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Bleaching probe spectroscopy performed for regioregular poly(3-hexylthiophene) diodes reveals that

coexistent morphological phases determine the conducting and optical properties of conjugated polymer

films. Photoinduced absorption measurements demonstrate that exciton migration occurs from lamella

aggregates to morphological sites consisting of quasiuncoupled chains and that the latter sites determine

steady-state photophysical properties. Spectroscopy synchronized with diode operation reveals that the

morphological locations of injected carriers in polymer diodes vary with the applied bias.

DOI: 10.1103/PhysRevLett.103.187402 PACS numbers: 78.66.Qn, 72.80.Le, 73.61.Ph, 78.40.Me

Conjugated polymers are a remarkable class of material
that combines prominent optical and electronic properties.
This has enabled them to be used in optoelectronic devices
such as light emitting diodes and photovoltaic devices
[1,2]. Such remarkable properties are owing to excitons
and carriers created by photoexcitation or bias impression.
Elucidating the behavior of such excitations is thus the key
to exploring the underlying physics of photoexcitation and
device operations. Spectroscopic techniques have been
used for investigating photoexcitations [3,4] and carriers
in polymer films and semiconducting devices [5–7].

The characteristic feature of polymers compared with
inorganic or molecular semiconducting materials is the
flexibility in the polymer chains and this imparts advan-
tages in processing. This feature allows several morpho-
logical phases to coexist within a solid film. Hence, the
physical properties of excitons and carriers in polymer
films must essentially be evaluated with the consideration
of their morphological location. However, such studies are
difficult unless definite information on morphology is ob-
tained like polyfluorene that has detectable absorption
signals from additional morphological phases [8]. In this
Letter, we attempt to elucidate the behaviors of excitons
and carriers with respect to their morphological location in
polymer films. We focus on the bleaching signals of ab-
sorption spectra induced by femtosecond-transient and
continuous-wave (cw) photoexcitations or diode operation.
Bleaching spectroscopy can probe the absorption spectrum
of components consumed in certain physical events. We
apply this technique because the absorption spectra of the
consumed components can provide more straightforward
information on the surrounding morphology of generated
excitations than can direct spectral features of the
excitations.

In this study, we use a polymer diode of head-to-tail
coupled, regioregular (RR) poly(3-hexyllthiophene)
(P3HT). RR-P3HT is known to form solid films that have
self-organized microcrystalline domains [9,10], whose

property makes it a promising polymer for FET applica-
tions. We define the RR-P3HT film as a prototype of the
aggregate phase that is partly present in normal polymer
films consisting of randomly distributed chains. The
RR-P3HT film, generally believed to have a well-defined
solid structure, is shown to have several morphological
phases that have different roles in optical and electronic
applications. We further show that bleaching spectroscopy
can elucidate the morphology-dependent behaviors of ex-
citons and carriers under photoexcitation and diode opera-
tion. It is revealed that the correlation between the
excitations and their morphological locations is a critical
factor for describing the photophysical and conducting
properties of conjugated polymer films.
RR-P3HT powder was purchased from Aldrich and used

as received. A diode used in optical measurements con-
sisted of four-layers: an indium-tin-oxide (ITO) coated
glass substrate, a hole-transporting PEDOT-PSS layer
(hereafter PEDOT), the RR-P3HT film and a semitranspar-
ent Al electrode deposited by vacuum evaporation. The
RR-P3HT film was fabricated by spin-casting its chloro-
benzene solution at a concentration of 10 mg=mL. The
combined thickness of the PEDOT and RR-P3HT layers
was about 100 nm.
Photoinduced absorption (PIA) measurements were per-

