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Introduction
Interest in organic semiconductors has increased in

recent years due to their potential applications in
optoelectronic devices such as light-emitting diodes
(OLEDs),1-3 thin-film transistors (TFTs),4-8 and pho-
tovoltaic devices.9,10 Organic electronic devices such as
these have various advantages over conventional inor-
ganic electronics, including facile processability, chemi-
cal tunability, compatibility with plastic substrates, and
low-cost processing. Among the potential applications
of organic semiconductors, organic TFTs can be used in
low-cost memories, smart cards, and the driving circuits
of large-area display devices.11-13 To date, the highest
field effect mobility values for organic TFTs have been
achieved with vapor-deposited purified pentacene films.14

However, to minimize manufacturing costs, the TFT
fabrication process should ideally include solution-based
methods such as spin-coating, stamping, or ink-jet print-
ing. In recent years, most solution-processable conju-
gated materials have been based on polythiophenes due
to their good electrical conductivity as p-type semicon-
ductors. Improvements in fabrication techniques have
enhanced the performance of solution-processed polymer
TFTs to a point where they are now approaching in-
rganic amorphous silicon TFTs, with mobilities of 0.05-
0.1 cm2 V-1 s-1 and on/off current ratios of >106.15 In
addition, the use of soluble polymeric semiconductors
has made possible the development of active-matrix
multipixel displays using solution-based technologies.16

More recently, fluorene-based block copolymers have
attracted much attention as promising materials for
polymer TFTs. Interest in these copolymers was sparked

by work showing that enhanced charge carrier mobili-
ties were achieved in poly(9,9′-n-dioctylfluorene-alt-
bithiophene) (F8T2) by aligning the polymer chains in
the liquid-crystalline (LC) phase.17,18 In addition, F8T2
was shown to be more resistant against chemical doping
by atmospheric oxygen than other polymeric semicon-
ductors such as poly(3-hexylthiophene).

To obtain high carrier mobilities, it is crucial that the
organic molecules be arranged in specific molecular
architectures. For example, the introduction of fused
ring compounds such as pentacene, bis(dithieno-
thiophene), benzodithiophene, and anthradithiophenes
into organic TFTs has been shown to result in improved
TFT performance due to enhanced intermolecular or-
dering and π-π stacking.14,19,20 We hypothesized that,
even in a polymeric system, a higher degree of order
can be obtained by introduction of groups with high
degrees of planarity and rigidity. Therefore, in the
present work we introduced a fused ring compound, the
thieno[3,2-b]thiophene group, into a fluorene-based
alternating copolymer. We found that more crystalline
polymers gave better TFT device performance. The
present results provide valuable information on the
relationship between the molecular structure of a
semiconducting material and its electrical performance
in thin film electronic devices.

Experimental Section
Materials. Poly(9,9′-n-dioctylfluorene-alt-thieno[3,2-b]thio-

phene) (F8TT), poly(9,9′-n-dioctylfluorene-alt-bithiophene)
(F8T2), and poly(9,9′-n-dioctylfluorene) (F8) were synthesized
according to the literature method.21 The chemical structures
of the polymers are shown in Figure 1. The number-average
molecular weights (Mn) of the polymers, F8TT, F8T2, and F8
are 23 000 (Mw/Mn ) 2.8), 31 000 (Mw/Mn ) 2.4), and 35 600
(Mw/Mn ) 2.8), respectively.

XRD Measurements. Films of F8TT and F8T2 of thickness
ca. 5 µm were prepared on quartz glass substrates by solution-
casting of the polymers dissolved in dichlorobenzene (>3 wt
%). These films were annealed at above the liquid-crystalline
melting temperature (annealing temperatures of 285 °C) and
then cooled to room temperature. A film of a well-known liquid-
crystalline polyfluorene homopolymer, F8, was also prepared
in the same way (annealing at 160 °C) for comparison. X-ray
diffraction patterns were recorded in the reflection mode at
30 kV and 60 mA with a scanning rate of 0.03° per 60 s and
Cu KR radiation (with wavelength λ ) 1.5406 nm).

