Macromolecules 1998, 31, 7273—7278 7273

Inhomogeneity of Spin-Coated and Cast Non-Regioregular
Poly(3-hexylthiophene) Films. Structures and Electrical and

Photophysical Properties

Masahiro Kobashi* and Hisao Takeuchi

Yokohama Research Center, Mitsubishi Chemical Corporation, 1000 Kamoshida-cho, Aoba-ku,

Yokohama 227-8502, Japan

Received April 22, 1998; Revised Manuscript Received August 13, 1998

ABSTRACT: We report structures and electrical and photophysical properties of spin-coated and cast
non-regioregular poly(3-hexylthiophene) (P3HT) films. Large differences of the properties are found in
these films prepared from different conditions. Results of optical absorption, electron spin resonance,
and X-ray diffraction measurements show that the extent of conjugation of P3HT is homogeneous in the
spin-coated film, whereas it is inhomogeneous in the cast film. The existence of relatively strong distorted
segments with large torsion angles in the thiophene backbone is also suggested, especially in the cast
film. Carrier transfer phenomena and unrelaxed exciton diffusion to an emissive singlet polaron exciton
are discussed on the basis of proposed structure models of the spin-coated and the cast films.

Introduction

Conjugated polymers have been studied in fundamen-
tal interests such as soliton, polaron, and bipolaron in
one-dimensional organic electronic systems.! Various
applied studies have also been reported such as re-
chargeable battery,? solar battery,® and field-effect
transistor (FET).* Among these applied studies, since
the electroluminescence (EL) of poly(para-phenylene-
vinylene) (PPV) was discovered,® many studies of EL
have been done vigorously. Recently photophysical
properties of some conjugated polymers have been
studied intensively for revealing the EL mechanism.6-8

In fabrication of thin film devices utilizing conjugated
polymers, two kinds of method have been mainly
adopted as thin film preparations. One is a precursor
polymer route. In this route, a solution of nonconju-
gated precursor polymer is spun onto appropriate
substrates, and then that precursor polymer is con-
verted into a conjugated polymer by thermal or chemical
elimination of side groups.®1® Moreover, a sulfonium
polyelectrolyte precursor route has been developed in
the preparation of PPV.11 This route has been shown
to be particularly suitable for manufacturing good
quality films. Insoluble and infusible conjugated poly-
mer thin films are thus fabricated by this precursor
polymer route. The other is a soluble conjugated
polymer route. Soluble conjugated polymers usually
have large and long side chains. These side chains
affect a conformation of the main chain which dominates
a one-dimensional band structure of conjugated poly-
mers. For instance, soluble substituted polythiophenes
have colors of EL ranging from blue into near infrared
with different substitutions.’? The soluble conjugated
polymer route is of great advantage to the fabrication
of thin film devices because of its simple process.

It is generally accepted that structures of soluble
conjugated polymers in a solution and in a solid film
are complicated. For example, in the solvatochromism
and thermochromism of non-regioregular P3HT, it has
been reported that a single-chain conformational change
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(ordered—disordered transition) occurs.!® For a regio-
regular poly(3-alkylthiophene) (P3AT), it has been
reported that P3AT possessing longer alkyl side chains
has a more planar structure, and the aggregation of the
long alkyl side chain takes place even in solution.’* It
has also been suggested that the additional long-range
ordered structures giving rise to longer conjugated
length exist in regioregular P3AT films.* For non-
regioregular P3AT films, it has been suggested that the
long side chains act as spacers between stacking poly-
mer main chains.’>16 Considering these results, the
conformation of conjugated main chain would be af-
fected by conditions of the film preparation such as a
concentration of solution and a drying process. The
conformation of the main chain and the higher-order
structures in the solid film must then affect solid-state
(bulk) properties such as electrical and photophysical
properties. In fact, the electrical conductivity in non-
regioregular P3HT film shows different values with
about 3 orders of magnitude in different reports.1”18 To
our knowledge, however, only a few researchers have
pointed out that electrical properties depend on film
preparation conditions. For example, Assadi et al.l®
have reported that the field-effect mobility of non-
regioregular P3HT spin-coated films depends on the
structures of thin films influenced by spin-coating
conditions. To clear these points is important in a
technological aspect to improve performance of the EL
and other devices utilizing soluble conjugated polymers.
In this work, we study the extent of conjugation of
non-regioregular P3HT and higher-order structures in
spin-coated and cast films on the basis of the results of
optical absorption, electron spin resonance (ESR), and
X-ray diffraction measurements. Electrical and photo-
physical properties of both films are also reported. The
electrical properties are studied by the electrical con-
ductivity and field-effect mobility. The photophysical
properties are discussed on the basis of the results of
photoluminescence excitation (PLE) spectra.