formed under cw or pulsed photoexcitation. The diode
sample was used for both PIA measurements, but observed
spectral features were not different from those of film
samples with no electrodes. For the cw-PIA measurement,
excitation was provided by an Arþ laser at 488 nm
(�50 mW) modulated by an acoustic-optic modulator at
700 Hz. The probe beam for the measurement was pro-
duced using a tungsten/halogen lamp. The cw-PIA signals
were detected by a phase-sensitive lock-in technique with a
monochromator and a Si photodiode. Photoluminescence
(PL) signals were eliminated by subtracting a spectrum
measured without a probe beam. The laser system used for
the transient PIA measurement consisted of a Ti:sapphire
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laser (Spectra Physics, Hurricane-X) with a repetition rate
of 1 kHz at 780 nm (�100 fs pulse duration). An optical
parametric amplifier (OPA, Spectra Physics, OPA-800C)
pumped by a portion of the Ti:sapphire beam was used to
produce wavelength-tunable visible pump pulses that were
tuned to 480 nm (50 nJ=pulse). A white-light continuum
produced in a sapphire plate by the amplified 780-nm beam
was used as probe pulses. The probe pulses were dispersed
using a spectrograph and imaged by a 1024-pixel linear
photodiode array [11]. Absorption and bleaching signals
induced by diode operation were measured by applying dc
and ac voltages (Vdc and Vac, respectively) to the diode
device and detecting the modulated signal of the trans-
mitted light synchronized with the ac voltage (700 Hz)
(hereafter, referred as device modulation (DM) spectros-
copy). The same probe system was used for detection as
that used for the cw-PIA measurement. All of the optical
measurements were performed at room temperature in an
inert atmosphere.

Figure 1 shows the absorption and cw-PIA spectra of the
RR-P3HT film. The PIA spectrum has absorption peaks at
1.25 and 1.85 eV. Similar features were previously reported
and they were shown to be attributed to photogenerated
polarons [4,12]. We thus consider that the observed peaks
are due to the polarons. The PIA spectrum exhibits clear
bleaching signals at energies above 1.87 eV. The bleaching
signals correspond to the absorption spectrum of neutral
species that are converted to polarons by photoexcitation.
Interestingly, the bleaching spectrum clearly differs from
the steady-state absorption spectrum shown in Fig. 1: the
bleaching spectrum is redshifted, is much sharper, and has
a different spectral pattern.

Figure 2 shows the transient PIA spectra of the RR-
P3HT film. The PIA spectra were recorded at 0, 10, 200
and 400 ps after excitation. They exhibit clear bleaching
signals, while small absorption signals of photoexcitations
are observed around 1.88 eV in the spectra at 0 and 10 ps.
The absorption signals are attributed to photogenerated
polarons (polaron pairs) [12]. The bleaching signals have
some interesting features: the spectra change a spectral
pattern with time and gradually redshift. These observa-

tions indicate that the neutral state converted to excitons or
polarons gradually drops to a lower-energy state that has a
different electronic structure. Related to these, the time-
resolved PL spectra of the conjugated polymer films are
known to redshift with time, and such a dynamical red-
shift has been ascribed to exciton migration [13–15]. An
RR-type polythiophene derivative was also shown to ex-
hibit dynamical redshift in PL [14] and the time scale of the
PL redshift is similar to that which we observed. Therefore,
we conclude that the observed time evolution of the
bleaching spectra is due to exciton migration. The bleach-
ing spectra hence correspond to the absorption spectra at
sites where excitons are present, and their spectral varia-
tion indicates a picture of exciton migration between sites
of different morphology. Some spectral differences are
found between the cw and the 400-ps transient PIA bleach-
ing spectra, as indicated by the broken line in Fig. 2
denoting the peak position of the cw one; the cw-PIA
spectrum has lower-lying peaks and sharper spectral width.
The cw-PIA bleaching spectrum can be regarded as being
the absorption spectrum of the final migration point. The
sharper width of the cw-PIA spectrum hence indicates that
the location of the photoexcitations is finally restricted
within specific domains.
Figures 3(a) and 3(b), respectively, show the DM spectra

and the current-voltage (I-V) characteristics for the RR-
P3HT diode. The I-V characteristics show that the current
increases linearly in the low voltage region and then rises
rapidly at 1 V. This type of crossover has often been
observed in the I-V curves of organic insulators and the
rapid rise is a typical behavior of the space-charge-limited
current (SCLC) [16]. The DM spectra were recorded under
biases of Vdc þ Vac ¼ 0� 1, 0:7� 1, and 1� 1 V. The
observed spectra in Fig. 3(a) exhibit some features of both
the absorption and bleaching regions. However, when
evaluating the effect of applying a bias on the spectrum,

FIG. 1. Steady-state absorption and cw photoinduced absorp-
tion (PIA) spectra of the RR-P3HT film. The horizontal broken
line is the baseline for the PIA spectrum.

