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bstract

For the investigation of photoconductivity and charge carrier dynamics in regioregular poly(3-hexylthiophene) (RR-P3HT), an in situ flash-
hotolysis time-resolved microwave conductivity (FP-TRMC) and transient absorption spectroscopy (TAS) was performed using 6.4 and 3.5 eV

hoton excitation. Since the former energy is sufficiently higher than ionization potential of RR-P3HT, a direct ionization and consequent bulk
harge recombination was observed. The dynamics of charge carriers of transient conductivity and photoabsorption kinetics are discussed in terms
f the X-ray diffraction pattern and film morphology of RR-P3HT observed by tapping mode atomic force microscope.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Optical, electrical and opto-electrical properties of �-
onjugated polymers [1–3] have been investigated worldwide
ecause of not only the scientific interests in the nature of charge
arriers but also their feasibilities of functional devices such as
exible displays and thin film transistor. In order to reveal the
ynamics and states of charge carriers, numerous investigations
sing magnetic spin resonance [4], transient/steady-state absorp-
ion/emission spectroscopies [5], and theoretical calculations [6]
ave been performed. A well-accepted model of charge state in
eneral conjugated polymers is polaron and bipolaron which are
ocalized charges on �-electron system coupling with the local
hain geometry.

One of the reasons why conjugated polymers are expected
n the use of flexible and low-cost transistor is their appli-
ability to wet processing, due to their solubility for organic

olvents. The solubility can be attained by substituting side
hains for, e.g. alkyl groups. Among conjugated materials which
how photo- and electro-luminescence, polythiophene and olig-
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thiophene have been investigated as a typical �-conjugated
aterial. The conductive property of polythiophene was con-

iderably improved by the enhancement of regioregularity: the
egree of head-to-tail–head-to-tail (HT–HT). Because of the
ncrease of �-electron interaction, the high regioregularity yields
ell-organized �-stacking structures, leading to the formation
f lamellar morphology [2].

As for the conductivity measurements, dc techniques such as
ime-of-flight and filed-effect-transistor have been used to date,
n which the charge carriers are injected from polymer surface or
ttached electrodes into the polymer layer. In these experiments,
he charge carriers travel over a long distance under a strong
lectric field, leading to a large contribution from impurities,
omain boundary, pin hole, and so on.

On the other hand, time-resolve microwave conductivity
TRMC) [7] is a powerful tool for an electrodeless evaluation
f conductivity. In TRMC method, charge carriers are gener-
ted by photo excitation or high energy radiation and probed
y a low power microwave. Thus there is no need to attach
n electrode, which leads to the elimination of effects of charge

njection between the electrode and polymer layer. Using TRMC
nd 3 MeV electron beam, Grozema et al. [8] investigated charge
arrier mobilities along isolated single polymer chain in solu-
ions of various kinds of conjugated polymers, revealing that
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he intrinsic mobilities of charge carriers are several orders of
agnitude higher than those obtained by dc technique. Dicker

t al. [9] carried out TRMC experiments of regioregular poly-
hiophene using a laser as an excitation source of which photon
nergy ranges from 1.9 to 5.2 eV and found the increasing quan-
um yield of photocarrier generation above 3.5 eV.

In this paper we report in situ TRMC and TAS (transient
bsorption spectroscopy) of regioregular poly(3-hexyl thio-
hene) (RR-P3HT) excited by 6.4 eV photon. Since this photon
nergy is much larger than the ionization potential, the conduc-
ivity signal is expected to increase, and therefore the dynam-
cs of charge carriers changes with an increase in the density
f charge carriers. The morphology of RR-P3HT solid films,
amely the lamellar structure, would play an important role. We
iscuss the dependence of the morphology on the conductivity
ignal and kinetic traces of transient absorption, together with
urface observations by atomic force microscope.

. Experimental

Regioregular (head-to-tail >98%) poly(3-hexylthiophene)
RR-P3HT) was purchased from Aldrich, and used without fur-
her purification. Saturated o-dichlorobenzene or methyl tetrahy-
rofuran solution of RR-P3HT was drop-cast onto a quartz
ubstrate (1 mm thick) and dried in a vacuum oven. The thick-
esses of the films were measured by Dektak 3ST, giving ca.
.5 �m for TRMC and TAS experiments and 3.5 �m for X-ray
iffraction.

