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A novel one-step solution based technique to produce bi-functional
semiconductor—dielectric composites for organic field effect tran-
sistor (OFET) applications has been developed. By changing the
parameters and components, one can produce the composites with
semiconductors on the top or at the bottom of the polymer film
suitable for fabrication of OFETs with n- or p-type channels and with
top and bottom configurations of electrodes.

Crystalline p- and n-type organic semiconductors are low-
dimensional systems, in which high charge carrier transport is
controlled either by 1D - stacks or by 2D transfer integrals.
This implies a need for long-range order which can be realised
in the form of quasi-1D long crystalline wires or quasi-2D layers
with in-plane oriented platelets." Large area organic electronics
requires technologies with only a few production steps, yielding
in a reproducible way materials with well-defined morphology
and properties. Therefore simple, one-batch methods for
producing multifunctional, anisotropic composites are highly
demanded. Such an approach requires materials with the
ability of self-organisation and compatible methods for device
production.

The main problem limiting the applications of organic field
effect transistors (OFETs) as the driving components in flexible
electronics is too low value of charge carrier mobility and too
complicated, multistep methods of production. In order to
obtain an organic semiconductor layer, which exhibits high
charge carrier mobility, the molecular order within the layer, its
morphology and properties must be designed in a way specific
for a particular device. Also the dielectric film has a tremendous
influence on the charge carrier mobility (uggr).>* One of the
particularly critical problems is the implementation of n-type
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semiconductors in OFETs by solution based methods; only a
few such transistors exhibiting high electron mobility can be
found in the literature.*® In most cases using the n-type mate-
rials requires encapsulation of the device.®

According to the IEEE standards’ the typical procedure of
fabrication of the organic transistors consists of four steps: (a)
substrate preparation, (b) deposition of semiconductors, (c)
deposition of dielectric, and (d) deposition of electrodes. Indeed
using the conventional methods of producing OFETs from
solution the dielectric and semiconductor layers are deposited
in two separate steps. One of the solution based techniques is
the zone-casting method, where the solution of organic semi-
conductor is continuously supplied through a nozzle onto a
moving substrate, usually a highly doped Si wafer covered with a
thin dielectric layer of Si0,,**° but it is also possible to use
flexible substrates.”* Gradients of concentration and tempera-
ture created in the formed meniscus are the driving forces of
unidirectional crystallization of the organic semiconductor in
the zone-casting technique. This has inspired us to apply this
technique to produce in one step bi-functional semiconductor-
dielectric composites for application in OFETs. It is worth
mentioning that the original zone-casting method, developed
by researchers at Lodz, was used to produce from a single batch
highly anisotropic conducting composites consisting of crys-
talline wires of charge-transfer complexes (‘organic metal’)
embedded in an insulating polymer matrix.*?

In this paper we present the application of the zone-casting
technique to produce in one process bi-functional composites
for OFET applications. Following the original concept, the
common solution of the semiconductor and the polymer was
continuously supplied through a flat nozzle to the moving
substrate. In the formed meniscus, gradients of concentration,
temperature and viscosity are created; molecules of semi-
conductors become gradually less mobile and progressively
adopt ordered structures resulting in unidirectional crystalli-
zation of the semiconductor in the polymer matrix (Fig. 1).

The molecular structures of the used semiconducting
materials and polymeric dielectric are presented in Fig. 2.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 The chemical structures of low molecular semiconductors: (a) N,N-bis(1-
ethylpropyl)-perylene-3,4:9,10-bis(dicarboximide) — PTCDI-C5(3), (b) 5,6,11,12-
tetraphenylnaphthacene — rubrene; and polymeric dielectric: (c) poly(methyl
methacrylate) - PMMA.

Schematic view of the zone-casting technique.
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As organic semiconductors, we have used one of the most
popular p-type low molecular weight semiconductors - rubrene
and also a very popular n-type semiconductor - PTCDI-C5(3);
whereas as the organic dielectric, PMMA was used (Fig. 2).

The newly developed technique allows us to obtain, in one
process, the composite consisting of highly oriented semicon-
ducting crystals embedded in a polymer matrix, that serves at
the same time as the dielectric and the encapsulating compo-
nent. For each pair of semiconductor-polymer materials one
needs to optimize the zone-casting conditions, like solution
concentration, temperature of processing, rate of solution
supply, height of the meniscus and speed of substrate shift.

