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The latest advances in the use of solution processable organic semiconductor blends for organic field
effect transistor (OFET) applications are reviewed. We summarise multi-component, thin film
microstructure formation from solution with particular focus on phase separation and crystallisation of
components. These approaches can then be applied to semiconducting materials and their use in
organic devices. Several key applications are studied, namely ambipolar systems with n- and p-type
components, high charge carrier mobility and uniform films for high performance OFETs, and the
potential for self-assembly during OFET fabrication. Blending materials can in all cases be used to

combine the advantageous properties of the individual components.

1. Introduction and background

Organic semiconductor materials for electronics applications
have advanced rapidly in the past few years resulting in higher
charge carrier mobilities,’* more easily processable films* and
considerable progress in integrating these materials into useful
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circuits.* One way to obtain the required properties for a partic-
ular device is to blend two or more organic components with the
aim of combining the advantageous properties of each or even
exceeding the performance of the individual components.
Blending organics is easily achieved if the materials are soluble in
a common solvent and can then be processed therefrom.
Common examples of such devices include the bulk hetero-
junction solar cell and blends for organic light emitting diodes,
both of which have been extensively studied and reviewed.>¢ This
paper, however, will focus on their less well exploited but equally
interesting use in thin-film organic field effect transistors
(OFETs).

There are several important factors to consider when using
a blend of materials and some specific factors that are unique to
the OFET. The complexity and range of possible blend micro-
structures increases when compared to a single component film
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and are dependent upon the rate of solvent evaporation during
processing, solution viscosities, surface properties of the
substrate, the degree of crystallinity of the individual compo-
nents and the miscibility of the components. Solution processing
allows the simple fabrication of blend films and is compatible
with large scale, and potentially low cost, technologies such as
dip-coating, spray coating, inkjet printing and gravure printing.”
In addition a wide range of substrates can be utilised including
flexible and transparent plastics.® However, it is a process that is
often far from thermodynamic equilibrium and this can lead to
interesting, if at times difficult to control, morphological features
such as vertical phase separation. Also, unlike in a solar cell
or OLED, conduction within an OFET occurs mainly in a
quasi-two-dimensional fashion at the interface between the
semiconductor and the dielectric layer, thus making it vital to be
able to control the microstructure and composition at this
location. Typically this accumulation layer will be <10 nm thick®
with charge densities 3-4 orders of magnitude higher than in a
diode structure.® Another aspect to consider in electronic
devices is the percolation pathways for electrons or holes
between electrodes. In many systems, especially polymer—poly-
mer ones, phase separation due to the low entropy of mixing will
occur and crystalline as well as amorphous regions may exist.
Therefore charge conduction in a thin film can be highly
non-uniform.

The advantages of using a blend of materials for OFETs can,
however, outweigh the extra complexity introduced. Three key
areas in OFET research are the ability to produce high charge
carrier mobility devices, the ability to have n- and p-type
conduction with equally good performance for complementary
logic circuits, and the simplification of the fabrication procedure
for large area electronics. Intrinsically there are many organic
materials, such as rubrene,'? that have hole mobilities greater
than amorphous silicon and are therefore potentially useful,
however, forming uniform thin films, maintaining their perfor-
mance over device lifetimes or creating an ambipolar molecule
are not simple tasks. Chemical tailoring of molecules produces
a wide range of properties allowing the optimisation of
parameters such as solubility or air stability, however, blending
materials sometimes offers a simpler or better alternative.

1.1 Organic transistor characterisation

The OFET is a thin film device that can be modelled in a similar
fashion to its inorganic equivalent, allowing the field-effect
charge carrier mobility to be calculated.'®* Schematics of typical
devices are shown in Fig. 1. In general the current between source
and drain electrodes, Ip, for a given applied gate voltage, Vi, and
drain voltage, Vp, is given by,
2

Ip = %ﬂci (VG - VT) Vp — VTD )
where W and L are the channel width and length respectively, u is
the field-effect mobility, C; is the geometric capacitance of the
dielectric layer, and V' is the threshold voltage. Most organic
systems will deviate from this ideal due to the charge injection
barrier (manifested as a contact resistance), electric field depen-
dent mobilities, and the presence of charge trapping or donor
states within the semiconductor. Despite this it is possible to
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Fig. 1 Schematic representations of field-effect transistor architectures,
(a) top-gate bottom-contact, (b) top-gate top-contact, (c) bottom-gate
bottom-contact, and (d) bottom-gate top-contact. The arrow shows the
charge conduction interface.

extract a mobility in both the linear regime, Vp < (Vg — Vp),
and the saturation regime, Vp = (Vs — V7), of the OFET. These
are given by the following equations:
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1.2 Thin film morphology and phase separation

Two or more component films will often phase separate during
the deposition process and this is particularly true for polymer—
polymer blends. For such a system, assuming random polymer
conformations, it is well established that the entropy of mixing
per unit volume (ASp;x) can be approximated using a lattice
model** and is given by,

ASux=— R (A’;—ll@ gy + 476 1n¢2) “
where p, ¢ and M refer to the density, volume fraction and
molecular weight respectively of each polymer component and
R is the molar gas constant. Therefore even for moderate
molecular weight polymers, the contribution to the free energy
change is negligible and is dominated by the enthalpy of mixing,
or accordingly the interaction energy between the polymer
chains.'® Dispersive interactions are generally not sufficient for
thermodynamically favourable polymer mixing and so liquid-
liquid phase separation most often occurs. Entropic effects are
more pronounced for small molecule—polymer or small mole-
cule-small molecule systems and thus phases containing signifi-
cant amounts of both components are common. However, solid—
liquid and solid-solid phase separation can still occur in the
form of crystalline molecular entities embedded in an amorphous
or semi-crystalline matrix as described in Sections 3.2 and 3.3. In
the latter case there will be contributions to AS,;, from the
effects of chain folding in the polymer crystallites.