Experimental Section

Preparation of Samples. P3HT was prepared from
3-hexylthiophene monomer utilizing FeCl; as a catalyst. We
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followed the procedure of synthesis as described in ref 17.
Crude P3HT was vigorously washed by ethanol and filtrated.
This procedure was repeated until the filtrate became clear
and colorless. The washed P3HT was completely dried up,
then disssolved in chloroform and filtrated. Finally, solid
P3HT was obtained by solvent evaporation. As shown later,
solid films prepared from this purified P3HT showed no
absorption peak and no ESR signal, relating to the polaron.?®
Therefore, this purified P3HT is the neutral form. P3HT thus
synthesized has non-regioregular structures. In this context,
P3HT represents “non-regioregular P3HT” without a proviso.
The molecular weight distribution of P3HT utilized in this
study showed the number-averaged molecular weight (M,) of
about 1.8 x 10* and the weight-averaged molecular weight
(M) of about 1.5 x 10° by gel permeation chromatography
(chloroform as the solvent and polystyrene standard).

In preparation of the spin-coated films, filtered P3HT
chloroform solutions at various concentrations were spun onto
glass substrates at various spin-coating conditions. For the
cast films, filtered 1 mg/mL, 15 mg/mL, and more concentrated
P3HT chloroform solutions were cast onto the glass substrates,
and then those films were dried up in a capped box. Thick-
nesses were typically about 2000 A for the spin-coated film
prepared at the condition of 900 rpm spin rate for 30 s with
the 15 mg/mL solution, and about 54 000 A for the cast film
prepared from the 15 mg/mL solution. In the following, the
spin-coated film prepared from the 1 mg/mL solution at the
condition of 900 rpm for 30 s is designated as the 1 mg/mL-
900/30 spin-coated film and so on. For the cast film, that
prepared from the 1 mg/mL solution is abbreviated to the 1
mg/mL cast film and so on.

Characterization of Samples. The spin-coated and cast
films thus fabricated on the glass substrates were used to
measure the optical absorption, X-ray diffraction, photolumi-
nescence (PL), and PLE spectrum in air at room temperature.
These measurements were carried out utilizing a HITACHI
U-4000 spectrophotometer, a RIGAKU RINT-1500, and a
HITACHI F-4500 fluorescence spectrophotometer. For the
X-ray diffraction measurement, the Cu Ka radiation was taken
for the incident X-ray beam. The PLE spectrum was measured
with the probe wavelength at 710 nm.

For the ESR measurement, each film was peeled off from
the glass substrate and then put into an ESR tube. The ESR
measurements were carried out by a JEOL JES-FE2XG ESR
spectrometer at X-band (9.2 GHz) with 100 kHz field modula-
tion in air at room temperature. The Mn2*-MgO solid solution
was used as a reference for the g value and the magnetic field
calibration. The spin concentration was determined by using
a strong coal sample as a standard.