Fabrication of Organic TFT Devices. Thin-film transis-
tors were fabricated using the bottom contact geometry (chan-
nel length L ) 10 µm, width W ) 100 µm). This geometry was
chosen over the top contact geometry, which has a higher
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Figure 1. Chemical structures of F8TT and F8T2.
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mobility, on account of the practical consideration that organic
TFTs will ultimately be manufactured in the bottom contact
configuration.22 In our devices, source and drain contacts
consisted of gold and the dielectric was silicon oxide (SiO2) with
a thickness of 300 nm. The SiO2 surface was cleaned, dried,
and pretreated with hexamethyldisilazane (HMDS)15 to pro-
duce apolar and smooth surfaces onto which the polymer could
be spin-coated. The polymers were dissolved in 0.5 wt %
dichlorobenzene and filtered through a 0.45 µm pore size poly-
(tetrafluoroethylene) (PTFE) membrane syringe filter before
use. The polymer solutions were heated to 80 °C to make them
compatible with the spin-coating process and then applied
dropwise onto the substrates and spin-coated at 1500 rpm. The
polymeric devices exhibited good stability to atmospheric
oxygen and could be handled without the use of a glovebox.

Results and Discussion
Liquid Crystalline Properties. Before examining

thin film morphologies and FET characteristics of
semiconducting materials, it is important to clearly
identify the phase transition behaviors. Particularly in
liquid-crystalline polymers, the transition temperatures
must be attained in order for annealing processes to
align polymer chains.17 Figure 2 shows differential
scanning calorimetry (DSC) scans of the polymers (left:
F8TT; right: F8T2). Both polymers showed typical LC
characteristics, i.e., both exothermal crystalline and
endothermal melting peaks. The crystallization and
melting peaks of F8TT appear in the ranges 160-185
and 260-265 °C, respectively (line a), and recrystalli-
zation occurs at around 151 °C on slow cooling (line c).
The crystallization and melting peaks of F8T2 appear
in the ranges 120-132 and 263-280 °C, respectively
(line a), and recrystallization occurs at 195 °C on slow
cooling (line c). The transition temperatures and the
shape of transitions vary with pretreatment methods.
The transition temperatures of the polymers were
relatively higher than those used in our previous study21

due to the higher molecular weight.
In F8TT, the phase transitions of crystalline and

liquid-crystalline states appeared at both heating scans
of line b and d. However, the enthalpic changes of
crystallization were distinctly different: the degree of

crystallization of the quenched sample (line b) is larger
by ∼2.5 J/g than that of the sample cooled slowly (line
d). This difference corresponds with the enthalpic
change (∼2.9 J/g) of a broad exothermal recrystallization
peak in F8TT in the slow cooling scan (line c). This
indicates that the recrystallization of F8TT during the
cooling process can be almost completely suppressed by
quenching. On the other hand, F8T2 showed a clearly
defined recrystallization peak at 195 °C in the slowly
cooling scan (line c) and no exothermal phase transition
in the heating scan after slowly cooling from 300 °C (line
d). This indicates that F8T2 completely recrystallizes
while it is cooled slowly at a rate of 10 °C/min. The

Figure 2. DSC thermograms of F8TT (left, sample weight:
4.9 mg) and F8T2 (right, sample weight: 5.2 mg) for the
following thermal cycles: (a) heating at 10 °C/min of pristine
sample; (b) heating at 10 °C/min after quenching from 300 °C;
(c) slowly cooling at 10 °C/min after equilibration at 300 °C;
(d) heating at 10 °C/min after slowly cooling from 300 °C; (e)
heating at 10 °C /min after quenching from 220 °C. The
enthalpic changes (J/g) are shown at each transition.

Figure 3. Optical micrographs through crossed polarizers of
an F8TT film (magnified 200×). (a) The film was heated to
285 °C and (b) quenched to room temperature. (c) The film
was heated to 285 °C and (d) cooled to room temperature at
10 °C/min.

Figure 4. XRD patterns of the nematic quenched liquid-
crystalline (a) F8, (b) F8TT, and (c) F8T2 films and crystalline
(d) F8TT film.