The actual process of liquid-liquid phase separation during
the formation of solid thin films from solution can occur by
either spinodal decomposition'® or by nucleation and growth.”
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Fig. 2 (a) Free energy of a binary system as a function of composition
and the miscibility region showing the origin of the binodal and spinodal
lines, and (b) typical evolution of a blend microstructure phase separating
by spinodal decomposition.

In addition, subtle processing variations can result in vertical
and/or lateral segregation on a variety of length scales. Spinodal
decomposition in polymer—polymer blends has been shown to
lead to both of these possibilities. A two component system with
a composition, ¢, that is unstable to small fluctuations in
concentration, in other words those where 8°G/d¢*> < 0 (G being
the free energy), will spontaneously phase separate with the
fluctuations increasing and coarsening over time (see Fig. 2). This
type of process is common during spin coating due to the rapidity
of solidification, thus preventing nucleation and growth by
avoiding the binodal temperature/composition region. The
wavelength of fluctuations both parallel, ¢, ', and perpendicular,
q. ', to the substrate surface are key to determining the final
microstructure since thin film interfaces break the symmetry of
the system.'® Long wavelength fluctuations grow at the expense
of small ones but are confined in the direction perpendicular to
the surface. Therefore preferential attraction of one component
to the substrate'® or an increase in ¢, ' leads to a preference for
vertical phase separation. It has also been shown by light scat-
tering experiments during spin coating that a vertically segre-
gated bilayer can form which then destabilises and forms lateral
domains.* The evaporation rate and viscosity of the solution can
be used to vary between such lateral and vertical separation.
The phase behaviour is, however, complicated by the fact that
during solution processing of blends we must take into account
at least three components including the solvent, and therefore
must consider the ternary phase diagram. This has been done for
example for a polymer(A)-polymer(B)-solvent system in relation
to OLEDs?!' and is shown in Fig. 3. As the solvent evaporates the
composition point shifts vertically towards the solid-solid axis
passing from the single solution phase to the two phase region
where A-rich : solvent and B-rich : solvent phases form. During
this period there must be diffusion of A from the B-rich phase
and vice versa and continued solvent evaporation leading to an
increased solute concentration and increased solution viscosity.
Thus we must not only consider the miscibility of the two
components being blended but also their miscibility with the
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Fig. 3 A ternary phase diagram (at 7 = 22 °C) for the p-xylene:-
F8BT:TFB blend system and their chemical structures, showing the
process of solvent evaporation and phase separation. Adopted from
ref. 21 (reproduced by permission of the American Chemical Society).

solvent, i.e. their solubility. Systems and thin film microstruc-
tures may thence be dominated by the solvent-solute or the
solute-solute®? interactions. Examples of both are shown sche-
matically in Fig. 4. In the former case evaporation of solvent
from the top surface leads to a higher solute concentration and
therefore preferential accumulation of the more soluble compo-
nent at this interface.?® This concentration gradient affects the
spinodal decomposition and leads to a vertically segregated film.
In the latter case the order in which the two components solidify
affects the microstructure and the solvent evaporation less
strongly affects the liquid-liquid phase separation. For example
the first component to solidify may be expelled to the interfaces
as the second solidifies. Controlling the processing temperature
in crystalline—crystalline polymer blends, for instance, lets one
choose which component crystallises first hence, as we will see in
Section 3.1, allowing optimisation of the structure and properties
of the semiconducting material. If the second material is

Fig. 4 Two schematic example representations of vertical phase sepa-
ration. (a) The solvent evaporation leads to a concentration gradient with
the more soluble component (red squares) moving to the top surface.
(b) Crystallisation-induced phase separation whereby the order of crys-
tallisation of the two solute components determines the microstructure.
In this case the first to solidify (orange squares) is expelled to the interface
as the second crystallises.
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crystalline there can be an enthalpic driving force for solid-liquid
phase separation, whereas an amorphous material may interact
more strongly with the initial component thus reducing the
amount of segregation in the final solidified microstructure. In
eutectic (crystalline—crystalline) systems the composition will
affect which material solidifies first. At the eutectic composition,
Ceurectic; DOth components solidify at the same time and produce
a very fine scale microstructure; on either side of this composition
courser microstructures are formed with one phase partially
solidifying, in the form of primary crystals, before the remaining
eutectic mixture.?*

As well as the phase separation of the blend components, it is
usually important to control their degree of crystallinity (when
dealing with crystallisable species). Although there are some
relatively high mobility amorphous materials,® introducing
some crystallinity, either as semi-crystalline polymers' or small
molecular materials,?® tends to lead to increased 7-orbital over-
lap, more electronic delocalisation and higher mobilities.
Sufficient time for crystallisation during processing or annealing
after film formation is usually needed for high crystalline order.*”
Most thin film devices, either based on small molecules or
polymers, or mixtures thereof, will be polycrystalline in the
former case or semi-crystalline in the latter, with often randomly
orientated crystal directions in the plane of the film. This assumes
there has been no attempt at alignment by, for example direc-
tional solidification or substrate treatment or patterning.?® In
the case of OFETs it is useful to have the highest mobility in the
direction of transport along the channel. Within a blend one
component may disrupt the crystal structure or grain/spherulite
structure of a particular phase especially if there is significant
miscibility of the components.? However, the advantages of
blending highly crystalline materials to improve mechanical
characteristics and the possibility to control where crystallisation
occurs in a thin film generally outweigh any disorder created in
the crystal structure.