The electrical conductivity was measured by the two-probe
method either in air or in vacuo at room temperature. The
field-effect mobility in air at room temperature was determined
by analyzing a source drain current—voltage characteristic of
the field-effect transistor utilizing the P3HT film as a semi-
conductive layer and SiO; as an insulating layer. The source
and drain electrodes were fabricated on top of the SiO;
insulating layer by a standard photolithographic technique
giving the height of 500 A, the channel length of 50 um, and
the channel width of 10 mm. The P3HT film was cast onto
this substrate as that film covered the source and drain
electrodes. These electrical measurements were carried out
by a Keithley 617 electrometer/source and a Keithley 237
source measure unit.

Results and Discussion

Optical Absorption. The optical absorption spectra
of the P3HT films are shown in Figure 1. Striking
differences of the spectra are found in the films prepared
from different conditions. For the 15 mg/mL-900/30
spin-coated film, the spectrum shape is similar to that
observed in a dilute yellow chloroform solution at room
temperature except for the existence of weak shoulder
peaks.’® The absorption peak maximum (1max) and the
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Figure 1. Optical absorption spectra of (a) 15 mg/mL-900/30
spin-coated and (b) 1 mg/mL cast films.

onset of absorption, however, show red shifts as com-
pared with those observed in the dilute chloroform
solution at room temperature.’3

In the solvatochromism and thermochromism of P3HT,
it has been reported that the conjugated main chains
have only coil-like structure in the dilute yellow chlo-
roform solution at room temperature, and ordered
(rodlike) species coexist at low temperature or in solu-
tions containing a poor solvent.® The coexistence of
coil-like and rodlike species shows a broad spectrum
which clearly differs from that of the dilute solution at
room temperature.’® Therefore the similarity of the
spectrum shape mentioned above suggests that the
extent of the conjugation of P3HT in the spin-coated film
is homogeneous as in the dilute solution at room
temperature. We also conclude that the extent of
conjugation of P3HT in the spin-coated film is stronger
than that in the dilute chloroform solution, because of
the red shifts of the Amax and the onset of absorption.

The shoulder peaks observed in the spectrum of the
spin-coated film are located at about 600 and 550 nm.
These shoulder peaks have been considered to arise
from the vibronic structure with a 0—0 transition (ca.
600 nm) and a vibronic sideband (ca. 550 nm).22 In the
solvatochromism of P3HT, it has been reported that
these shoulder peaks originate from more ordered
species having stronger s-electron orbital overlap be-
tween adjacent thiophene rings.2® For a regioregular
P3HT film, it has also been suggested that the vibronic
structure relates to additional long-range ordered struc-
tures giving rise to longer conjugation lengths.'* This
vibrational structure in the absorption spectrum has
been more clearly observed in poly(para-phenylene)
(PPP)-type ladder polymers (planarizing PPP) because
of a suppression of a rotational degree of freedom.?! The
appearance of the vibronic structures is thus considered
to show the existence of the strong sz-conjugation along
the main chain. Therefore, we suggest that P3HT in
the spin-coated film has some segments with stronger
s-electron orbital overlaps between adjacent thiophene
rings; namely, more planarized segments exist in the
main chain.

For the 1 mg/mL cast film, the relative intensities of
shoulder peaks (at ca. 600 and 550 nm) and at shorter
wavelength (<500 nm) become stronger than that
observed in the spin-coated film. At the same time,
considerable broadening of the spectrum shape is ob-
served. These results suggest that the more planarized
segments develop and that their fraction also becomes
larger in the cast film. This is probably due to slower
solvent evaporation during the cast film preparation.
We also consider that the extent of conjugation of P3HT
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Figure 2. ESR spectra (the first derivative) of (a) 15 mg/mL-
900/30 spin-coated, (b) 1 mg/mL cast, and (c) 15 mg/mL cast
films. Notations of gmax, Qint, @nd gmin represent the principal
values of the g tensor.

