity can be ruled out.

3.3.1. Fabrication. The fabrication of single-crystal OFETs is
not straightforward due to the fact that the crystals are brittle and
small. Also, most of the techniques used can easily damage the
crystals, introduce contaminants, or produce traps at the inter-
face and create barriers to the electron injection.”>”* Two
strategies have been followed to fabricate single-crystal OFETs.
The first one is based on fabricating the transistor onto the
organic crystal. This can be carried out by either painting the
contacts with conducting graphite or silver paste or evaporating
the metal electrodes through a shadow mask. In addition to the
difficulty of fabricating contacts without breaking the crystals,
this approach often implies the evaporation of the dielectric on
the top of the crystal, which can create such a high density of
defects on the organic surface that the field effect can be
completely suppressed. The second strategy consists in placing
the organic crystal or growing it directly on a prefabricated OFET
structure. Its main advantage is that it is possible to employ the
conventional lithography techniques applied in inorganic micro-
electronics, but on the other hand, it is also challenging to handle
the fragile crystals or to grow them on a precise location.

Since most organic semiconductor oligomers are not very
soluble, most of their single crystals have been prepared by

organic crystal
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Figure 13. (a, left) Scheme of the lamination method of an organic
single crystal on the surface of a substrate with source, drain, and gate
electrodes. (b, right) Mobility at the rubrene a—b surface (angle
measured between the b axis and the conducting channel). The black
and red squares correspond to the mobility calculated in the linear and
saturation regime, respectively. Reprinted with permission from ref 78.
Copyright 2004 AAAS.

sublimation of the organic material in a variety of vacuum
deposition systems. The most common technique used to obtain
organic single crystals is physical vapor transport,”>>” which is
based on heating the source organic material placed on the
hottest end of a glass or quartz tube submitted to a gradient of
temperatures with an inert gas flowing along it. As the organic
material is sublimed, it is carried down the tube by the gas and
solidifies at its solidification temperature. Typically, the use of
vapor phases allows for higher purity materials to be obtained,
and hence, higher OFET mobilities have been achieved in this
way. Morpurgo and colleagues reported OFETs of single crystals
of tetracene obtained by physical vapor deposition that exhibited
a hole field-effect mobility that reached 0.4 cm”/(V s) and of
single crystals of a fluorocarbon-substituted dicyanoperylene-
3,4:9,10-bis(dicarboximide) (PDIF-CN,) with electron mobili-
ties up to 6 cm”/(V's).”®”” The fabrication process followed was
the electrostatic adhesion of pregrown, free-standing crystals to a
thermally oxidized Si wafer or a poly(methyl methacrylate
(PMMA) dielectric on which source and drain electrodes had
been deposited in advance. Additionally, OFETSs based on single
crystals of rubrene grown from the vapor phase have given
mobilities of 15 cm®/(V s) using a polydimethylsiloxane
(PDMS) dielectric’® and up to 20 cm*/(V s) using air as the
insulator.”” These experiments were also performed by laminat-
ing the organic crystal on the surface of a substrate—in these
cases, a polymeric PDMS stamp—on which the source, drain,
and gate electrodes had been previously patterned (Figure 13a).
In contrast with Si-based substrates that require very thin (on the
order of 1 um) and bendable crystals, the elastomeric stamps are
compatible with much thicker (up to a few millimeters) and rigid
crystals, as the flexible elastomeric surface adjusts easily to the
crystal shape.”®

Single crystals of organic semiconductors have also been
prepared from solution by drop-casting a solution of the organic
material on a substrate or dip-coating the substrate into the
solution and allowing the solvent to evaporate. Here, parameters
such as concentration, solvent, temperature, and evaporation rate
play a crucial role in the size and quality of the crystals formed.
For this strate%y, TTF derivatives are attractive organic
semiconductors® due to the fact that they are generally soluble
in various solvents, contrary to the benchmark semiconductors
pentacene and sexithiophene, which have to be chemically
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Figure 14. (a) Schematic procedure of integrating single crystals on
prefabricated electrodes by drop-casting. (b) Molecular structure of
TTF and DT-TTF. (c) Optical microscope image of a DT-TTF single
crystal prepared by drop-casting lying on the gold electrodes. The width
of the crystal is 30 ym.

modified to achieve solubility. Very high performance OFETs
based on TTF crystals were prepared by drop-casting a solution
of the TTF derivative onto the SiO, gate insulator and the
prefabricated source and drain gold electrodes (Figure 14a).%!
The solution was allowed to evaporate slowly at room tempera-
ture in a chamber saturated with solvent vapors, which resulted in
the formation of crystals randomly distributed on the substrate,
some of which connected two of the microfabricated electrodes.
Following this procedure, OFET mobilities of up to 3.6 cm®/
(V's) were reported for dithiophenetetrathiafulvalene (DT-TTF;
Figure 14b,c).

Another possibility to fabricate solution-processed crystals for
fabricating OFETs is the deposition of crystals formed already in
a solution onto the device structure. For instance, high mobilities
of 1.42 cm®/(V s) were reported in devices using single-crystal-
line microribbons of bis((triisopropylsilyl)ethynyl)pentacene
(TIPS-PEN).*” The microribbons were prepared by the speci-
fic-solvent exchange method, which consisted in the injection of a
concentrated solution of TIPS-PEN in toluene into acetonitrile, a
solvent in which the molecule is not soluble. Also, OFETs with a
maximum mobility of 0.27 cm”/(V s) have also been reported for
single crystals of hexathiapentacene (HTP) prepared by drop-
casting a suspension of HTP nanowires on the prefabricated
electrodes.””

3.3.2. Crystal Anisotropy. Because the intermolecular
interactions in a crystal are anisotropic, the electronic transport
will be strongly dependent on the measurement direction.
Therefore, single-crystal devices are ideal to explore the inter-
molecular interactions/mobility relationships since the crystal
packing and molecular orientation are clearly fixed. The example
described before regarding rubrene single-crystal OFET's fabri-
cated on a PDMS stamp, in addition to leading to very high
performance devices, was also a pioneer work in the study of the

= hole mobility
- electron mobility
-8 experimental data x2

Figure 15. Polar plot of the calculated hole mobility, electron mobility,
and experimental hole mobility at Vg = —10 V (from ref 85). The
experimental values are multiplied by 2 for explicit contrast. The
modeling electric field is S00 V/cm, and the density of charge carriers
is 0.1/molecule. The italic bold numbers 2, 4, and 6 scale the mobility by
the dashed circles, and the unit is cm”/(V s). Reprinted with permission
from ref 86. Copyright 2008 Elsevier.

