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Organic Field-Effect Transistors

The cost-effective production of flexible electronic components will
profit considerably from the development of solution-processable,
organic semiconductor materials. Particular attention is focused on
soluble semiconductors for organic field-effect transistors (OFETs).
The hitherto differentiation between “small molecules” and polymeric
materials no longer plays a role, rather more the ability to process
materials from solution to homogeneous semiconducting films with
optimal electronic properties (high charge-carrier mobility, low
threshold voltage, high on/off ratio) is pivotal. Key classes of materials
for this purpose are soluble oligoacenes, soluble oligo- and polythio-
phenes and their respective copolymers, and oligo- and polytriaryl-
amines. In this context, micro- or nanocrystalline materials have the
general advantage of somewhat higher charge-carrier mobilities,
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deposited from the gas phase in anal-

which, however, could be offset in the case of amorphous, glassy
materials by simpler and more reproducible processing.

1. Introduction

Following decades of intensive research, organic field-
effect transistors (OFETs) have now laid claim to sustained
interest in university and industrial research.l'! What makes
the involvement with them so attractive? While the first
OFETs adapted directly the construction of classical inor-
ganic field-effect transistors—that is, only the semiconductor
consisted of an organic material—in 1998 a group at the
Philips Research Laboratories in Eindhoven succeeded in
producing an integrated circuit that consisted entirely of
organic materials.'! This success has opened up completely
new areas for application for organic field-effect transistors,
particularly for developing cheap electronic components. The
first OFETs based solely on organic materials had field-effect
charge-carrier mobilities ggpy of less than 1072 em*V~'s™! and
were still vastly inferior to the inorganic field-effect transis-
tors based on amorphous silicon (a-Si) as semiconductor
(uppr=10""-1cm?>V~'s™"). After 10years of intensive
research solution-processed OFET components are now
approaching the field mobilities of amorphous silicon (max-
imum mobilities uppr of 0.6 cm>V~'s™").) “Wet chemistry”
processing of materials from solution has played a special role
in this development, as will be presented in detail herein.

Whereas processing temperatures above 350°C are
required for the application of a-Si layers in the production
of inorganic field-effect transistors, organic semiconductors
can be applied and processed at significantly lower temper-
atures. As polymer films, such as polyethylene terephthalate
(PET), that retain their shape only up to about 180°C are to
be used as substrate for cost-effective and flexible circuits in
organic electronics, the application of inorganic semiconduc-
tors such as a-Si is not feasible. Thus, novel applications are
possible in organic electronics for which flexible circuits are
imperative, for example, electronic paper.

In OFETs, the individual components (electrodes, semi-
conductors, insulators, possibly encapsulation) can be applied
by different techniques: On the one hand, the layers can be
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ogy to the processing of most inorganic
semiconductors (physical vapor depo-
sition (PVD), chemical vapor deposi-
tion (CVD), sputtering), whereas on
the other hand inexpensive solution
techniques (e.g., spin coating, inkjet printing, and screen
printing) are possible. Their use depends on the physical
characteristics of the components, such as vapor pressure,
stability, and solubility. From the outset the nature of the
materials frequently sets the boundaries for their processing
(for example, with metals as electrode material; with (almost)
insoluble organic semiconductors, such as pentacene or
phthalocyanines, which are only processable through gas-
phase processes; or with polymeric semiconductors, which
owing to their extremely low vapor pressure cannot be
processed in the gas phase). The use of materials that can be
applied from solution should allow large-area processing in
roll-to-roll methods, for example, for the electronic control of
large active-matrix displays or in electronic labels. Moreover,
it is expected that the avoidance of slow and cost-intensive
vapor deposition methods in high vacuum will bring cost
advantages. For use in electronic labels, so-called RFID tags
(radio frequency identification tags), a production cost of less
than one cent per label will be required.”

For many complex chemical, physical, and technological
questions that involve all OFET components (conductors,
semiconductors, and insulators) and their interplay, the
organic semiconductor used is as always a key component.
An extremely high level of purity and reliability of the
material, for example, is demanded for large-scale applica-
tions. In this review, we would therefore like to present
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innovative approaches to the synthesis of organic semi-
conducting compounds that can be processed from solution
and highlight their potential as semiconductors in OFETs.
Both low molecular weight compounds (“small molecules”
and oligomers) and polymeric semiconductors are suitable for
this purpose. As there are still very few research results in the
area of soluble n-semiconductors, we will generally restrict
ourselves to the discussion of p-semiconductors. Initially, in
Section 2, alternatives for the construction of OFETs and
their most important characteristics will be discussed briefly,
and differences and commonalities in the use of low
molecular weight and polymeric semiconductors will be
highlighted. In Section 3, the synthesis and properties of low
molecular weight and polymeric semiconductors will be
discussed in more detail.
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2. Organic Field-effect transistors: Construction and
Functionality

Field-effect transistors based on organic materials are
constructed primarily according to the principle of the thin
film transistor (TFT). They can be constructed in two
different configurations: the top-gate and the bottom-gate
configuration (Figure 1).] In the top-gate configuration, the
two electrodes (source and drain) between which the current
flow is to be actuated are situated on a substrate. On top of
this substrate is located an organic semiconductor layer,
which in turn is separated from the control electrode (the gate
electrode) by a dielectric layer. In this way, the so-called
power channel is established as the region that is enclosed by
the three electrodes. The channel length is determined by the
distance between the source and drain electrodes; the channel
width comes from the length of the source and drain
electrodes and is maximized through the use of comb
structures.
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Figure 1. Construction of a field-effect transistor: a) top-gate configu-
ration; b) bottom-gate configuration, left: bottom contact, right: top
contact; black: substrate; gray: source and drain electrodes; red:
semiconductor; blue: isolator; white: gate electrodes.

In the top-gate construction, the semiconductor layer is
applied to a suitable substrate, for example, a polymer film,
on which are also located the source and drain electrodes,
followed by an insulator layer. The finish in this case is a top-
gate electrode. In the bottom-gate configuration, the gate
electrode is situated directly on the substrate; often a silicon
wafer functions as both substrate and gate. The dielectric,
often thermallly grown silicon dioxide, is situated on top. In a
bottom-contact construction, the source and drain electrodes
are above, followed by the semiconductor layer. In the top-
contact configuration, the semiconductor layer is situated
directly above the insulator, and the source and drain
electrodes are attached right on top. However, the top-
contact configuration is often difficult to realize with organic
FETs. Attachment of the electrodes is usually carried out
thermally with metals and can destroy thin organic layers;
moreover, metal atoms can diffuse into the organic material.
The top-gate configuration is favored for printed transistors,
for which the individual components are applied sequentially.
Conducting polymers such as (doped) polyaniline or poly-
ethylenedioxythiophene/poly(styrene sulfonic acid)
(PEDOT/PSS) serve as electrodes in OFETs totally con-
structed of organic materials, and insulating polymers with
high capacity, such as polyvinylphenol (PVP), poly(vinyl
alcohol) (PVA), polyimide (PI), or poly(methyl methacryla-
tate) (PMMA) are used as dielectric layer.

The basic circuit of a bottom-gate OFET is shown in
Figure 2. The source electrode is earthed, and all other
voltages are given in relation to this electrode. If a negative
voltage Ug is applied to the gate electrode (with p-semi-
conductors), an electric field is induced perpendicular to the

o

el

Figure 2. OFET circuit: Up: drain voltage; I5: drain current; L: channel
length; W: channel width; S: source electrode; D: drain electrode; G:
gate electrode; Ug: gate voltage; I: gate current.
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layers. Enrichment in positive charge carriers occurs at the
interface between semiconductor and gate insulator as a
consequence. If at the same time a voltage Uy, is applied at the
drain electrode, holes can be transported from the source
electrode to the drain electrode. This conducting state is
called the “on” state; Us =0 defines the “off” state.

The most important characteristics of a field-effect
transistor are the threshold voltage U,, the on/off ratio I,/
I, and the charge-carrier mobility uger. The threshold
voltage U, characterizes the voltage U, at which the field
effect sets in; it is primarily a measure of the number of the
charge-carrier traps in the semiconductor interface that must
be overcome. In organic semiconductors, there are localized
trap states of variable depth which after application of a
voltage first have to be filled with charge carries before a
current can flow between source and drain electrodes. A
greatest possible difference between the two states I, and
is in turn fundamental for a clear difference between the
states “0” and “1” in electronic circuits (e.g., inverter circuits).
The on/off ratio is defined as the ratio of the source—drain
current in the “on” and the “off” state of the field-effect
transistor. The charge-carrier mobility ggpr in turn primarily
determines the size of the voltage to be applied and thus the
power consumption of the transistor (other influencing
factors are, for example, the dimensions of the components).

The output characteristic curve of the transistor (i.e., a
plot of the source—drain current I, against the drain voltage
Uy at different gate voltages Ug) is used to determine the
charge-carrier mobility. An output characteristic curve for
poly(3-hexylthiophene) (P3HT) as semiconductor is shown in
Figure 3.”! Two regions of the characteristic curve can be
differentiated: at low drain voltage, the source—drain current
rises almost linearly (linear region), later to convert into a
saturation region. The source—drain current in the linear
region can be defined according to Equation (1), in which L is

I,/ nA U, =
-20} - 50V
—-15F

— 40V

—10}
linear region
-5 i Saturation region

i >atration region .+ sov

- 20V

- 10V

0 = ,y

0 -10 -20 -30 -40 - 50

Uy IV

Figure 3. OFET output characteristics plot for a device with poly(3-
heyxlthiophene) as semiconductor.
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the channel length, W the channel width, C; the capacitance
per unit area of the insulator layer, U, the threshold voltage,
and pggry, the mobility in the linear region. The field-effect
mobility for the linear region can be calculated directly from
the slope of the so-called transfer characteristic curve, a plot
of the source—drain current against the gate voltage at
constant drain voltage. The slope is calculated according to
Equation (2), which is based on the assumption Up<<
(Ug—U,). In the second region of the output characteristic
curve (the saturation region), Equation (3) applies for the
source—drain current when Up, > (Ug—U,). The charge-carrier
mobility pggr,, in the saturation region can be calculated from
the slope of the current-voltage curve in a plot of I} against
Us.

W C; U?
Iy = TﬂFET,un (U(}*Ut)UD*TD (1)
ol WG
5UDG =L —— Heerin Up (2)
Wci sal
I ==37 " WU @)

These equations are only valid under the assumption of a
constant charge-carrier mobility in the interval under consid-
eration. However, as in the case of organic semiconductors
the mobility is usually significantly dependent on the gate
voltage and the temperature, Equations (2) and (3) can only
be used to estimate the charge-carrier mobility. The model
was further refined by Horowitz etal., who developed a
mathematical model to determine voltage- and temperature-
dependent charge-carrier mobility, but these considerations
will not be discussed further herein.

3. Soluble Organic Semiconductors for Use in
OFETs

As mentioned previously, “small molecules” or oligomers
as well as polymers are suitable organic semiconductors for
OFET applications. Owing to their crystallinity, “small”
molecules often have the advantage that they order them-
selves very well in the solid state. This generally leads to a
high charge-carrier mobility, as the mobility depends primar-
ily on the intermolecular interactions, but frequently also to a
limited processability of the compounds from solution
(usually owing to low solubility).

There are various solutions to this dilemma (Figure 4).
One possibility is the use of soluble processable precursor
compounds of the actual insoluble semiconductor. This
method has been employed very successfully, particularly
for pentacene and derived acenes. A second possibility is the
insertion of solubilizing substituents, for example, terminal
alkyl groups. If these groups are inserted into the o- and w-
positions of almost insoluble oligothiophenes, not only is the
solubility increased dramatically, but charge-carrier mobility
is also improved relative to that of the unsubstituted
compounds, because of the higher order of the molecules in
the crystal.”! If, however, oligothiophenes are substituted by
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Figure 4. Examples of strategies for solubilizing organic semiconduc-
tors.

alkyl groups in 3-position of the thiophene rings forming the
chain, the charge-carrier mobility is considerably reduced
relative to that of the unsubstituted compounds owing to a
distortion of the intra- and intermolecular order arising from
the insertion of the side chains. The solubility can also be
increased through the synthesis of angulated molecules (e.g.,
star-shaped or dendritic oligomers, dimers with crosslike
structure (“cruciforms”), or branched or hyperbranched
polymers).”! Strategies for the solubilization of linear semi-
conducting polymers include the attachment of alkyl sub-
stituents, preferably in a regioregular manner, or the prepa-
ration of alternating copolymers.