Table 1. Principal Values of the g Tensor (gmax, Jint, Omin)
and Spin Concentration (Ns) of the 15 mg/mL-900/30
Spin-Coated (A), 1 mg/mL Cast (B), and 15 mg/mL Cast

(C) Films
films Omax Oint Omin Ns (spins/g)
A 2.0048 2.0022 2.0009 6.0 x 1017
B 2.0053 2.0006 2.5 x 10Y7
C 2.0048 2.0022 2.0008 1.7 x 107

in the cast films is inhomogeneous and that its distribu-
tion among main chains becomes broader.

ESR. The ESR spectra of the P3HT films are shown
in Figure 2. The principal values of the g tensor (gmax.
Oint» Omin) and the spin concentrations (Ns) are listed in
Table 1. The principal values of the g tensor are
determined by the maximum, the intercept, and the
minimum of the differential curve of the ESR spectra.
The observed principal values of the g tensor of all films
are in the range of 2.0008—2.0053. The values of N of
the present films are on the order of about 107 spins/g,
which means approximately 1 spin/10000 monomers.

The ESR spectrum of the 15 mg/mL-900/30 spin-
coated film shows an asymmetric single line, while that
of the 1 mg/mL cast film shows a powder pattern-like
signal with anisotropic g values of g, and gg. No
hyperfine splittings are found in both films. For the
15 mg/mL cast film, the spectrum may consist of two
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components: an asymmetric single line such as ob-
served in the 15 mg/mL-900/30 spin-coated film and a
powder pattern signal as in the 1 mg/mL cast film.

These observed ESR signals of the P3HT films are
quite different from those found in doped/undoped
polythiophene,?? poly(3-methylthiophene),?® and I,-
doped oligothiophenes.?* For those polymers, it has
been reported that the ESR spectra show symmetric
single lines with no hyperfine splittings, the shape of
which are Lorentzian, Gaussian, or between both
types: the observed g values of those ESR spectra are
in the range of 2.0020—2.0034. This indicates that the
m-radical spins are delocalized on the carbon skeleton
in the thiophene backbone. Therefore the anisotropic
ESR spectra of the P3HT films suggest that the sulfur
atom in the thiophene ring contributes to the behavior
of m-radicals, because of the large value of the spin—
orbit coupling constant of sulfur. Weak m-electron
orbital overlaps are also expected in the thiophene
backbone where these z-radicals exist. The observed
principal values of g tensor in the P3HT films are,
however, somewhat smaller in magnitude than those
found for the R—S*™—R radical cation (anisotropic g
values are typically 2.002, 2.011, 2.004%%) where the
radical spin is strongly localized on the sulfur atom. The
smaller values of g tensor in the P3HT films suggest
that the s-radical spins are not completely localized on
the sulfur atoms. Therefore we conclude that the
sr-radical spins in the P3HT films are partially localized
on the sulfur 3psz-atomic orbitals and partially delocal-
ized on the carbon skeleton. We also suggest that the
s-radicals in the P3HT films are confined in the strong
distorted segments in which the torsion angles between
adjacent thiophene rings are relatively large. In other
words, this means that the =-radicals exist in the
mobility edge in the band structures of the P3HT films.

This confinement effect in the cast film must be
stronger than that of the spin-coated film, considering
the relatively clear anisotropic ESR signal like the
powder pattern found for the cast film. This means that
the zw-radicals in the cast film exist in deeper states of
the mobility edge. The coexistence of the asymmetric
single line in the 15 mg/mL cast film, however, suggests
that some strongly distorted segments may slightly
relax to more conjugated segments with slower solvent
evaporation. This result also supports the relatively
broad distribution of the extent of conjugation among
main chains in the cast film.

X-ray Diffraction. The results of X-ray diffraction
measurement of the P3HT films are shown in Figure 3.
Note that the broad peaks centered at ~24° in all films
arise from scattering by the glass substrates.