field-effect mobility anisotropy.”® The elastomeric stamp tech-
nique is nondestructive and reversible, so the contact between
the stamp and organic crystals can be re-established many times
without damaging the crystal or affecting the transistor char-
acteristics. By measuring the crystal at different crystallographic
directions in the ab plane, it was found that the crystal exhibited
the maximum mobility along the b axis, which is the 7 stacking
direction (Figure 13b). Using quantum-chemical calculations of
the electronic band and vibrational reorganization energy, the
marked anisotropy of the mobility related to the crystallographic
axis of rubrene crystals has also been evaluated, and the results
confirm that the cofacial 77 interactions give rise to very efficient
electronic coupling, which is coincident with the experimental
data.®

An improved method that consisted of a circular array of
electrodes prefabricated on the PDMS substrate was also applied
to measure rubrene single crystals. This design does not require the
movement of the crystal and offers higher angle resolution (15°).*

Fan-shaped electrodes on Si/SiO, substrates have also been
used to measure the anisotropic field-effect mobility in a free-
standing single-crystal pentacene to which pressure was applied
to enhance the contact.*> More recently, the master equation
coupled with the Marcus—Hush electron transfer theory has
been applied to solve the charge carrier mobility in the pentacene
ab plane. The anisotropic mobility of the hole carrier in this plane
qualitatively agrees with the experimental result (Figure 15).%

Tetracene single crystals also show anisotropic transport in the
ab plane, which is the herringbone plane, and the highest
mobility is found along the [1, —1, 0] direction, which corre-
sponds to the unit cell diagonal.®”

The mobility anisotropy within a crystal was also tested by
painting the electrodes with a conducting §raphite paste or epoxy
resin onto pregrown crystals of rubrene®® and 4-hydroxycyano-
benzene.*” In the latter case, the crystals were grown from
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Figure 16. (a) Schematic diagram of the transistor of DBTDT with
conduction channels parallel to the lateral crystal planes. (b) Transfer
curves of different crystal planes. (c) The monolayer molecular arrange-
ments along the (0,0,1), (1,0,1), (1,0,—1), (=1,0,1), (—1,0,—1), and
(1,0,0) planes. Reprinted with permission from ref 94. Copyright 2009
Wiley-VCH Verlag GmbH & Co.

solution and the mobility along the third crystallographic direction
was also investigated by space-charge-limited current measurements.

Recently, an anisotropic ambipolar behavior was observed in
single-crystal OFETs of the semiconductor 2,5-bis(4-bipheny-
lyl)bithiophene using a crossed gold wire as a shadow mask to
deposit the electrodes. The devices showed different electron
and hole mobilities depending on the crystal directions, the
electron mobility being significantly more sensitive to the trans-
port direction than the hole mobility.”

However, all the previous methods can only be applied to
relatively large crystals to be able to manipulate or contact them.
Bao and colleagues reported the investigation of the mobility
anisotropy on randomly oriented small crystals (a few tens of
micrometers) of dicyclohexyl-ai-quaterthiophene grown in a
solution and drop-cast onto a gold electrode array by measuring
numerous crystals and plotting the dependence of the field-effect
mobility on the crystal orientation.”" Anisotropy in single-crystal
transistors with channel lengths in the range of 1—20 um of
bis(phenylvinyl)anthracene (DPV-Ant), which has a herring-
bone structure similar to that of pentacene, has also been
measured by employing the “organic ribbon mask” method.”
The highest mobility of DPV-Ant single crystals was 4.3 cm*/(V's)
along the a axis, that is, the direction in which the molecular
packing is denser, indicating stronger intermolecular interac-
tions. The mobility anisotropy ratio u,/u, was 1.5—1.95." This
method was further developed by Li et al,, who fabricated a 2D
organic ribbon mask to probe the transport anisotropy of the
dithiophene derivative dibenzo[d,d’]thieno[3,2-b;4,5-b']-
dithiophene (DBTDT), which showed a u./u, ratio of around
2.0—2.5, consistent with the fact that in the ¢ axis the molecular
packing was closer (Figure 16).”* A similar anisotropy ratio has
been found in the excellent performing DNTT single crystal with
a maximum mobility of 4 cm*/(V s) along the a axis, which,
according to calculations, is the one that shows the highest
transfer integral values.”

Theoretical calculations of the transfer integral and reorgani-
zation energies of organic semiconductors have proved to be a

very useful tool to design new promising materials or to rationalize
a trend in mobilities within a series of molecules, but very
importantly, calculations also offer a very powerful tool to predict
the mobility anisotropy in organic semiconductors. Indeed, ex-
periments and theory meet each other often since the best
mobilities in single-crystal OFETs have been commonly found
along the directions where the transfer integrals were maximum.

However, it should be kept in mind that experimental and
calculated absolute mobility values might differ, since the theo-
retical ones are typically obtained considering exclusively the
active organic materials, while the charge carrier mobilities found
experimentally are, in fact, device mobilities since they also
include all the effects of the device characteristics. In particular,
contact resistances (i.e,, charge injection barriers) can signifi-
cantly reduce the device mobility.”® Studies regarding the
influence of the metals employed for the source—drain electro-
des or the device architecture (e.g, top contact versus bottom
contact) on the device mobilities have been carried out.”” For
instance, single-crystal OFETs based on the semiconductor
hexamethylenetetrathiafulvalene (HM-TTF) exhibited an
OFET mobility of 0.02 cm®/(V s) when Au was employed as
source—drain electrodes, but this value was improved to
10.4 cm®/(V s) when the conducting organic charge transfer
salt tetrathiafulvalenetetracyanoquinodimethane (TTF-TCNQ)
was used due to optimized charge carrier injection.”®

3.3.3. Patterning of Single Crystals. As mentioned before,
organic single crystals offer a unique model to gain a deeper
understanding of the interplay between the molecular interac-
tions and the field-effect mobility. However, to use them for the
fabrication of devices for industrial applications, it would be
necessary to fabricate a large array of devices covering large areas.
Recently, a few groups have devoted their efforts to the patterning
of single crystals of organic semiconductors to prepare OFETs,
that is, to controlling the specific location of the crystals on the
substrate. One of the methodologies reported by Briseno et al.””
was based on the patterning of an octadecyltriethoxysilane (OTS)
film by microcontact printing on a substrate and then evaporating
the organic material on the top. The rough topography in the
stamped OTS domains served as nucleation points for the
selective crystallization of the organic semiconductor. Nanocrys-
tal seeds deposited on a substrate have also been employed as
nucleation points for fabricating OFETs with copper 1phthalo-
cyanine'® and copper hexadecafluorophthalocyanine.'®" Finally,
templates of certain self-assembled monolayers (SAMs) are also
appropriate for growing selectively organic single crystals from
solution since they can also function as nucleation sites'*> or can
be used in (de)wetting patterning processes.'”> For a more
extended review on patterning crystalline semiconductors, we
recommend ref 104 to the reader.