A major problem in the use of organic semiconductors is
the instability of the materials to light, atmospheric oxygen,
and humidity, or a combination of these stress factors, which
limits the shelf life of these components. The combination of
light and oxygen is regarded as particularly critical. This
problem is well documented, for example, for oligo- and
polythiophenes.” The penetration of air and humidity can be
partially prevented by encapsulation of the devices, but
alternative semiconducting materials that increase the stabil-
ity of the devices are also being sought. The key factor is the
shelf life, that is, the time for which the components may be
stored without a sacrifice in electronic function. The insta-
bility (oxidation sensitivity) of the compounds often lies in the
low ionization potential, that is, a high-lying HOMO energy
level. The HOMO energy is correlated among others with the
w electron topology and the effective conjugation length of
the compounds. Within a particular class of compounds (e.g.
acenes and oligothiophenes) an increased effective conjuga-
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tion length leads to energy-rich HOMO levels and thus to an
increased susceptibility towards oxidation. The effective
conjugation length in oligo- and polythiophenes is determined
primarily by the number and the substitution of the con-
jugated building blocks and the resulting chain conformation.
The latter is greatly influenced by the insertion of substituents
if these result in a distortion of the planarity of the molecular
construction. The compounds are then less readily oxidizable,
but the insertion of bulky substituents usually leads to a
reduced charge-carrier mobility through lowering of the
intermolecular order. In contrast, electron-rich substituents
(alkoxy groups) lead to a further increase in the HOMO
energy level. Electron-rich polythiophenes, such as poly(3,4-
ethylenedioxy-2,5-thiophene) (PEDOT), are only stable in
the oxidized (“doped”) state (PEDOT/PSS; poly(styrene
sulfonic acid) (PSS) as polymeric counterion of the oxidized
PEDOT chains) and are used as organic conductors (e.g. for
electrodes). In contrast, electron-deficient substituents on
oligothiophenes (e.g. 2,2-dicyanovinyl-1) lead to electronic
stabilization.!’! In this section many such structure—property
relationships are described.

3.1. Low Molecular Weight Compounds
3.1.1. Acenes and Heteroacenes

Whereas among the low molecular weight organic com-
pounds the highest charge-carrier mobilities in a single crystal
were measured for rubrene (20 cm?V~'s™!), pentacene has
the highest charge-carrier mobility in polycrystalline film (up
to 5 cm?>V~'s™)." Moreover, pentacene is characterized by
its adequate stability towards oxygen and humidity. However,
since it is almost insoluble in the common organic solvents, it
is processed solely by vacuum deposition.

Different strategies have been developed for the applica-
tion of thin pentacene films from solution. One method
consists of the synthesis of a soluble precursor, which after
film formation is converted into the target material penta-
cene. The first “pentacene precursor”, described by Miillen
and co-workers in 1996 (Scheme 1), was a 6,13-dihydro-
pentacene bridged at the 6,13-positions with 1,2,3,4-tetra-
chloro- or 1,2,3,4-tetrabromocyclohexa-1,3-diene, which was
synthesized from a 6,13-vinylene-bridged dihydropentacene
that was first prepared in a double Diels—Alder reaction with
dehydrobenzene generated in situ. This precursor was then
converted into the target compound in a further Diels—Alder
reaction with tetrahalothiophene dioxide. The resulting
“pentacene precursor” is soluble in common organic solvents.
After application of a thin film onto a suitable substrate by
spin coating, the bridging group can be eliminated thermally
at 200°C as 1,2,3,4-tetrahalobenzene in a retro-Diels—Alder
reaction. The unsubstituted pentacene remains as a polycrys-
talline film. Charge-carrier mobilities ¢ of up to 0.2 cm*V~'s™!
have been measured in field-effect transistors with pentacene
as semiconductor prepared in this way.

Drawbacks of the pentacene precursor developed by K.
Miillen and co-workers are the multistep and thus inconven-
ient synthetic method and the high temperature that is
necessary for elimination of the bridging groups. In 2002 a
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Scheme 1. Synthesis of a 1,2,3,4-tetrahalocyclohexa-1,3-diene-bridged
pentacene precursor.

research group from IBM published a simpler precursor
synthesis that started directly from pentacene itself
(Scheme 2).%! Pentacene reacts as diene in a Diels-Alder
reaction with an N-sulfinylacetamide, and is likewise bridged

N
¥

120-200°C

Scheme 2. Synthesis of a pentacene precursor by reaction of pentacene
with N-sulfinylacetamide.

in the 6,13-positions. The N-sulfinylacetamide can be elimi-
nated in a retro-Diels—Alder reaction at 120-200°C with
regeneration of pentacene. Organic field-effect transistors
(OEFT) with pentacene films prepared in this way showed a
charge-carrier mobility u of 0.29 cm*V~'s™! at a drain voltage
of Up=—20V in the linear region of the transfer character-
istics plot, and a charge-carrier mobility in the saturated
region of 0.89 cm’V's™'. The on/off ratio was 2x10".
Subramanian and co-workers also attempted to apply this
pentacene precursor onto the active layer by inkjet printing of
suitable solutions and investigated the dependency of the
charge-carrier mobility on the temperature and the duration
of the final thermal reaction.'¥ They used a solution of the
pentacene precursor in anisole and applied the semiconductor
layer by inkjet printing in a bottom-gate configuration on gold
source and drain electrodes and silicon dioxide as gate
insulator. It was shown that the degree of elimination of the
bridging group and the resulting charge-carrier mobility was
highly dependent upon the temperature and the tempering
time. An optimum for the charge-carrier mobility was found
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at 155°C (4 minutes) and a tempering at 180°C (1 minute)
The charge-carrier mobility was then around 0.02 cm*V~'s™
at an on/off ratio of 10°.

The temperature for the elimination of the bridging group
can be further lowered by the introduction of acid-labile
protecting groups on the nitrogen atom, for example, the tert-
butoxycarbonyl (Boc) group. So, N-sulfinyl-tert-butylcarba-
mate was used as dienophile for the reaction with penta-
cene.™ The resulting pentacene precursor is shown in
Figure 5 (left). If this precursor compound is mixed with a

00 oﬁj\
OO

Figure 5. Further pentacene precursors with sulfinylamide bridges.

photoacid before film formation (spin coating), protons can
be released in the film by UV irradiation that accelerate the
elimination of the bridging group through deprotection of the
nitrogen atom. In this way the elimination temperature could
be lowered from 150 to 130°C (5 minutes). In OFETs with
pentacene layers prepared in this way Hamers and co-workers
achieved a charge-carrier mobility of 0.13 cm*V~'s™" at an on/
off ratio of 3x10°. At the same time, the possibility of
photostructuring semiconductors is opened up. By using
photolithographic masks, acid is generated only in the
irradiated areas of the film. By selective conversion of the
irradiated area the remaining, soluble precursor can be
dissolved out of the unirradiated areas (in analogy to the
wet chemical development of a negative resist).

Structuring of the pentacene film can also be realized by
the use of polymerizable bridging groups, for example, in a
pentacene  precursor  with  N-sulfinylmethacrylamide
bridges."! This pentacene precursor is also shown in
Figure 5 (right). It has good solubility in chlorinated solvents,
acetone, and tetrahydrofuran (THF) as well as in esters such
as propylene glycol methyl ether acetate (PGMEA). The
methylacrylamide group of the bridge can be “polymerized”
photochemically. By dissolving out the non-cross-linked
precursor from the unirradiated areas and subsequent tem-
pering, a structured pentacene layer is obtained in which,
however, the cleaved polymer (polymethacrylamide)
remains. The maximum OFET charge-carrier mobility in
the bottom-gate configuration with silicon oxide as insulator
and gold source and drain electrodes was 0.015 cm*V~'s™! in
the linear region and 0.021 cm”*V~'s™! in the saturation region
with an on/off ratio of 2 x 10°.

An alternative possibility for solubilization of pentacene
is afforded by substitution of the primary structure with
solubilizing side groups. As direct substitution of the arene
with flexible alkyl chains disturbs the mn—m interaction
between the pentacene units in the solid state, Anthony
et al. introduced substituted ethynyl groups in the 6- and 13-
positions. These groups can be further substituted by alkyl or
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trialkylsilyl groups (Figure 6).'”) The synthesis starts with
pentacene-6,13-quinone, which is reacted in the first step with
alkynyl Grignard reagents and subsequent reduction of the
intermediate by SnCl,/HCI to form the pentacene derivative
(Scheme 3).

CoCO
I

CY e ORY T

Figure 6. Ethynyl-functionalized, soluble pentacenes.

R
. I
CULCD S GO
SnCl, / HCI =
O
I
R

Scheme 3. Synthesis of alkynyl-substituted pentacenes.

Introduction of the alkynyl side groups allows optimal
intermolecular — interaction of the substituted pentacenes
in the solid state. In the solid-state unsubstituted pentacene
has a so-called “herringbone” structure with an “edge-on-
surface” configuration of the molecules, through which a close
electronic interaction with only every second neighboring
molecule is possible (Figure 7a). The alkynyl side groups
force the pentacenes into a stacked surface-on-surface con-
figuration, which reinforces the m—m interaction between
direct neighbors."! The size of the (preferably spherical)
substituents on the alkynyl side group (e.g. fert-butyl,
trialkylsilyl) is pivotal to the solid-state structure. Anthony
et al. found that the electronic interaction of the pentacene
molecules is greatest when the size of the substituents on the
pentacene corresponds to about half the length of the
pentacene molecule (7 A). If the substituent is smaller than
7 A (e.g. triethylsilyl, 6.6 A), the pentacene molecules in the
film form a one-dimensional columnar arrangement (Fig-
ure 7b). With triisopropylsilyl (7.5 A) as substituent, a two-
dimensional “brick-wall” arrangement of the pentacenes is
found (Figure7c), whereas with substituents significantly
larger than 7 A a one-dimensional columnar arrangement is
again found. A clear correlation between solid-state structure
and charge-carrier mobility emerges from this study, whereby
the charge-carrier mobility yppyis @ maximum for compounds
with  “two-dimensional” electronic interaction (e.g.,
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Figure 7. Arrangement of pentacenes in the solid state: a) “herring-
bone” arrangement in unsubstituted pentacenes; b) one-dimensional
columnar arrangement of alkynyl-substituted pentacenes; c) two-
dimensional “brick-wall” arrangement of alkynylsilyl-substituted penta-
cenes.

0.4 cm*V~!s7! for (triisopropylsilyl)ethynyl-substituted pen-
tacene, on/off ratio 10°). Significantly smaller hole mobilities
(<0.001 cm*V~'s™") were found for compounds with one-
dimensional columnar arrangement of the pentacenes (e.g.,
(triethylsilyl)ethynyl-substituted derivatives). The measure-
ments were carried out on bottom-gate OFETs (gate of highly
doped silicon with thermally grown silicon dioxide as
insulator (dielectric)). The SiO, dielectric was treated with
octadecyltrichlorosilane (silanized) before the application of
the pentacene layer. In this series of investigations, the
pentacene compounds were vapor-deposited as a 75-nm-thick
layer. Gold source and drain electrodes were attached after
application of the pentacene, although solution processing of
the semiconductor is also possible.

The so-called anthradithiopenes (ADT) are isoelectronic
with pentacenes. Katz and co-workers synthesized terminally
alkyl substituted anthradithiophenes in a multistage synthesis
(Scheme 4)."! The synthesis starts from thiophene-2,3-dicar-
baldehyde, which is first protected as the bisacetal. The
protected compound is then lithiated in the 5-position with n-
butyllithium and alkylated with an alkyl iodide. The authors
used hexyl, dodecyl, and octadecyl iodide as alkyl iodides. The
bisacetal is then deprotected under acidic conditions, and the
alkyl-substituted dialdehyde is treated with cyclohexane-1,4-
dione in a fourfold aldol condensation reaction, from which a
mixture of syn- and anti-anthradithiophene quinones is
obtained. In analogy to the pentacene synthesis, the quinones
can be converted into the dialkyl-substituted ADTs. The
compounds are relatively soluble in hot toluene and in 1,2-
dichlorobenzene. The OFET charge-carrier mobilities were
determined by Katz and co-workers for both vapor and
solution-processed  dialkylanthradithiophene layers. A
bottom-gate/top-contact configuration was used for the
vapor-deposited samples, and a bottom-contact configuration
for the components prepared from solution (spin coating of
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Scheme 4. Synthesis of terminally alkyl-substituted anthradithiophenes
(only the anti compound is shown).

0.2-1% solution in hot chlorobenzene). A maximum charge-
carrier mobility (hole mobility) of 0.15cm’V~'s™! was
measured for the dihexyl derivative of the OFETs with
vapor-deposited ADTs. Charge-carrier mobilities of 0.01-
0.02 cm®V~'s™! were measured for dihexylanthradithiophene
layers applied from solution.