2. Ambipolar and n-type blends

Having both n- and p-type organic materials®® is vital for many
applications since it becomes possible to fabricate complemen-
tary®' or complementary-like logic.*»* Compared to unipolar
logic using only a p-type semiconductor, complementary logic is
more efficient and reliable since power is only dissipated during
switching and noise margins are generally larger. However, high
mobility n-type organic devices are rare due to the problems of
electron trapping within the OFET?* and air stability issues are
often present because of their high HOMO levels.? Also there
are advantages to using an ambipolar system during solution
processing, again not common, since this negates the need for
semiconductor patterning. Blends have been used to address
some of these problems with the combination n-type and p-type
components being an early and frequent area of research.

One of the first examples of a solution-processed ambipolar
OFET system was described by Geens et al*® A blend of
6,6-phenyl-Cg;-butyric acid methyl ester (PCBM) and poly-
(2-methoxy-5-(3',7'-dimethyloctyloxy)-p-phenylene ~ vinylene)
(MDMO-PPV) were used as n- and p-type materials respectively.
High levels of PCBM in the blend were needed to obtain good
electron conduction, however, this did not reduce the hole

2.8¢eV- PPV LUMO

3.7 eV PCBM LUMO ©
Injection
barrier

5.0V ____»® PPV HOMO

5.1eVT]

Au Au
6.1 eV PCBM HOMO
Ambipolar blend

Fig. 5 The energy levels within a PCBM : MDMO-PPV blend for
ambipolar OFETs and the chemical structures of the two materials. The
large injection barrier for electrons from gold electrodes into the PCBM
LUMO is clear but in reality is reduced by band bending due to PCBM-
Au interactions.

mobility in the MDMO-PPV. This is explained by PCBM-rich
clusters that do not form percolation pathways at low fullerene
concentrations. Meijer et al. 3 used the same system to demonstrate
that ambipolar blend OFETs can be integrated to construct simple
complementary-like inverter logic circuits. More recently ambi-
polarity, with a low activation energy for charge transport as
a function of temperature, was achieved using poly(2-methoxy-5-
(2-ethylhexyloxy)-p-phenylene vinylene) (MEH-PPV) but with
Ceo as the n-type material demonstrating the increased process-
ibility possible when using a blend.?” The formation of an inter-
penetrating network of the two components by selecting a suitable
composition allowed percolation pathways for electrons and holes.
However, one of the major issues becomes the injection of carriers
due to the position of the work function of the electrodes with
respect to the MDMO-PPV HOMO level and the PCBM LUMO
level as shown in Fig. 5. Electron injection into PCBM from gold
has a considerable associated energy barrier but is reduced to
~(0.76 eV assuming an interfacial dipole interaction. Pure PCBM
films showed an electron mobility two orders of magnitude higher
than when used in the blend, unlike PPV which was largely unaf-
fected by blending. This suggests an important feature in blend
OFETSs namely that wetting of a particular phase on the substrate
or the contacts (as in this case) is often needed for good electrical
performance. Three component blends of PCBM : MDMO-PPV :
poly(9,9-dioctylfluorene) (in the ratio 2 : 1 : 1) have also been used
for ambipolar OFETs on various polymer dielectrics.®® The
dielectric surface here plays a key role in determining the semi-
conductor morphology and hence the electrical properties. Large-
scale phase separation with ~200 nm domains led to only unipolar
transport, however, a more interconnected microstructure with
fewer isolated domains resulted in ambipolar OFETs.
Poly(3-hexylthiophene) (P3HT) was also found to be a suitable
substitute for the hole transporting material and similar studies
have been carried out using PCBM : P3HT blends,3*3%4° espe-
cially since they have potential importance in solar cell applica-
tions. It has been shown that measured mobilities decrease for
both components in such a blend;*® this may be due to a decrease
in effective channel width since only part of the film is
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contributing to each type of conduction, however, electron
mobility falls much more dramatically than hole mobility. The
effect of contact wetting was removed in this study by using
a top-contact OFET architecture and in addition contact resis-
tance effects caused by energy level mismatch were accounted
for. Despite this a considerable improvement in electron
mobility, but not hole mobility, was observed by annealing the
films. This can be attributed to a change in morphology that is
also seen in solar cells, whereby the PCBM aggregates into
clusters. Several groups*! have reported that these PCBM-rich
regions may vertically phase separate which can be advantageous
in n-type OFETs if there is an increase in concentration at the
dielectric interface. The complexities of polymer—fullerene
microstructures with relation to solar cells are beyond the scope
of this review but have been well described by Hoppe.®

Another n-type material that has been employed in blends is
poly(benzo bisimidazobenzo phenanthraline) (BBL). When
blended with the p-type small molecule copper phthalocyanine
(CuPc), air stable ambipolar devices are obtainable but are
critically dependent on the phase separated microstructure and
CuPc polymorph produced.** Additionally measured mobilities
are lower than the single component films. The devices were
either treated to remove the solvent with water or methanol
which led to two distinct CuPc crystallite shapes. Electron
conduction through the polycrystalline BBL was seen in both
cases, however, only when treated with methanol was any hole
conduction measured due to the formation of large plate-like
CuPc domains. Once again this highlights the need for conduc-
tion pathways controlled by phase separation. BBL has been
used in a purely electron conducting blend with the polymer
poly(p-phenylene-2,6-benzobisthiazole) (PBZT).** As the con-
centration of BBL is reduced, a step-like dependence of OFET
mobility was observed. Between 5-60 wt% PBZT there was an
approximately constant electron mobility of 5 x 10~° cm*V s
and a higher current on/off ratio than in either of the parent
polymers. Above 60 wt% PBZT mobility dropped exponentially
with concentration which further supports the concept of
percolation behaviour. In the constant mobility regime it is
suggested that increased disorder has little influence on the
electrical properties due to the phase separation effect.