3.4. Correlation of Crystal Structure with Mobility in TTF
Derivatives

TTF derivatives are a suitable platform to perform structure—
mobility correlation studies, due to the fact that their chemistry is
very well-known, making it possible to synthesize a large variety
of very similar molecules exhibiting different solid-state organiza-
tions. Their molecular packing is mainly determined by the m—
stacking together with the S- - -S interactions of the T'TF core.
Moreover, often TTF derivatives are functionalized with sulfur-
based heterocycles, which introduce further S---S and S---
H—C interactions. A set of single-crystal OFETs using eight
different TTF derivatives, which are shown in Figure 17, namely,
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Figure 17. (a) Molecular structures of TTF derivatives for single-crystal OFETs. These molecules are classified into three groups according to their
crystal packing. (b) Crystal structure of the dissymmetric ETEDT-TTF representative of group 1. (c) Crystal structure of the dissymmetric ETTDM-
TTF representative of group 2. (c) Crystal structure of TTDM-TTF, one of the members of group 3 (S- - - S contacts as dotted lines). Hydrogen atoms
have been omitted for clarity. Reprinted from ref 81b. Copyright 2004 American Chemical Society.

bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), (ethylene-
thio) (ethylenedithio)tetrathiafulvalene (ETEDT-TTF), bis-
(ethylenethio)tetrathiafulvalene (BET-TTF), (ethylenethio)
(thiodimethylene)tetrathiafulvalene (ETTDM-TTF), dithio-
phenetetrathiafulvalene (DT-TTF), dibenzotetrathiafulavlene
(DB-TTF), (thiophene)(thiodimethylene)tetrathiafulvalene
(TTDM-TTF), and (ethylenethio)(thiophene)tetrathiaful-
valene (ETT-TTF), were fabricated.®*" Thus, taking into account
the crystal packing in which these molecules are arranged, this
family of compounds could be classified into three groups.
BEDT-TTF and ETEDT-TTF belong to the first group. Their
supramolecular organization consists of dimers sustained by
hydrogen bonds that form chains due to lateral S- - - S interac-
tions. The chains are arranged perpendicularly to each other,
therefore avoiding the formation of stacks. In the second crystal
structure group, BET-TTF and ETTDM-TTF crystallize in a
brickwork-type motif, forming chains of quasi planar molecules
interacting side-by-side. These chains stack into layers, giving rise
to a bidimensional electronic structure. Finally, the molecules
from group 3, DT-TTF, DB-TTF, TTDM-TTF, and ETT-TTF,
when crystallized form uniform cofacial 7 stacks of almost planar
molecules with a short interplanar distance between molecules of
one stack (3.56—3.66 A) and short lateral S- - -S interactions
between molecules of different stacks (3.55—3.72 A). A clear
correlation between crystal structure and device performance
was found as a notable improvement of the charge carrier
mobility was observed on going from group 1 to group 3. It is
also worth noting that the symmetric TTFs exhibited higher
mobility than the corresponding dissymmetric derivatives, prob-
ably due to the higher disorder that the latter present on their
crystals. This trend was also in agreement with the theoretical
calculations; that is, the materials showing higher mobility have a
lower reorganization energy and larger transfer integral as
Marcus theory predicts for hopping transport.®'

We should also mention that, in the single-crystal OFETSs
reported by Saito and colleagues, with hexamethylene-TTF,
which crystallizes following a brickwork fashion similar to that
of BET-TTF, high mobilities (0.02 cm®/(V s) using gold
electrodes) on the order of those obtained with the molecules
belongin% to group 2 from the previous investigation were also
achieved.”

Mori et al.'® also investigated a family of phenyl-substituted
TTF derivatives that when crystallized form modified herring-
bone-type structures. The molecular long-axis projections of
these structures were almost the same, but the crystal structures
differed in the displacements of the molecules perpendicularly to
this layer. They observed that when this shifting of the molecules
provoked the restriction of the intermolecular interaction in one
dimension, the OFET mobility was drastically reduced.

In conclusion, the chemical modification of the building
blocks to prepare organic semiconductor materials can, in
principle, be a very suitable strategy to tune their solid-state
structure and, consequently, their transport properties. However,
in practice, the prediction of the crystal structures of the modified
molecules is not straightforward at all: small variations in the
molecular structure can lead to completely different solid-state
structures. Even the changes in the experimental procedures
followed to crystallize one unique material can result in the
formation of different polymorphs (see the section “Poly-
morphism”), adding further complexity to this issue.

10,

4. POLYMORPHISM

It is well-known that, owing to the weak interaction energies,
organic molecules are prone to polymorphic formation in the
solid state. This results in different crystal structures with
comparable intermolecular interactions, which can be greatly
affected by the crystallization conditions.'**'” Most organic
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semiconductors can therefore crystallize in a variety of poly-
morphs that can yield different device performances, and conse-
quently, the study and control of polymorphism is very
important in this field. Various studies on polymorphism from
the point of view of preparation methods of thin films and
crystals as well as crystal packing and polymorphic transforma-
tions of the most representative organic semiconductor have
been published. However, reports on the OFET performance of
the different polyrnorlphic modifications of a certain semicon-
ductor are still scarce. %!

4.1. Pentacene and Related Acenes

The first triclinic crystalline structure of pentacene was re-
ported in 1961."'* Nevertheless, subsequent structure determina-
tions in single crystals grown by different techniques have never
reproduced this first structure but different triclinic ones, all of
them with a herringbone-type lpacking of pentacene molecules.'"
Only recently, Brillante et al.' "' reported that vapor growth at
500 K under an inert atmosphere yields tiny microcrystals that
were identified as the same polymorph, phase C, by powder X-ray
diffraction. The authors have studied by lattice phonon Raman
confocal spectroscopy, a very powerful tool for the study of
polymorphism,''® the differences in polymorphs C and H and
have demonstrated that, in many of the powders studied, there are
phase inhomogeneities by diffusion of one polymorph inside the
other. This technique was also employed to investigate pressure
experiments, revealing that crystals of polymorph C irreversibly
transform into the denser H polymorph at elevated pressures.'"
These two phases represent the deepest energy minima in energy
minimization of pentacene using quasi-Monte Carlo sampling;
that is, they are the most stable forms of pentacene.""”

