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The molecular mobility of polymers in their solid or molten states allows their processing without the
need for toxic, “non-friendly” solvents. In this work, the main features of solvent-free processing methods
applied to conjugated polymers are reviewed taking into consideration that these materials are largely
used in a broad range of (opto-)electronic applications, including organic field-effect transistors, poly-
mer light-emitting diodes and polymer photovoltaic devices. This review addresses the main advantages
of processing such materials in their solid state offering an alternative fabrication scheme for several
opto-electronic devices. Moreover, the properties of polymer-based opto-electronic devices are largely
dependent on the conformations and orientations of polymer molecules in the corresponding polymer
thin film layers; especially the ordering of conjugated polymer molecules in the active layer has been
a topic of intense research in organic electronics. Therefore, this review also highlights the control of
conjugated polymer molecule ordering when using solvent free processing techniques. Finally, conclu-
sions and perspectives of solventless processed conjugated polymer molecules in organic electronics are
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addressed.
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1. Introduction

After the discovery of intrinsically conducting polymers in the
1970s [1,2] which was later awarded the 2000 Nobel Prize in
Chemistry, strong efforts have been performed on the develop-
ment of this class of polymers as evidenced by the exponential
increase in the number of papers published under this subject
over the last decades [3]. Such interest stems from the remarkable
set of properties that organic semiconductors possess including
tunable semi-conductivity, tunable UV-Vis absorption properties,
tunable photo- and electroluminescence, solar energy conversion
capabilities (photovoltaic), energy storage and so on [4]. These
properties have been widely exploited in a broad range of (opto-
) electronic applications, including polymer light-emitting diodes
(PLEDs), organic photovoltaic cells (OPVs), organic thin-film tran-
sistors (OFETs) and lasers. So far, the most commercially used
of these are PLEDs which can be used as backlight sources of
liquid crystal displays or as flat-area light sources [5]. Also, solid-
state lasing and super-luminescence have been observed in organic
semiconductors through photo-pumping excitation [6]. Moreover,
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polymer solar-cells have shown an increased interest recently due
to their strong potential for low-cost and ease of production, with
efficiencies reaching 12% [7].

The strong research efforts on polymer semiconductors are
related to the promise of their potential capability for producing
low-cost, large-area, flexible electronic devices. New processes for
large-size production are nowadays being actively developed tar-
geting mainly organic photovoltaic applications [8]. In the research
laboratory, semiconducting polymers are usually processed from
solution by drop-casting, spin-coating or ink-jet printing. In the
industrial setting, the techniques that are currently being focused
on are ink-jet printing [9] and roll-to-roll processes [10] with spe-
cific efforts being made for production of long sheets with a real
potential for short energy payback time [11]. In these processes,
most of the organic semiconductors require dissolution in envi-
ronmentally undesirable, toxic halogenated and aromatic solvents.
Furthermore, the use of a solvent-based process to prepare poly-
mer solar cells has been shown to be problematic owing to the very
low solar cell efficiencies obtained (about 2% when using organic
solvents) when using a roll-to-roll process [12,13]. This efficiency
declines even further when using nontoxic/nonpolluting solvents
for the active layer deposition (0.29% to 0.55% in the case of aque-
ous suspension inks [14,15]). Another setback, when using solvents
to process conjugated polymers, is the frequent requirement to
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Nomenclature

6T oligothiophene a-sexithiophene

AFM Atomic force microscopy

BDMOPPV poly(2,5-bis(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene)

BDT benzodithiophene

BEHPPV poly(2,5-bis(2-ethylhexyloxy)-1,4-
phenylenevinylene)

C12-pBTTT poly(2,5-bis(3-dodecyl-2-yl)-thieno|[3,2-
b]thiophene)

CDT-BTZ cyclopentadithiophene-benzothiadiazole co-
polymer

diF-TESADT difluoro 5,11-bis(triethyl silylethynyl) anthra-
dithiophene

DOPPV  poly(2,5-dioctyloxy-1,4-phenylenevinylene)

EL electroluminescence

F8T2 poly(9,9-dioctylfluorene-co-bithiophene)

MDMOPPV poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene)

MEHPPV poly(2-methoxy-5-(2-ethylhexyloxy)- 1,4-

phenylenevinylene)
MOPPV poly(2-methoxy-5-octyloxy-1,4-
phenylenevinylene)
My, molecular weight
OFET organic field-effect transistor
OPV organic photovoltaics
P3DDT poly(3-dodecylthiophenes)
P3HT poly(3-hexyl-thiophene)

PBTTT-C16 poly(2,5-bis(3-hexadecylthiophen-2-
yl)thieno|[3,2-b]thiophene)

PCL poly(e-caprolactone)

PCBM  [6,6]-phenyl-C61- butyric acid methyl ester

PDMS  polydimethylsiloxane

PEDOT:PSS poly(ethylenedioxythiophene):
poly(styrenesulfonate)

PFO poly(9,9-dioctylfluorene)

PLEDs  polymer light-emitting diodes

PPP poly(p-phenylene)

PPV poly(1,4-phenylenevinylene)

PT polythiophene

PTCDI  perylenetetracarboxylic diimide
PTFE poly(tetrafluoroethylene)

PTTPs  [5,5’]-bisphenyl-[2,2’]-bithiophenes
TFT thin film transistor

Tm melting temperature

TIPS 6,13-bis(triisopropylsilylethynyl)pentacene
Vi gate voltage

derivatize the semiconducting species with solubilizing side chains.
Not only does this compromise their electronic properties [16], it
usually requires additional complex synthetic steps to derive the
polymer precursors [17-19].