In summary for ambipolar transport it is vital to ensure that
conduction at the dielectric interface and from contacts to
semiconductor is possible. This has been achieved by producing
the optimal phase separated morphology and controlling the
wetting of both components on the substrate and metal.
However, in terms of electron and hole device mobilities it is
difficult to prevent a loss of performance when blending
compared to the pristine component films.

3. Blends for high charge carrier mobility devices

There is considerable focus on increasing charge carrier mobil-
ities in OFETsS especially to compete with current inorganic thin
film technologies such as amorphous silicon. For active-matrix
organic light emitting diode (AM-OLED) display applications,
high currents are needed to drive the OLED therefore higher
mobility materials mean that the transistor circuitry can be
smaller compared to the pixel size. In addition it is required to
have reproducible performance over the entire substrate for

integrated circuits to function reliably. Methods for improving
mobility that have been used for single component systems tend
to involve increasing the solubility of crystalline small molecular
materials to make them more processable, or increasing the
crystallinity of polymers by for example using a liquid-crystalline
phase** or more regioregular molecules.*> Recently several
techniques using blended materials have been used to combine
high carrier mobilities with features such as ease of processing,
film uniformity, environmental stability and enhanced mechan-
ical properties.

3.1 Crystallisation control within blend films

Highly crystalline materials are often also hard to process from
solution due to the rate at which the crystals form leaving an
incomplete or anisotropic thin film. Being able to control this
crystallisation is important and has been achieved in several ways
including the use of a vitrifying component to delay crystal-
lisation until after film formation*® and the use of enhanced
phase separation within crystalline-crystalline polymer blends.*’

Goffri et al* have studied the use of semi-crystalline
regioregular poly(3-hexylthiophene) (P3HT) with several
common bulk polymers, poly(styrene)s (PS) and poly(ethylene)s
(PE), that are low cost and have good mechanical properties. A
comparison was made between using amorphous and crystalline
polymers for this purpose, and specifically how the limit of
percolation for electrical conduction was affected. The advan-
tage of using a crystalline—crystalline system is that, provided one
can control which component crystallises first, crystallisation-
induced phase separation can lead to a high degree of vertical
segregation. It was observed that it is possible to have P3HT
concentrations as low as 3 wt% in the bulk but still have sufficient
material for percolation at the semiconductor—dielectric interface.
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Fig. 6 Phase diagram of a P3HT:PE:xylene blend where the ratio of
P3HT to PE is fixed at 1 : 9. Schemes I and II show two possible routes
for film formation, firstly solvent evaporation at high temperature and
then solidification, and secondly cooling to room temperature before
removal of the solvent. Adopted from ref. 47 (reproduced by permission
of the Nature Publishing Group).
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For comparison, using an amorphous polymer leads to a steady
degradation of OFET performance with decreasing P3HT
concentration. Critically the P3HT must crystallise before the
second component, and low evaporation and cooling rates during
film processing are needed in order to obtain the optimum
morphology and prevent quenching into a disordered amorphous
state. The former is possible by allowing solvent evaporation to
occur above the insulating polymer’s melting temperature driving
the system into the liquid-solid P3HT phase region (see scheme I
Fig. 6), before allowing the sample to cool and the second poly-
mer, here PE, to crystallise. Phase separation in the liquid state as
well as during the second crystallisation occurs leading to
substantial accretion of P3HT at the film interfaces.
Alternatively, an amorphous film can be first formed from
solution and then subsequently crystallised by annealing. This
removes the need to consider the kinetics of spin coating or other
solvent evaporation processes. One way to do this has been
demonstrated by Stingelin-Stutzmann et al*¢ and involves the
addition of a glass-inducing species to rubrene with a minor
amount of atactic PS to improve mechanical film properties.
Rubrene is an excellent organic semiconductor and in single
crystal form has demonstrated mobilities up to 20 cm?V s.'? By
the addition of the similar molecule, diphenylanthracene, a glassy
phase is readily formed between 20-40 mol% rubrene when
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Fig. 7 (a) Transfer and (b) output characteristics of a rubrene:dipheny-
lanthracene transistor after crystallisation at T, ecric < T < T,,. Inset to
(a) are polarised and non-polarised light microscopy images of the film
showing large, highly crystalline grains (scale bar 150 um). Adopted from
ref. 46 (reproduced by permission of the Nature Publishing Group).

cooling from the melt. This disordered phase can then be con-
verted to a crystalline, active material by annealing above the
eutectic temperature but below 7, and resulted in OFETs with
mobilities of 0.7 cm*V s (Fig. 7). By selecting a hypereutectic,
rubrene-rich composition the annealing stage leads to melting and
recrystallisation of the rubrene phase into a planar polycrystalline
structure with a,b-planes parallel to the substrate surface and
large, birefringent grains. Annealing above T, or below T, ecsic
resulted in less well ordered films and lower OFET mobilities. The
phase diagram showing this particular system is given in Fig. 8.