As with the pentacenes, the anthradithiophenes can be
(trialkylsilyl)ethynyl-substituted on the central aromatic
ring.”! These compounds, investigated by Anthony and co-
workers, are shown in Figure 8. As with the substituted

Py

|
R= Tsi”

L

Figure 8. (Trialkylsilyl)ethynyl-substituted anthradithiophenes.

pentacenes, the packing of these molecules in the solid state
depends on the substituents, but is more pronounced. The
(trimethylsilyl)ethynyl-substituted compound shows the her-
ringbone structure described for the unsubstituted pentacene.
Similar to (triisopropylsilyl)ethynyl-substituted pentacene,
(triethylsilyl)ethynyl-substituted anthradithiophene forms a
two-dimensional layered structure, whereas (triisopropyl-
silyl)ethynyl-substituted anthradithiophene crystallizes in a
one-dimensional columnar structure.

As expected, the solid-state structure again influences
considerably the observed charge-carrier mobilities. The
compounds were applied from solution (1-2% solutions in
www.angewandte.org
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toluene) to bottom-gate OFETSs with highly doped silicon as
gate, thermally grown silicon dioxide as dielectric, and vapor-
deposited gold source and drain electrodes. The highest
charge-carrier mobility was obtained with (triethylsilyl)-
ethynyl-substituted anthradithiophene (ca. 1cm*V~'s™!' at
an on/off ratio of 107). These values even exceeded the
characteristic values of OFETs with vapor-deposited (triiso-
propylsilyl)ethynyl-substituted pentacene as semiconductor,
which suggests a very high order of the solution-processed
ADT molecules in the film. In contrast, (triisopropylsilyl)e-
thynyl-substituted anthradithiophene showed a very low
charge-carrier mobility of less than 107* cm?V~'s™! (on/off
ratio of 10°), and no significant FET properties at all were
observed for the (trimethylsilyl)ethynyl-substituted anthradi-
thiophene.

An interesting approach in the area of solution-process-
able oligoacenes was described in 2005 by Blanchard and co-
workers with the synthesis of a thiophene—acene “hybrid
compound” based on a bis(naphtho[2,3-b]thienyl)bithio-
phene.™! Trimethylsilyl groups on the central thiophene
rings act as solublizing agents in the soluble precursor
compound and could be cleaved again with tetrabutylammo-
nium fluoride in pyridine. The synthesis of the precursor
compound is shown in Scheme 5. Naphtho[2,3-b]thiophene is
converted into the corresponding stannylated compound in a
reaction with n-butyllithium and tributylstannyl chloride. This
compound is converted into the precursor compound with
5,5'-dibromo-3,3'-bis(trimethylsilyl)-2,2"-bithiophene in a
Stille  reaction. 5,5-Dibromo-3,3'-bis(trimethylsilyl)-2,2-
bithiophene is obtained by bromination of 3,3',5,5'-tetrakis-

U. Scherf et al.

(trimethylsilyl)-2,2’-bithiophene with N-bromosuccinimide
(NBS). This compound in turn is prepared in a one-pot
reaction from 2,2'-bithiophene by successive reaction with n-
butyllithium and trimethylsilyl chloride. The “acene-thio-
phene” hybrid compound obtained after elimination of the
trimethylsilyl groups showed a charge-carrier mobility of
around 1x 102 cm?V~'s™' in OFETs with a vapor-deposited
semiconductor layer. The 2,2:5,2":5"2"-quaterthiophene
used as comparison showed about a one order of magnitude
lower charge-carrier mobility (2x107°cm?V~'s™!). The
latter-described derivatives also have potential for solution
processing of the soluble precursor compounds with subse-
quent elimination of the trimethylsilyl groups in the solid
state.

3.1.2. Oligothiophenes

After oligoacenes, oligothiophenes are the most inten-
sively studied class of oligomers for OFET applications.
Whereas unsubstituted oligothiophenes are very poorly
soluble and therefore difficult to purify and process, alkyl-
substituted oligothiophenes are sufficiently soluble to be
purified by, for example, column chromatography. Alkyl-
substituted oligothiophenes can be either end-group-func-
tionalized (a,w-functionalization) or side-group-functional-
ized (B-functionalization).

There are in general numerous methods for the synthesis
of oligothiophenes, as illustrated in Scheme 6 for the sexi-
thiophenes. The oldest method is the oxidative coupling of
two shorter oligothiophenes with iron(IIT) chloride.”” The

~ 7/
Si_
s I\ nBuLi ~di__s 7\ S/i nBuLi \Si 1\ S \Si/ . \Si J S \Si/
\_/ S Me;SiCl A/ S 7T Megsicl | T S /A -5 S /A
N Naf
/SI\ /SI\
\NBS
N\ o
S
‘O nBuLi/ BusSnCl ‘ 7\
O \ : O \ + Br \S/ ) Br
S S SnBujs .
‘ /Si\
[Pd(dba)s]
Cul / AsPh,

Scheme 5. Synthesis of acene—thiophene “hybrid compounds” (the final elimination of the TMS group is not shown). NBS = N-bromosuccini-

mide.
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Scheme 6. Possibilities for the synthesis of oligothiophenes, illustrated
by the synthesis of sexithiophene (6T).

disadvantage of this synthesis is contamination of the product
with iron residues, which often lead to an increase in the “off”
current and thus to a lowering of the on/off ratio. An
oligomeric mixture is often obtained in this synthesis and can
only be separated with considerable effort, especially for
unsubstituted starting materials (R=H). In addition, 3-
couplings in the oligothiophenes (false coupling) are increas-
ingly found with increasing chain length of the educts.

Such false couplings can be avoided with a transition-
metal-catalyzed aryl-aryl coupling reaction. For example, the
reactants can first be metalated in the o position with butyl
lithium, and then the lithiated compounds can be dimerized
with the help of copper(II) chloride or iron(III) acetylacet-
onate.”” In addition to the homocoupling of two mono-
bromo-substituted terthiophenes according to Yamamoto, the
so-called Kumada coupling, in which a Grignard compound is
reacted with a halide, is also a possibility; nickel(II) com-
plexes and palladium(II) complexes (e.g. [Ni(dppp)Cl,] or
[Pd(dppf)CL,]; dppp = 1,3-bis(diphenylphosphino)propane;
dppf = 1,1"-bis(diphenylphosphino)ferrocene) are used as
catalysts.”" Tn a method introduced by Millstein and Stille
in 1978, tin organyls and halides are coupled with the aid of a
palladium(0) catalyst.” A further transition-metal-catalyzed
reaction is the so-called Suzuki coupling, in which a boronic
acid or ester is treated with a halide.” Again, Pd’ complexes
are used as catalysts, this time under basic conditions.

As discussed in the Introduction, unsubstituted
(Scheme 6: R=H) and substituted oligothiophenes show
significant differences in solubility and processability.””) The
very low solubility of unsubstituted oligothiophenes can be
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considerably increased by f substitution (e.g. with alkyl
chains). However, the f-alkyl side chains bring about a
reduction on the long-range order of the molecules in the
solid state, which leads to a reduction in the charge-carrier
mobility. The better alternative is a (double) alkyl substitution
in the terminal a and  positions.
a,w-Dialkyl-functionalized oligothiophenes (Scheme 6:
R =alkyl) show a significantly increased OFET charge-
carrier mobility relative to unsubstituted compounds in
vapor-deposited semiconductor layers. Higher order of the
alkyl-substituted oligomers in the film is suggested as a cause
of this behavior.?®! Structural analyses by X-ray diffractom-
etry have shown that the terminally alkyl-substituted com-
pounds in the film are arranged perpendicular to the substrate
surface (Figure9), a finding that is supported by the
anisotropy of the conductance (the conductance parallel to
the substrate surface is higher than the conductance orthog-
onally). Halik et al. investigated systematically the depend-
ency of the charge-carrier mobility on the number of
thiophene units and the length of the alkyl substituents.
They compared o,w-substituted oligomers with four to six
thiophene units and alkyl substituents with a chain length
between two and ten carbon atoms,”! and also included
differences in the construction of the OFET devices (bottom
gate/bottom contact and bottom gate/top contact). They
found that the number of thiophene units had only a modest
effect on the charge-carrier mobility. In contrast, the charge-
carrier mobilities of unsubstituted sexithiophene (6T) and
a,w-dialkyl-substituted sexithiophenes with an alkyl chain
length of 2, 6, and 10 show significant differences (Table 1).
The charge-carrier mobilities were higher in both config-
urations (top contact and bottom contact) for the alkyl-
substituted compounds than for the unsubstituted compound
6T. In the top-contact configuration the compounds with the
shorter alkyl groups, however, showed significantly higher
charge-carrier mobilities than the 6T derivative with the C
side chain, whereas in the bottom-contact configuration the
value for the charge-carrier mobility remained essentially
independent of the length of the alkyl groups. The highest

Figure 9. Spatial alignment of a,w-dialkyl-substituted oligothiophenes
in the film relative to the isolator layer.
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Table 1: Charge-carrier mobilities of a,w-dialkyl-substituted oligothio-
phenes with different length alkyl groups (from Halik et al.®)).

Semiconductor? Bottom-gate OFETs Charge-carrier on/
contact configuration ~ mobility [cm?V~'s™'] off

ratio

DDo4T top/bottom 0.1/0.2 10/
10°

DDa5T top/bottom 0.1/0.5 10%/
10°

DDa6T top/bottom 0.1/0.5 10/
10°

DHa6T top/bottom 1.0/0.5 10/
10°

DEa6T top/bottom 1.1/0.6 10%/
10

6T top/bottom 0.07/0.1 10%/
10°

[a] DDa4T =didecylquaterthiophene, DDa5T =didecylquinquethio-
phene, DDa6T =didecylsexithiophene, DHa6T = dihexylsexithiophene,
DEa6T =diethylsexithiophene, 6T = sexithiophene.

charge-carrier mobilities were found for the oligothiophene
derivatives with C, and Cy alkyl chains in the top-contact
configuration. Halik et al. rationalized this result on the basis
of a significantly reduced “barrier” for migration of the
charge carrier in the case of the shorter alkyl chains. These
differences come into effect to a much greater extent in the
top-contact configuration than in the bottom-contact arrange-
ment, since in the former many such “barriers” come into
effect when crossing the semiconductor layer.

Solution-processed OFETs with an active layer of a,w-
dialkyl-substituted oligothiophenes can be prepared with a
suitable solvent and processing temperature. Garnier et al.
showed that the charge-carrier mobility (1.2x
102 ecm?V~'s™") with a,m-dihexylquaterthiophene as p-semi-
conductor in solution-processed layers (spin coating from
chloroform) was only slightly lower than that of the vapor-
deposited films (3x102ecmV~"'s™").% About a 10 times
lower charge-carrier mobility was measured for unsubstituted
quaterthiophene (2.5 x 107* cm?V~'s™!). Garnier et al. attrib-
uted this difference to the liquid crystal properties of their
a,w-dialkyl-substituted oligothiophenes, on the basis of which
the molecules in the layer can achieve a higher long-range
order.*!

Katz et al. investigated solution-processed OFETs with
a,w-dihexylquinquethiophene (DHaS5T) and o,w-dihexyl-
sexithiophene (DHa6T) as semiconductors.”? The com-
pounds were processed into thin films from solutions of the
semiconductors in chlorobenzene, 1,2,4-trichlorobenzene, or
3-methylthiophene at 50-60°C (spin coating). Either thermal
silicon dioxide on highly doped silicon (as a gate electrode) or
polyimide on indium-tin oxide (ITO) acted as substrates.
After removal of solvent residues by heating in a vacuum, the
gold source and drain electrodes were applied by vapor
deposition (top-contact configuration). Charge-carrier mobi-
lities of up to 0.1 cm*V~'s™! were measured in the OFETS
prepared from DHa6T. DHaS5 T showed a maximum charge-
carrier mobility of 0.04 cm™ V!s™L
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The previous results show impressively that it is generally
possible to process a,w-dialkyl-substituted oligothiophenes
into OFETs from solution. However, owing to their limited
solubility, the oligomers must be processed mostly at high
temperatures from high-boiling solvents or by warming the
substrate. As already pointed out in the Introduction, one
concept for increasing the solubility still further is the
synthesis of angularly constructed molecules and of molecules
with three-dimensional molecular structure. Ponomarenko
et al. describe radial oligothiophenes that were prepared by
Kumada coupling of 1,3,5-tribromobenzene with w-Grignard
compounds  of  a-decyl-substituted  oligothiophenes
(Scheme 7).5¥ The compounds are readily soluble in chloro-
form and can be processed by spin-coating. In a bottom-gate/
bottom-contact configuration Ponomarenko et al. were able
to obtain maximum charge-carrier mobilities of 2x

nBuLi
MgBr,-Et,0

Scheme 7. Synthesis of radial oligothiophenes with a 1,3,5-trisubsti-
tuted benzene core segment.