The effect of temperature on polymorphic transformation of
pentacene crystalline powders of phase H grown by horizontal
physical vapor-phase transport have also been explored.""® It has
been observed that when the crystals of this phase, also named
the “low-temperature (LT) phase”, are heated, an incomplete
phase transformation to a new polymorph starting at around 463
K takes place. This polymorph, named the “high-temperature
(HT) phase”,"” has a larger d spacing (14.5 A) and remains
stable on lowering the temperature. The pentacene-HT unit cell
is consistent with the unit cell first reported by Campbell et al.''?
and corresponds to phase C. This transformation is first order, as
evidenced by the coexistence of two phases over a broad
temperature range from powder diffraction. Both structures are
very similar with a herringbone-type packing. The herringbone-
type layers are virtually identical, but the polymorphs differ in the
shift between adjacent layers. Figure 18 shows both polymorphs
superimposed, illustrating the relative molecular displacements.

The polymorphism of pentacene has also been widely inves-
tigated for thin films and rationalized theoretically."*® In thin
films, at least four different polymorphic modifications of penta-
cene have been identified so far, which are characterized by
interplanar dyo; spacings of 14.1, 14.5, 15.1, and 15.4 A. Never-
theless, mainly two of these polymorphs are found by the vacuum
deposition process: the one with a 14.5 A dy; spacing, which
corresponds to the bulk HT phase, and the one with a 15.4 A dq,
spacing, which is named the “thin-film phase” because it is
commonly found in the first stages of film growth. The appear-
ance of polymorphs depends on the growth conditions, such as
the substrate, temperature, or film thickness.'*®® 12! A clear
thickness dependence of polymorphs is found when they are
grown on SiO,. Ultrathin films have the same lattice constants as

Figure 18. Crystal structure of the two pentacene polymorphs super-
imposed (blue, low-temperature (pentacene-LT) phase; red, high-
temperature (pentacene-HT) phase). In (a), the layered type of the
herringbone structure is illustrated. Layer 1 and layer 2 (its adjacent
layer) are isolated and drawn in a different orientation in (b) and (c),
respectively. The arrow in (b) indicates how the layers are shifted in the
two different crystal structures. Reprinted with permission from ref 118a.
Copyright 2007 Wiley-VCH Verlag GmbH & Co.
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Figure 19. Schematic illustration of the ab plane with the lattice spacing
d,; of the polymorphs: (a) thin-film phase and (b) bulk phase. Reprinted
with permission from ref 122. Copyright 2007 American Institute of
Physics.

those of films around 100 nm thick when a polymorphic
transformation to the bulk phase occurs.'* Figure 19 shows
an illustration of the two phases with the lattice spacing d;;
of the polymorphs differing by 2 A. When the gate dielectrics
used are SAMs of different lengths, it has been found that, at
the first stages of the film growth (until 60 nm), depending on
the alkyl chain length, the pentacene monolayers in contact
with the SAM could adopt both competing crystalline phases
(“thin-film” phase and “bulk phase”), which affected the
Jr-conjugated nanostructures in the ultrathin and subsequently
thick films.'?’

Tetracene (TC) polymorphs have been studied for more than
30 years. The structure of the first polymorph has been known
since 1962 and belongs to the triclinic structure commonly
named the “HT polymorph”."** This polymorph undergoes
phase transitions produced by lowering the temperature and
increasing the pressure as observed by different authors employ-
ing several techniques.'>*”'** The same polymorph is obtained
by both external stimuli. The crystal parameters of the LT phase
have been determined, and a structure has been proposed on the
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Figure 20. Arrangement of TC molecules viewed along the [1,0,0]
direction of the HT and LT structures. Reprinted with permission from
ref 127. Copyright 1985 Chemical Physical Society.

83°

substrate plane

Figure 21. Thin-film structure of tetraceno[2,3-b]thiophene as pre-
dicted by the packing calculations, representing the lowest energy
configuration of two thiotetracene molecules in a unit cell. Reprinted
from ref 130. Copyright 2008 American Chemical Society.

basis of lattice energy calculations (Figure 20). This second
polymorph is only stable at low temperature (below 140 K) or
high pressure (well above 1 GPa), and reversible changes have
been observed by lattice phonon Raman spectroscopy. As
observed with pentacene, this denser polymorph that is meta-
stable can also be prezpared by sublimation in an inert atmosphere
at reduced pressure' > and is maintained at ambient pressure and
temperature.

As in the case of pentacene, a thin-film phase and a bulk phase
have been detected for tetraceno[2,3-b]thiophene, in which a
terminal benzene ring of pentacene is replaced by a thiophene
ring. A single triclinic phase (thin-film phase) exists in all samples
with less than 20 nm thickness (Figure 21)."* This thin-film
structure is different from that re{)orted for the bulk crystal
structure, which is orthorhombic."*' Both of them nevertheless
present a herringbone packing as in all phases of pentacene.
Figure 22 shows the crystal structure of the bulk phase in
comparison with that of pentacene. The fact that the differences
in both structures are small is reflected in the very similar
performances of OFET's prepared with films of 20 nm thickness
(thin-film phase)"*® and 50 nm thickness formed by a single-
crystalline ghase (bulk phase), which has shown mobilites as high
as 0.47 cm®/(V s).'*

Several polymorphs of rubrene have been reported, although
not for all of them have the complete atomic coordinates been
published."** The high-mobility OFETs reported based on
crystals of rubrene obtained from the vapor phase have been

Figure 22. View of the ab layer of (a) pentacene and (c) tetraceno[2,3-
b]thiophene and side view of the packing of (b) pentacene and (d)
tetraceno|[2,3-b]thiophene. Reprinted from ref 131. Copyright 2007
American Chemical Society.

attributed to an orthorhombic phase.”® However, a monoclinic
and a triclinic phase were also previously identified over 50 years

0."33%4 More recently, microcrystals ranging from 1D ribbons
to 2D rhombic and hexagonal plates have also been prepared
employing the reprecipitation method depending on the mono-
mer concentration.'** The 1D ribbons have been identified to
correspond to a triclinic phase and the 2D plates to a monoclinic
one. In parallel, Matsukawa et al. have prepared rubrene single
crystals from 1-propanol solutions.''' Hexagonal crystals from
the orthorhombic phase were obtained together with parallelo-
gram-shaped crystals from a triclinic phase, the crystal para-
meters of which seem to be in agreement with those of the
crystals obtained by the previous method. Interestingly, OFET's
were here prepared with both polymorphs, obtaining a mobility 1
order of magnitude higher for the orthorhombic phase (up to
1.6 cm*/(V's)).

