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a b s t r a c t

Ultrafast pump–probe spectroscopy of poly(3-hexylthiophene) (P3HT) films was performed using a 9-fs
laser and a broadband lock-in detection system. The fast geometrical relaxation (GR) time was attrib-
uted to the transition from a free exciton (FE) to form a bound polaron pair (BPP), and the time con-
stant was estimated to be sGR = 90 ± 2 fs. The relaxation time constant of BPP was determined as
sBPP = 710 ± 40 fs. The measurement of pump-power dependence enabled us to distinguish the defect
trapping process of BPPs from other parallel decay processes and to determine the defect concentration
of a P3HT thin film.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Conjugated polymers have been studied extensively because of
their characteristic properties, including plasticity and semicon-
ductivity, that make them attractive for use in large-area devices
for electro-optical and optoelectronic applications [1–8]. For in-
stance, a considerable progress has been made in developing elec-
troluminescent devices based on poly(arylenevinylene) [9,10] for
an optoelectronic application, and organic solar cells that use con-
jugated-polymer-based compounds have recently been studied
widely as a potential low-cost replacement for conventional sili-
con photovoltaics. Polymer-based solar cells have many advanta-
ges over conventional ones, including low toxicity, adjustable
electronic and mechanical properties, and ease of fabrication.
The energy conversion efficiency of a solar cell based on a bulk
heterojunction consisting of a polymer donor of regioregular
poly(3-hexylthiophene) (P3HT) and an acceptor of [6,6]-phenyl-
C61-butyric acid methyl ester was reported to be 4.4% [11]. The
dynamics of charge carriers contribution in P3HT was recently
studied by Ellingson et al. [12] using THz pulses to probe the
picosecond relaxation of P3HT, and the basic scheme of interchain
ll rights reserved.
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transfer was also illustrated on the basis of previous works [13–
15] with the formation and relaxation of bound polaron pairs.
However, ultrafast formation and relaxation of BPP could not be
time-resolved by the THz system due to the limited time-resolu-
tion of their measurement.

In the present study, we have studied the ultrafast dynamics of
P3HT using a sub-10-fs visible laser pulse. The ultrafast time-reso-
lution has enabled us to determine the time constants of 90 ± 2 and
710 ± 40 fs, which correspond to the formation and relaxation,
respectively, of a bound polaron pair (BPP). Defect concentration
on P3HT has also been estimated by observation of the pump
intensity dependence of the signal.

2. Experiment

2.1. Non-collinear optical parametric amplifier

We have constructed a non-collinear optical parametric ampli-
fier (NOPA) to generate visible laser pulses, whose spectral width is
sufficiently broad to support sub-10 fs visible pulses useful for
ultrafast time-resolved spectroscopy [16–18]. The smooth spectral
shape of the NOPA output is suitable for time-resolved spectral
measurements. A regenerative chirped pulse amplifier (Legend-
USP-HE; Coherent) seeded with a Ti:sapphire laser oscillator
(Micra 10; Coherent) is used to pump and seed the NOPA. The
amplifier generates 40-fs pulses with a central wavelength of
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800 nm, a repetition rate of 5 kHz, and an average power of 2.5 W.
The beam from the regenerative amplifier is split into two beams
by a beam sampler. One beam of 800 mW is used to generate a sec-
ond harmonic of 400 nm to pump the NOPA. The other beam of
2.5 mW is focused on a sapphire plate to induce self-phase modu-
lation to generate white light, which is used as the seed beam of
the NOPA. The NOPA generates a broad visible spectrum extending
from 520 to 700 nm with a nearly constant phase (see Fig. 1). A
beam splitter splits the visible laser pulse into pump and probe
beams. The intensities of these beams are adjusted using a variable
neutral density filter, and the ratio of the pump to the probe inten-
sities is set to be about four for the weakest excitation. The dura-
tion of the broadband visible laser pulse is compressed to 9 fs
using a pulse compression system, which consists of a diffrac-
tion-grating telescopic dispersion line, specially designed multi-
layer dielectric chirped mirrors, and a computer-controlled
flexible mirror. The probe pulse is dispersed by a polychromator
(SP2300i; Princeton Instruments) into a 128-branch fiber bundle,
whose other end is separated into 128 fiber branches and con-
nected to avalanche photodiodes (APDs). Therefore, the time-re-
solved transmittance differences DT at 128 probe wavelengths
are simultaneously detected at the APDs. The signals detected at
the APDs are sent to a multichannel lock-in amplifier developed
by our group to obtain a signal with a high signal-to-noise ratio.