Conjugated polymers, like other polymers, can exhibit a large
spectrum of different microstructures, ranging from completely
amorphous to highly crystalline. Many electronic properties
and processes are critically dependent on this molecular and
supramolecular order that usually can be controlled during film
formation processes [20,21]. For instance, it is generally accepted
that there is no preferred orientation for the internal fields of
the separated charges in polymer heterojunction solar cells [22]
(i.e. electrons and holes created within the volume have no net
resulting direction in which they should move) [23]. This is in
correlation with the common solution processed active layers

in organic photovoltaics; these films do not present any molec-
ular alignment thus exhibiting largely isotropic properties [24].
However, thermal annealing post-treatment is usually required
to increase the efficiency of the as-produced heterojunction solar
cells by forming a more ordered morphology (increasing the
crystallinity of the components) that creates better percolation
pathways for charges to flow toward the corresponding elec-
trodes [25-29]. In order to attain this, thermal annealing conditions
need to be selected carefully because crystal overgrowth with
an associated decrease of the device’s efficiency may occur if
too high annealing temperatures or too long annealing times
are used [30,31]. In this respect, the ability to create a thin
polymer donor-acceptor film on solid substrates with a repro-
ducible, stable morphology and optimized physical properties is
still a missing link in achieving ultimate performance potentials
for conjugated conducting materials, especially for polymer solar
cells.

In order to address these issues, molecular alignment is receiv-
ing significant attention in research on organic semiconductors
[21,24,32]. Conjugated polymer molecules exhibit anisotropic
properties due to their intrinsic characteristic of having electrons
delocalized along the polymer backbone (main chain) leading
to a m-stacking-induced molecular alignment. However, these
desirable anisotropic properties are not observed in films pre-
pared without use of techniques specifically chosen to induce
polymer arrangement [33]. This molecular anisotropy and conse-
quently anisotropic electron mobility can be used advantageously
in circuit design, for example, to isolate neighboring components
without requiring a large spatial separation or the patterning
of the semiconductor layer [34]. In addition, in organic photo-
voltaic devices, where bias voltage is applied between top and
bottom electrodes, it is expected that the increase in mobil-
ity due to crystal alignment in the direction perpendicular to
the substrate will lead to improved power conversion efficien-
cies [35]. An example of this effect has been demonstrated
in the use of a porous alumina template to prepare vertically
aligned core-shell nanorods of P3HT and PCBM from the melt
[22].

Besides the growing environmental concerns that created an
urgent need to search for low-cost, environmentally friendly meth-
ods to process polymer semiconductors with “benign” solvents or
alternative processes that do not require solvents at all, a lack of
processes that can create a well-ordered, reproducible film mor-
phology on solid substrates with a simple and straight forward
methodology still exists. Processing of organic semiconductors in
the solid state has been receiving attention lately due to their
potential for a green methodology linked to a better control of
film morphology. A vast majority of industrial thermoplastic poly-
mer processing techniques are undertaken in the molten state,
and there is potential to process semiconductor polymeric materi-
als by exploiting this technology [36-40]. Additionally, processing
such materials in their solid state, i.e. at temperatures below
melting temperature, can also be an alternative straight-forward
fabrication approach exploiting techniques such as calendaring,
lamination and rolling that are also common methods employed
in the polymer industries [41]. These methods therefore offer new
opportunities for easy, scalable, simple methods to control polymer
orientation and morphology, prerequisites for fabricating organic
electronic devices with improved functionalities. Although some
recent reviews have addressed closely related topics, namely the
ordering of semi-conducting m-conjugated polymers [42-44] and
its impact on the corresponding optoelectronic properties [45], this
review is new in the sense that it summarizes different methods
currently used to process conjugated polymers without the use of
solvents as well as some of the techniques used to create well-
ordered morphologies using purely solid state processes.
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Fig. 1. Schematic representation of the friction transfer technique [24] (reprinted
with permission).

2. Friction transfer

Friction transfer was first proposed by Makinson and Tabor [46]
in the 1960s and demonstrated by Wittmann and Smith in 1991
[47] with the deposition of a thin film of poly(tetrafluoroethylene)
(PTFE) on to a clean heated surface by squeezing and drawing a
PTFE block. The resulting film contained highly oriented PTFE back-
bones along the drawing direction. Generally, in friction transfer,
a pellet of the solid material to be deposited is drawn over a hot
substrate under a critical compressive force required to deposit the
aligned material (Fig. 1). Depending on the conditions used (tem-
perature, pressure, sliding rate), it was shown that the thickness of
the deposited film could be varied in the range from 2 nm to 100 nm
[47-50]. Moreover, by the friction-transfer method, polymers can
be aligned without using any secondary processing such as rubbing
or thermal annealing.