3.2 Oligothiophene—polymer blends

Adding polymers to small molecule species that are difficult to
process is a common technique to improve film forming proper-
ties. The higher viscosity of polymer solutions and their lower
propensity to crystallise produces a more uniform thin film,
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Fig.8 Binary phase diagram of the rubrene : diphenylanthracene system
and their chemical structures. The data points were measured from DSC
heating curves with red symbols being the glass transition temperature,
crosses being crystallisation temperatures and grey symbols being melting
and eutectic temperatures. The dashed line represents a typical compo-
sition used for vitreous solution processed OFETs. Adopted from ref. 46
(reproduced by permission of the Nature Publishing Group).
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however, in general they have carrier mobilities that are 1-2 orders
of magnitude lower than the best small molecules. Oligothiophene
molecules*® including a-sexithiophene have been widely studied
for high mobility OFETs both as thermally evaporated and
solution-processed films. The latter generally involves the addi-
tion of solubilising alkyl chains to the terminating thiophene
rings a common example being o,w-dihexylquaterthiophene
(DHA4T). However, increased solubility generally also leads to
a more disrupted crystal structure due to the flexible side chains.
Blending these molecules with polymers offers the potential
to combine the advantageous properties of both.

Russell et al® first reported DHAT blends with P3HT for
OFETs realising mobilities of up to 0.01 cm*V s, however this
was strongly limited by the low P3HT mobility. The change in
mobility with DH4T concentration was modelled by a saturation
process with a critical concentration of 29 wt% and an order of
magnitude increase in mobility when moving from 10 to 50 wt%
DHA4T. Below the critical concentration there is only slight
agglomeration of material but at higher concentrations well-
defined, micron sized, DH4T-rich crystallites embedded in the
bulk film are observed (Fig. 9). The performance of these devices
clearly depends upon percolation pathways within the channel and
the ability to inject carriers into each of the two phases. From the
output characteristics there is non-linearity for low source—drain
voltages. Also at these voltages the current does not differ a great
deal from the pure P3HT OFET suggesting that there is a signifi-
cant energy barrier to injection into the high mobility, DH4T-rich
pathways. However, at higher values of V', conduction through
these pathways becomes more viable and high mobilities are
measured. The mobility can be modelled simply using a percola-
tion analysis based upon a high mobility (1z) and low mobility
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Fig. 9 Optical micrographs of DH4T:P3HT blend films with (a) 20 wt%,
(b) 30 wt%, and (c) 100 wt% DHA4T. Chemical structures of (d) DH4T
and (e) P3HT. (f) Mobility as a function of DH4T concentration fitted
using a saturation model with a critical concentration of 29 wt%.
Adopted from ref. 49 (reproduced by permission of the American
Institute of Physics).

(1z) phase with a volume fraction, f, of the latter. In this case the
mobility of a particular pathway is given by,>

Hpath f) = ’l:LH = P‘H,u (fOI“ gy =>> ,U«L)
)T
Hr Mr

)

Different pathways will have different values of f and OFET
mobility will be dominated by the few with low f or the DH4T-
rich regions in this case. However, by increasing u; for a fixed
wg large changes in wp,,m, and therefore the overall mobility, can
be achieved. Hence the importance of the P3HT performance as
well as formation of the highly crystalline regions. DH4T has
also been used in blends with poly(9,9-dioctylfluorene-alt-
bithiophene) (F8T2) again dramatically improving the perfor-
mance of OFETs when compared to the unblended polymer.**
They also found that the polymer plays a key role in such blends,
that the correct morphology, dependent on the blend composi-
tion, is needed and that the hole injection into the oligomer must
be suitable for good electronic performance.

As stated above, one aim of blend semiconductors is to make
small molecules easier to process and improve the mechanical
properties of the resulting films. With this in mind Wolfer et al.**
have shown that a-quaterthiophene (4T), even without the sol-
ubilising alkyl chains of DH4T, can be blended with high-density
poly(ethylene) (HDPE) to make solution processable OFETs
without loss of electrical properties. The use of an insulating
polymer indicates that by carefully controlling the crystallisation
of the film it is not always necessary to have a relatively high
mobility polymer matrix. Also a very low critical concentration
of 4T was possible (~10 wt%) before OFET mobilities started
to rapidly decrease. This effect is attributed to crystallisation-
induced phase separation as seen in the crystalline polymer—
polymer blends*’” discussed earlier. Again the critical concentra-
tion for conduction corresponds to the point of liquid miscibility,
however, in this case the 4T always crystallises before the
polymer which is favourable for OFET applications. Thus it was
possible to study the effect of processing conditions on
morphology and electronic properties of the film. Rapid removal
of solvent at 130 °C followed by solidification was compared to
cooling and evaporation of solvent at room temperature. The
former yielded a much finer microstructure and a more uniform
distribution of 4T crystallites. Also two different polymorphs of
4T were produced (as determined by wide-angle X-ray diffrac-
tion) dependent on the crystallisation temperature, but this is
less likely to affect the charge transport. OFET mobilities of
~107* cm*V s were measured when films were crystallised at
130 °C and when 4T concentrations were large enough (>10 wt%)
to induce liquid-liquid phase separation, otherwise values of
~107¢ cm*V s with larger threshold voltages were obtained. This
higher mobility is comparable to vapour deposited 4T on SiO,%
and demonstrates that it is possible, by ensuring suitable crystal-
lisation of the semiconductor, to fabricate solution processable
OFETs with normally difficult to process oligomers.

3.3 Acene—polymer blends

We will now examine a particularly successful group of blend
systems involving high mobility, small molecular, acene-based
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materials blended with amorphous (or sometimes semi-crystal-
line) polymers. These blends again combine the good semi-
conducting properties of small molecules with the ease of
processing and film uniformity of polymers. Furthermore there is
a degree of microstructural control by vertical phase separation
which can be used to preferentially crystallise the acene at the
semiconductor—dielectric interface and hence give very high
performance OFETs.