Angew. Chem. Int. Ed. 2008, 47, 4070— 4098


http://www.angewandte.org

Organic Field-Effect Transistors

10*em?*V-'s™' for 1,3,5-tris(5"-decyl-2,2":5' 2"-terthien-5-
yl)benzene (on/off ratio 10* at a threshold voltage close to
0V). It emerges from AFM and X-ray measurements that the
three-armed molecules arranged themselves into lamellar
layers in the film. It may be assumed that strong m—mx
interactions arise within the layers; between layers the
interaction is small, also owing to the extended C,, alkyl
substituents, which is in agreement with the low OFET
charge-carrier mobilities.

Liu et al. replaced the 1,3,5-substituted benzene core of
the radial oligothiophenes they had previously synthesized
with truxene (10,15-dihydro-5H-diindenol[1,2-a;1’,2-c]fluo-
rene), which is hexahexyl-substituted to increase the solubil-
ity still further. The side arms comprise one to three
thiophene units.*¥ The construction of the oligomers starting
from tribromotruxene was carried out by repetitive Suzuki
coupling with thiophene-2-boronic acid and subsequent
bromination of the thiophene side groups in the 5-position
with NBS (Scheme 8). The soluble compounds could be
processed by spin coating and produced homogeneous,
polycrystalline films with different degrees of crystallization.
Both X-ray scattering and scanning electron microscopy
demonstrated that the morphology of the compounds in the
solid state shifts from polycrystalline towards amorphous with
increasing number of thiophene units. The highest OFET
charge-carrier mobility in the bottom-gate/top-contact con-
figuration was measured at 1 x 1072 cm?V~'s™! for the more
crystalline compounds with only one thiophene unit in each
side arm.

In another approach Ponomarenko et al. pursued the
synthesis of three-dimensional, radial oligothiophenes with

Scheme 8. Synthesis of radial oligothiophenes with a truxene core segment.
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flexible alkyl spacers.® Starting from a tetragonal silicon
center, they attached four hexyl-substituted quaterthiophene
arms through flexible alkyl spacer units. The synthetic
pathway is shown in Scheme 9. The tetraallylsilyl core unit
is obtained by reaction of tetrachlorosilane with allyl magne-
sium chloride. 5-(Undec-10-en-1-yl1)-2,2’-bithiophene is ter-
minally dimethylsilyl-functionalized in a hydrosilylation reac-
tion with 1,1,3,3-tetramethyldisiloxane. This Si—H-function-
alized compound is added to the double bonds of the core unit
in a further fourfold hydrosilylation reaction. The tetragonal
compound with terminal bithiophene units obtained is
tetrabrominated with NBS and converted into the radial
target compound with 5-hexyl-2,2'-bithiophene-5'-pinacola-
toboronate by Suzuki coupling. The crystalline compound is
soluble in toluene, THF, and chloroform with slight warming,
and homogeneous films can be obtained by spin coating.
AFM measurements suggest that the four-armed molecule is
arranged in the film perpendicular to the substrate in lamellar
layers, similar to o,m-substituted oligothiophenes, in which
each of two side arms are directed upwards and two down-
wards. In an OFET device in bottom-gate/bottom-contact
configuration, a charge-carrier mobility of 1 x 1072 cm*V~'s™!
at an on/off ratio of 10° was measured for solution-processed
layers (spin coating from toluene/tempering at 70°C). The
value for the hole mobility is comparable with that of Halik
et al. for a,w-didecylquaterthiophene.

A further possibility for soluble three-dimensionally
constructed oligothiophenes is the synthesis of cruciform
compounds with flexible molecular structure (so-called
“swivel cruciforms”) whose subunits are rotatable about the
central molecular axis, unlike the previously described radial
compounds with 1,3,5-tri-
substituted benzene or
truxenes as rigid core.
This behavior is expressed
by the term “swivel”. Far-
rell, Scherf, and co-work-
ers described different
swivel-cruciform  oligo-
thiophenes with, in each
case, three to seven thio-
phene units in a molecular
arm, in part with addi-
tional a,w-alkyl substitu-
ents.* In the synthesis,
3,3'-bithiophene as core
segment is first tetrabro-
minated in the 2,2',5,5-
position and then coupled
fourfold with a-functional-
ized oligothiophenes by
Stille coupling
(Scheme 10). The o,m-
dihexylpentathiophene
dimer (R =hexyl, n=2) is
particularly  soluble in
chloroform. X-ray diffrac-
trometric investigations on
layers produced by spin
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Scheme 9. Synthesis of radial oligothiophenes with a tetragonal SiR, core segment.

n=1273
R=H, CeHis
R’ = CHy, C4Ho

Scheme 10. Synthesis of “swivel-cruciform” oligothiophenes.

coating suggest that similar to their linear analogues, the
dimeric molecules are arranged perpendicular to the sub-
strate in lamellar stacks. The OFET properties were inves-
tigated in devices with bottom-gate/bottom-contact config-
uration. The semiconductor layer was applied by spin coating
from chloroform and tempered at 120°C for subsequent
crystallization A maximum charge-carrier mobility of 1.2 x
1072 cm?>V~'s™! with an on/off ratio of >10° was found. This
value lies in the same order of magnitude as the charge-carrier
mobility of vapor-deposited layers of linear o,w-alkyl-sub-
stituted oligothiophenes. Oligothiophene dimers with a spiro
linkage to the core unit have also been described as an
alternative to the swivel-cruciform oligothiophenes dis-
cussed.l”)

The use of soluble precursor compounds for pentacene
derivatives has already been discussed in detail in Sec-
tion 3.1.1. Fréchet and co-workers extended this concept to

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oligothiophenes.”™ They prepared oligothiophenes with four
to seven thiophene units substituted in the a,w-position with
1-carboxypropyl groups. These groups can be cleaved ther-
mally (ester pyrolysis) to produce insoluble o,w-propenyl-
substituted oligothiophenes (Scheme 11).

The synthesis of these oligothiophenes is shown in
Scheme 12. First, 2,2"-bithiophene is treated with propanoyl
chloride in a Friedel-Crafts acylation. The ketone obtained is
reduced to the secondary alcohol with LiAIH, and esterified
with 2-butyloctanoyl chloride. The functionalized bithio-

. I\ s I
RZ/S//O SIS R2
o

n=0-3

150 - 200 °C

Scheme 11. Thermal conversion of a,w-bis(1-carboxypropyl)-substi-
tuted oligothiophenes.
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Scheme 12. Synthesis of a,m-bis(1-carboxypropyl)-substituted oligothiophenes, illustrated by the example of the sexithiophene derivative.

DMAP = 4-dimethylaminopyridine; Py = pyridine.

phene is brominated with NBS and converted into the target
oligomers. The synthesis of the quaterthiophene derivatives is
carried out by homocoupling of the bithiophene. The
quinquethiophene derivative and the sexithiophene deriva-
tive are obtained by Stille coupling of the brominated
bithiophene with respectively 2,5-bis(trimethylstannyl)thio-
phene and 5,5-bis(trimethylstannyl)-2,2'-bithiophene. In the
synthesis of the heptathiophene derivative, the brominated
bithiophene is first extended by one thiophene unit by Stille
coupling with 2-trimethylstannylthiophene, again brominated
in the w position and treated with 2,5-bis(trimethylstannyl)-
thiophene.

Fréchet and co-workers carried out the thermal cleavage
of the ester groups in the film and followed the associated
changes in morphology with NEXAFS (near-edge X-ray
absorption fine structure) spectroscopy and AFM (atomic
force microscopy).’®! Oligomer films were applied by spin
coating onto SiO, supports from chloroform and then heated
at different temperatures. The quaterthiophene derivative did
not form a homogeneous film and could not be examined
further. The quinque- and sexithiophene derivatives formed
homogeneous amorphous films at room temperature. The
cleavage of the solubilizing ester groups starts at around
125°C and is almost complete at 200 °C. The thermal cleavage
of the ester groups is associated with a considerable reorgan-
ization of the molecule in the solid state. Terrace structures
are formed during the thermal conversion, whereby the
molecular axis is oriented perpendicular to the substrate.
Films of the quinquethiophene derivatives remain uniform up
to around 225°C; only on increasing the temperature to
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250°C were cracks and de-wetting observed. The films of
sexithiophene showed cracks only above 250°C. In contrast to
the shorter oligomers, reorientation of the molecules (terrace
formation) for the heptathiophene derivative was only
observed above 225°C. The authors attributed these results
to competitive influencing factors that drive the reorientation
of the molecules in the film. These are the intermolecular s—
7 interactions between the conjugated oligomers and the
interactions with the substrate. At the temperatures necessary
for the cleavage of the ester groups, the kinetic energy
necessary for the reorientation is supplied simultaneously to
the molecules. The reorientation takes place even at lower
temperatures for the smaller oligomers (quinque- and sex-
ithiophene derivatives). This leads to an increased kinetic
energy of the molecules at a further increase in temperature
so that the interaction energy with the substrate can be more
readily overcome. In the heptathiophene derivative cleavage
and reorientation only take place above 300°C
Measurements of the dependency of OFET charge-carrier
mobility on conversion temperature in the solid state show a
good correlation with the observed morphology in the film.
The measurements were carried out on OFETs with Si gate,
thermal SiO, as dielectric, and gold source and drain
electrode in the top-contact configuration. Whereas the
charge-carrier mobilities upgr at room temperature were in
all cases around 107°cm?V~!'s™!, significantly higher
Uper values were measured after elimination of the ester
group: for the quinquethiophene derivative a maximum value
of 0.02cm?V~'s™! at an on/off ratio of 10* (tempering at
200°C). After a further temperature increase to 225°C the
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urer values fall again rapidly. The sexithiophene derivative
shows maximum ppgr values of 0.05 cm?V~'s™! (tempering at
200°C), whereas a maximum charge-carrier mobility of
0.06 cm*V~'s™! is first achieved above a conversion temper-
ature of 225°C for the heptathiophene derivative.

Fréchet et al. have tested different substrates and appli-
cation methods for the semiconductor layers, in particular for
the sexithiophene derivative. No uniform film could be
produced for both silanized SiO, (octadecyltrichlorosilane
(OTS) as silylation reagent) and for poly(vinylphenol) (PVP)
as polymeric dielectric, independent of the solvent used. Spin
coating, dip coating, and inkjet printing were compared as
application methods. The best result was achieved after spin
coating from chloroform and with untreated thermal SiO, as
dielectric in the top-contact configuration (charge-carrier
mobility gper: 0.07 cm?V~'s™!). The high charge-carrier
mobility of OFETs in the bottom-contact configuration
prepared by inkjet printing from anisole solution is attractive
for potential roll-to-roll applications. At 0.06 cm?V~'s™!, this
value almost approaches that obtained by spin coating, so that
inkjet printing represents a very promising processing variant.

A general disadvantage of oligothiophenes is their high
sensitivity towards atmospheric oxygen. As already discussed
in the Introduction, the oxidation stability of the compounds
can be increased by a reduction in the HOMO energy level. In
the case of oligothiophenes, this can be achieved through the
introduction of fluorene units as “chain components”. Stroh-
riegl and co-workers prepared 5,5-bis(9,9’-dialkylfluoren-2-
y1)-2,2"-bithiophene oligomers and determined their OFET
charge-carrier mobilities.’”) They tested two different syn-
thetic routes for the oligomers with different lengths of the
alkyl substituent R (Scheme 13): in both cases a Suzuki

o 0
/B_B\
s o ©

/ A\
SN/

nBuLi/ TMEDA
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coupling is involved in which in Route 1 the 2-boronic ester of
a 9,9-dialkylfluorene is treated with 5,5'-dibromo-2,2'-bithio-
phene, and in Route 2 2-bromo-9,9-dialkylfluorene with the
diboronic ester of the bithiophene. Whereas the reaction in
Route 1 leads to a series of by-products (e.g. dimers through
homocoupling), the reaction according to Route 2 leads to the
target oligomer within 2 hours in very good yield (75 %).