FIG. 2. Transient PIA spectra of the RR-P3HT film recorded at
0, 10, 200, and 400 ps. The horizontal broken lines are the
baselines for each spectrum and the vertical dotted line indicates
the energy position of the 0-0 peak in the cw-PIA spectrum.
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the contribution of electroabsorption (EA) to bleaching
spectra has to be carefully considered because it could
dominate the bias effect in the case of insufficient carrier
injection [17,18]. The EA signals are known to be inde-
pendent of the frequency of the ac voltage [19]. The
difference of DM spectrum between different frequency
measurements can hence eliminate the EA signals and it
resembled the DM spectra shown in Fig. 3(a) [20]. This
indicates that the EA contribution is negligible in the
observed DM spectra. Indeed, the bleaching spectrum at
0� 1 V resembles the bleaching spectrum obtained from
the cw-PIA and the 400-ps transient PIA measurements,
which were taken with no bias.

It was reported that the work functions of PEDOTand Al
are 4.9 eV [21,22] and 4.2 eV, respectively, and that the
energy level of the highest occupied molecular orbitals
(HOMO) of RR-P3HT is 5.1–5.2 eV [23,24]. The
RR-P3HT diode used in this study can thus be regarded
as a hole-only device. Hence, the features of the absorption
region around 1.30 and 1.85 eV in the three DM spectra are
attributed to injected positive polarons that work as trapped
or mobile carriers. The intensity of absorption signals is
found to increase with the center bias, indicating that the
number of the polarons increases with the applied voltage
in the SCLC regime. This indicates a signature of SCLC
that is enhanced by a voltage-induced increase in the
carrier number [16].

The DM spectra exhibit remarkable features; the bleach-
ing signals blueshift and change a spectral pattern with an
increase in the applied dc bias, while the absorption region
exhibits no appreciable spectral variations. The bleaching
signals in the DM spectra correspond to the absorption
spectra of neutral components converted into positive po-
larons. The features in bleaching signals thus demonstrate
that the converted neutral components vary with the bias
and that the lower-energy components are predominantly
consumed when carriers are generated under a lower bias.
This behavior could be explained by assuming independent

neutral components having different energy levels, as de-
picted in Fig. 3(c). Specifically, a component with lower
transition energy is expected to have a lower threshold
voltage for hole injection. This is caused by the coexis-
tence of at least two independent neutral components with
different threshold voltages. We thus expect that, in the
case of normal amorphous polymer films, such a change of
converted neutral components with the bias should occur
more noticeably due to randomly distributed electronic
states.
We have identified the presence of several bleaching

components in the RR-P3HT diode, which can be roughly
classified into three: species A, which is observed in the
cw-PIA measurement and the DM measurement under
0� 1 V, species B, which is observed in the DM measure-
ment under 1� 1 V, and species C, which is observed in
the transient PIA measurement at 0 ps. It has been docu-
mented that, although weak vibronic peaks in the absorp-
tion spectrum of the RR-P3HT film arise from its
organized solid structures, the peak pattern cannot be
reproduced by a simple Franck-Condon (FC) progression
[25,26]; the reason for this has been debated in recent years
[25–27]. We note that the sum of the bleaching spectra of
species B and C is likely to resemble the absorption
spectrum, although that of species B is partly distorted
due to signals in the absorption region. This indicates
that the absorption spectrum does not consist of a single
species and that species A is a minor component in the film.
We have fit the bleaching spectra of species A, B, and C

with a FC model using a single Huang-Rhys (HR) factor.
Figure 4 shows the results of fitting the cw-PIA spectrum
(species A). The fitting demonstrates that the spectrum is
well reproduced by a simple FC progression; the HR
factor, the 0-0 transition energy, and the phonon energy
obtained by the fit are 0.745, 2.000 eV, and 0.184 eV,
respectively. By contrast, the same analysis did not repro-
duce well the bleaching spectra of species B and C. It has
been reported that the lamella aggregates of RR-P3HT give
a PL spectrum whose 0-0 transition is forbidden due to
interchain couplings unless disorder is present [27]. This

FIG. 3 (color online). (a) DM spectra under Vdc þ Vac ¼ 0�
1, 0:7� 1, and 1� 1 V and (b) the current-voltage character-
istics for the RR-P3HT diode. (c) Schematic of hole injection by
tunneling from PEDOT to two neutral states with different
energy levels in P3HT. The two solid lines with different slopes
in P3HT represent the difference of applied bias necessary for
charge injection.