The rubrene-PMMA composites were obtained from toluene
solution with a composition of 2 mg of rubrene + 8 mg of PMMA in
1 ml of toluene. As one can see in Fig. 3, by using the zone-casting
method, with properly adjusted processing parameters, we are
able to produce highly oriented polycrystalline structures of
rubrene embedded in a polymer matrix. Polarized optical micro-
scope images (POM) revealed that rubrene-PMMA composites
exhibit high orientation on the entire area, ca. 2 x 1 cm>.

One can observe long crystalline needles grown along the
casting direction, which proves that the rubrene molecules
exhibit the tendency for unidirectional crystallization under
these conditions. The POM pictures of the rubrene-PMMA
composite observed for two orientations of the composites with
respect to the polarization planes of the polarizers look
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Fig. 3 (a and b) Polarized optical microscopy images of bi-functional rubrene—
PMMA composites on a glass substrate. The blue arrow indicates the casting
direction; black arrows show orientations of polarization planes of the polarizer
and analyzer. SEM images of the rubrene-PMMA composite: (c) surface and (d)
cross-section.

apparently similar, as seen in Fig. 3a and b. This is probably due
to the ‘herringbone’-like packing motif of the rubrene mole-
cules in the crystal.”® Due to this specific arrangement of
rubrene molecules it is difficult to observe a birefringence and
absorption anisotropy of the rubrene crystals."* SEM images of
the composite surface and of the cross-section (Fig. 3¢ and d)
demonstrate that the crystalline rubrene ‘wires’ are fully
embedded in the polymer matrix. Due to such a morphology our
attempts to produce OFETs with zone cast rubrene-PMMA
composites were unsuccessful due to lack of contacts between
the evaporated electrodes and the rubrene crystals which were
covered and insulated by PMMA.

The system with the n-type semiconductor - PTCDI-C5(3)-
PMMA - was obtained from chloroform solution containing
12 mg of PTCDI-C5(3) + 12 mg of PMMA in 1 ml of the solvent.
The POM images (Fig. 4) confirm the unidirectional orientation
of PTCDI-C5(3) crystals.

The bi-layer composite zone cast on a glass substrate show
birefringence when observed between crossed polarizers, indi-
cating homogenous molecular alignment of PTCDI-C5(3)

PTCDI-C5 (3) / PMMA

N
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Fig.4 Polarized optical microscopy images of bi-functional composites based on
PTCDI-C5(3) with PMMA (1 : 1) as a polymer matrix. The blue arrow indicates the
casting direction; white arrows show orientations of polarization planes of the
polarizer and analyser.
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crystals (Fig. 4). Thus, one can assume that the obtained
semiconducting “wires” are in fact uniaxial crystals. When the
PTCDI-C5(3) crystal optic axis is parallel to the polarization
plane of the polarizer or analyzer, almost no light is transmitted
through the sample, however when the crystal optic axis is
oriented at ca. 45° with respect to the polarization planes of
both polarizers, maximum transmission of light is observed.

From the point of view of potential applications for OFET
construction, the composites with n-type semiconductors are
especially attractive, therefore further work was focused on
optimization of the preparation conditions for the PTCDI-C5-
PMMA system, aiming to achieve bi-layer composites in which
the crystalline PTCDI-C5 wires grow on or under the polymer
surface. The chloroform solutions with different relative PTCDI-
C5(3) to PMMA content ratios: 1:4; 2:4 and 3:4 were
prepared and used for zone-casting.

SEM images of the 1:4 composite show, that continuous
PTCDI-C5(3) crystalline wires are embedded in the PMMA
matrix (Fig. 5a). Thus one can assume that the polymer matrix
will work simultaneously as the gate dielectric and also as the
encapsulating coating.

However, not all parts of the crystalline wires are covered by
the polymer, as one can see on the magnified SEM image of the
surface (Fig. 6). Due to such discontinuities in the polymer
‘coating’ one can get contacts with the semiconductor wires by
evaporation of the metal electrodes.