Differential calorimetric and polarization microscopic
investigations show that the oligomers with linear alkyl side
groups (e.g. ethyl, butyl, octyl) are crystalline, whereas
compounds with branched alkyl side groups (e.g. methyl-
propyl, ethylhexyl) are amorphous. Some of the oligomers
were tested as the semiconductors in OFETs with bottom-
gate/bottom-contact configuration. Highly doped n-silicon
acted as the gate electrode, on which thermally grown silicon
dioxide was used as insulator. The gold source and drain
electrodes were then attached, followed by the fluorene—
thiophene oligomers as a 100-nm-thick layer. Finally, the
devices were tempered for 20 minutes at 80°C. A charge-
carrier mobility of 10~° cm*V~'s~" at an on/off ratio of 10* was
measured for R =methylpropyl. Since this compound is
amorphous and has very good film formation properties,
similar charge-carrier mobilities were also achieved for
solution-processed OFETs. In contrast, the crystalline
oligomers with R=ethyl or butyl do not allow solution
processing. A charge-carrier mobility of 2x10~* cm?V~'s™!
(on/off ratio 10*) was measured for the butyl-substituted
oligomer for OFETs with a vapor-deposited semiconductor
layer. The highest charge-carrier mobility of 3x
102 cm?*V's™' was demonstrated for the highly crystalline
tetraethyl derivative (on/off ratio of 10°).

o
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Scheme 13. Synthetic pathways to 5,5'-bis(9,9"-dialkylfluoren-2-yl)-2,2"-bisthiophenes (R =ethyl, butyl, octyl, methylpropyl, ethylhexyl).
TMEDA = N,N,N’,N'-tetramethylethylenediamine; PTC = phase-transfer catalyst.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 4070— 4098


http://www.angewandte.org

Organic Field-Effect Transistors

The stability of the OFETSs with the tetraethyl oligomer as
semiconductor was tested by storage of the components for
three months under ambient conditions. The properties of the
OFET devices and directly after preparation and after three-
month storage under ambient conditions are compared in
Figure 10. Both the charge-carrier mobility and the on/off
ratio remained almost constant. The threshold voltage was
shifted from —15 V for the “freshly” prepared component to
only —5 V after storage.

a) mobility /
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Figure 10. OFET characteristic plots for bottom-gate/top-contact devi-
ces with 5,5'-bis(9,9'-diethylfluoren-2-yl)-2,2"-bithiophene as oligomeric
semiconductor: a) freshly prepared device; b) after storage for

3 months under ambient conditions. Left: OFET transfer character-
istics (solid lines, Up=—2V, —20 V). The dashed curves show the
mobility values (for Up=—2 V). Right: Output characteristics for
different gate voltages.

Materials of the same substance class but without alkyl
chains at the 9,9-positions of the fluorene units show a
charge-carrier mobility in the region of 0.1 cm*V~'s™" if they
are applied to a tempered substrate by vacuum sublimation
and if a top-gate OFET configuration is chosen instead of the
bottom-gate configuration.*! With solution processing by
spin coating, these poorly soluble materials lose about two
orders of magnitude in their charge-carrier mobilities since it
is then very difficult to produce homogeneous, microcrystal-
line films.

3.1.3. Liquid Crystals

The work on the application of low molecular weight
OFET materials described previously clearly shows that the
macroscopic orientation of the molecules in the film plays the
pivotal role for the charge-carrier mobility that is achievable.
Therefore, it followed that high order could also be achieved
with liquid-crystalline compounds. Initial time-of-flight
(TOF) measurements of charge-carrier mobility in discotic
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liquid crystals had already been described in 1994 by Ring-
sdorf and co-workers. 2,3,6,7,10,11-Hexa(hexylthio)tripheny-
lene showed TOF charge-carrier mobilities of up to
0.1 cm*V~1s7!, although it has to be taken into account that
OFET charge-carrier mobilities generally turn out to be
lower.!

Garnier etal. and Amundson etal. later carried out
experiments in liquid-crystalline a,w-dialkyl-substituted oli-
gothiophenes.?! Unlike the discotic compounds investigated
by Ringsdorf and co-workers, these are calamitic (rod-
shaped) liquid crystals. The compounds, crystalline at room
temperature, form one or more thermotropic liquid-crystal
phases (LC phases). Supramolecular assembly of the mole-
cules in the solid state can be conveniently accomplished from
nematic or smectic LC phases with or without the use of an
additional orientation layer. McCulloch etal. tested the
suitability of liquid-crystalline o,w-substituted oligothio-
phenes with cross-linkable a,w-substituents for their suitabil-
ity as semiconductors in OFETs.®] The idea behind this
approach is an orientation of the non-cross-linked compounds
in the LC state followed by a final structural fixing of the
ordered state by photochemical cross-linking. The quater-
thiophene derivatives illustrated in Figure 11 were used for
this purpose. Maximum charge-carrier mobilities between 1 x
107* and 2x 1072 cm®*V~'s™! were measured for the quater-
thiophenes in the cross-linked state.
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Figure 11. Cross-linkable, liquid-crystalline oligothiophenes.

OFETs in the bottom-gate/bottom-contact configuration
with thermal silicon dioxide as gate dielectric and gold source
and drain electrodes were used for the measurement of the
charge-carrier mobilities. The SiO, surface was treated
(silanized) with hexamethyldisilazane (HMDS) to ensure a
perpendicular orientation of the molecular axis relative to the
substrate in the smectic LC phase. For the orientation, the
semiconductor layers were heated to a few degrees above the
isotropization temperature and then slowly cooled into the
LC phase. The layers were finally cross-linked photochemi-
cally by UV irradiation. The charge-carrier mobilities were
measured before and after orientation as well as after cross-
linking. The values for the charge-carrier mobilities are
slightly improved after tempering (orientation) relative to the
values before tempering, but fell again after cross-linking.
McCulloch et al. attributed the small orientation effect to the
high viscosity in the film through which an optimal alignment
of the molecules is made difficult.
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Liquid-crystalline bis(thienylethynyl)-substituted terthio-
phene derivatives (Figure 12) were also investigated in
addition to the quaterthiophene derivatives.*! Mobilities of
up t0 0.02 cm? Vs were reported for this class of molecules.

/S\QS M\ s I\

/AN
Figure 12. Structure of a liquid-crystalline 5,5"-bis (5-hexyl-2-thienyl-
ethynyl)-2,2":5',2"-terthiophene.

These oligothiophenes exhibit very high stability towards
humidity and oxygen as well as very good solubility in
common solvents. The high mobilities are explained by the
formation of extended liquid-crystal domains in the semi-
conductor layer.

A very interesting group of organic semiconductor
materials are soluble discotic liquid-crystalline compounds.
The interest is traced back to the work of Ringsdorf and co-
workers described previously. Building on this work, Miillen
and co-workers achieved higher degrees of order and charge-
carrier mobilities through an increase in the intermolecular
interactions within the columns, for example, by use of
extended m-electron systems as core segment of the discotic
molecules. This strategy was particularly successful for hexa-
peri-benzocoronenes (HBCs) with solubilizing side chains at
the periphery. Miillen and co-workers devised a simple and
very efficient synthetic route for their preparation. Thus,
correspondingly substituted hexaphenylbenzenes as HBC
precursors are subjected to an oxidative cyclodehydrogena-
tion (e.g. with FeCl; or AlCl,/Cu salt; Scheme 14).14!

Correspondingly substituted HBCs thermotropically
develop liquid-crystalline phases in which the molecules
take up columnar superstructures, which in turn can form two-
dimensional lattices. The extended st orbitals of neighboring
molecules overlap optimally in the mesophase so that in
microwave conductance experiments very high microscopic
(intercolumnar) charge-carrier mobilities of up to
1.1em?*V~'s™ (for HBC-PhC,,) were measured along the
columnar axis.*! For effective application in OFETSs, the
HBC molecular discs must be aligned heterotropically, that is,
perpendicular to the substrate, since charge transport has to

L L
R l li.ﬂ l R

R

R = CyzHa5, CeHaCroHas

Scheme 14. Synthetic pathways to the preparation of hexa-peri-benzo-
coronenes by oxidative cyclodehydrogenation.
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take place through the columns. Two methods were devel-
oped to realize such a morphology: spin coating onto silanized
(hydrophobic) oxidic substrates and so-called zone casting.[*”)
In the latter method, a solution of the semiconductor is
applied through a jet onto a moving substrate whereby the
temperature of the jet and the substrate can be accurately
controlled. In bottom-gate OFETS, charge-carrier mobilities
of up to 1x 1072 cm*V~'s™! (on/off ratio 10*) were measured
for HBC layers (R = C,,H,;) applied by zone casting.*®!

3.2. Polymeric Materials
3.2.1. Polythiophenes

Arguments for the use of soluble, semiconducting poly-
mers in microelectronic devices (including OFETs) are their
simple processability, normally very good film-forming prop-
erties, and the high flexibility of the films relative to many low
molecular weight compounds. So-called “small molecules”
can be processed both by means of gas-phase techniques and
from solution, as discussed in detail in Section 3.1. However,
the resulting polycrystalline films are often very susceptible to
mechanical stress. With a view to polymeric semiconductors,
polythiophenes combine attractive semiconductor character-
istics (very low “off” conductance, high field-induced charge-
carrier mobility in the “on” state) with typical polymer
properties such as flexibility and low specific mass. Owing to
their good synthetic accessibility, polythiophenes are cur-
rently one of the most investigated and most frequently used
material classes of w-conjugated polymers for OFET devices.

Chemical and electrochemical methods were used for the
preparation of the first, unsubstituted polythiophenes. The
first chemical syntheses were published in 1980 by the groups
of Yamamoto and Lin (Scheme 15).*! The minor, soluble

Mg/THF
BN [Ni(bipy)Cl,] Y\
Br ~g” Br Yamamoto (1981) S
Mg/THF
J(SL‘ _Me@cac)] 7\ M = Pd, Ni,
Br™ ~g” "Br Lin (1980) s CoorFe

n

Scheme 15. First chemical syntheses of unsubstituted polythiophenes.
bipy=2,2"-bipyridyl; acac = acetylacetonate.

fraction of the products obtained has a number average
molecular weight (M,) of less than 3000 gmol~!, which
corresponds to a coupling of up to 36 thiophene rings. The
main fraction (ca.80%) is, however, insoluble. Field-effect
transistors with unsubstituted polythiophene as semiconduc-
tor material were described for the first time by Ando and
coworkers in 1986. A charge-carrier mobility pegre, Of
approximately 1x 107> cm?V~'s™ with an on/off ratio of
100-1000 was found for a bottom-gate transistor.”” The low
solubility of the unsubstituted polythiophenes is problematic.
Alkyl chains were introduced into the 3-position of the
thiophene monomers to produce longer chain, more readily

Angew. Chem. Int. Ed. 2008, 47, 4070— 4098


http://www.angewandte.org

Organic Field-Effect Transistors

soluble, and, above all, morphologically more uniform
polythiophene layers. Soluble poly(alkylthiophene)s were
reported for the first time in 1985. It was shown that the
alkyl side chains must contain at least four carbon atoms for
sufficiently soluble polythiophenes to be obtained. The first
poly(alkylthiophene)s were prepared in a Kumada metal-
catalyzed cross-coupling reaction. The molecular weights
achieved were still relatively low (M, =3000-8000 gmol~").P!
Poly(hexylthiophene) (PHT) was synthesized by Sugimoto
et al. by oxidative polymerization of 3-hexylthiophene with
FeCl, (see also Scheme 16a).°? The polymer films applied
from chloroform had a low OFET charge-carrier mobility of
107°-10"* cm? V157103

Angewandte

intramolecular electronic conjugation in the chain and the
possibility for intermolecular interaction in the solid state is
limited. It was therefore a considerable synthetic challenge to
develop preparative routes for regioregular poly(3-alkyl-
thiophene)s with continuous HT coupling of the alkylthio-
phene building blocks. Scheme 16 outlines the synthetic
routes developed over recent years for the preparation of
regioregular P3ATSs (Scheme 16 b-f).

3.2.2. Regioregular Poly(3-alkylthiophene)s

In recent years two attractive synthetic routes have
emerged for the synthesis of highly regioregular poly(3-
alkylthiophene)s P3AT (regioregu-

larity > 98 %) with high molecular

UR 2e; -2H" (R=H) / Diaz (1983) a) weight (M, >20000 gmol '): the
S\ FeCl; (R = CgHqs) / Sugimoto (1986) reductive coupling of dibromo mon-
omers with specially activated

R 1. LDA R i metals, preferably zinc, according to

m 2. MgBr,-OEt, /ﬂ\ _ INitdppp)Cl] b) Rieke and co-workers (Scheme 16¢),

g~ Br McCullough (1992) BrMg™ g~ Br and the so-called “Grignard meta-
thesis” according to McCullough and

;j IélafénCI R [PA(PPhy)] co-workers (GRIM) by reaction of

g (1990) /ﬂ\ —9 ) dibromo monomers with methyl

R BusSn™ g7 magnesium bromide and subsequent

@\ ] ; EI(DC')A\M e) — » nickel-catalyzed coupling of the

s” ! 3. (CHg,)zca(CHZOH)2 R Pd(OAc), s resulting mono-Grignard intermedi-
Guillerez (1998) N | 9 ate (Scheme 16 f). The main advant-

WQO S age of both methods compared with

R ] the other reactions shown in

zn ﬂ\ M e) Scheme 16b-d is the simple prepara-

R Rieke (1995) Clzn™ g~ Br tion of the thiophene monomer 2,5-
ﬂ\ — dibromo-3-alkylthiophene. ~ Com-
Br™ ~g” TBr CH;MgBr R [Ni(dppp)Cl] pared with the GRIM method, the

Bng/U\Br

McCullough (1999) S

Scheme 16. Synthetic strategies for the preparation of regioirregular (a) and regioregular poly-
(alkylthiophene)s (b—f); only one organometallic intermediate is illustrated in each case for routes

(e) and (f). (See reference [52] and references therein.)