In situ time-resolved microwave conductivity (TRMC) and
ransient absorption spectroscopy (TAS) measurements of film
amples was carried out using a X-band (ca. 9 GHz) microwave
ircuit, a nanosecond laser, and a streak camera. The power of the
icrowave incident into the cavity was set at 3 mW which does

ot disturb the charge motion and geminate ion recombination.

he details of the measurement system will be reported else-
here [10,11]. The THG (355 nm) from Nd:YAG laser (Spec-

ra Physics, GCR-130, FWHM 5–8 ns) and ArF excimer laser
193 nm, Lambda Physik, Compex 102, FWHM 25–30 ns) were

p
t

i

ig. 1. Geometry of the sample loading part in in situ TRMC and TAS. (a) A half
olymer-casted quartz substrate, the incident directions of excitation laser, a probe li
he above. The sample is loaded inclining 45◦.
tobiology A: Chemistry 186 (2007) 158–165 159

sed as an excitation source. The spot size of the laser was
djusted at 4 mm diameter, and its power was set sufficiently
ow not to cause the ablation damages. Continuum white light
rom Xe lamp was used as a probe light and injected into the
ample perpendicularly to the laser pulse. The spot size of the
nalyzing light was approximately 1 mm diameter at the sample.
fter passing through the sample, the white light continuum was

ed to a grating unit (Hamamatsu, C5094) and scanned by a wide-
ynamic-range streak camera (Hamamatsu, C7700). The streak
mage was collected via a CCD camera (Hamamatsu, C4742-
8). The experiments were carried out at room temperature and
nder the atmosphere.

The TRMC measurement with a resonant cavity is based on
microwave property that the change of reflected microwave

ower (�Pr) is proportional to the change of conductivity (〈�σ〉)
nduced by laser or radiation [11,12]:

�σ〉 = 1

A

�Pr

Pr
, (1)

here A is a sensitivity factor of a resonant cavity and is deter-
ined by a Q value, a dielectric constant, a resonant frequency,

nd a ratio of incident microwave power to reflected microwave
ower. In the case of flash-photolysis (FP)-TRMC, the following
quation is obtained using Lambert–Beer’s law:

∑
μ = 1

eAI0FLight

�Pr

Pr
, (2)

here φ, �μ, e, I0, and FLight are the quantum yield of charge
arrier generation, the sum of charge carrier mobilities, the
harge of an electron, incident photon density, and a correc-
ion (or filling) factor, respectively. The dimension of φ�μ is
he same as that of mobility (cm2 V−1 s−1). The TRMC signals
�Pr/Pr) are converted to φ�μ by Eq. (2) in the present paper.
he correction factor FLight is calculated based on the optical

roperty of the sample, intensity distribution of electric field in
he resonant cavity [10,13], and the sample thickness.

The geometry of a sample set up is illustrated in Fig. 1(a),
n which the half part of the resonant cavity is depicted. The

part of a resonant cavity for X-band (9 GHz) microwave is depicted with a
ght, and a microwave. (b) A schematic of a sample configuration viewed from
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se of the resonant cavity provides highly sensitive detection
f changes in the conductivity. The resonant cavity used in the
resent system had five pipe windows. Two pipe windows at the
op and the bottom of the cavity were used for sample loading,
nd another two on the side walls were opened as the path of
nalyzing light. The last one at the center of the end wall of the
avity was the entrance of the laser pulse. The electric field of
his type of the cavity was simulated and used in the calculation
f the correction factor [10]. In order to perform in situ TRMC
nd TAS measurements, a film sample is loaded inclining 45◦
s illustrated in Fig. 1(b).

In general, a coaxial optical geometry is used in optical
pectroscopies. However, in the present system, a probe light
s injected into the sample perpendicularly to the excitation
aser for in situ experiments. The following expression gives
he dependence of the transient optical density (O.D.) of the
hoto-induced transient species on the angle of a sample set up:

O.D. (θ)

εφI0
= 1

10NA

1

tan θ
(1 − 10−α(d/cos θ)), (3)

here ε, NA, θ, α, d are the extinction coefficient, Avogadro’s
umber, the angle of a sample, the linear absorption coefficient,
nd sample thickness, respectively. Eq. (3) is limited in the case
hat a sample thickness is negligibly small compared with a spot
ize of a probe light. In addition, if θ is near 0 or 90◦, Eq. (3) is not
pplicable, because the shape of probe area cannot be treated as
arallelogram shown in Fig. 1(b). The inclined sample geometry
ndertakes Fresnel’s formula given by

s =
(

n2 cos ϕ − n1 cos θ

n2 cos ϕ + n1 cos θ

)2

, (4)