An especially appealing study has very recently been carried
out by Jurchescu et al. regarding a phase transition between two
polymorphs of fluorinated S,11-bis((triethylsilyl)ethynyl) an-
thradithiophene (diF-TES-ADT) with temperature in both
single-crystal and thin-film OFETs.'” Despite the fact that
neither the crystal structure nor the electrical properties change
dramatically, since the transition occurs near room temperature,
this work sheds light on how polymorphism can affect the long-
term performance of the devices. Figure 23 shows the evolution
of the transition from the LT polymorph to the HT one in a thin
film of diF-TES-ADT followed by checking the position of the
(0,0,1) peak in the X-ray diffraction data. As can be seen in the
figure, the OFET mobility increased when the HT polymorph
was being formed whereas the activation energy (i.e., extracted
from the slope in the u vs T graph) decreased.

Another polyaromatic semiconductor, diindenoperylene
(DIP), also presents an enantiotropic polymorphic phase trans-
formation at 403 K, and both phases have been chacterized
by single-crystal X-ray diffraction.'*> Both the triclinic LT
o-phase and the monoclinic HT f-phase have a herringbone-
type structure. The epitactic transformation from the o.-phase to
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Figure 23. (a) Evolution of the (0,0,1) peak position for the LT
polymorph (blue) and HT polymorph (red). The insets represent
typical peak fits. (b) Evolution of the concentration of the LT poly-
morph (blue) and HT polymorph (red). The phase coexistence region
can be observed. (c) Evolution of the diF-TES-ADT thin-film transistor
field-effect mobility with temperature. Reprinted with permission from
ref 109. Copyright 2009 American Physical Society.

the 3-phase involves strong shearing displacements as well as bend-
ing and torsional deformations of the DIP molecules (Figure 24). In
thin films grown on SiO, the pure HT phase is formed."*®
Remarkably, this compound shows both hole and electron
transport as ascertained by time of flight measurements. The
temperature-dependent mobility behavior indicates the effect of
the structural phase transition being higher in the case of electron
transport, which shows a big drop of mobility above 400 K."*”

4.2, Oligothiophenes

Unsubstituted oligothiophenes (nTs) crystallize in the same
monoclinic space group in P2,/a, P2,/c, or P2, /n alternative cell
choices and present herringbone-type packing. However, the
number of molecules per unit cell (Z) may be either 2 or 4.
Bithiophene'*® belongs to the first group, whereas ST'*” and 8T
belong to the second one. So far, only for 4T and 6T, two
polymorphs corresponding to both forms have been found.

The two polymorphs of a-quaterthiophene show different
backbone arrangements, although both of them give rise to a
herringbone-type packing (Figure 25)."*7'*! Single crystals
grown from the vapor phase at a source temperature of 140 °C
belong to the LT phase, whereas those grown at source tem-
peratures of 160, 180, or 200 °C or from the melt are of the HT
phase. When the temperature is raised above 200 °C and crystals
are left to grow with no external cooling, polycrystalline samples
composed of a mixture of the two phases appear, as observed by
confocal Raman mapping.'** The two polymorphic forms can
also be distinguished by using different techniques such as
inelastic neutron scattering,"* infrared spectroscopy,'** or po-
larized Raman spectroscopy,'** among others. Additionally, an
irreversible solid—solid phase transition from the LT to the HT

Figure 24. Herringbone layers of the o-phase (left) and the [-phase
(right). The twist and bend in the DIP molecules in the a-phase are
clearly visible. The larger tilt away from the ¢* axis in the t-phase is reflected
in the unit cell indicated. In the lower part, the herringbone layers are
depicted from the side, showing the alignment of the rows of molecules.
Reprinted from ref 135. Copyright 2007 American Chemical Society.

apt® bl.a
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Figure 25. Quaterthiophene: HT (P2,/a, Z=2) and LT (P2,/c,Z=4)
crystal structures. Reprinted with permission from ref 142. Copyright
2009 Wiley-VCH Verlag GmbH & Co.

polymorph (4T/LT to 4T/HT) at 191 °C has recently been
reported which permits preparation of large and thick HT single
crystals, preserving the overall crystallinity of the starting LT
single crystals grown by the floating-drop technique.'**
Concerning ot-sexithiophene (6T, similar polymorphism has
been observed. Two polymorphs have also been identified in
bulk crystals, the LT phase with Z = 4'*® and the HT phase with
Z = 2. Different polymorphs are shown in Figure 26
together with their fingerprint in lattice phonon Raman
spectra.''® Both polymorphs have the molecules in a herring-
bone-type packing but with dissimilar 77 stacking. Whereas the
slip of the molecules along the short molecular axis is very similar,
the one along the long molecular axis differs significantly.®’
The two 6T polymorphs can be obtained simultaneously from
the same sublimation process, yielding mixed domains of the two
phases, which show up as a physical impurity of one polymorph

inside the other, without any morphological difference.'**

4847 dx.doi.org/10.1021/cr100142w |Chem. Rev. 2011, 111, 4833-4856



Chemical Reviews

pr

.
Mﬂ

Intensity

Intensity

J

20 40 60 80 1601201401&0
Raman shift (em™")

20 40 60 80 1001201401860

Raman shift (cm™")

T T T T T T
W e L e L e

B e I L e
e e Y e M

)i
M

Intensity

1} bl T
Py
A AR M
M ."1}' A :} A b b
v VL
MOV ."“M p

il I

Intensity

20 40 60 80 100 120
Raman shift (cm™")

20 40 60 80 100 120

Raman Shift (cm™)

Figure 26. Crystal structure and the corresponding lattice phonon Raman spectra of the two polymorphic forms of 0-sexithiophene. Reprinted with

permission from ref 116. Copyright 2008 The Royal Society of Chemistry.

Figure 27. Thermal ellipsoid plots (prepared at the 30% probability
level) of single-crystal molecular structures of 3,3'"'-phenylquarterthio-
phene crystallized from (a) 2-propanol and (b) hexane. Reprinted with
permission from ref 151. Copyright 2007 Wiley-VCH Verlag GmbH
& Co.

Concerning growth as thin films, when the substrate is silicon
oxide, “in situ” growth that shows that 6T grows as a unique
crystalline layer from the beginning of the evaporation has been

4848

studied. The thin-film phase corresponds to the LT polymorph
and is the same as the bulk phase that occurs above 5—6
monolayers."*”"**Thin films grown on mica also yield the
LT phase.