The friction transfer technique was first applied to deposition
of thin films of conjugated polymers in 1995 [51] with the aim
of exploiting the intrinsic enhanced electron mobility properties
that could be obtained from the electrons delocalized along aligned
polymer backbones. Tanigaki’s group successfully prepared friction
transferred films from insoluble and soluble conjugated polymers,
including polysilanes [52-54], poly(p-phenylene) (PPP) [51,53,54],
poly(p-phenylenevinylene) and their derivatives. The resulting
films exhibited high in-plane anisotropic properties as revealed by
the highly-polarized photoluminescence in the plane parallel to
the sliding direction [52,55,56]. Much more recently, Tanigaki et al.
also reported the successful preparation of thin films of polyani-
line (emeraldine base) [57] and of poly(3-butylthiophene) [58]
by the friction transfer method. The same authors [59] have also
reported the preparation of oriented thin films of the conjugated
dye perylenetetracarboxylic diimide (PTCDI) vacuum deposited
on the surface of oriented poly(tetrafluoroethylene) (PTFE) and
poly(p-phenylene) (PPP) substrates prepared by friction transfer
at 300°C and 220°C, respectively. They observed that the ability
of oriented PPP to induce orientation of the PTCDI is better than
that of oriented PTFE substrates, and they successfully fabricated
polarization-sensitive photoelectric conversion devices by using
the oriented PTCDI thin film on the PPP substrate.

Mizokuru et al. [35] reported the formation of oriented
thin films of the oligothiophene a-sexithiophene (6T) deposited
on to in-plane-oriented polythiophene (PT) films formed by
friction-transfer. Thin films of 6T were evaporated onto an
oriented 5nm thick PT film, itself friction transferred at
250°C, under vacuum. Tests indicated that the molecular
axis of the 6T molecules were aligned in the friction direc-
tion of the PT films, i.e. orientated parallel to the PT chain
direction. In contrast, 6T molecules similarly deposited onto
quartz and poly(ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS)-coated silicon substrates aligned nearly perpendic-
ular to the substrate. Heck et al. [60] studied the emission of
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Fig. 2. Molecular structure of the PPV derivatives [61] (reprinted with permission).

electroluminescent (EL) devices of blue emitting oriented poly(9,9-
dioctylfluorene) (PFO) films prepared by friction transfer at 95°C
with a thickness of 50 nm, doped by orange emitting dye 6T. Very
good polarization of the light emitted by these EL devices was
observed due to orientation of PFO films. Very recently, the same
authors also reported the production of the same oriented PFO films
by friction transfer further doped with 6T with an excellent control
of the color of the emitted light by tuning the thickness of the 6T
film down to 4nm [5].

Friction transfer was successfully used by Nagamatsu et al.
to prepare highly ordered films of poly(3-hexylthiophenes)
(P3HT) and poly(3-dodecylthiophenes) (P3DDT) with high in-
plane anisotropies [33]. P3HT and P3DDT films were friction
transferred at 150°C and 100°C, respectively, with film thick-
nesses lower than 100nm. These aligned films were observed
to exhibit mobility increases of between 2 and 70 times those
of conventional isotropic field-effect transistors devices pre-
pared from non-aligned poly(3-alkylthiophene) films [32]. The
same authors subsequently undertook a more comprehensive
study in order to understand why some kinds of conjugated
polymers did not form a uniform film by using friction-transfer.
They studied the influence of substituting side-chains on 2,5-
alkoxy-substituted poly(1,4-phenylenevinylene) (PPV) in their
capacity to form uniform films by friction transfer at tem-
peratures from 80°C to 100°C. Several substituted side-chain
derivatives were studied: poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene) (MEHPPV), poly(2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylenevinylene) (MDMOPPV),
poly(2,5-dioctyloxy-1,4-phenylenevinylene) (DOPPV), poly(2,5-
bis(3,7-dimethyloctyloxy)-1,4-phenylenevinylene) (BDMOPPV),
poly(2-methoxy-5-octyloxy-1,4-phenylenevinylene) (MOPPV)
and poly(2,5-bis(2-ethylhexyloxy)-1,4-phenylenevinylene) (BEH-
PPV) (Fig. 2) [61]. It was observed that the friction-transferred
film quality strongly depended on the side-chain structure, i.e.
whether they are linear or branched, and the type of substitution,
i.e. symmetric or unsymmetric. The structure of the side-chains
was shown not to affect the friction transfer process only the
polymer backbone alignment. The symmetric PPV derivatives
(DOPPV, BDMOPPV and BEHPPV) were shown to form oriented
and homogeneous films, with BEHPPV displaying the best quality
film [61]. By contrast, none of the asymmetric PPV derivatives
(MOPPV, BDMOPPV and MEHPPV) formed homogeneous films.
Polymer crystallinity was also found to be an important factor for
generating a homogeneous oriented film, with PPV crystallinity
strongly depending on the kind of side-chain substitution. Sym-
metric PPV forming homogeneous oriented films were found to
be highly crystalline, whilst asymmetric PPV that did not form
homogeneous thin films are amorphous [61].
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Fig. 3. Fluorescence emission spectra of a friction-transferred DPS-PPV film, a drop-
cast DPS-PPV film, and a high electric field (6000 V/cm) induced DPS-PPV film [24]
(reprinted with permission).