p =
(

n2 cos θ − n1 cos ϕ

n2 cos θ + n1 cos ϕ

)2

, (5)

here Rs, Rp, n1, n2, θ, and ϕ are the reflectance of s-wave
TE mode), the reflectance of p-wave (TM mode), the refrac-
ive index of material 1, the refractive index of material 2, the
ngle of incidence, and the angle of reflection, respectively. In
he present case, the materials 1 and 2 are an air and a poly-

er, respectively, and the laser pulse used is s-wave. The ϕ is
xpressed as a function of θ by the use of Snell’s law:

sin ϕ

sin θ
= n1

n2
. (6)

y substituting I0(1 − Rs(θ)) for I0, Eq. (3) is transformed to the
ollowing expression:

O.D. (θ)

εφI0
= 1

10NA

1

tan θ
(1 − 10−α(d/cos θ))(1 − Rs(θ)). (7)

f θ is equal to 0, namely a coaxial optical geometry, the left part

f Eq. (7) is expressed by

O.D.coaxial

εφI0
= 1

10NA
(1 − 10−αd)(1 − Rs(0)). (8)

fi
l
F
a

ig. 2. Dependences of FLight and O.D.(θ)/O.D.coaxial on the angle of sample
θ). The latter was calculated according to Eq. (9).

herefore, the ratio of O.D.(θ) to O.D.coaxial is given by

O.D. (θ)

O.D.coaxial
= 1 − 10−α(d/cos θ)

tan θ(1 − 10−αd)

1 − Rs(θ)

1 − Rs(0)
. (9)

ig. 2(a) and (b) represents the dependences of FLight and
.D.(θ)/O.D.coaxial on the angle of sample (θ), respectively. The

1 = 1 (air) and n2 = 1.5 (a typical value for polymers [14]) were
sed. If αl is more than 1, the O.D.(θ)/O.D.coaxial varies two
rders of magnitude with the change of the sample angle, how-
ver, it is nearly equal to 1 at θ ∼ 45◦. This means that the
ensitivity of the optical spectroscopy is identical in both the
oaxial and the 45◦ inclined geometries. The αl of the samples
sed in the present paper is more than 1, therefore any cor-
ections are not necessary. The change of n2 does not make
ignificant difference in the range of αl > 1. As can be seen
rom Fig. 2(a), the sensitivity is enhanced with the decrease
f θ. However, the spectroscopies at such a small θ are dif-

cult because of the decrease in the intensity of the probe

ight which can pass through a sample. As for FLight shown in
ig. 2(b), it decreases with an increase of θ, but can be regarded
s almost constant up to ∼50◦. Thus the inclined geometry at
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polythiophene (∼5.4 eV) [17], so that the positive and negative
charges are directly produced within the pulse duration. These
charges are immediately relaxed by coupling with a phonon of
the polythiophene (PT) backbone on femtosecond time scale
A. Saeki et al. / Journal of Photochemistry an

= 45◦ is the most appropriate for the in situ TRMC and TAS
xperiments.

The surface morphology of the polymer film was observed
y a tapping mode atomic force microscope (AFM) (SPA-
00, SEIKO Instruments Inc.). X-ray diffraction pattern was
easured using Rigaku RU-200 (Cu K�: 1.5418 Å, 50 kV,

50 mA).

. Results and discussion

Transient absorption spectra of RR-P3HT film induced by
93 nm exposure is shown in Fig. 3. A broad absorption band
nd sharp bleaching maxima at 460 and 640 nm were observed.
he bleaching of the steady-state absorption was observed fairly
lear at the band edge of steady-state absorption. Thus the
leaching can be attributed to the positive charge on the longest
-conjugated segments after intra-molecular charge transfer

rom distributed length of the �-conjugated segments to the
ongest segments. The bleaching caused by one electron oxi-
ation (positive polaron) of polymer chains was also measured
y charge modulation spectroscopy (CMS) technique [15,16],
n which the charges are injected into the polymer layer of FET-
ike device under modulated electric filed of about 200 kV/cm
nd transmitted probe light is detected. The bleaching maxi-
um is centered at 2.21 eV (∼560 nm) with small peaks at 2.04

nd 2.34 eV. These bleaching features fairly correspond to the
ibronic structure of steady-state absorption spectra; however,
he bleaching maximum observed in the present study is lying
n the edge of steady-state absorption. This is due to the fact that

he electric field of in situ TRMC measurement is approximately
hree orders of magnitude lower than that of CMS, leading to
he charge migration to the longest �-conjugated segments with-
ut perturbing the motion of the charges. The charge transfer

ig. 3. Transient absorption spectra of RR-P3HT film induced by 193 nm laser.
he insets show a kinetic traces at around 460 and 640 nm, which represent a
hoto absorption and a bleaching of ground state absorption, respectively.