Fig. 5b and c present SEM pictures of the PTCDI-C5(3)-
PMMA (2:4) and (3:4) composites, in which the semi-
conductor crystalline wires are formed on the surface of the
layer (Fig. 5c), making them accessible for metal contacts
evaporated onto the surface. Differences in morphology
between the rubrene-PMMA and PTCDI-C5(3)-PMMA
composites result probably from differences in polymer-addi-
tive interactions: rubrene is partially soluble in the PMMA, so it

PTCDI-C5(3)

PTCDI-C5(3)

Fig. 5 The surface and cross-sectional SEM images for PTCDI-C5(3)-PMMA
samples with different compositions: (a) 1: 4, (b) 2 : 4, and (c) 3 : 4, respectively.
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Fig. 6 The surface and cross-sectional SEM images of the PTCDI-C5(3)-PMMA
composite (1:1).

starts to crystallise relatively late, when the polymer solution
has high viscosity, and the growing crystals remain in the
polymer matrix. In contrast, PTCDI-C5(3) starts to crystallize
earlier, and the crystals are pushed out from the thin solution.

The OFET devices were fabricated from the PTCDI-C5(3)-
PMMA composites zone-cast on the glass substrate. The glass
was cleaned in an ultrasonic bath using chloroform and iso-
propanol successively for 10 minutes each. After the cleaning,
the gold electrode (gate) was deposited by vacuum evaporation.
Using this substrate the anisotropic PTCDI-C5(3)-PMMA (1 : 1)
composite was deposited by the zone casting method with the
following parameters: solutions were supplied through a flat
nozzle with a rate of 0.23 ul s~ '; the substrate was moving with a
velocity of 50 um s~ '; the substrate and the nozzle were ther-
mally stabilized at 30 °C. Then the source and the drain elec-
trodes were deposited by subsequent vacuum evaporation of
aluminium and silver (150 nm thick each); the channel length
was L = 100 um, and the channel width was W = 2 mm. The
channel length was oriented along the zone-casting direction,
i.e. along the PTCDI-C5(3) crystalline wires. The produced
OFETs with top contacts, bottom gate configurations were
measured in air at room temperature using the Keithley 2410
analyzer driven by the adapted Matlab program. The capaci-
tance of the gate dielectric was determined by dielectric spec-
troscopy measurements (CONCEPT 80 dielectric spectrometer,
Novocontrol GmbH, Germany).

Fig. 7 presents the output characteristics of OFETs based on
bi-functional PTCDI-C5(3)-PMMA composites. The linear
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Fig. 7 Output characteristics of OFET based on PTCDI-C5(3)-PMMA (1: 1)
composites.
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regime of the output characteristics (marked by the dotted
circles) shows an obvious contact-resistance effect. This effect is
probably caused by a not perfect contact between the evapo-
rated electrodes and the semiconductor crystals, covered
partially by the polymer. On the other hand, we should
remember that the PTCDI-C5(3) is not stable in air and due to
this reason the thin polymeric layer on the crystals surface
works as an encapsulating layer. The mobility calculated for the
top contacts, bottom gate devices were in the range 0.1-1 cm?
v~' 57" which is a relatively high value for the n-type OFETs
obtained by the solution-based method. The OFET parameters
were calculated from the saturation region for Ugs = 16 V, in
which the maximum current Ipg = 0.005 is observed with a
relatively low on/off ratio of around 25. The low value of on/off
ratio could be caused by the high density of amorphous semi-
conductor phase in a polymer matrix. Further optimization of
the composites morphology and OFET structure, in particular
improvements of the contacts between the electrodes and the
semiconductor, should yield OFETs with better working
parameters and reproducibility.

Conclusions

In summary, we have demonstrated that zone-casting is a
solution based technique that allows us to produce in a one
batch process bi-functional composites for OFET applications.
We have found that by changing the zone cast parameters it is
possible to produce composites with semiconductors on the top
or at the bottom of the polymer matrix. Using this technique
one can produce OFETs also based on unstable semiconductors
by encapsulating them already during the fabrication process.
This method can be applied for various pairs of organic semi-
conductors and polymeric dielectrics; the main requirement is
that the polymer and semiconductor should exhibit solubility in
the same solvent. It should be noted, however, that one still
needs to elaborate the technique of deposition of the source and
drain electrodes which would form ohmic contacts; one can
anticipate, for example, that conducting inks, with suitable
solvent, can penetrate the polymer and ensure ohmic contacts
with the semiconductor crystals embedded in the polymer
matrix.
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