Hao et al. [24] reported thin film formation of a water-soluble
poly(phenylenevinylene) (PPV) derivative with sulfonate contain-
ing side chains (DPS-PPV) on silica substrates by solvent-free
friction transfer at 300 °C. Films were formed by “rods” of polymer
aligned perpendicular to the drawing direction, contrasting with
the behavior of comparable polymers, which tend to align along
the drawing direction. In the friction-transferred polymer films
short-lived fluorescent species are dominant, whereas long-lived
emission species are favored in the drop-cast films. Consequently,
friction transfer films exhibited a higher emission polarization ratio
due to this alignment in comparison to a drop-cast DPS-PPV film
and in comparison to a high electric field induced film (Fig. 3). In
such friction transfer films a reduced emission quantum yield (as
indicated by the shorter fluorescence decay behavior) was shown
to result from the enhanced interchain interactions.

The formation of ordered poly(9,9-dioctylfluorene-co-
bithiophene) (F8T2) nanowires has also been reported by
friction-transfer [62]. The F8T2 polymer, with a liquid-crystalline
transition temperature at 217 °C, was cast into a block at 250°C,
this block was then friction transferred on to a glass substrate
at 230°C. The field-effect transistors fabricated with the F8T2
nanowire films, with a typical thickness of 400 nm, exhibited a
field-effect mobility along the wire direction 10 times higher than
the mobility value obtained in transistors with the spin-coated
polymer.

Very recently, Mizokuro et al. [63] performed a comparative
study of the performance of OPV devices based on friction-
transferred P3DDT films and on similar spin-coated films and
showed that devices based on friction-transferred films displayed
higher OPV performances.

3. Melt processing

Melt processing is widely used in the polymer industry for being
asolventless, environment-friendly and scalable process. However,
the application of the method for semiconducting polymers is chal-
lenging because of their high melt temperatures [39] and relatively
poor thermo-oxidation stability [64,65]. Some of the earlier reports
on the melt processing of semiconducting polymers date back to
the 1980’s when Yoshino et al. prepared a flexible conductive poly-
mer fiber by melt-spinning of poly(3-alkylthiophene)s [66], and
others have shown that poly(3-alkylthiophene)s can be blended
with common thermoplastic polymers and processed using con-
ventional polymer melt processing techniques [67-69].

Much more recently, Muller et al. [37] synthesized
diblock copolymers with poly(3-hexylthiophene)-polyethylene
(P3HT-PE), with several different weight ratios of both blocks,
where the P3HT block has higher melting and crystallization
temperatures (T, =220°C, T,=200°C) than the insulating PE
moiety (T, =130°C, Tc = 120 °C). The antioxidant Irganox 1010 was
added to all polymers in a weight percentage of ~1%. The authors
studied the solid-state structure of the crystalline-crystalline
diblock copolymers obtained after cooling from the melt, and
showed that the structure consisted of (semi-) crystalline P3HT
micellar-like entities dispersed in regions composed of amorphous
and crystalline lamellar PE. The nature of the structures obtained
was found to be dictated by the crystallization of the PE block,
which solidified after P3HT as the system was cooled. These diblock
copolymers formed classical spherulitic structures at low P3HT
content. With P3HT contents exceeding 10-20 wt% crystallization
of PE is hindered by the P3HT blocks that arrange into columnar
crystals. At still higher content, P3HT was found to be arranged
into a lamellar micelle-type structure.

Qiuetal.[39] demonstrated that the active layer of organic tran-
sistors can be easily deposited from a semiconducting/insulating
polymer blend using a melt process at 60 °C integrating compound-
ing with compression molding. Their “environment-friendly”
solid-transfer method for fabricating organic thin-film transis-
tors used a melt compressed polymer blend based on P3HT
(T;n =236°C) and poly(e-caprolactone) (PCL) which is an insulating
and biodegradable polymer with good low temperature melt-
processability (T, =56°C), as shown in Fig. 4. Qiu et al. showed
that the P3HT content could be reduced to as low as 3 wt% without
considerable degradation of the field-effect electronic properties
imparted by the P3HT and yet maintaining excellent processabil-
ity of the blends down to temperatures as low as 60 °C due to the
high PCL content. The resulting field-effect characteristics of the
melt-compressed transistors were comparable to those of a solu-
tion processed device. The blend displayed outstanding mechanical
properties with elongations at break exceeding 300%, and has a
potential use in biocompatible and biodegradable organic thin-film
transistors, and could be compatible with a solid-state roll-to-roll
process.

Muller et al. [70] addressed the charge carrier mobility of high
pressure crystallized P3HT pellets. The P3HT pellets were solidified
from the melt to room temperature under elevated pressure for
two different P3HT molecular weights (M,, = 60 and 344 kg mol~1).
For comparison, both polymers were also cast from solution.
They observed an increased degree of crystallinity for the high-
pressure solidified specimen when compared with solution- and
melt crystallized (at ambient pressure) samples. Moreover, they
also concluded that pressure-induced solidification caused the for-
mation of P3HT solids not only with a higher degree of bulk
crystallinity but also with an increased crystal thickness. Significant
enhancement in charge-carrier mobility in pressure solidified sam-
ples was also observed when compared to solution cast and molten
samples (Fig. 5). However, the relatively high pressures (5000 bar)
used in their work may prevent a useful practical application.