Since 3-alkylthiophenes are not mirror symmetric mono-
mers, there are three possible coupling patterns of dimeric
subunits in the polymer chain if the thiophene building blocks
are connected solely in the 2- and S-positions (Figure 13).
These are a 2,5'- or head-to-tail coupling (called “HT”), a2,2'-
or head-to-head coupling (“HH”), and a 5,5'- or tail-to-tail
coupling (“TT”).

Regioirregularly  constructed  poly(alkylthiophene)s
(P3ATs) have a more or less random distribution of HT,
HH, and TT couplings. Owing to the extensive twisting of the
polymer chains in the sterically demanding HH couplings, the

/I \_s5.s
$75 N

7 \_5.s
s72 1\
R R
HT

7 \_2s
s°2 1\

HH ™

Figure 13. Regioisomeric coupling patterns in poly(alkylthiophene)s.
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Rieke reaction has the disadvantage
that the regioregularity depends
somewhat on the reaction temper-
ature selected. Interestingly, the
GRIM method in particular appears
to follow a chain-growth mechanism
brought about by a preferred transfer
of the active metal center to the respective chain end.F
The methods listed in Scheme 16 b-f provide P3ATs with
generally high regioregularities. The extent of regioregularity
has a dramatic effect on the morphology and the physical
properties of the polymers in the solid state. Charge-carrier
mobilities of up to 0.1 cm?V~'s7'! have been described for
the highly regioregular poly(3-hexylthiophene) (P3HT) in
OFETs processed from chloroform (for comparison: OFETs
prepared from regioirregular PHT show a very low charge-
carrier mobility of 10°~10~* cm?V~'s™"). The charge-carrier
mobility of P3HT is highly dependent on the solvent used
(differences of up to two orders of magnitude); the best
results are obtained with the use of chloroform.F® It is now
considered experimentally confirmed that the regioregular
P3ATs are partially crystalline and crystallize in laminar layer
domains, in which the layers of “surface-to-surface” stacked
polythiophene “main chains” are separated by layers of
isolating alkyl side chains. Highly regioregular P3AT thus
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usually forms a laminated structure with a vertical arrange-
ment of the thiophene molecular axis relative to the substrate,
(the m—mstacking alignment is parallel to the substrate;
Figure 14).°” Kuivalainen and co-workers demonstrated in a

B

Figure 14. Model for the packing of poly(3-hexylthiophene) (P3HT) in
the solid state (A: orientation of the molecular axes; B: intermolecular
stacking direction; C: orientation of the alkyl side groups).

comparative study of poly(3-alkylthiophene)s with alkyl side
chains of different length that the charge-carrier mobility «
decreases with increasing length of the alkyl chain from butyl
to decyl; this result is attributable to the isolating properties
of the alkyl side chain. The OFET charge-carrier mobilities
Uretsa Of freshly prepared P3AT films (spin coating from
chloroform) fall from 2x10~*cm?V~'s™ for poly(3-butyl-
thiophene) to tppre =6 1077 cm*V~'s™" for poly(3-decylth-
iophene).’® Nevertheless, the absolutely highest charge-
carrier mobilities were measured for thermally posttreated
poly(3-hexylthiophene) (up to 0.1 cm*V~'s™"). Owing to its
high glass-transition temperature, poly(3-butylthiophene) is
largely resistant to thermal posttreatment. The best compro-
mise between optimized solubility and processability (longest
possible alkyl side chain) and maximum charge-carrier
mobility (thinnest possible layer of isolating alkyl lamella in
the solid state) is reported for a side-chain length of six carbon
atoms in P3HT.

Zen etal. investigated the influence of the molecular
weight of P3HT on the OFET charge-carrier mobility.*” On
the basis of different polymer fractions, a dramatic increase in
charge-carrier mobility with increasing P3HT molecular
weight was established (M, =2200-19000 gmol™'; charge-
carrier mobilities increase from 5.5x1077 for the low
molecular weight P3HT fraction4 to 2.6x107°cm?V~'s™!
for the high molecular weight P3HT fraction 1; Tables 2 and
3).

Similar observations were also published around the same
time by McGehee and co-workers.™ Both groups reported
that the layers of low molecular weight P3HT at first appear
more crystalline; individual, extended crystallites can be
unambiguously identified in AFM measurements of the thin
films. Moreover, diffraction experiments show a very high
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Table 2: Molecular masses of the investigated poly(3-hexylthiophene)
(P3HT) fractions (from Zen et al.F¥).

Fraction M, [gmol ] M,, [gmol ] pD® DPP!
1 19000 25650 1.35 114
2 13800 20400 1.48 83
3 5600 6600 1.18 33
4 2200 3100 1.43 13

[a] PD = polydispersity; [b] DP=degree of polymerization (calculated
from M,).

Table 3: OFET charge-carrier mobilities (top gate) in the saturation
region and on/off ratios for P3HT fractions 1-4 (immediately after
preparation and after tempering at 150°C for 5 min; from Zen et al.F¥).

Fraction Charge-carrier mobilities [cm*V™'s™] on/off ratio

1 2.6x1073 38000

1, tempered 4.2x107° 80000

2 1.3x107° 19000

2, tempered 47x107* 8100
1.6x107° 270

3, tempered 43x107° 1100

4 5.5x1077 12

4, tempered 2.5%x107° 35

order in the chains within these crystallites. In contrast, the
films of high molecular weight polymers appear less ordered;
individual crystallites could not be identified. McGehee and
co-workers concluded from this observation that the low
charge-carrier mobility in the low molecular weight fractions
is attributable to charge-carrier traps at the crystal boundaries
of the crystallites, whereas high charge-carrier mobilities
ought to be present throughout in the highly ordered
crystalline domains. This finding was also supported by the
investigations of Sirringhaus and co-workers.! Neher and co-
workers argued that the charge-carrier mobility depends on
the mean crystallinity of the P3HT and not on the perfect
packing of individual crystallites.” On the basis of deuter-
ated P3HT samples, they found that the P3HT crystallites
were generally embedded in an amorphous matrix. Both
views do not contradict one another and describe partial
aspects of the observed effects.

In high molecular weight P3HT, the ordered regions
should be actively connected electronically through the
presence of long polymer chains, whereas these electronic
connections are absent in the low molecular weight P3HT.
Electronic isolation of the crystallites would thus be the
reason for the significant drop of the charge-carrier mobility
in low molecular weight P3HT. A readily visible indicator for
the increasing mean order of P3HT films with increasing
molecular weight is a deepening in the color of the films from
orange to violet as seen in Figure 15.

p-Semiconductor materials with low ionization potential
(typically smaller than 4.9-5.0 eV), for example, also regiore-
gular P3HT, are sensitive to oxidation and tend towards
unwanted shifts of the threshold voltage U; on storage or
during operation of the OFET devices. This behavior was
attributed to the primary formation of loose, reversible
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Decreasing molecular weight

>

M, = 19.000 gmol~ M, = 5.600 gmol-!
M, =2.200 gmol-

M, = 14.000 gmol-

OFET charge-carrier mobility

Heer = 0.014 cm? V'™ =0.00095 cm*V's™"

Hrer

Yper = 0.0039 cm? V-'s™ Hegr = 0.00000063 cm? V-'s™"

Figure 15. Photographs of thin P3HT films with different molecular
weights (for the molecular weights of the fractions see Table 2).

“charge-transfer” (CT) complexes with oxygen (doping).
Ficker et al. were indeed able to document that P3HT has a
very low photooxidative stability.”! They exposed non-
encapsulated transistor components with P3HT as semicon-
ductor to UV light in the presence of oxygen. At the same
time they were also able to detect the irreversible formation
of carbonyl defect sites in the polymer backbone by IR
spectroscopy. These defects arise in a reaction sequence with
a Diels—Alder reaction of singlet oxygen with the diene
system of the thiophene ring as initial step. A disruption of
conjugation, the formation of trap states for charge carriers,
and thus a reduction in charge-carrier mobility is associated
with the formation of such defect sites.

The stability towards oxidation of polythiophenes can be
improved by an increase in the ionization potential, for
example, by a distortion of the coplanar main-chain con-
formation (change in the substitution pattern of the side
chain) or through the incorporation of nonconjugated como-
nomer building blocks into the main chain.*! With a small
fraction of nonplanar or nonconjugated comonomer building
blocks, the resulting materials still form lamellar solid-state
structures with P3HT-like field-effect mobilities with signifi-
cantly increased storage and operating stability.

3.2.3. Poly(quaterthiophene)s

In 2004, Ong et al. published a derived class of solution-
processable,  regioregular  polythiophenes,  so-called
poly(3,3"”-dialkylquaterthiophene)s (PQTs), which have
excellent OFET properties.[]. Their processing can be
carried out under ambient conditions (no exclusion of light,
oxygen, or humidity), which is attributed to a slightly
increased ionization potential (difference to P3HT 0.1-
0.2eV). The PQTs contain longer alkyl side chains (C),),
but only on every second thiophene ring. In the synthesis, the
monomer 3,3""-dialkylquaterthiophene is coupled oxidatively
with FeCl; (Scheme 17).

The separation of conjugated main chain and alkyl side
chains leads as with P3HT to the formation of three-dimen-
sional, lamellar solid-state structures. The resulting OFET
mobilities upgrg Were found to be 0.02-0.05 cm*V~'s™" (on/
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Scheme 17. Synthesis of poly(3,3-bisdodecylquaterthiophene) (PQT).

off ratio ca. 10°). After tempering of the PQTs at 120-140°C,
the OFET charge-carrier mobility uggrg, remained almost
unchanged at 0.014 cm*V~'s™' (on/off ratio 107). A transistor
prepared from PQT nanoparticles showed a somewhat
increased charge-carrier mobility of 0.06 cm*V~'s™" after
tempering. OFET components prepared from PQT semi-
conductors show a high storage stability: the OFET charac-
teristics change only insignificantly when the components
were stored under ambient conditions for a month in the dark.

A year later Ong and co-workers also reported the
synthesis ~ of  poly(3,3"-dialkylterthiophene)s  (PTT)
(Figure 16) and their use as semiconductors in OFETs.[*!
The monomer 3,3"”-dialkylterthiophene was prepared by a
Suzuki coupling and likewise coupled oxidatively with FeCl,.

\ /) S\
n
R R
R = n-CyoHy4
PTT

Figure 16. Structure of poly(3,3"-dialkylterthiophene) (PTT).

The molecular weights (M,) are around 16000 gmol ', X-
ray diffractometric investigations on films processed from
chloroform show a slight twisting of the thienyl building
blocks along the main chain. In this way, the packing density
in the lamellar PTT layers falls, but the ionization potential
increases slightly. The OFET charge-carrier mobilities mea-
sured are in the region of 0.015-0.022 cm*V~'s™" at an on/off
ratio of 10%10° Stability investigations after storage for
30 days under atmospheric conditions revealed only a slightly
reduced on/off ratio (10°). In contrast, P3HT shows a large
decrease in the on/off ratio of 10° to 10* under comparable
conditions.””? In 2005, McCulloch etal. also synthesized
unsymmetrically substituted terthiophenes (Figure 17) and
used them as semiconductors in OFETSs.® These products
again show an increased stability towards oxidation relative to
P3HT, but only low charge-carrier mobilities of 10~*-
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Figure 17. Structures of unsymmetrically substituted poly(terthio-
phene)s.

1075 ecm?V~'s™! (on/off ratio 10%), and are thus unsuitable for
use as polymeric semiconductors in organic field-effect
transistors.

In 2006, McCulloch etal. reported on poly[2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene]s (PBTTT) as a
new class of polymeric semiconductor materials for OFET
devices with alkyl substituents R = C,H,,, C;;Hy, and C;;Hy
(Figure 18).%) The dibromothieno[3,2-b]thiophene mono-
mers were treated with corresponding distannylated 4,4'-
dialkylbithiophene comonomers in a Stille cross-coupling
reaction. The number average molecular weights (M,) were
around 30000 gmol .

R
S S
> T >
S S n
R

R =n-CygHyq, n-CyaHzs n-CisHze

PBTTT

Figure 18. Structure of poly[2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-
b]thiophene] (PBTTT).

Very high maximum charge-carrier mobilities ppgrg, Were
achieved in top-gate OFETs (channel length: 20 um; channel
width: 10 mm): They were around 0.6 cm?V~'s™! (R = C;,H,s;
on/off ratio > 107) if the gate insulator (thermal SiO,) was
silanized. Without this treatment step, charge-carrier mobi-
lities of only around 5x 107> cm?V~'s™! were measured with
the same OFET construction. Stability investigations under
ambient conditions (4 % relative humidity) showed a charge-
carrier mobility of a notable 0.15 cm?V~'s™" with an on/off
ratio of 8 x 107 after storage for 20 days.