When the oligothiophenes are substituted, the polymorphism
can arise not only from the backbone organization but also from
pendant side chain conformational changes. In this respect a
family of 3,3"”'- didodecylquarterthiophenes present a unique yet
general polymorPhism associated with side chain conformational
arrangements.'>" Those with long backbone structures due to
phenyl substituents show two different side chain conformation-
ally induced polymorphs, one with a fully extended side chain
and one with a bent side chain conformation (Figure 27).
Different polymorphs are obtained by crystallization in different
solvents. Good solvents (hexane, toluene, dichloromethane)
promote polymorphs with fully extended dodecyl side chain
conformations, whereas poorer solvents, such as as propanol,
promote polymorphs with the bent chain conformation.

The polymorphism in molecular structures gives rise to different
packings. In polymorphs with fully extended chains, the packing is
herringbone type with interdigitated chains, and in polymorphs
with bent chains, an almost complete slipped herringbone packing
is observed. The same polymorphism was also manifested in thin

dx.doi.org/10.1021/cr100142w |Chem. Rev. 2011, 111, 4833-4856
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Figure 28. (a) View of the bc plane of the crystal structure of 0-TTF. (b) Partial view of the crystal structure of 5-TTF, showing the relationships among
the four different molecules in the unit cell (each lying on the inversion center) and the formation of chains. Reprinted from ref 153. Copyright 1994

American Chemical Society.

films. Thin films prepared by dip-coating a solution of these
compounds in propanol gives a diffraction pattern corresponding
to the polymorph with bent side chains, whereas when hexane or
toluene was used as the solvent, a mixing of polymorphs with
extended and bent side chains was obtained."*"

4.3. Tetrathiafulvalenes

The simplest member of this family of compounds, TTF,
exists in two polymorphic modifications. The single-crystal
structure determination of a-TTF was described in 1971,'5
and 20 years after, one brown crystal of the second phase was
obtained by serendijpity in the course of preparing tellurium
derivatives of TTE.">® As clearly observed in Figure 28 the two
crystal structures are quite different. Thus, whereas the 0-phase
has a herringbone-type structure and a short b axis leading to a
strong 7T stacking along this direction, the [-phase can be
described as zigzag chains sustained by S---S interactions.
The a-phase also has many interchain short S- - - S interactions
leading to the 2D network shown in Figure 28a.

Recently, the two phases have been selectively prepared by
crystallization on OTS-modified substrates by using different
solvents.''® Crystals of the pure Q-phase were obtained from 7-
heptane or n-hexane,"** whereas from chlorobenzene the pure f3-
phase was produced. This 5-phase is also exclusively produced by
vapor-phase growth under a mild vacuum (~1 mbar).">*

OFETs based on single crystals of both phases demonstrated
that the maximum mobility of the ot-phase was near 1.20 cm®/(V's),
while 3-phase crystals exhibited a mobility about 1 order of mag-
nitude lower, reaching a maximum value of 0.23 cm®/(V s).""°
The better performance of at-phase crystals was explained by the
strong contribution of the 7—s as well as S- - - S intermolecular
interactions.

Polymorphism has also been studied for crystals and thin films
of DB-TTF grown with different methodologies.'>> Despite
being a simple molecule, DB-TTF has a very complex poly-
morphic behavior. This organic semiconductor presents, at
ambient conditions, four polymorphic modifications. In addi-
tion to the first known monoclinic structure (o) with Z = 2
(Figure 29a) 05156 (o other crystal structures have been resolved:
p, also monoclinic, but with Z = 4 (Figure 29b), and 0, a triclinic
polymorph (Figure 29¢).">>">” An additional polymorphic mod-
ification () has been identified by means of lattice phonon
confocal Raman microscopy and XRD.

In the O-phase, almost planar molecules of DB-TTF stack
along the b axis with an interplanar distance of 3.545 A, forming a
herringbone arrangement with an angle of 52.64°. The crystal
structure of the f-phase shows less planar molecules with a
herringbone packing motif in which molecules have more or less

a) b) D)

Figure 29. View of one molecule of DB-TTF along the shortest
dimension and of the crystal packing motif of the (a) o.-phase, (b) f-
phase, and (c) O-phase. Sulfur atoms are identified by the yellow color.

edge-to-face packing with an angle of 52.22° between the mean
planes of molecules. In contrast to the o phase there is no 7—m
overlap between consecutive molecules in the stacks along b. The
molecules form a zigzag chain along the ¢ axis with short contacts
of 3.464 A between sulfur atoms of one molecule and the central
carbon atom of the next molecules in the chain. There are no
short contacts between adjacent chains, which are therefore
isolated, in contrast with the o-phase in which interstack
S- - +S contacts are found. In the triclinic 0-phase, the molecules
have a chairlike form with molecular geometries similar to that in
the 3-phase. The packing structure in this phase is a herringbone
type with a tilt angle of 51.11°, which is also similar to that of the
p-phase. However, the long axis is sliding, the number of
intermolecular short contacts between the molecules is in-
creased, and the contact distances are shorter compared to those
of the - and f-phases.

Physically pure a-phase was obtained by crystallization of DB-
TTF at room temperature from hot chlorobenzene and DMF
solutions, as well as by drop-casting on Si/SiO, from hot
chlorobenzene. Single crystals of the 3-phase were prepared by
recrystallization from a saturated solution in hot toluene. They
were always obtained mixed with single crystals of the o.-phase.
However, both phases could be easily identified by their peculiar
morphologies: well-shaped needles and small prisms, corre-
sponding to the pure 0.- and 3-phases, respectively. Pure y-phase
has been identified in polycrystalline films obtained both by ultra-
high-vacuum (UHV) vapor deposition on SiO, substrates at
temperatures of 50 and 70 °C and by drop-casting a colloidal
composite of polystyrene (PS) beads and DB-TTF in different
solvents. The fourth polymorph, the O-phase, was obtained
physically pure by crystallization from a 1:1 mixture of 2-propa-
nol:nitromethane as well as by vapor deposition under a vacaum
(1072 Torr, 190 °C). Very recently this polymorph was also
obtained as a single crystal by vapor transport."’ Lattice phonon
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Figure 30. Lattice phonon Raman spectra of the four polymorphic
forms of crystalline DB-TTF. Reprinted with permission from ref 15S.
Copyright 2008 The Royal Society of Chemistry.

confocal Raman microscopy permits easy identification of the
four polymorphic forms of crystalline DB-TTF as clearly seen in
Figure 30.