Processing of P3HT from the melt was also used to prepare semi-
conductor fibers that can be used for instance in “smart textiles”.
Fanous et al. have prepared P3HT microfibers by melt spinning with
a significantly increased crystalline phase after drawing the fibers
at 150°C (Fig. 6) [71].

4. Processing of bulk solids (well below melting)
Baklar et al. [41] have conducted a comprehensive study on

the solid-state processing of several conjugated small molecular,
oligomeric and polymeric compounds by compression molding



L. Branddo et al. / Synthetic Metals 197 (2014) 23-33 27

(@)
P3HT/PCL
blend o

Heavily doped Si

(b) (c)

Heavily doped Si

(d)

Fig.4. (a) Schematic illustration of the melt processing method. (b) P3HT/PCL film formed. (c) Field-effect transistor prepared. (d) SEM picture of the P3HT structure obtained

after PCL removal [39] (reprinted with permission).

at temperatures well below the melting point of the compounds
(Fig. 7). They obtained highly ordered, robust films with thick-
nesses in the range of 1-200 wm and observed high degrees of
anisotropic order for both polymeric as well as small-molecular
molecules [41]. Major radial molecular flow was shown to have
occurred during the compression molding both for P3HT and
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Fig. 5. (a) Time-of-flight (TOF) photoconductivity transients for P3HT of
M,, =344 kgmol~!, crystallized from solution (light gray) and the melt (dark gray:
solidified at ambient pressure; black: solidified at 5kbar). Transient arrival times
tt are indicated with arrows. (b) Field dependence of TOF charge-carrier mobility.
A comparison between high-pressure-solidified (black symbols) P3HT and mate-
rial crystallized from solution (light gray symbols) is shown [70] (reprinted with
permission).

the small-molecular 6T. This produced P3HT films composed
of highly ordered, radially oriented macromolecules with the
side chains perpendicular to the surface of the films. More-
over, no grain boundaries were observed in the fracture surfaces
of P3HT and poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-
b]thiophene (PBTTT-C16) structures due to self-diffusion that
“repaired” any energetically unfavorable boundaries. P3HT films
also displayed remarkable mechanical robustness and tough-
ness even when produced 200°C below their melting point
[41].

Solid-state compressed polythiophene (PT) displayed a mirror-
like appearance with a reflectivity reaching >35%, comparable to
that of silicon wafers, due to a higher density of the active moieties
compared to the substituted polymer. The high reflectivity values
of PT films exceed twice the reflectivity of compression molded
P3HT, PCBM and Cgg (around 17%) [41]. Thus solid state processing
offers a unique opportunity to fabricate functional thin solid films
from compounds that are otherwise not capable of forming films
(e.g., when processed from solution or the melt) [41].

The solid-state processed P3HT structures displayed three
orders of magnitude enhancement in bulk charge transport
properties compared to solution-cast films for high and low My,
molecules (see Fig. 8). This is in agreement with the unidirectional

404} e Original
——— Fiber
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Intensi

20[°]

Fig. 6. XRD spectra of P3HT film, P3HT fiber and drawn P3HT fiber [71] (reprinted
with permission).
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Fig. 7. (a) Schematic illustration of solid-state compression molding of organic semiconductors. (b) Polarized optical reflection micrograph and wide-angle X-ray diffraction
of solid-state molded poly(3-hexylthiophene), taken perpendicular to, and in the plane of the film. (c) Molecular arrangement of the P3HT macromolecules, as deduced from
polarized optical microscopy and wide-angle X-ray diffraction [41] (reprinted with permission).

orientation of the macromolecular chains, despite the unfavorable
arrangement of the insulating side chains being positioned along
the transport direction [41]. It was also observed that the solid-
state processed material when heated into the melt, displayed
significantly lower charge transport, highlighting the fact that
entirely different microstructures are produced with these two
techniques (i.e., solid-state vs. melt processing). Similar obser-
vations were made for PBTTT-C16 for which bulk charge-carrier
mobilities increased by about one order of magnitude with respect
to solution-cast structures [41].

Field-effect transistors (FETs) assembled by directly molding
of solid-state pressed films of P3HT, 6,13-bis(triisopropylsilyl
ethynyl)pentacene (TIPS) and difluoro 5,11-bis(triethyl
silylethynyl) anthradithiophene (diF-TESADT) on a bottom-
gate/bottom-electrode configuration demonstrated a strong field
effect, i.e. current modulation by application of a gate voltage
(Vg), while PCBM additionally exhibited ambipolar transport—i.e.,
transport of holes and electrons. The author stressed the abil-
ity to obtain field-effect charge-carrier mobilities with solid
state processed films that are comparable to those recorded for
solution-processed films based on the same FET geometry [41].