Recently, Ong and co-workers also reported a poly[4,8-
dihexyl-2,6-bis(3-hexylthiophen-2-yl)benzo[1,2-b:4,5-
b']dithiophene] (Figure 19)."! The number average molec-
ular weights (M,) achieved were around 16300 gmol~'. The
polymer with condensed benzodithiophene building blocks
showed a very high charge-carrier mobility uppyg, of 0.15-
0.25 cm?V~'s™" (on/off ratio 10°-10°) in the top-gate OFETs
investigated, which was achieved without thermal posttreat-
ment (!). Long-term storage investigations carried out over

Figure 19. Structure of poly[4,8-dihexyl-2,6-bis (3-hexylthiophene-2-
yl)benzo[1,2-b:4,5-b'|bithiophene].
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30 days showed no significant changes in the transistor
characteristics. This conjugated polymer is thus a very
promising candidate for a roll-to-roll mass production process
of TFT-based circuits.

3.2.4. Polyfluorenes and Fluorene-Type Copolymers

Fluorene-based homo- and copolymers have been long
considered very attractive blue-emitter materials for organic
light-emitting diodes (OLEDs). The OLED devices are
characterized, among others, by a low operating voltage and
high OLED efficiency. Room-temperature TOF measure-
ments on poly(9,9-dioctylfluorene) (PFO) films with a film
thickness of 2-3 pm show a maximum hole mobility urop
10 em*V~'s™! if the nematic liquid-crystalline PFO was
oriented on a rubbed polyimide layer, relative to a charge-
carrier mobility of only 10*cm?V~'s™ for the isotropic
polymer film.""! Babel and Jenekhe reported on OFETs from
binary blends of regioregular P3HT and poly(9,9-dioctylfluor-
ene) (PFO) in different mixture ratios.”” AFM images of the
blends show spherical clusters, which suggests a phase-
separated system. The transistors prepared from it proved
to be stable in air and showed p-semiconductor behavior.
Charge-carrier mobilities of 2x107*-1x107° ecm*V~!s7!
depending on the P3HT/PFO mixture ratio were determined,
with a maximum on/off ratio of 700.

OFETs with oligofluorenes as semiconductor layers have
been described by Tsutsui, Chen, and co-workers.”” They
investigated hepta- and dodecafluorenes with different
branched alkyl side chains in the 9,9-position of the fluorene
unit (Figure 20) in a top-gate configuration and compared the

L i ﬁJ P! L
A OO OOy O oLy
H \W S8, ”Pﬁ ‘—\ oY 0
hl
bt 2y 2 P b L
)g) (/“H(‘\J«’lgg, \ J\J/F‘\,”A\F)f:/ ’; IJ) !

Figure 20. Structures of the investigated hepta- and dodecafluorenes.

data with poly(9,9-dioctylfluorene) (PFO) as polymeric semi-
conductor. The OFETs were constructed on rubbed and non-
rubbed polyimide layers and the films of oligomers and
polymers were spin coated from chloroform. The rubbed
polyimide substrate was then used for the preparation of
oriented semiconductor layers of the throughout nematic
liquid-crystalline oligo- and polyfluorenes. The hole mobi-
lities ppgrg achieved increased for the fluorene dodecamer
on transition from the amorphous to the glassy nematic phase
from 1x10°cm?*V's! by about 800 fold to 1.2x
107 cm*V~'s™! at a maximum on/off ratio of 10%.

The charge-carrier mobility of the poly(9,9-dialkylfluor-
ene)s is limited by the out-of-plane configuration of the side
chains, since the polymers in the solid state can only form two-
dimensional lamellar structures to a limited extent (the so-
called P phase of PFO). In this way, the intermolecular
transport of the charge carriers is impeded, which limits the
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charge-carrier mobility. To circum-
vent this restriction, poly(alkylide-
nefluorene)s with in-plane alkyl
substituents were prepared and
characterized by Heeney etal.
(Figure 21).1

These products have an sp*
hybridized carbon atom in the 9-
position, and the alkyl side chains of
the alkylidene groups are thus
aligned coplanar (in-plane) to the polymer backbone. In this
way, a cofacial aggregation is made simpler, which leads to
reduced intermolecular distances (<4 A) of the polymer
chains. The molecular weights (M, of the polymers obtained
were 4000 to 14000gmol™'. In OFETs, charge-carrier mobi-
lities of up to 3x 107* cm?V~'s™! at an on/off ratio of 10° were
measured. Tempering of the transistors to 170°C (30 min)—
somewhat above the glass-transition temperature of the
polymers (ca. 150 °C)—produced no significant improvement
in the charge-carrier mobility.["

R._R
859
R = C1oHay, Ci2Has, CaHae

Figure 21. Structure of
poly(alkylidenefluorene).

3.2.5. Alternating Thiophene-Based Copolymers

Alternating 9,9-dioctylfluorene/bithiophene copolymers
(F8T2) were first used in OFETS by Sirringhaus et al. FS§T2
forms a thermotropic nematic LC phase above 265°C and can
be oriented on a rubbed polyimide layer. In the synthesis of
F8T2, 2,7-bis(1,3,2-dioxaborolan-2-yl)-9,9-di-n-octylfluorene
is treated with 5,5’-dibromo-2,2"-bithiophene in a Suzuki aryl-
aryl cross-coupling reaction (Scheme 18).0°!

CZBB{; D

H17CS C8H17

S A\
\/ SBF

[Pd(PPhs),] / Na,CO4
Aliquat 336 / toluene

n

H,7Cs CgHqs

Scheme 18. Preparation of alternating 9,9-dioctylfluorene/bithiophene
copolymers (F8T2).

The number average molecular weights (M,) of the F8T2
obtained were around 60000 gmol~'. In the preparation of
the transistors, a polyimide layer is first applied to a suitable
substrate, which is then mechanically rubbed. The gold source
and drain electrodes are then attached photolithographically.
The F8T2 polymer film is then applied by spin coating from
xylene. The F8T2 chains are then aligned parallel to the
direction of rubbng by tempering for 15 minutes in the LC
phase at 285°C. In the top-gate configuration, the oriented
F8T2 layer obtained shows a maximum charge-carrier
mobility tppre of 0.009-0.02 cm?V~'s™ with parallel align-
ment of the polymer chains relative to the comb electrode.
The threshold voltages are at 1-10 V very small and, in
comparison with those of P3HT, essentially independent of
the gate voltage.”” In 2001, Sirringhaus et al. reported an all-
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polymer transistor prepared by inkjet printing with F8T2 as
semiconductor material.”® In this case, the source and drain
electrodes of PEDOT/PSS were first printed onto a poly-
imide-coated substrate. The semiconductor was then spin
coated and aligned by high-temperature treatment. Insulator
poly(vinylphenol) (PVP) was then printed and finally the gate
electrodes, also of PEDOT/PSS, were applied by inkjet
printing. The top-gate transistors thus obtained had charge-
carrier mobilities in the saturated region of 0.02 cm*V~'s™!
with an on/off ratio of 10°.

An alternative approach for the application of the
polymeric semiconductor F8T2 by means of the so-called
“friction-transfer” technique was described by the company
Epson. The polymer material to be applied is molded into a
block, which is drawn over a hot substrate under pressure to
generate the (oriented) material. The advantage of this
method is film preparation without solvents. With this
method, F8T2 is deposited at 230°C in the form of oriented
“nanowires”. A top-gate transistor prepared by this method
with gold electrodes, a 400-nm-thick F8T2 layer, a 1500-nm-
thick layer of an unspecified insulator, and a spin-coated
PEDOT/PSS gate electrode showed a charge-carrier mobility
Urptsa Of 3.5x 107 cm*V~'s™! (on/off ratio of 10°) when the
“nanowires” are aligned parallel to the source—drain channel.

Shim and co-workers attempted to improve the transistor
characteristics of such copolymers by incorporating con-
densed cyclic compounds such as pentacene, benzodithio-
phene, thienothiophene, and dithienothiophene into the
polymer chain.® Alternating fluorene/thieno[3,2-b]thio-
phene copolymers (FS8TT; Figure 22) show maximum OFET
charge-carrier mobilities of 1.1x107* cm*V~'s™!. The com-

O‘O d¢
S /
n
CgHiz CgHyy

F8TT

Figure 22. Structure of poly[9,9-dioctylfluorene-alt-thieno[3,2-b]thio-
phene] (F8TT).

parable transistor with F8T2 as semiconductor under similar
conditions gave a mobility uppre: of 0.4x 107 cm*V s,
Shim and co-workers attributed the increased mobility to a
higher ordered F8TT solid-state structure. However, by
tempering the transistor at 285 °C, the charge-carrier mobility
for FSTT dropped to 10~ cm?V~'s™!, which was explained by
a partial recrystallisation of the FSTT film and the resulting
formation of charge-carrier traps at the crystal boundaries.
In 2002, Asawapirom et al. published a series of alternat-
ing copolymers of fluorene and oligothiophene building
blocks as possible OFET semiconductor materials. These
were prepared in a Stille coupling from 9,9-dialkylated
dibromofluorene and bisstannylated oligothiophenes (molec-
ular weight (M,) up to 19000 gmol *; Figure 23). A few of the
fluorene/oligothiophene copolymers form stable, nematic LC
phases between 219 and 233 °C,; the maximum charge-carrier
mobilities yppre Were 1.1 x 1072 cm? Vs~ B Miillen and co-
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Figure 23. Alternating fluorene/oligothiophene copolymers.

n

workers recently reported on the use of alternating benzo-
thiadiazole/cyclopentadithiophene copolymers (Figure 24) as
semiconductor layer in  bottom-gate/bottom-contact
OFETs.®2l After tempering of the drop-coated substrates
(solvent 1,2.4-trichlorobenzene; substrate temperature:
100°C) at 200°C for 2 hours, unusually high hole mobilities
Urersa Of Up to 0.17 cm*V~'s™" were observed.

Figure 24. Structure of an alternating benzothiadiazole/cyclopentadi-
thiophene copolymer.

The insertion of the benzothiadiazole acceptor units
should greatly increase the storage stability. Similar copoly-
mers with modified alkyl side groups (ethylhexyl in place of
hexadecyl) have been used by Brabec and co-workers in
highly efficient organic solar cells of the bulk heterojunction
type.mb]

3.2.6. Poly(2,5-thienylenevinylene)s

A further class of polymers that is of interest as semi-
conductor materials for solution-processed organic transistors
are poly(2,5-thienylenevinylene)s (PVTs; Figure 25).

In 1993, Fuchigami et al. were the first to describe the use
of unsubstituted PTV in OFETs. Since PTV is insoluble in

organic solvents, a soluble precursor
polymer—poly[2,5-thienylene(1-metho-

'\ xy)ethylene]—was synthesized by the
S n method of Saito and Murase, which
PTV after film formation (spin coating) onto

a chromium gate electrode was con-
verted into the semiconducting PTV by
loss of methanol by heating to 200°C

Figure 25. Structure
of poly(thienylenevi-
nylene) (PTV).
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(5 min with nitrogen/HCl gas).®™ Very high charge-carrier
mobilities upgre of up to 0.22 cm*V~'s™! were measured in
bottom-gate transistors with PTV as active layer.* Integrated
circuits with all-polymer construction and PTV as active
semiconductor layer were described by Philips in 1998. The
electrodes of the top-gate transistors investigated were
prepared from doped polyaniline, a dielectric of polyvinyl-
pyrrolidone was spin coated between the semiconductor layer
and the gate electrode. The OFET mobilities yggy,, achieved
were around 3 x 107 cm?V~'s™! for a channel width of 1 mm
and a channel length of 2 um.®

The highly promising OFET results prompted an intensive
search for the simplest possible synthetic route for PTV with
high molecular weight. The previously used precursor poly-
mers for poly(thienylenevinylene) were prepared from disul-
fonium monomers by the Wessling—Zimmerman route from
dihalo monomers by the dehalogenation route according to
Gilch etal., or the xanthate/sulfinyl route according to
Vanderzande and co-workers, which had all been developed
for the preparation of poly(phenylenevinylene)s (PPVs)
(Scheme 19).%1 The routes differ in the choice of leaving

[‘ ihi' [‘ / r

Scheme 19. Precursor pathways to poly(arylenevinylene)s: Wessling—
Zimmerman: L=P=SR,; Gilch: L=P=Cl; xanthate: L=P=SC(S)OR;
sulfinyl: L=Cl, P=S(O)R (L=leaving group, P=polarizing group).