F
e
n
b
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rocesses were, however, not observed because the processes
ccur within much faster time scale than the response time
f the nanosecond TAS system. The kinetic traces at 460 and
40 nm in Fig. 3 are symmetrically identical over the entire time
cale, suggesting that both the transient absorption and bleaching
riginate from one species: the positive charges on the longest
-conjugated segments.

Fig. 4 shows the TRMC (line) and TAS (closed circles) sig-
als from RR-P3HT film excited by 193 nm pulses. The φ��
alue is a product of quantum yield of charge carrier generation
nd the sum of positive and negative charge carrier mobilities.
he kinetic traces of TAS were normalized to fit to those of
RMC in long time region. The photon energy of 193 nm is
.4 eV which is higher than the reported ionization potential of
ig. 4. TRMC (line) and TAS (closed circles) transients in RR-P3HT film
xcited by 193 nm laser. The TAS transients at 640 nm (bleaching) are inversely
ormalized to fit the kinetic traces of TRMC in long time region. The difference
etween (a) and (b) is the procedure of sample preparation (see text).
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18], giving rise to the positive and negative polarons (P+, P−):

T
hν−→P+ + P−. (10)

sing a charge carrier mobility reported in isolated molecule
f polythiophene [9]: 0.014 cm2 V−1 s−1, the quantum yield of
harge carrier generation is calculated as >30%, suggesting the
irect ionization of RR-P3HT molecules caused by193 nm expo-
ure.

Both TRMC and TAS kinetic traces in Fig. 4(a) were obtained
sing the same sample which was prepared from a saturated
-dichlorobenzene solution of RR-P3HT. The solution was drop-
asted on a quartz substrate and dried slowly at 80◦ in an oven.
he lamellar structure would affect not only the mobility of
harge carries but also the formation processes of charge carriers.
he rise times of the TRMC and TAS signals in Fig. 4(a) are
round 30 ns which corresponds to the dead time of a resonant
avity and the pulse duration of 193 nm laser. However, it should
e noted that the decay kinetics of both TRMC and TAS in early
ime region up to ca. 400 ns differs considerably: the curve of
RMC decays rapidly while that of TAS decays slowly.

In general, a spectroscopy within a crystalline domain (lamel-
ar structures) is difficult because of the scattering of a probe
ight. Therefore it is probable that the TAS probes only the
ransient species existing in amorphous regions. The fast decay
n the kinetic trace of the TRMC would be due to the bulk
ecombination of positive and negative charges in the crystalline
omains, because the TRMC can measure the averaged con-
uctivity which comes from all charge carriers existing in both
rystalline and amorphous domains:

+ + P− → S1, T1 → S0. (11)

t should be emphasized that the charge carriers which pos-
esses a large mobility are sensitized in TRMC signal because
he amplitude of the signal is proportional to �μ. This charac-
eristic is compatible with the experimental observation that the
inetic traces of TRMC and TAS became identical after the fast
ecay of the TRMC transient completed at 400 ns. The 193 nm
xcitation generates directly charge carriers near the surface of
sample and the large part of TRMC signal comes from the

rea where the density of charge carriers is high. Therefore, the
ffect of domain boundaries on the formation process of charge
arriers is expected to be small in the case of 193 nm excitation.

A slow decay of the TRMC signal after ca.400 ns is due to
elayed charge recombination between trapped charge carriers
t impurities or structural defects which essentially exist in poly-
eric materials:

+, P− → trapped. (12)

n this delayed time region, the bulk recombination of charge car-
iers in crystalline domains would be completed. Consequently,
he charge carrier in amorphous domains becomes predominant
n which the charge carrier mobility is expected to be smaller

han that in crystalline domains.