Treier et al. [72] prepared organic field-effect transistors
produced by the annealing of powders of several organic semi-
conductors such as, cyclopentadithiophene-benzothiadiazole
co-polymer (CDT-BTZ), benzodithiophene (BDT), poly(3-
hexylthiophene) (P3HT) and [5,5’]-bisphenyl-[2,2’]-bithiophenes
(PTTPs) on gold SiOx surfaces without the use of any solvents. The
simple thermal annealing of the sprinkled powders at 90°C, i.e.
below their melting temperatures, yielded functional transistors
with some of the characteristics comparable to those of solution-
processed devices. However, the annealing time was quite long
(i.e., 20-70 h) and the homogeneity of the obtained films was poor.

More recently, Bernardo et al. reported, for the first time, the
formation of P3HT fibers with diameters of 1 and 2 mm by solid-
state extrusion processing at temperatures more than 100 °C below
the melting point of P3HT (see Fig. 9) [73]. The fibers produced by
this method were continuous and mechanically robust with the
macromolecular chains of P3HT preferentially oriented along the
fiber axis. This approach allowed for processing of semiconductor
polymers without the requirement of toxic, “non-friendly” solvents
and at reduced processing temperatures where P3HT degradation
rate is hindered [64]. The same group has also demonstrated the
extension of the technique to produce extruded P3HT ribbons with
thicknesses of ~0.15 and 0.30 mm and width of ~4 mm at temper-
atures below the polymer’s melting temperature [74].

5. Post processing of solution cast films

Previous research has demonstrated that the molecular order-
ing and orientation of the conjugated polymers in the active layer
significantly affects the corresponding device properties. However,
the charge transport in conjugated polymer systems, exhibiting
both amorphous and ordered phases with varying degrees of order,
is complex due to the contribution of electronic processes at vari-
ous length scales and a commonly accepted and widely applicable
model still does not exist. In this respect, Noriega et al. [75]
have recently proposed a unified model of how charge carriers
travel in conjugated polymer films. According to these authors in
high-molecular-weight semiconducting polymers, chain segments
between aggregates (small domains with short-range ordering of
a few molecular units) provide an efficient charge transport path-
way between ordered regions and are not a rate-limiting step in
the electrical transport process being the limiting charge transport
step the trapping caused by lattice disorder in the aggregates.
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Fig. 8. TOF photoconductivity measurements on solid-state molded P3HT and 6T architectures. (a) Typical hole photocurrent transients measured under vacuum at
two different voltages (thickness of P3HT film, d=45 pm). (b) Comparison of P3HT films processed either in the solid state or from solution (E~10°Vcm). (c) Corre-
sponding Poole-Frenkel plots of solid-state molded (filled symbols) and solution-cast (white symbols) P3HT structures (triangles: P3HT of M,, =246 kg mol~'; squares:
M, =60kgmol). (d) Left panel: Photocurrents measured at different bias across solid-state molded a-sexithiophene, 6T (film thickness, d =200 pwm). Right panel: Field-
dependence of bulk charge-carrier mobility of solid-state processed 6T structures (filled symbols: d =200 wm, grey symbols: d=175 pm) [41] (reprinted with permission).

This section describes the solid state post processing of films
that were initially cast from solution and then subjected to
various post treatments to create alignment of the polymer
molecules.

5.1. Mechanical rubbing

Derue et al. [76] successfully used rubbing and nanorubbing
techniques for alignment of polymer chains in P3HT films. In the
former technique, rubbing of a solution cast P3HT surface film with
a velvet cloth at 190°C (Fig. 10) has resulted in crystalline aggre-
gates on the surface which were perfectly aligned along the sliding
direction. These were used as a template that induces chain orienta-
tion through the whole film thickness upon heating to the melting
temperature. In the latter technique, nanorubbing was achieved
using an Atomic Force Microscopy (AFM) stylus operating in con-
tact mode, instead of the velvet cloth, to impart P3HT orientation
with a nanometer resolution. This method was successfully used to
unidirectionally nano-rub a (10 x 10) um? area on a P3HT thin film
surface.

Vohra et al. [77] assembled a graded bilayer solar cell based
on poly(3-hexylthiophene) (P3HT)-[6,6]-phenyl-Cg-butyric acid
methyl ester (PCBM) donor-acceptor system by rubbing the P3HT
layer prior to PCBM deposition. It was shown that rubbing P3HT
induces the formation of a donor-acceptor concentration gradi-
ent in the vertical direction with the P3HT crystallites undergoing

a molecular reorientation from edge-on to face-on configuration
with an overall improvement of the charge transport in the vertical
direction (Fig. 11).