The 7y-phase is the favorite one in fast evaporation processes;
thus, it may be the one that is kinetically dominant. This phase is
typical of a film, with strong interaction with the surface, but
cannot be obtained as a bulk phase. A typical experiment of vapor
deposition on a cold tip starts with the initial deposition of the
pure y-phase as a film. By further increasing the amount of
sublimed material on the top of the microcrystalline film like
layer, some larger needle-shaped crystals of the a-polymorph
start to grow as a bulk phase.

This scenario, involving so many polymorphs and often phase
mixing for DB-TTEF, is due to the fact that the solubility of TTF
derivatives permits them to be processed not only by the classic
vacuum deposition of thin films but also by several kinds of
crystal growth techniques from solution, with a large variety of
solvents. It is well-known that the number of polymorphs found
for a specific molecule is directly related to the number of
different experiments performed to grow crystals.'°

OFETs based on single crystals of the ®-phase prepared by
drop-casting a chlorobenzene solution gave a charge mobility u
as high as 1 cm®/(V s),%'¢ whereas in devices based on vacuum-
sublimed thin films, which should contain either pure y-phase
or a mixture of phases, ¢ ranged from 0.012 to 0.06 cm?/
(V 5).105:158

The high-mobility TTF derivative DT-TTF has also been
recently shown to give rise to two polymorphs. Long plate
crystals of DT-TTF, namely, the Q-phase, can be easily prepared
from a solution employing a variety of solvents.">” As mentioned
in a previous section, these crystals belong to the monoclinic
system, space group P2,/a, with two centrosymmetric molecules
per unit cell. The molecules form 77 stacks following a herring-
bone structure with the long axis tilted almost 20° to the ¢ axis
and facing along b, where the 77— interactions are maximized.
However, when DT-TTF crystallizes on surfaces (i.e., SiO, or
parylene C) from a solution of toluene or dichlorobenzene,
crystals showing thin hexagonal-shaped platelets coexist with the
clearly identified crystals of the a-phase.'®® Polarized Raman
spectra together with X-ray characterization revealed that the

Figure 31. Decrease of the mobility with increasing € as observed in
rubrene single-crystal OFETs employing different gate insulators.
Reprinted with permission from ref 161. Copyright 2004 American
Institute of Physics.

p-phase crystallizes in a centrosymmetric monoclinic group
(space group C,,”) with two molecules per unit cell, like the
a-polymorph. The phases organize very similarly, though in the
O-phase the molecules are slightly closer. Interestingly, both
polymorphs were also prepared as thin films. However, while
films of B-DT-TTF were obtained by evaporation on Si/SiO,,
films of a-DT-TTF were realized by the solution-processed
technique of zone-casting.**

In this case, thin-film and single-crystal OFET's were fabricated
for both polymorphs and also employing different device con-
figurations to inspect unequivocallz the influence of polymorph-
ism on the device performance.'” Noteworthy, all 0-DT-TTF
OFETs exhibited higher mobility than the 5-DT-TTF OFETs
(from 2-fold to up to 1 order of magnitude higher), which was in
agreement with the crystallographic data that indicated larger
distances between neighboring molecules in 3-DT-TTF.

Considering all the above discussion, it is clear that poly-
morphism can be a very complex issue. However, if organic
devices are going to be implemented for commercial use, it will
be imperative to be aware of the control of polymorphism in
organic semiconductors, and therefore, this topic needs to be

further explored.

5. INFLUENCE OF THE INTERFACES

As already mentioned earlier, the organic semiconductor/
metal interface and especially the organic semiconductor/di-
electric interface have a strong influence on the molecular order.

5.1. Organic Semiconductor/Dielectric Interface

The most widely used dielectric in OFETs has been SiO,
grown on doped Si gates following the same technologies as the
ones established for inorganic microelectronics. Nonetheless, in
the past few years, there has been a lot of work on studying the
influence on the OFET performance of different types of
inorganic dielectrics as well as organic dielectrics compatible
with solution processability, flexible substrates, and low-tempera-
ture processes.“’]60

As an example, single-crystal rubrene OFETs have been
fabricated using different materials as the gate insulator. It was
observed that the mobility of the charge carriers systematically
decreases with increasing dielectric constant of the gate insulator
(Figure 31)."®" The authors explained that the effect is due to the
fact that a (nearly) localized charge carrier at the rubrene/
dielectric interface locally polarizes the dielectric. The electro-
static potential generated by the induced polarization exerts an
attractive force on the charge carrier itself that increases the
tendency toward carrier self-trapping. As the attractive force is
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larger for larger ¢, this qualitatively explains why the mobility is
reduced with increasing &.

Furthermore, theoretical studies of the effect of polymeric
dielectrics on pentacene have shown that the electrostatic
interactions introduce a significant energetic disorder in the
pentacene layer in contact with the polymer chains. A drop in
the hole mobility by a factor of 5 is predicted with PS chains,
while a drop of a factor of 60 is obtained for PMMA due to the
presence of polar carbonyl groups.'®

The characteristics of the dielectric can also be modified with
surface treatments, such as growing SAMs. It has been demon-
strated that these treatments often have strong effects on the film
structure and on the resulting electrical characteristics.'®® As an
example, we cite the work of Kelly et al., which achieved a very
high OFET mobility (~3 cm®/(V s)) for a pentacene thin film
deposited on a 1-phosphonohexadecane-treated alumina
dielectric.'**

The vital importance of the interfaces is ascribed to the fact that
the current transport in an OFET is known to take place in the first
few molecular monolayers. In this direction, a few works have
focused on the crystal structure characterization of the first
(sub)monolayers of organic semiconductors such as 6T and
pentacene films on (treated) SiO,. In the case of thin films of
vacuum-sublimed pentacene, it was found that the structure of the
first monolayer, which is influenced by the crystal structure of the
first submonolayer, differs from that of the bulk material.'®® Very
recently it has been demonstrated that the number of active layers
in pentacene OFET's contributing to the current and the spatial
distribution of charge carriers are modulated by the growth mode.
The work shows that the effective Debye length is not just a
material parameter, but depends on the multiscale morphology.ls7

Additionally, the monolayer by monolayer growth of thin
films of 6T on the gate dielectric demonstrated that the first two
monolayers next to the dielectric interface dominate the final
OFET charge transport.'®® The solution-based technique of dip-
coating has also permitted a controllable growth of aligned
monolayer and multilayer stripes of the organic semiconductor
DTBDT-C9 (Figure 5) by varying the pulling speed."® No
OFET effect was observed in monolayer stripes due to their
amorphous character, while good OFET bahavior has found in
multilayer (N > 2) stripes.