4532 Notes Macromolecules, Vol. 38, No. 10, 2005



enthalpic changes of F8T2 upon cooling depended on the
cooling rates. As the sample was cooled faster, the
enthalpic changes of F8T2 upon cooling were smaller.
Further, the quenched F8T2 crystallized upon heating
at 120 °C with enthalpic change of ∼2 J/g (line b). This
means that recrystallization of F8T2 during cooling can
be partially suppressed by quenching. It has been
reported that if recrystallization occurs on cooling the
mobility of the resulting polycrystalline films can be
lowered due to carrier trapping at grain boundaries.23

Therefore, it is important to generate a liquid-crystalline
glassy morphology of the polymer films so as not to lose
high mobility. From this DSC study, we have confirmed
that the recrystallization of F8TT on cooling is clearly
suppressed. It is concluded that F8TT films in a liquid-
crystalline melt state can be achieved by quenching
after equilibration above their melting transition.

In addition, the polymers were preheated to 220 °C
(above their exothermal crystalline peaks) and rapidly
quenched to room temperature (line e). Exothermal
crystallization peaks upon reheating were not observed
in either polymer, indicating that quenching after
equilibration at 220 °C will yield polymers in a crystal-
line state.

Polarized optical microscopy (PLM) of the polymer
films was also used to determine the thermal liquid
crystalline properties of the polymers (Figure 3). Figure
3a shows a transmission polarized optical micrograph
of an F8TT film heated to 285 °C. Above their melting
temperatures, the films of the polymers showed char-
acteristic nematic liquid-crystalline texture. Subse-

quently, after quenching to room temperature, the F8TT
film still displayed a birefringent fluid phase (Figure
3b). For comparison, the film heated to 285 °C (Figure
3c) was cooled slowly at a rate of 10 °C/min to room tem-
perature. Compared with the quenched film, a slowly
cooled film showed some crystallization changes, as
shown in Figure 3d. From this, we can assume that
partial recrystallization occurred on slow cooling is sup-
pressed by quenching, which is consistent with the
phase transition characteristics revealed by DSC analy-
sis.

XRD Analysis. Crystallization of the polymers was
confirmed by film X-ray diffraction (XRD) studies, which
allowed identification of the nature of the mesophase.
XRD patterns of the polymers are shown in Figure 4.
The nematic films of F8 (a) and F8TT (b) showed a peak
at ca. 5.5°; however, no corresponding diffraction peak
was observed for F8T2 (c). These peaks are consistent
with the previously reported layer periodicities observed
for alkyl-substituted fluorene- or thiophene-based
polymers.24-27 The peak at ca. 5.5° corresponds to a
layering distance, d100 ) 16.2 Å, between sheets of
polymer chains which pack in a plane perpendicular to
their longitudinal axes. In contrast to the oligomeric
molecules,28 in polymeric semiconducting materials the
polymer backbones lie parallel to the substrate surface,
and there is interdigitation of the side chains of neigh-
boring polymer backbones. Therefore, the layers of
polymer backbones are separated from each other by
the alkyl side chains, which are oriented normal to the
aromatic planes. The alignment of polymer chains is

Figure 5. Output characteristics of the TFT devices at different gate biases (left) and plots of the transfer at constant VD )
-100 V (right) (semilogarithmic plot of -ID vs VG (left axis) and plot of (-ID)1/2 vs VG (right axis)) for devices using (a) F8TT and
(b) F8T2.
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important to the carrier transfer in polymer FETs. This
enhanced alignment of the polymer backbone of F8TT
is likely due to the rigidity of the thieno[3,2-b]thiophene
group. In addition to that, for all polymers, the scans of
intensity vs 2θ (0°-50°) show broad diffraction peaks
at ca. 20°, which correspond to a d spacing of ca. 4.4 Å.
These peaks have been attributed to the lateral distance
between polymer chains within the layer planes or side-
chain crystallization.29

Compared to the XRD patterns of the nematic F8TT
film (Figure 4b), the sharp peaks at 7.9° and 14.3°
appeared distinctively in the slowly cooled F8TT film
(Figure 4d). It is already reported that XRD of thin
polyfluorene films show different diffraction patterns in
the crystalline and LC states.25 In their work, the film
in the LC phase loses macroscopic ordering in the plane
of the surface which exists in the crystalline phase.
Recently, Su et al. reported on the characteristic XRD
profiles for F8 films composed of N (quenched from LC
to 0 °C) and crystalline (R, R′, and â) phases.30,31 In their
work, the nematic liquid crystalline film (prepared by
quenching from above the melting temperature) showed
weak and broad halos centered at 2θ ) 5.5° and 20°.
The difference of crystalline and LC phases of polyfluo-
rene homopolymer (F8) was also observed in our work
with F8TT. The quenched nematic liquid-crystalline
F8TT film showed different XRD patterns from that of
the crystalline phase F8TT film.