Pentacene has been investigated thoroughly as a high mobility
material,> however, it is not readily solution processable except
under relatively extreme conditions.>® Recently several soluble
derivatives developed by Anthony and coworkers have been used
successfully as organic semiconductors, the two most common
being 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-penta-
cene)® and 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradi-
thiophene (diF-TESADT).5” These materials have high intrinsic
mobilities (>1 cm?/Vs) however, solution processing can be made
easier and lead to more uniform films if they are blended with
a polymer without any loss, and sometimes with an improve-
ment, in OFET characteristics. Such concepts were first reported
in the patent literature>® and then Hamilton ez al. demonstrated
devices with diF-TESADT : poly(triarylamine) (PTAA) blends
showing very high mobilities for a solution processed film of up
to 2.4 cm?V s (Fig. 10).%

TIPS—pentacene blended with an insulating polymer has been
shown to give good OFET performance and has been studied by
several groups to better understand the materials system. Vertical
phase separation is key to the high mobilities reported with the
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Fig. 10 (a) Transfer and (b) output characteristics of a high mobility
(>2 cm?/V s) OFET using a diF-TESADT:PTAA blend film. Chemical
structures of (c) diF-TESADT, (d) TIPS-pentacene, (¢) PaMS, and
(f) PTAA. Adopted from ref. 59 (Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission).

aim being to produce an increased concentration of acene
molecules at the conducting interface. Dual-gate OFETs, i.e.
those with both a top- and bottom-gate, are a useful probe of
interface properties since both channels can be measured within
a single device. It has been shown that in a dual-gate OFET the
top-gate shows better performance than the bottom in terms of
mobility, threshold voltage and hysteresis.® This suggests that in
this case the TIPS-pentacene-rich phase segregates to the upper
interface and has been further confirmed by secondary ion mass
spectrometry (SIMS) data. Using this technique® it is possible to
measure elements as a function of depth in the film by ion milling
at a known rate. Ohe et al.®* report SIMS results that show TIPS—
pentacene accumulation at both interfaces in the film signifying
that the exact nature of the substrate critically affects the phase
separation that occurs. Both of these results using SIMS are
shown in Fig. 11. By changing the surface energy of the substrate
it is possible to alter the performance of the transistor even if this
is not the interface at which charge accumulation occurs and
hence a morphological change must be occurring.®* Similarly for
TESADT : poly(methyl methacrylate) blends,*®* X-ray photo-
emission spectroscopy combined with argon milling has recently
been used to show that vertical separation occurs and can be
enhanced by vapour annealing which improves acene diffusion
and crystallisation. In addition high performance circuits have
been fabricated with a diF-TESADT : PTAA blend despite using
a bottom-gate, bottom-contact architecture.®* Ring oscillators
with fast stage delays (~712 ns) suggest that the hole mobilities
are high in these devices. Therefore it is proposed that the lower
surface energy of the polymer dielectric substrate layer employed
increases segregation to the bottom interface and improves the
bottom channel performance. During spin coating, high boiling
point solvents tend to be used to reduce evaporation rates and
allow time for vertical phase separation to occur. Consequently
there may be the formation of a wetting layer at the substrate
interface due to a decrease in solvent concentration at the top
interface. Surface energies of components and substrate, as well
as the fact that the small acene molecules will diffuse faster than
the polymer, will then play a key role in determining the vertical
composition profile.

Kang et al.® have used neutron reflectivity (NR) and grazing
incident X-ray diffraction (GIXD) measurements on deuterated-
TIPS—pentacene : poly(a-methyl styrene) (PaMS) films to study
both phase separation and crystalline orientation respectively.
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Fig. 11 SIMS data for TIPS—pentacene blend films with the Si signal
indicating the presence of the TIPS group, (a) shows accumulation at
both interfaces compared to only the top surface in (b). Adopted from
ref. 61 (reproduced by permission of the American Institute of Physics)
and ref. 59 (Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission), respectively.

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 2562-2574 | 2569


http://dx.doi.org/10.1039/B921674J

Downloaded by LIBRARY OF ACADEMIA SINICA - BEIJING on 23 August 2010

Published on 16 February 2010 on http://pubs.rsc.org | doi:10.1039/B921674J

View Online

It was found that a low molecular weight PauMS only showed
vertical phase separation after annealing above the glass transi-
tion temperature, T,, however, the high molecular weight version
always led to phase separation and annealing had very little effect
(see Fig. 12 for NR results). Again vertical separation to both
interfaces occurred in the latter case making bottom-gate OFETs
a possibility. Uniform and stable devices with mobilities up to 0.3
cm?/V s were fabricated. These effects are firstly a consequence of
the lower T, and secondly the increased entropy of mixing for
lower molecular weight polymers. GIXD results showed that
after phase separation there is a highly crystalline film with the
(00/) planes parallel to the substrate surface. This is the ideal
orientation®® for high mobility devices as it puts the 7t-stacking in
the direction of charge transport.
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Fig. 12 Neutron reflectivity measurements on deuterated-TIPS—penta-
cene:PaMS blends and the calculated vertical distribution of the
TIPS-pentacene for PaMS molecular weights of (a) 1.3 kg mol~' and (b)
575 kg mol~'. Both as cast films and those after annealing at 100 °C are
shown. Adopted from ref. 65 (reproduced by permission of the American
Chemical Society).