Fig. 4(b) also represents the TRMC and TAS signals, while
he procedure of a sample preparation is different from Fig. 4(a).
he film was prepared from a saturated methyl tetrahydrofuran

p
T
l

tobiology A: Chemistry 186 (2007) 158–165

olution of RR-P3HT. The solution was drop-casted on a quartz
ubstrate and dried immediately at 50 ◦C in a vacuum oven. This
rocedure is expected to yield different film morphology from
hat in Fig. 4(a). Although the end-of-pulse value of φ�μ in
ig. 4(b) is almost same as that in Fig. 4(a), the slope of the
ast decay of TRMC signal decreases in Fig. 4(b). The differ-
nce between TRMC and TAS signals becomes small compared
ith that in Fig. 4(a). The amplitude of φ�μ in the part of

he slow decay becomes higher. These observations are con-
istent with the explanation described above: the fast and the
low decays are due to the bulk recombination in intra- and
nter-crystalline domains and the delayed charge recombina-
ion affected by impurities or structural defects in amorphous
egions, respectively. The degree of �-stacking in RR-P3HT
as reported to vary depending on solvents, temperature of sol-
ent evaporation, concentration of solutions, casting processes,
nd so on [19]. The decrease of the slope in the fast decay of
RMC signal would be caused by the change in the �-stacking
tructures and grain boundary, leading to the lower efficiency of
ntermolecular and inter-grain charge transfer. The increase of
mplitude in the slow decay in Fig. 4(b) would be due to the
ncrease of the amorphous regions.

The rise times of the TRMC and TAS signals in Fig. 4(b) are
lmost same as those in Fig. 4(a). The junction of the fast and
low decays in Fig. 4(b) was delayed to around 1 �s. The kinetic
race of TAS up to 1 �s was almost constant. This is suggestive
hat the charge carriers migrate to the amorphous regions and
ecome detectable by the optical spectroscopy. The decay rates
n the slow parts of the decay in both Fig. 4(a) and (b) are almost
dentical, suggesting that the properties in amorphous regions
uch as trapping rates are not affected by the solvent used for
rop-casting.

In order to obtain information on the morphologies of the
lms, AFM observations were performed and are shown in
ig. 5. The micrographs of Fig. 5(a) and (b) represent the phase

mages of the film surface of Fig. 4(a) and (b), respectively.
he images clearly demonstrate the different morphologies
mong the two samples, whereas the grains in Fig. 4(b), pre-
ared from methyl tetrahydrofuran solution, are more inhomo-
eneous and more isolated than those in Fig. 4(a) prepared from
-dichlorobenzene.

It has been reported that the strong van der Waals interac-
ion between the tip surface of an AFM probe and the lamellar
urface of �-stacked P3HT causes considerable phase shift of
he tapping resonance frequency of the probe, giving clear con-
rast of the lamellar and amorphous domains in the phase images
f polythiophene thin films [20]. The domain size distribution
as quantitatively analyzed based on the phase shift spectra

phase shift versus intensity obtained by a particle analysis of
FM measurement software) of the tapping probe observed for
ig. 5(a) and (b). By calculating the percentage of larger phase
hift than that at the peaks of the spectra, the estimated relative
atios of the lamellar domains were 37 and 47%, respectively.
Fig. 5(c) represents the out-of-plane X-ray diffraction (XRD)
atterns of both films, showing almost same widths and peaks.
he strongest peak at ca. 5.4 Å is corresponds to the intermolecu-

ar spacing of 16.36 Å and consistent with literatures [21]. These
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ig. 5. Micrographs of RR-P3HT films. Images of (a) and (b) represent the pha
RD patterns of these films.

esults suggest that although the lamellar structure induced by
-stacking is almost identical, the improved grain boundaries

ower the barrier of inter-grain charge recombination, and thus,
he fast TRMC decay is accelerated in the film of more homo-
eneously distributed grain. This scenario is consistent with the
revious report describing detailed XRD analysis of RR-P3HT
lms [22], and analogous to the TRMC experiments in differ-
nt grain size of pentacene films [23]. In addition, the surface
orphology is predominant for the laser-induced conductivity,

ecause the incident laser intensity exponentially decreases with
he depth of the film (penetration depth, where the incident pho-
on density decreases to 1/e, was estimated as 91 nm using the
teady-state absorption coefficient of 1.1 × 107 m−1 at 193 nm).
herefore, it is deduced that the fast decay observed in TRMC

ignal is due to the charge recombination inter- and intra-grain,
hile the slow decay is ascribed to the delayed charge recombi-
ation in amorphous region and charge trapping by impurities
nd structural defects.

c
t
T
t

ages of the film samples of Fig. 4(a) and (b), respectively. (c) The out-of-plane