FET Characteristics. The thin-film transistors of
F8TT and F8T2 showed typical p-channel FET charac-
teristics (Figure 5); i.e., when a negative bias was
applied, the drain-source current scaled with the nega-
tive gate voltage due to the increased number of charge
carriers (holes). Plots of the transfer curve [i.e., ID )
f (VG)] at constant VD ) -100 V are shown in Figure 5.
The field-effect mobilities were calculated in the satura-
tion regime22 at a drain voltage of VD ) -40 V and the
on/off ratios at a drain voltage of VD ) -100 V.

The films were annealed at 285 °C for 10 min and
quenched to room temperature to maintain the liquid-
crystalline alignment of the polymer chains. A thin film
of F8TT gave an FET mobility of 1.1 × 10-3 cm2 V-1

s-1 and an on/off ratio of 1.4 × 104 without the use of
any alignment technique; this mobility was 3 times
higher than the mobility of F8T2 (0.4 × 10-3 cm2 V-1

s-1) under the same conditions. The higher performance
of F8TT indicates that this polymer has a well-defined
molecular architecture, consistent with the morphologic
characteristics revealed by XRD analysis. The change
of a relatively flexible bithiophene to a rigid fused
thieno[3,2-b]thiophene results in higher crystallinity
and a more ordered morphology. This trend is consistent
with previous studies on linear compounds, which
indicate that mobility tends to increase with increasing
molecular rigidity.

In addition, the F8TT film that slowly cooled to room
temperature after being annealed at 285 °C showed
relatively low FET mobility of an order of 10-5 cm2 V-1

s-1. It is caused by the partial recrystallization of the
film of F8TT on slowly cooling, as characterized above
with DSC and PLM studies. The recrystallization that
occurred during the cooling process can lower the
mobility of the resulting polycrystalline films through
carrier trapping at grain boundaries.23 In other words,
to the use of fluorene- and thiophene-based liquid-
crystalline polymers as semiconducting layers, a liquid-
crystalline glassy morphology of the polymer films has

to be maintained on cooling to get a high charge carrier
mobility. In this study, F8TT films in a liquid-crystalline
melt state can be achieved by quenching after equilibra-
tion above their melting transition.

The fluorene-based block copolymers prepared in the
present work showed significantly low off-currents (e.g.,
42 pA for F8TT), which can be attributed to the stable
(more negative) HOMO energy levels in these polymers
(e.g., -5.38 eV for F8TT21). Similar correlations between
off-current and HOMO (or LUMO) energy have been
reported for thiophene-phenylene and thiophene-
thiazole semiconductors (or n-channel semiconduc-
tors).32

The electrical properties of devices based on F8T2 are
strongly dependent on the device structure and the
fabrication method. We believe that organic TFTs could
be further improved by optimizing the fabrication condi-
tions such as the suitable choice of gate insulator
materials and the surface treatment by chemical modi-
fication of the SiO2 surface.33-35 In addition, it may also
be possible to align these polymers from their LC phase
with the help of an alignment layer so as to achieve
desirable molecular orientations, which would improve
the performance of thin film electronic devices based on
these polymers.

Conclusion

We have successfully synthesized a fluorene- and
thieno[3,2-b]thiophene-based copolymer suitable for use
as semiconducting materials in solution-processable
organic field-effect transistors. Replacement of the
relatively flexible bithiophene in F8T2 with a rigid fused
thieno[3,2-b]thiophene yielded a polymer (F8TT) with
higher crystallinity and a more ordered morphology.
Because of this enhanced molecular ordering, F8TT FET
devices exhibited improved mobilities of up to 1.1 × 10-3

cm2 V-1 s-1, which is 3 times higher than the mobility
of F8T2 devices. Further improvements in the perfor-
mances of TFTs based on F8TT should be possible by
the optimization of the fabrication conditions and/or the
alignment technique for molecular orientation. The
present findings on the relationship between the crys-
tallinity of semiconducting materials and their electrical
properties provide useful guidelines for the molecular
design of high mobility conjugated polymers for OTFT
applications.
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