Obviously, in all the cases, due to the high mobility anisotropy
that organic semiconductors reveal, to achieve high mobility, it is
imperative that the 77 overlap direction is parallel to the OFET
channel, that is, parallel to the substrate, since if the molecules lie
flat to the dielectric surface, very low mobility will be expected.
This was observed for the perylene derivatives PTCDA and
PTCDI-C8 (Figure S): the poor transport of the former was
attributed to the molecules stacking almost parallel to the
substrate, while the latter packs inclined to the substrate and
has shown an electron mobility of up to 0.6 cm®/(V 5).2170

Taking into account the two previously mentioned aspects
(ie., in an OFET the conducting channel is formed just in the
first molecular monolayers and the molecules at the interface
should be arranged in a way that the direction where the
electronic overlap is maximized is parallel to the substrate),
Nuckolls and colleagues put forth a new strategy based on using
organic semiconductors functionalized to spontaneously form
upright monolayers directly linked to the gate oxides.'”" These
monolayers could constitute the active layer in nanoscale OFETs,
known as self-assembled monolayer field-effect transistors
(SAMFETs). In this work, tetracene was functionalized with
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Figure 32. (a) Hydroxyl-functionalized tetracene. (b) Schematic of
bonding and orientation of the functionalized tetracene on aluminum
oxide. (c) Schematic of the self-assembled monolayer transistor. Rep-
rinted from ref 171. Copyright 2004 American Chemical Society.

hydroxyl groups since they can chelate a variety of metal oxides
via a mononuclear bidentate coordination. This allowed for the for-
mation of a SAM on the aluminum oxide dielectric in a prefabricated
OFET (Figure 32). Albeit it had no ideal transistor characteristics,
the SAM behaved as a p-type semiconductor. The yield of the
devices was relatively high for devices with channel lengths of 60 nm
or shorter, but dropped off sharply for larger devices.

This approach regarding the preparation of nanoscale SAM-
FETs later proceeded in a similar way but employing as the
organic semiconductors hexabenzocoronene'’* and oligothio-
phenes linked with a short alky chain.'”® In both cases, OFET
behavior could be observed offering well-defined curves with a
clear saturation, and in the latter case, a mobility on the order of
3% 10 2 to 8 x 10 *em?®/(V s) was extracted.

More recently, SAMFETs with channel lengths and a width of
up to 40 and 1000 pm, respectively, exhibiting bulklike carrier
mobility (up to 0.04 cm®/(V's)), large current modulation, and
high reproducibility were reported employing liquid-crystalline
molecules consisting of a 7r-conjugated oligothiophene meso-
genic core separated by a long aliphatic chain from the anchoring
group.'”* In addition, SAMFET's were combined into logic gates
as inverters as a first step toward functional circuits. Employin
the same system, dual-gate transistors have also been found."”

Heteropitaxy growth represents a completely different strat-
egy to induce crystallinity in thin films. Polycrystalline films of the
high-performing semiconductor rubrene have been prepared by
growing it on a single cr;rstal of tetracene'”® or on a polycrystal-
line layer of pentacene.1 7 However, using other semiconductor
molecules as templates is not appropriate because, as mentioned,
the first monolayers at the organic semiconductor/dielectric
interface are responsible for the device performance. Miao and
colleagues'”® have recently published the use of a 3 nm thick
layer of 6,13-pentacenequinone (PQ), an easily crystallized
insulating molecule, on octadecylphosphonic acid-treated SiO,
as a template to induce the crystallization of rubrene in vacuum-
deposited thin films. The AFM images in Figure 33 clearly show
that the rubrene films only form large crystal-shaped domains in
these conditions. The OFET mobility of such films was up to
0.35 cm?/(V ).
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Figure 33. (Top) Device architecture of the thin-film transistors of
rubrene with a template layer of PQ. (Bottom) AFM amplitude images
of rubrene thin films on varied surfaces. The thickness of the rubrene
films is 80 nm. Reprinted with permission from ref 178. Copyright 2010
Wiley-VCH Verlag GmbH & Co.

5.2. Organic Semiconductor/Metal Interface

Similarly, the structure at the metal/organic semiconductor
interface has also been investigated, as in the case of o,w-
diperfluorohexylquaterthiophene (DFH-4T). Here, dramatic
morphology and molecular orientation changes were observed
when going from a monolayer to a multilayer film. Furthermore,
it was observed that DFH-4T growth on Au and SiO, in a
bottom-contact configuration creates additional film discontinu-
ities and potential electron traps. All this was attributed to be the
cause of why the mobility achieved in bottom-contact OFETSs
was 3 orders of magnitude lower than in top-contact OFETs.'””

It is widely known that pentacene, the benchmark in the field
of OFETs, has given rise to elevated mobilities. Nonetheless,
such high performances have only been successfully achieved in
devices with top-contact geometries by evaporating the source
and drain electrodes on pentacene films through a shadow mask.
In a bottom-contact geometry a crucial problem arises since on
the top of the metal electrodes pentacene growth is disrupted,
preferring to lie flat on the metal surface, which is detrimental for
the OFET performance. However, it has been demonstrated that
by modifying the metal characteristics with a SAM, the thin-film
morphology can be tailored."®* Good field-effect characteristics

were reached when the orientation of pentacene on and next to
the modified metal electrodes was identical to the orientation of
the pentacene on the SiO, dielectric. Neverthelesss, it should be
taken into account that it has also been observed that the charge
carrier mobility exhibits large fluctuations with the length of the
alkanethiol SAMs and that an odd—even effect ascribed to the
anisotropic coupling between the alkanethiol terminal ¢ bond
and t1118e1 HOMO level of ordered pentacene molecules takes
place.

6. SUMMARY

In the near future organic field-effect transistors are bound to
make a huge impact in the microelectronics industry in applica-
tions where low-cost and large area coverage are required.
However, contrary to their inorganic counterparts where the
atoms are held together by strong covalent bonds, the interac-
tions between molecules in organic semiconductors are much
weaker. Such intermolecular interactions are responsible for the
formation of a conduction path, and therefore, the mobility in
organic materials is highly dependent on the molecular ordering.
Indeed, small structural modifications, which can be caused by
tiny molecular changes or even by varying the experimental
fabrication conditions, can be the key for achieving a high OFET
performance. Currently, great efforts are being devoted to the
understanding of the transport mechanisms and the structure/
performance correlation, where, undoubtedly, due to their high
molecular order single-crystal devices represent ideal systems
and also permit a direct comparison between theory and experi-
ment. To progress in the field of organic electronics, it is thus
imperative to gain a better insight into the influence of the
intermolecular interactions on the solid-state structure and the
transport properties so it will be feasible to design materials for
specific applications.
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