A very weak peak at 5.25° is observed in the 15 mg/
mL-900/30 spin-coated film. This peak corresponds to
the first-order reflection from the 16.82 A parallel
spacing of main chains in which the side chains act as
spacers.’® The fraction of this ordered structure in the
spin-coated film must be very small. For the cast films,
however, this peak is more clearly observed: the cor-
responding intensity increases as the film is prepared
from a more concentrated solution. Moreover, for the
15 mg/mL cast film, the peaks arising from the second-
(10.7°) and the third-order (16.2°) reflections from the
parallel spacing of main chains!® are observed. The
peak at 23.25° (indicated by the arrow in Figure 3c)
which roughly corresponds to the 3.82 A face-to-face
interchain stacking space!® is also observed. These
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Figure 3. X-ray diffraction pattern of (a) 15 mg/mL-900/30
spin-coated, (b) 1 mg/mL cast, and (c) 15 mg/mL cast films.
The arrow in (c) indicates the peak at 23.25° which roughly
corresponds to the 3.82 A face-to-face interchain stacking space
(see in the text).

peaks indicate that the two-dimensional sheets consist-
ing of parallel lines with main chains are formed,
resulting in the three-dimensional column structures.'®

The intensity of the 5.25° peak increases with the
increasing intensity of the shoulder peak at about 600
nm in the optical absorption. This implies that the
vibronic structure in the optical absorption relates to
the thiophene backbone structure in the parallel lines
with main chains. The more planarized thiophene
backbone should be formed in the cast film by develop-
ment of the parallel lines with main chains. It should
be noted that the stacking space is found to be 3.82 A
for the 15 mg/mL cast film. This separation should be
too large to interact with each main chain as orbital
overlapping. Namely, this result indicates that the
interchain interaction in the cast film prepared from
more concentrated solution is weak.

Model Structures. Summarizing the results of
optical absorption, ESR, and X-ray diffraction measure-
ments, we propose model structures of the spin-coated
and the cast P3HT films. Model structures of those
films are illustrated in Figure 4. For the spin-coated
film, the extent of conjugation is relatively homoge-
neous, and the ordered fraction is very small. These
can be deduced from the spectrum shape of the optical
absorption and the very weak X-ray diffraction peak.
The weak anisotropic ESR signal also indicates that the
torsion angles in the distorted segments are relatively
small.

For the cast films, the extent of conjugation is more
inhomogeneous as suggested by the broad optical ab-
sorption spectra. In addition, the distribution of the
extent of conjugation among main chains should be
broader. On the other hand, the extent of conjugation
should become greater on average, because the onset
of the optical absorption spectra shows a red shift. The
fraction of ordered structures also increases as indicated
by the clear X-ray diffraction peaks. However, the
strong anisotropic ESR signal implies that the distorted
segments having large torsion angles are also created.
These large torsion angles of some distorted segments
would relax when the cast film is prepared from more
concentrated solutions.

Electrical Properties. The electrical conductivities,
field-effect mobilities, and carrier concentrations of the
15 mg/mL-900/30 spin-coated and the 15 mg/mL cast
films are listed in Table 2. Large differences of the
electrical conductivity and the field-effect mobility in air
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Figure 4. Model structures of the P3HT (a) spin-coated and
(b), (c) cast films. (c) shows the cast film prepared under
slower solvent evaporation conditions. The bold lines indicate
the more planarized and ordered segments in the main chains
in (a), (b), and (c). (A) in (b) and (c) represents the distorted
segments with large torsion angles between adjacent thiophene
rings. (B) in (c) shows a relaxed distorted segment with more
conjugation. In (c), the more planarized and ordered segments
have the three-dimensional column structures.