Base
 —

L

group (L), the polarizing group (P), and the polymerization
conditions. In 2004, Vanderzande and co-workers published
a new synthetic route specially developed for PTV via a
dithiocarbamate-substituted precursor polymer (Scheme 20).
PTV is accessible by this route in high yields with a high
weight-average molecular mass M, of up to 94000 gmol ™" and
low defect concentration.

o. /N © MeOH/H,S0, o. /\ .o LAH,
s s
HO OH 0 O
/N SOCl, /N NaSC(S)NEty-3H,0
s s
HO OH cl cl
7\ LDA / S\
ELN(S)CS SC(SINE, Et,N(S)CS n
AT N /A
S n

Scheme 20. Preparation of PTV by the dithiocarbamate route.
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The soluble precursor polymer is generated by the
reaction of the dithiocarbamate monomers with lithium
diisopropylamide (LDA) in the initiating deprotonation
step. The polymer-analogous conversion into PTV takes
place by slow heating of the initially formed saturated
precursor polymers in the solid state to up to 350°C with a
heating rate of 2 Kmin~'. The transistor properties were
tested in a top-gate OFET with PTV as active semiconductor
layer (channel length: 75 um; channel width: 2 mm). Source
and drain electrodes were of gold, the gate electrode of
aluminum. The whole device was heated slowly to 185°C for
the conversion of the precursor polymer. The charge-carrier
mobilities achieved were 1.7x 107 cm?V~'s™' at an on/off
ratio of approximately 10*." Still unclear is whether the very
low conversion temperature of 185°C is sufficient for a
complete formation of the conjugated system.

In 2005, TNO Industrial Technology described a soluble
PTYV that contained a solubilizing side chain on the thiophene
ring (M, =26000 gmol’l) However, only a low hole mobility
Urersa Of 107 cm?V~''s™! was found in OFET devices, which
was attributed to the presence of charge-carrier traps.®

3.2.7. Polytriphenylamines

In addition to sulfur-containing polythiophenes and
corresponding copolymers, nitrogen-containing aromatic
polymers—so-called  polytriarylamines  (PTAAs)—have
aroused interest for OFET applications in recent years. The
background to this interest is in particular the completely
amorphous solid-state structure of the PTA As, which prom-
ises a simple and reproducible processing to thin films or
layers.

Low molecular weight or oligomeric triarylamines have
long been known as hole conductor materials for the active
layer of photocopiers, OLEDs, and organic solar cells. In
addition to their advantageous properties such as adequately
high charge-carrier mobilities and stability towards air and
humidity, the PTAAs and the corresponding oligomers show
very good solubility in common organic solvents. In spite of
their somewhat lower charge-carrier mobilities fpgr.g of 10—
107* cm?*V's™! relative to P3HT, PTAAs are highly promis-
ing candidates for solution-processable OFETs.®

The first preparation of triarylamine dimers and oligo-
mers was carried out by electrochemical oxidation of
corresponding triarylamine monomers.”” In 2000, an electro-
chemical preparation of polytriarylamines from triphenyl-
amine in an acetonitrile/toluene mixture and Bu,NPF; as
electrolyte was described by Petr and co-workers. The highly
cross-linked structure of the resulting, insoluble polymers was
confirmed in FTIR investigations of polymer films deposited
on the electrode. In 2003, Lambert and Noll reported the
electrochemical synthesis of a linear polymer starting from a
monomer of two triphenylamine units connected through an
acetylene or diacetylene bridge (Figure 26). The linear
construction of the polymers is probably brought about by
the higher stability of the intermediate radical cations at the
growing chain terminus.”"

Functionalized triarylamine (TAA) monomers can be
prepared by palladium-catalyzed amination of aryl halides.
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Figure 26. Poly(triarylamine)s with acetylene and diacetylene bridges.

The groups of Buchwald and Hartwig independently devel-
oped a method for the efficient preparation of tertiary
aromatic amines from primary or secondary amines and aryl
halides (Scheme 21)."? The reaction takes place in the

RS

\/

R® |
cat / L/ NaOtBu

7=
@ Solvent 85°C O/ \O
R’ e

C)px + m
cat. = [Pdy(dba)s], [Pd(dba),], Pd(OAC),

L = (+/-)-Binap, dppf, P(tBu); P(o-Tolyl);
Solvent = benzene, toluene, xylene

Scheme 21. Synthesis of triarylamine monomers by the Buchwald—
Hartwig coupling method. R'-R*=H, alkyl; Binap =2,2'-bis(diphenyl-
phospanyl)-1,1"-binapthyl; dba = trans,trans-dibenzylideneacetone.

presence of a palladium catalyst (e.g. [Pd,(dba);], [Pd(dba),]
or Pd(OAc),), combined with phosphine ligands (e.g. (+/—)-
Binap, dppf, P(o-tolyl);, or P(fBu);) in aromatic solvents such
as benzene, toluene, or xylene under strongly alkaline
conditions. Several problems arose in the direct transfer of
this C-N coupling method for the preparation of polymers
(PTAAs) using difunctional monomers, such as the incorpo-
ration of phosphorus atoms from the phosphine ligands into
the main chain, or the formation of cyclic oligomers. In 1999,
Hartwig and co-workers overcame these problems with tailor-
made phosphine ligands and by the use of functional
oligomers as starting components.””!

In 2002, Veres et al. reported for the first time PTAAs as
solution-processable, organic materials for OFETs.™ They
used as polymer formation reaction a reductive aryl-aryl
coupling of dihalotriarylamine monomers by the method of
Yamamoto. The synthesis of the dihalo monomers was carried
out by the coupling of 1-chloro-4-iodobenzene with substi-
tuted aniline derivatives in a Ullmann reaction, exploiting the
www.angewandte.org
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chloro-iodo selectivity. The poly(triphenylamine)s (PTPAs)
as target molecules were then prepared by a metal-catalyzed
aryl-aryl homocoupling of the dichloro monomers in the
presence of nickel chloride/zinc. (Scheme 22).

s L
| bz | =
Zn / NiCl,
N PPh; / bipy N
0L, o
Cl Cl
n

Scheme 22. Synthesis of poly(triphenylamine)s (PTPA). R=H, alkyl.

The number average molecular weight (M,,) of the PTPAs
was of the order of 3000 gmol ' with a polydispersity (PD) of
1.5 to 1.9. Monofunctional p-chlorotoluene was added as end-
capping reagent to avoid terminal chlorine substituents. TOF
investigations of the polymers showed hole mobilities yrgr gy
of around 1072 cm?V~'s™'. When these polymers were used as
active semiconductor layers in OFET devices in bottom-gate
geometry, charge-carrier —mobilities  pggrg, of 2%
107 em?V~'s™" with an on/off ratio of 2.3x 10° were mea-
sured.

In the following years, Veres and co-workers concentrated
on the optimization of the OFET devices.” It was established
that the construction of the transistor (top gate or bottom
gate), the gate insulator, and the structure of the semi-
conductor—insulator interface play a pivotal role for the
device characteristics. In the bottom-gate configuration, it
was demonstrated that the resulting morphology of the
semiconductor material at the interface is greatly influenced
by the dielectric. An increased interface roughness can lead to
morphological and topological trap states that function as
charge-carrier traps and lower the charge-carrier mobility.
Surface treatment of the dielectric is beneficial, but not
readily possible with devices in the top-gate configuration.
Consequently organic dielectrics such as PMMA or PVP are
preferred. The use of polymer gate insulators with very low
dielectric constants allows a further increase in charge-carrier
mobility. Maximum charge-carrier mobilities with PTPA as
semiconductor of around 5x107°cm*V~!'s™! in top-gate
OFETs were achieved with nonpolar resins such as CYTOP
as gate insulator instead of the originally used PMMA and
PVP layers (Table 4).

In 2005, Hiibler and co-workers published the first printed
organic field-effect transistors based on PTPA materials."*! A
PTPA (PTPA3, Figure 27) with significantly improved solu-
bility and higher molecular weight was also used. The increase
in solubility was achieved by increasing the substitution
density of methyl groups on the non-chain-forming phenyl
ring. The OFETs showed a charge-carrier mobility pggrg, Of
3x 107 cm?V~'s™! (on/off ratio 2 x 10%). An investigation of
the stability towards oxidation of PTPA-based printed OFET
devices showed a significantly increased storage and air
stability relative to fluorene/bithiophene copolymer (F8T2)-
based transistors. The PTPA-based OFETs could be stored
for a year in air without the OFET properties being
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Table 4: Maximum OFET charge-carrier mobilities for poly(triphenyl-
amine) semiconductors with different gate isolators in different OFET
geometries (from Veres et al.”l).

Gate isolator Kt PTPA  Transistor  figer
geometry  [cm*V's™]
CYTOP 2.1 PTPA2 top gate 5x107°
CYTOP 2.1 PTPA2 top gate 2x107°
poly(propylene-co- 23 PTPA1 top gate 2.6x107°
butene)
poly(propylene-co- 2.3 PTPAT bottom 2x107°
butene) gate
PVP 4.5  PTPA1 top gate 5.2x107*
PMMA 3.5 PTPA1 top gate 49%x10™
PMMA 3.5  PTPA2 top gate 5.5x10°*
PVP-co-PMMA 3.5-4 PTPA1 top gate 46x107*

[a] Dielectric constant of the gate isolator.

o2
TSR CTRe R TR LY

PTPA2 PTPA3

Figure 27. Structure of poly(triphenylamine) (PTPA) with different sub-
stitution patterns on the side-chain phenyl substituents.

dramatically changed. The PTPA-based devices showed
only a slightly lowered charge-carrier mobility (before: 3 x
103 em?V~'s7!; after: 1.3x 107 cm*V~'s™"). In comparison,
transistors with F8T2 as active layer (initial charge-carrier
mobility: pppre=2x 107 cm*V-!s™!) showed no OFET
behavior after storage for around 2000 hours. UV irradiation
of the F8T2-based OFETs for 15 minutes also caused a
complete loss of the transistor properties of the semiconduc-
tor, whereas the charge-carrier mobility of PTPA-based
transistors differed by only about 20 % after UV irradiation
for 60 minutes. However, with longer irradiation the charge-
carrier mobilities dropped significantly, which suggests a
degradation of the polymeric semiconductor layer.

In 2005, Ong and co-workers introduced polyindolo[3,2-
b]carbazoles (Figure 28) as new p-semiconductor polymers
for solution-processed OFETs (M, =11200 gmol™"). After
optimization of the side chain R and the dielectric, a
maximum hole mobility upgre Of 2x102cm?*V's™' in
bottom-gate OFETs was achieved with R =n-octyl and
polystyrene as dielectric.””

SerLe

R = CqoHazs, CsHyCooHas

Figure 28. Structure of poly(indolocarbazol)s.
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4. Summary and Outlook

The present review attempts to give an overview of new
semiconductor materials for solution-processed, organic field-
effect transistors from the viewpoint of synthetic chemistry.
The use of solution-processing techniques, such as spin
coating, screen printing, and inkjet printing, or conventional
printing methods for the production of electronic devices
promises the development of new applications such as “cost-
effective mass production” (roll-to-roll) or “large-area, elec-
tronic circuits on flexible substrates”. Soluble organic semi-
conductors (both low molecular mass and oligomeric materi-
als as well as polymeric materials) have decisive advantages
for these applications.

The strictly applied clear distinction of a few years ago
between polymers and “small molecules” has today almost
completely vanished; pivotal is the ability of materials to be
processed from solution into topologically and morphologi-
cally homogeneous films. This includes in the first instance
adequate solubility of the materials in organic solvents.
Strategies for increasing the solubility, such as the so-called
precursor routes using soluble precursors of the actual
insoluble materials, or the introduction of solubilizing sub-
stituents, have been extensively explored. Care must be taken
when introducing solubilizing side chains that these substitu-
ents do not signicantly disrupt the formation of an ordered
solid-state structure with optimal intermolecular interactions,
since these interactions are critical for charge-carrier trans-
port in electronic devices. Secondly, optimal film formation
properties are pivotal. Whereas this usually does not repre-
sent a problem with amorphous, glassy materials, crystalline
compounds must also be processable to homogeneous micro-
or nanocrystalline layers of low roughness. Of advantage here
is often the additional possibility to be able to achieve a
further increase in the structural long-range order in a
subsequent thermal postprocessing step.

In this exciting field, numerous solution-processable
semiconductor materials for organic field-effect transistors
have been developed in recent years which show highly
promising electronic properties in the active semiconductor
layers prepared from them, such as high charge-carrier
mobilities of up to 1cm*V~'s™", high on/off ratios greater
than 10°, and an impressive stability of the electronic devices
under atmospheric conditions. The next two or three years
will show whether mature electronic circuits based on
solution-processed OFETs will gain entry into the first
marketable products. Possible applications include a new
generation of electronic article identification devices (so-
called RFID tags) for logistic and safety applications, and
flexible active-matrix displays with OFET-based control
electronics for electronic books, promotional applications,
etc. A number of companies worldwide have intensively
embraced this development work.
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