Fig. 6 shows the TRMC and TAS signals in RR-P3HT
nduced by 355 nm laser of which photon energy is 3.5 eV. A
lm sample was prepared according to the same procedure as
ig. 4(a). The photon energy is much lower than the ioniza-

ion potential of polythiophene, but higher than its band gap
nergy (∼2.1 eV) [24]. Therefore, the charge carrier generation
ia exciton dissociation is predominant. The fast decay was not
bserved, because a direct ionization is suppressed upon 355 nm
xposure. The transient absorption spectrum is almost similar to
hat of 193 nm excitation, showing a broad absorption and sharp
leaching maxima at 460 and 640 nm, respectively. The kinetic
races at both maxima corresponds to each other, although the
ise time of TAS signal was fast ca. 11 ns which reflects the pulse
uration of Nd:YAG laser. On the other hand, TRMC signal indi-

ates the rise time of 100–200 ns which is two to five times longer
han the pulse duration and the response time of a resonant cavity.
he slow rise time could be caused by the charge carrier genera-

ion from exciton dissociation in crystalline domains. According
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ig. 6. TRMC (line) and TAS (closed circles) signals in RR-P3HT film excited
y 355 nm laser. The TAS transient was observed at around 460 nm, which is
ymmetrically identical to the transient of the bleaching at 640 nm.

o Jiang et al. [5], ordered structure enhances the intermolecular
nteraction, giving a high yield of interchain exciton which disso-
iate more into polaron pairs. Dicker et al. [9]. also revealed that
he vibrationally relaxed singlet exciton dissociation into charge
arriers with a high yield in lamellar microstructure. This is the
ase giving the longer rise time in TRMC signals because of the
elayed exciton dissociation at the boundary of the crystalline
lamellar) domains.

Upon laser exposure with photon energies below the ion-
zation potential, there are several candidates of formation

echanisms of charge carriers such as multi-photon excitation,
xciton–exciton annihilation, exciton dissociation assisted by
hermal energy and/or electron acceptors, and so on. Based on
he above discussions, the major path to give the positive charge
arriers in the present case is represented as

T
hν−→Sn → Sn, Tn, (13)

n, Tn + A → P+ + A−, (14)

here A is the electron acceptors such as impurities and struc-
ure disordering in the bulk structures, Sn and Tn denote singlet
xciton (n ≥ 1) and triplet exciton (n ≥ 1), respectively. It was
eported from solution and solid-state studies that a rate constant
f intersystem crossing is ca. 1 ns [25], the lifetime of a radiative
inglet exciton is from a few hundreds of picoseconds [26] to a
ew tens of nanoseconds [27], and the lifetime of a triplet is ca.
0 �s [28,29]. According to the femtosecond photolysis studies
5], it was reported that long-lived triplet excitons are not eas-
ly generated in RR-P3HT lamellar and substantial intersystem
rossing to the triplet occurs in regiorandom P3HT. While the
ise time of TRMC signal was a few hundreds of nanoseconds

n the present experiments on 355 nm exposure, the slow for-

ation is expected to be to microsecond time scale, depending
n the film conditions and electron acceptors. Thus we con-
lude that not only the singlet exciton but also the triplet exciton
tobiology A: Chemistry 186 (2007) 158–165

ould play an important role in the delayed stage of photocarrier
eneration.

. Conclusion

The transient conductivity and optical absorption induced by
93 and 355 nm laser in regioregular poly(3-hexylthiophene)
as measured using in situ TRMC and TAS system on the time

cale from 10 ns to 100 �s. The photon energy of 193 nm laser
s sufficiently larger than the ionization potential of polythio-
hene, resulting in the high yield of photogeneration of charge
arriers. The kinetic trace of TRMC signal excited by 193 nm
aser consisted of two components: fast and slow decays. The
ormer decay was not observed in 355 nm excitation of which
hoton energy is below the ionization potential but above the
and gap of polythiophene.

On 193 nm excitation, the decay curve of TAS corresponded
o that of TRMC in delayed time stage, while they did not in the
arly stage. The discrepancy would be due to the experimental
ifficulties in the spectroscopy of crystalline domains. The decay
inetics of both TRMC and TAS differed by changing the sam-
le preparation which led to the change in the film morphology.
rom the XRD patterns and phase images observed by AFM, it

s deduced that the fast decay observed in TRMC signal is due to
he charge recombination inter- and intra-grain, while the slow
ecay is ascribed to the delayed charge recombination in amor-
hous region and charge trapping by impurities and structural
efects.

The 355 nm excitation did not yield a fast decay as observed in
93 nm excitation. The rise time of TRMC was longer by a factor
f 3–5 than dead time of resonant cavity. This is suggestive that
ot only the singlet exciton but also the triplet exciton would play
n important role in the delayed stage of photocarrier generation.
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