Brinkmann’s group studied the mechanism of orientation of
P3HT polymer chains by rubbing, with particular emphasis on the
effect of molecular weight (M, ) on the in-plane orientation of the
rubbed films [78]. They found that rubbing of the films causes ori-
entation of the chains parallel to the rubbing direction and the
in-plane orientation achieved in the films increases when the My,
of P3HT decreases. Later the same authors studied the orientation
effects in polymer composite films, of P3HT with CdSe nanorods,
prepared by mechanical rubbing [79]. They observed that, simi-
larly to the P3HT chains, the CdSe nanorods also align parallel to
the rubbing direction. However, and more interestingly, they also
found that the level of in-plane orientation of both the nanorods
and the polymer chains decreases when the concentration of CdSe
nanorods in the polymer matrix increases. Rubbing was also used
by the same group to orient the conjugated polymer poly(2,5-bis(3-
dodecyl-2-yl)-thieno[3,2-b]thiophene) (C12-pBTTT), on top of an
heated sample holder, exploiting the increased plasticity of the
conjugated polymer films in the temperature range between 50
and 125°C [80]. The in-plane alignment of the C12-pBTTT chains
and the size of the oriented domains was found to increase with
the temperature of the film during rubbing, resulting in high hole
mobility anisotropies as measured in bottom gate, bottom contact
OFET devices.
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Fig. 9. Pure P3HT fibers with diameter ~1 mm: (a) image of a pure free-standing
P3HT fiber processed at 100 °C; (b) SEM cross sectional view of a fiber processed at
150°C [73] (reprinted with permission).

(a) (b)

Velvet P3HT
cloth film

PPl Substrate

Fig. 10. Schematic illustration of the rubbing method (a) and the AFM image of a
rubbed P3HT film (b) [76] (reprinted with permission).

Polymer
Mold: nanoporous template |

Polymer in pores

Unrubbed P3HT Rubbed P3HT

Molecular Reorientation:
Face-on Z

Fig. 11. Top: EDS element mapping and plots (white line) of sulfur counts along
the cross section of devices obtained for the unrubbed layer (left) and after rubbing
the P3HT layer 5 times (right). The detected elements are aluminum (red), sulfur
(green), and indium (blue). Down: Schematic representation of: P3HT molecular
orientation (left) in the bilayer solar cell (right) [77] (reprinted with permission).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

5.2. Template wetting

This fabrication method involves the use of a template having
cylindrical nanopores as a shape-defining mold for polymers.
Among the mold templates, porous anodic aluminum oxide
(porous alumina) is the most widely used [81]. O’Carroll et al. [38]
first reported the use of a melt assisted pore template wetting
using porous alumina for preparing polymer semiconductor
nanowires for optically pumped lasers. After deposition of a thin
PFO film by spin coating and heating to the melt, vacuum annealing
facilitated the melt infiltration into the nanopores of the porous
template applied conformally to the PFO film. Following cooling
and solidification of the PFO discrete cylindrical polymer wires
with diameters on the order of 300 nm, and lengths of several
micrometers with well-defined end faces were obtained (see
Fig. 12). This method provides great versatility given the variability
in the diameter and length of the pores that can be utilized. It
is also a low cost method that provides a long range ordered
arrangement of homogeneous pores and allows the preparation
of different types of 1D polymer nanostructures such as ordered

1. Infiltration

2. solidification

Removal

Fig. 12. Template wetting method scheme [81] (reprinted with permission).
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(b) First strain direction

(e) Second strain direction

(©)

substrate

Fig. 13. Schematic of the biaxial strain process. (a) PDMS stamp is placed on a P3HT film that is on an OTS-treated silicon substrate. The PDMS is then removed taking the
P3HT film with it. (b) P3HT-PDMS stack is uniaxially strained to varying extents and then (c) laminated onto a second OTS-treated silicon substrate. (d and e) The process is
repeated with the P3HT film being strained in the direction transverse to the initial strain direction. (f) P3HT film is then printed onto a third substrate for film characterization

[92] (reprinted with permission).

arrays of low aspect ratio nanocolumns and high aspect ratio free
nanowires and nanotubes, etc [81].

Following this work, the template wetting assisted technique
has been adapted from using polymer melts, to include poly-
mer solutions and blends. The approach has been widely used
for the production of large area micro- and nano-ordered struc-
tures mainly for application in polymer solar cells [22,82-85]. For
instance, Palacios et al. prepared P3HT microtubes and microfibers
by melt-assisted macroporous silicon [84]. Wang et al. used a
porous alumina template to prepare vertical aligned core-shell
nanorods of P3HT and PCBM from the melt that were successfully
used in polymer solar cells, reaching 2% efficiency [22]. The forma-
tion of P3HT nanopillars from nanoporous anodic alumina using
melt wetting has also been shown to produce a high degree of
alignment of polymers chains in nanopores, which produced an
electrical conductivity approximately three times higher than that
of a P3HT non-oriented film [85]. However, control of the surface
wetting is required to affect orientation as shown by Martin et al.
who showed that different wetting regimes exist when prepar-
ing P3HT nanowires and nanotubes in anodic alumina templates
[83]. At 260°C and 280 °C different wetting regimes were observed
associated with different internal structures in the P3HT melt. At
260°C there is only a partial wetting regime thus favoring solid
nanowires formation. At this temperature the P3HT is organized
into a smectic mesophase where the translational motion of the
P3HT molecule through the phase-separated structure involved an
enthalpic penalty, which prevents the molecular diffusion required
for achieving the complete wetting regime. On the other hand, the
melt is structurally isotropic at 280°C, which promotes the com-
plete wetting regime, yielding nanotubes [83].