Table 2. Electrical Conductivity in Air (6air) and in
Vacuo (oevac), Field-Effect Mobility (#), and Carrier
Concentration (N) in Air of the 15 mg/mL-900/30
Spin-Coated (A) and 15 mg/mL Cast (B) Films

films  gair (Slcm)  Gevac (Slcm)2  u (cm?/Vs) N (cm~3)
A 1.6 x 1077 1.3 x 1078 ~1075b ~10%7
B 1.0 x 10—° 8.2 x 10710 1.0x 1077 6.0 x 1016

aThe condition of evacuation is under 4 x 1075 Torr. ® This
value is taken from ref 19.

are found between the spin-coated and the cast films.
The value of the field-effect mobility of 15 mg/mL-900/
30 spin-coated film is taken from ref 19. The carrier
concentrations are estimated from the equation o = Ney,
where o is the electrical conductivity, N is the carrier
concentration, e is the elementary electric charge and
w is the field-effect mobility. The carrier concentrations
of both films in air are roughly the same order of
magnitude. In air, both the electrical conductivity and
the field-effect mobility of the spin-coated film are about
2 orders of magnitude larger than those of the cast film.
These results prove that the difference of the conductiv-
ity between the spin-coated and the cast films arises
from that of the mobility. The lower field-effect mobility
of the cast film can be well-interpreted by the proposed
model that the cast film has the inhomogeneous extent
of conjugation with stronger distorted segments and the
weaker interchain interactions. The carrier transfer is
thus favorable for the spin-coated film.

Under 4 x 107 Torr, the conductivity of the spin-
coated film decreases by only 1 order of magnitude.
Moreover, the decrement of that of the cast film under
the same evacuated condition is very slight. These
results show that the effect of oxygen as an acceptor
dopant is weak in both films.

Photophysical Properties. The PL spectra of the
spin-coated and the cast films showed the same spec-
trum shape where the peak maximum was located at
about 710 nm. The typical PL spectra are shown in
Figure 5. It is emphasized that the PL spectrum shape
is independent of the excitation energy.
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Figure 5. Typical excitation energy dependence of the PL
spectrum. Here the spectra of the cast film prepared from 15
mg/mL solution under slower solvent evaporation conditions
are shown. Each excitation wavelength is 450, 500, 550, 580,
and 620 nm from bottom to top.
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Figure 6. PLE spectra of (a) 15 mg/mL-900/30 spin-coated
film, (b) 1 mg/mL cast film, and (c) the cast film prepared from
15 mg/mL solution under slower solvent evaporation condi-
tions.

The PLE spectra of the 15 mg/mL-900/30 spin-coated
and the 1 mg/mL cast films are shown in Figure 6. The
PLE spectrum of the 15 mg/mL cast film is also shown;
this cast film was prepared under slower solvent evapo-
ration conditions. The maxima of PLE intensity for
each of the films are normalized to unity for the sake of
comparison. In the PLE spectrum of the 15 mg/mL-
900/30 spin-coated film, the large 560—600 nm maxi-
mun band is observed. Moreover, the relative intensity
at the higher excitation energy region (<560 nm) is
strong compared with that observed in the cast films.

Rothberg et al.?2 have shown that a large fraction of
unrelaxed (hot) excitons separates rapidly to form
interchain bound polaron pairs and that the remainder
diffuses within 1 ps to long conjugation segments by
Forster diffusion in PPV. In addition, they have sug-
gested that the singlet polaron excitons that favorably
diffuse in one-dimension are quenched at defects such
as carbonyl created in PPV by photo-oxidation.2® Shi-
nar® has also pointed out that the interchain bound
polaron pairs act as quenching sites for the unrelaxed
excitons, and some defects induced by structural disor-
der enhance the generation of these trapped polarons
in PPV and P3AT on the basis of the results of optically
detected magnetic resonance measurements. Moreover,
for the bound polaron pairs, it has been reported that
there is less overlap between the electron and hole wave
functions of polarons.” This means that the adjacent
chains having the spatial separation favor to create the
bound polaron pairs.