interface

The polymer matrix employed plays an important role in film
morphology and electrical properties. Initial experiments using
insulating polymers such as PaMS fulfilled the need for
mechanical and thin film forming properties, however, by
moving to a semiconducting polymer such as PTAA, which is
still amorphous, an improvement in OFET mobility could be
achieved (0.69 cm?V s compared to 1.1 cm*V s for TIPS—pen-
tacene®). This can be explained by the improved conduction
pathways between acene-rich regions provided by the polymer
and the enhanced injection into the PTAA from the gold
contacts. The same improvement was seen in bottom-gate
devices,*” with insulating polymer blends having 4-5x lower
mobilities than PTAA blends. The effect of morphology on
devices has been explored by Madec et al® and a comparison
made between the use of semi-crystalline and amorphous poly-
mers. It was observed that the use of PaMS led to an accumu-
lation of the TIPS—pentacene on the top surface but only when
the overall the acene concentration was >40-50 wt%, and using
amorphous poly(styrene) led to no vertical phase separation at
all (Fig. 13). Low concentrations of TIPS—pentacene in an
amorphous polymer meant that during film formation, liquid—
liquid phase separation was not pronounced, small crystallites
dispersed in a continuous polymer matrix were produced and
OFETs had low measured mobilities. Clearly for higher acene
concentrations, dependent on the polymer matrix and processing
conditions, it is possible to obtain vertical segregation and high
hole mobility. However, by using a semi-crystalline polymer
(such as isotactic poly(styrene)) it was shown that vertical phase
separation to both top and bottom interfaces could be achieved
over a wide range of compositions even down to 10 wt%

Fig. 13 Infrared spectroscopy images of blend films showing absorbance at 2130 cm™' (stretching band in TIPS—pentacene). Films consist of TIPS—
pentacene and either isotactic PS, amorphous PS or PaMS. Both the top and bottom surfaces of the thin film are imaged, demonstrating interface
enrichment of TIPS-pentacene due to vertical phase separation in the cases of (a), (b) and (f). Adopted from ref. 68 (reproduced by permission of The

Royal Society of Chemistry).
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TIPS—pentacene. This corroborates well with the results of
crystalline—crystalline blend phase separation as discussed in
Section 3.1. Therefore, overall a suitable substrate surface energy
and a long enough time for diffusion of the acene-rich phase to
the interface, as well as crystallisation of this phase, appear to be
just as vital as the intrinsic electrical properties of the film
components for good device performance.

4. Blends for OFET self-assembly and patterning

It is possible to use blended materials to aid the processing of
OFETs and circuits for their intended large-scale applications.
Self-organisation of the two components has the potential to
allow formation of gate dielectric and semiconductor in a single
step, the localisation of one component in the OFET channel, or
the self-encapsulation of organic circuitry. These techniques can
potentially reduce the cost of fabrication which is one of the key
advantages of using organic materials.

4.1 Gate dielectric self-formation

Blending the semiconductor and dielectric, in the case where
significant vertical phase separation occurs, allows formation of
a bilayer suitable for OFETSs. One of the first demonstrations of
this technique used a poly(9,9-dialkylfluorene-alt-triarylamine)
(TFB) blended with the cross-linkable dielectric divinyl-
tetramethyldisiloxane-bis(benzocyclobutene) (BCB) in 1,3,5-tri-
methylbenzene.®® Due to the large interaction parameter between
TFB and BCB, caused in part by the siloxane group in the BCB,
complete phase separation occurs during film formation.
Controlling the rate of solvent evaporation by altering the
solvent vapour pressure during spin coating and selecting
a composition that will lead to spinodal decomposition produced
a vertically separated bilayer with BCB on the top surface.
Several factors contribute to making this system suitable for
OFET applications. Firstly the degree of the phase separation
produces both negligible intermixing within the phases and
a very abrupt interface (estimated to be ~4 A wide) between the
phases. Secondly there are no —OH groups and a low chance of
other impurities acting as charge trapping sites during conduc-
tion at the interface. Finally the BCB dielectric layer was found
to be free of pin-hole defects that would increase gate leakage.
However, interface roughness, controlled by the solvent evapo-
ration rate, had to be minimised in order to reduce charge
trapping or scattering and obtain devices only limited by the
mobility of the TFB and contact resistances.

A similar system but for bottom-gate OFETs was demon-
strated by Chung et al in which F8T2 was employed as the
semiconductor and thermally curable dimethylsiloxane (DMS)
as the insulator.” Upon heating DMS at 120 °C conversion to
the hydrophobic rubber poly(dimethylsiloxane) (PDMS) occurs.
During spin coating DMS preferentially phase separates to the
SiO, substrate. Also during the thermal curing stage further
segregation of the components takes place, facilitated by the low
glass transition temperature of PDMS, leading to some accu-
mulation of PDMS on the top surface which is advantageous as
it encapsulates the OFET. The lower layer of PDMS then acts as
a treatment for the SiO, gate dielectric rather than the gate itself,
however, the performance of such devices was higher than pure

F8T?2 on octadecyltrichlorosilane (OTS) treated SiO,. A negative
correlation between surface energy of the dielectric and OFET
mobility was observed for three different semiconducting poly-
mers and additionally has been noted by other groups.”
However, solution processing on a low surface energy substrate
without de-wetting can be challenging. Therefore the use of
a blend allows the formation of a good semiconductor—dielectric
interface on a variety of substrates. Simple polymer dielectrics
that do not need thermal cross-linking can also be processed in
this way. Vertically segregated P3HT : poly(methyl methacry-
late) (PMMA) blends have been used for OFETs”* with the
PMMA cither operating as a dielectric treatment or as the
dielectric itself. The high surface energy of the substrate in this
case leads to preferential formation of PMMA on the lower
surface and, as with previously discussed polymer-polymer
blends (Section 3.1), P3HT concentration can be reduced to
~5 wt% whilst still retaining electrical conduction. Low
voltage operation of OFETs also becomes possible with systems
such as this since the thickness of the dielectric can be very
small and hence its geometric capacitance will be high. Small
molecular semiconductors can also be used in place of polymers
for example the TESADT : PMMA blend.®* Solvent annealing
in this case was used to enhance the vertical phase separa-
tion and allow crystallisation of the TESADT on the top
surface producing a bilayer with very low concentrations of
small molecule in the PMMA dielectric. High mobility (up to
0.47 cm?V s) OFETs were fabricated in this way including
all-organic, flexible structures with only one processing step
needed for semiconductor and dielectric.