5.3. Stretching

The stretching technique has been used by a number of groups
for obtaining orientation in conjugated polymeric films [86].
Recently, Yasuda et al. [87,88] reported organic field-effect tran-
sistors (OFETs) based on stretch-oriented regioregular P3HT films.
Their optical absorption spectra using polarized light indicated
that the parallel to perpendicular dichroic absorption ratio was 2.7
at 626 nm providing clear evidence that the mw-conjugated P3HT
chains are highly oriented parallel to the stretching direction. The
field-effect hole mobility parallel to the stretching direction was
3.4 times larger compared to that perpendicular to the stretching
direction.

Scavia et al. [89] have studied the effect of stretching the stamp
during micro-contact printing of P3HT. They stretched the PDMS
stamp before P3HT deposition giving rise to an orientation of P3HT
fibrils into the final printed layer along the stretching direction.

The effect of uniaxial tensile strains on the photovoltaic prop-
erties of organic solar cells based on two different conjugated
polymers and their blends with (PCBM) has been investigated by
Lipomi et al. [90]. The two conjugated polymers studied were
poly(3-hexylthiophene) (P3HT) and a donor-acceptor polymer
whose repeat unit comprises a diketo pyrrolo-pyrrole moi-
ety, thiophene, thienothiophene, and thiophene (DPPT-TT). The
stretchable substrate, transparent electrode, and top electrode used
in these studies were poly(dimethylsiloxane) (PDMS), poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS),
and eutectic gallium-indium (EGaln), respectively. It was shown
that the high elastic modulus of P3HT:PCBM correlates with the
tendency of P3HT:PCBM to fracture at low strains. PEDOT:PSS func-
tions as an adhesion layer of the bulk heterojunction films to the
PDMS and thereby increases the crack-onset strain from <2% to 8%
for P3HT:PCBM and from 6% to 12% for DPPT-TT:PCBM. However,
cracks dominated the characteristics of the devices under strain
where the differences observed in the response to strain between
the two tested devices were correlated to the unequal brittleness of
the polymer:fullerene films. They also observed that devices based
on both P3HT and DPPT-TT exhibit increased open-circuit voltage
with strain, being more significant for devices containing P3HT.

DeLongchamp’s group [91,92] developed a novel method of
stretching they called “strain-alignment” of P3HT films. Fig. 13
shows the method used either for axial or biaxial alignment. In
axial alignment, they observed that the polymer backbone was
aligned in the direction of applied strain resulting in a large charge-
mobility anisotropy, where the in-plane mobility increased in the
applied strain direction and decreased in the perpendicular direc-
tion. In the aligned film, charge transport parallel to the polymer
backbone within a P3HT crystal was strongly favored over other
crystallographic directions. Strain alignment induced significant
re-orientation from the originally highly edge-on orientation to
the face-on oriented crystalline regions of the film and therefore
hole mobility parallel to the backbone was high. (Fig. 14). The
alignment approach evolved an optical dichroic ratio of 4.8 and
a charge-mobility anisotropy of 9.

Later, his group [92] characterized the m-stacking direction in
P3HT films by biaxially straining films in orthogonal directions.
They observed that the unstrained films have a broad m-stacking
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(a) edge-on

Fig. 14. P3HT backbone stacking orientation relative to a substrate for an edge-on
(a) and a face-on (b) stacking configuration [92] (reprinted with permission).

orientation with both edge-on and face-on crystals, whereas the
biaxially strained films have highly face-on packing (Fig. 14). They
characterized the charge transportin an organic thin-film transistor
(OTFT) configuration, showing that the saturated field effect mobil-
ity in the biaxially strained films is greater than that for unstrained
films for channel lengths <10 wm, being the channel length the
distance between source and drain. The mobilities were found
to have different channel-length dependence, attributed primar-
ily to differences in the field-dependent charge-transport behavior,
resulting in the mobility being comparable for channel lengths of
20 pm. They suggest that edge-on packing is not a prerequisite for
relatively high-field-effect mobility in P3HT-based OTFTs.

6. Conclusions

Polymer processing such as thin film formation can be achieved
using a wide variety of methods. In the laboratory the use of solu-
tion processing is very widely used to produce thin films for organic
electronic devices, with techniques such as spin- or solution-
casting, doctor blade coating, ink-jet printing and so on. This is
particularly true for polymers or large organic molecules where
alternative approaches, such as vacuum deposition that are used
with small, more volatile molecules, are not possible or are imprac-
tical. However, the use of solvents as the processing medium does
play a very significant role in the final device behavior. Whilst sol-
vents are widely used, it does also require the organic molecules
to be soluble in standard solvents, often requiring addition of solu-
bilizing groups on to the active component of the molecule. Such
chemical attachments will have some (even if slight) effect on the
electronic properties of the molecule, but in addition makes the
resulting molecule form a very different solid state morphology
than its base molecule. The effect is perhaps most noticeable by the
change in the crystallinity and crystal structure.

For many reasons the polymer industry for the most part pro-
cesses polymers in the melt or solid state. The use of solvents is
not widely used in large volume operations, and yet the general
processing methods can lend themselves to small volumes of poly-
mer and afford a number of unique opportunities in morphological

control that is difficult to achieve with solvent-based processing.
This review explores the work to date that has been undertaken on
solventless processing of conjugated polymers. The results of these
studies show that the application of these methods hold significant
promise and could replace some of the solution processing steps
currently used in for device construction.
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