FIG. 4 (color online). Bleaching spectra obtained from the cw-
PIA measurements for RR-P3HT and RR-P3DDT films. The
horizontal broken lines in the spectra are the baselines for each
spectrum. The red solid curve for the spectra of RR-P3HT is a
result of spectral simulation by the Franck-Condon model.
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feature is considered to cause the 0-0 transition of absorp-
tion also to decrease, so that the absorption spectrum
cannot be reproduced by a FC progression. This suggests
that species B and C are lamella aggregates.

By contrast, species A may not be a lamella aggregate
since its bleaching spectrum is reproduced by a single HR
factor. Optical spectra reproduced by a single HR factor
have been hardly reported on polymer samples except for
the PL spectra of diluted polymers and long oligomers
[28,29]. One might thus consider that species A arises
from isolated chains. Figure 4 shows the bleaching spec-
trum of an RR-poly(3-dodecylthiophene) (P3DDT) film
obtained from cw-PIA measurements at room temperature.
It demonstrates that the RR-P3HT and P3DDT films have
clearly different bleaching spectra. A notable difference
between the polymers is the length of the alkyl substitu-
ents, resulting in different interlamella distances in the
solid state [16.36 Å (P3HT) and 27.19 Å (P3DDT)] [10].
This indicates that species A is stabilized by the reduced
interlamella distance in P3HT, leading to the conclusion
that species A should not arise from isolated chains.
Alternatively, species A could be a quasi-intrachain species
created at certain aggregates. We consider that the reduced
interlamella distance in P3HT induces slight deformation
of the lamella structure or weakens interchain couplings
due to created interlamella couplings and that it causes
such intrachain states to create.

We finally describe the behaviors of excitons and car-
riers with their morphological locations by evaluating the
observed bleaching spectra. The transient PIA spectra
showed that photoexcitation commences with the con-
sumption of species C. Considering the coexistence of
several morphological components, other components
may also be photoexcited as long as they have an oscillator
strength at 480 nm. We note that photoexcitations at 460
and 500 nm also exhibited species C at the 0 ps bleaching
spectrum. This indicates that species C always functions as
a starting point for photoexcitation. This would be because
species C has a higher oscillator strength than others.
Photoexcitation is followed by migration of excitons and
the excitons finally reach the quasiuncoupled chain sites
(species A). This indicates that steady-state optical prop-
erties such as PL and photoconductivity are determined by
excitations at the morphological sites of species A.

The DM measurements revealed that carriers are gen-
erated at the uncoupled chain sites at low voltages. By
contrast, at typical operational biases that are greater than
the build-up voltage, carriers are generated at lamella
aggregates (species B). This indicates that carriers are
injected at different morphological sites depending on the
applied bias. This suggests that the carrier locations can be
controlled by varying the applied bias in the RR-P3HT
diode. In the diode operation, primary carriers are provided
by species B, which was not detected in the PIA measure-
ments. We thus emphasize that different morphological
components are responsible for conducting and optical
properties in the P3HT diode.

In summary, bleaching spectroscopy demonstrated that
the RR-P3HT film has several morphological phases that
have different roles in optical and electronic applications.
Transient absorption measurements revealed exciton mi-
gration occurring between different morphological sites.
The nature of the final migration point that determines the
steady-state photophysical properties was revealed. DM
spectra of the P3HT diode showed that the morphological
sites at which carriers are created vary with the applied
bias. Our results emphasize that the optical and conducting
properties of the polymers may not be explained by a
simple model assuming single kind of excitations.
This work was supported in part by funding from the
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