In summary, the use of vertically phase separated bilayers has
several advantages for OFETs. Namely the reduction in number
of processing steps required to make a device, the ability to easily
make both top- and bottom-gate devices, the control and
improvement of interface properties especially with regard to
intimate semiconductor—dielectric contact, and the possibility to
incorporate encapsulation of the active material into the same
processing step thus increasing device stability.

4.2 OFET self-assembly

The patterning or localisation of organic semiconductor on
a substrate is useful for integrated circuit or display circuitry
applications. This can be achieved by printing techniques,
however, it would be simpler if an organic solution could be
applied to the whole substrate and only remain where it is
required. The tendency for blends to phase separate on deposi-
tion and therefore their ability to self-assemble, offers a way to
form circuits in a single step. Such patterning has been demon-
strated using various poly(3-alkylthiophenes) blended with
poly(styrene).” Self-assembled monolayers such as thiols on gold
and trichlorosilanes on SiO, were used to modify the surface
energy and control where each phase was deposited, however, no
functional devices were fabricated in this case.

Salleo and Arias’™ demonstrated OFET arrays using a polymer
blend by controlling substrate surface conditions and propensity
of each phase to de-wet during phase separation. The material
system employed was a blend of regioregular poly(3,3"”’-dido-
decyl quaterthiophene) (PQT-12) with PMMA. Patterned OTS
treatment was then used to define the OFET locations by
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introducing a hydrophobic region on the predominately hydro-
philic substrate. During spin coating of the solution both lateral
and vertical phase separation occurred leading to the PQT-12-
rich phase preferentially forming on the OTS treated region and
overall encapsulation of the devices with PMMA (Fig. 14). A
surface-directed spinodal decomposition mechanism is proposed
with an initial PQT-12 wetting layer forming before lateral
segregation occurs. Excess PQT-12 remains in the PMMA matrix
as small but non-interconnected islands. This system therefore
not only produces an array of OFETs but also improves air
stability due to the self-encapsulation.” Processing and drying of
the film must occur relatively rapidly since such a film
morphology is metastable. Thermal annealing improves the
PQT-12 crystallinity and therefore device performance, however,
allowing diffusion of material at the polymer-polymer interfaces
by solvent annealing leads to a loss of vertical phase separation
and a homogenous, bulk de-mixed morphology.

5. Conclusions and outlook

The technique of blending organic semiconductors for solution
processing is now being commonly employed in organic elec-
tronics, and thin film transistors are no exception. This has been
partly due to the ease with which two or more components can be
deposited from solution, and partly the ability to combine a wide

data line

bulk demixed film

(b) Na o

Fig. 14 (a) The mask and substrate used to pattern OTS for a self-
assembled OFET array using PQT-12 blended with PMMA. (b) Sche-
matic of the thin film structure demonstrating the isolation of each PQT-
12 transistor and the overall encapsulation of the array. Adopted from
ref. 74 (Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission).

range of useful properties and even the potential for synergistic
effects. Examples of desirable OFET features include high charge
carrier mobility, ambipolar conduction, air stability, device-to-
device uniformity and material self-assembly. Finding single
materials that can satisfy several of these requirements is not
always easy. However, there are also challenges involved with the
use of multi-component blends especially regarding the control
of film morphology, phase separation and the location of each
component within the film.

In this paper we have reviewed the progress of solution-pro-
cessed OFETs fabricated using semiconductor blends. The
number of functional blend systems has increased as an under-
standing of the links between electrical properties and blend
morphology has developed. Examples include the percolation
pathways for holes and electrons in ambipolar OFETs such as
PCBM : polymer blends, the optimisation and use of vertical
phase separation to position high mobility components within
the channel region of devices, or the ability to control when
crystallisation of the semiconductor occurs during processing
such as in rubrene : diphenylanthracene hypereutectic blends.
Within all of these systems an important factor is the under-
standing of phase separation at various stages during solution
processing techniques that are often far from equilibrium, such
as spin coating or printing. Simple composition or temperature
changes can be used to control the final microstructure but in
addition it is vital to be able to alter substrate surface properties,
solvent evaporation rates and viscosities, and solute-solute or
solute—solvent interactions. This is especially true if we wish to
use these systems on an industrial scale where film uniformity
and low device-to-device variation is needed in combination with
high mobility and/or the ability to create complementary or
complementary-like logic circuits. Furthermore an under-
standing of charge conduction mechanisms in blend devices and
how the film microstructure correlates to OFET performance is
needed in order to optimise the processing for a particular
application. However, there is great potential to use multi-
component systems in OFET and organic circuit fabrication.
The ultimate aim being large area, high mobility systems that can
self-assemble with minimal processing, and allow gate dielectric
and n- and p-type semiconductor positioning with suitable
morphologies or crystallographic orientations in the OFET
channels.
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