Therefore the above-mentioned PLE features of the
spin-coated P3HT film indicate that the unrelaxed
excitons rather easily relax to the singlet polaron
excitons and/or the singlet polaron excitons favorably
decay radiatively. As shown in our model structures,
the P3HT spin-coated film has the homogeneous extent
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of conjugation and the distorted torsion angles in the
distorted segments are relatively small. Consequently,
the relatively small distorted torsion angles and the
homogeneous extent of conjugation in the spin-coated
film would hardly result in the trapped polarons as
Shinar suggests. In addition, the spin-coated film has
no face-to-face interchain stacking as indicated by the
X-ray diffraction measurement. This suppresses the
formation of the bound polaron pairs. The unrelaxed
excitons and the singlet polaron excitons in the spin-
coated film thus would hardly be quenched.

For the cast films, the relative intensity at higher
excitation energy region (< ca. 620 nm for Figure 6b, <
ca. 650 nm for Figure 6c) decreases. This result
indicates that the unrelaxed excitons and/or the singlet
polaron excitons decay rather nonradiatively. This
would arise from the relatively strong distorted seg-
ments and the inhomogeneous extent of conjugation in
the cast film. Meanwhile, the PLE peak maximum is
clearly observed with a red shift. In addition, the PLE
peak position becomes close to the absorption edge of
the optical absorption. This tendency is well-observed
as the film prepared from a more concentrated solution.
As described earlier, the cast film has the broad
distribution of the extent of conjugation among main
chains. Thus the unrelaxed excitons created in more
conjugated main chains may favor to survive. Such
unrelaxed excitons should easily relax to the singlet
polaron excitons which are hardly quenched. The 15
mg/mL cast film, in particular, has the 3.82 A face-to-
face interchain stacking space as shown by the X-ray
diffraction analysis. This distance is too large to
interact with each main chain as orbital overlapping,
as mentioned in the section of X-ray diffraction. The
interchain bound polaron pairs thus would be easily
created, especially in the cast film prepared under
slower solvent evaporation conditions. Therefore, in the
cast film prepared under that condition, the unrelaxed
excitons would mainly be quenched by the interchain
bound polaron pairs.

Conclusion

We have reported the structures and electrical and
photophysical properties of the spin-coated and the cast
P3HT films. Special attention has been paid to the
dependence of these properties on the film preparation.

The results of analyses of the optical absorption and
ESR spectra have indicated that the extent of conjuga-
tion is homogeneous in the spin-coated film, whereas it
is inhomogeneous in the cast film. It has also been
suggested that both films have the distorted segments
with relatively large torsion angles. However, the
distorted torsion angles in the cast film are larger than
those in the spin-coated film.

The X-ray diffraction results have shown the existence
of the parallel lines with main chains in the spin-coated
and the cast films, although the fraction of such
structures strongly depends on the conditions of film
preparations. These parallel lines form the two-
dimensional sheets in which the side chains act as
spacers. It has been suggested, however, that the face-
to-face interchain stacking formed by those two-dimen-
sional sheets only develops under slower solvent evapo-
ration, that is, in the cast film. In addition, the
interchain interaction in the cast film prepared from
more concentrated solution is weak compared with that
in the spin-coated film.
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The electrical conductivity and the field-effect mobility
have shown quite different values between the spin-
coated and the cast films. From these results, we
indicated that the carrier transfer is more strongly
obstructed in the cast film than in the spin-coated film.
This is well-interpreted by our proposed model, in which
the cast film has the strongly distorted torsion angles
and the weaker interchain interactions.

From the results of the analyses of the PLE spectra,
we concluded that the diffusion of unrelaxed exciton
and/or the radiative decay of the singlet polaron excitons
in main chains are more favorable in the spin-coated
film than in the cast film. This behavior arises from
the homogeneous extent of conjugation and the rela-
tively small distorted torsion angles in the distorted
segments in the spin-coated film. It has also been
suggested that the bound polaron pairs are more easily
created in the cast films. To study a detailed photo-
physical process, the time-resolved photoluminescence
measurements are now in progress.
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