2.2. Materials

Highly regioregular poly(3-hexylthiophene) (P3HT) (P200; Rie-
ke Metals, Inc.) was purchased and used without further treatment.
The sample had a HT(head-to-tail)-HT ratio of >98% and average
molecular weight of 50,000. It was dissolved in 1,2-dichloroben-
zene (15 mg/mL) stirring at 50 �C for 12 h to ensure complete dis-
solution. A P3HT thin film was formed by dip-coating on one
surface of a glass substrate (25 � 25 � 0.5 mm3) to be used as a
sample in this work. Figure 1 shows the stationary absorption
spectrum of the formed P3HT film recorded using an ultraviolet–
visible–near-infrared scanning spectrophotometer (UV-3101PC;
Shimadzu). This figure also shows a photoluminescence spectrum
measured by an ARC SpectraPro-150 luminescence spectrometer
equipped with a deuterium lamp as an excitation light source.
All measurements were performed at room temperature
(295 ± 1 K).
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Figure 1. Stationary absorption spectrum (thin solid curve), laser spectrum (thick
solid curve), transmittance spectrum (dotted curve), and fluorescence spectrum
(dashed curve). The inset shows the molecular structure of P3HT.
3. Results and discussion

3.1. Time-resolved difference absorption spectra

Pump–probe measurements of P3HT films were performed to
obtain time-resolved difference absorption spectra, DA(k, t), in
the wavelength range 530–680 nm in 2.5 nm steps; the scanning
delay time was varied from �350 to 1400 fs in 3.6 fs steps. Figure
2a shows the observed two-dimensional (2D) DA spectrum, and
Figure. 2b shows DA traces at eight probe wavelengths. The time
traces contain an exponential decay reflecting electronic dynamics
and oscillations reflecting vibration dynamics. We have performed
exponential fitting to elucidate the ultrafast dynamics of the P3HT
after photoexcitation; see below.

The difference absorbance, DA, is negative at short wavelengths
and becomes positive at wavelengths longer than �610 nm. The
positive DA signal is assigned to induced absorption in transitions
from the first electronic excited state to higher states. Stimulated
emission from the excited state and photobleaching due to
ground-state (GS) depletion could be the origins of the negative
DA signal. The photobleaching has a much longer lifetime than
the stimulated emission because stimulated emission occurs only
from the excited singlet exciton state, whereas photobleaching oc-
curs until the GS has been fully repopulated. Figure 2c shows the
time-resolved absorbance change spectra averaged for 100 fs,
which clearly indicates the existence of ultrafast decay in the spec-
tral region shorter than 610 nm.
3.2. Estimation of time constants

It has been shown that photo-excited P3HT proceeds as follows
[12]:

GS!hm FE !ultrafast
BPP
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! Trapped-BPP !
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Here, FE is a free exciton, which undergoes a fast geometrical
relaxation to form a BPP (equivalent to a self-trapped exciton). This
generated BPP then relaxes to the GS via the three parallel pro-
cesses of ‘recombination’, ‘trapping by defect states’, and ‘dissocia-
tion into a positive carrier and a negative carrier (polarons)’. From
the stationary absorption spectrum of the sample and the laser
spectrum shown in Figure 1a, we estimated how many photons
of a single laser pulse were absorbed by the P3HT sample, which
is equal to the number of FEs formed by photoexcitation. When
the pump power was 10.8 nJ, the FE density was calculated to be
1.8 � 1019 cm�3. Using this FE density and the reported rate
constant c for exciton–exciton annihilation (EEA) in P3HT
(4.0 � 10�9 cm3 s�1) [19], the mean flight time before EEA was esti-
mated to be 14 ps, which is considerably longer than the measured
delay time region of 1.5 ps. Therefore, the effect of EEA on the for-
mation dynamics of BPPs from FEs was not considered here.

To determine the time constants of the above processes, the
real-time traces of DA(k, t) in the time region between 60 and
1400 fs were fitted with the sum of two exponential functions
and a constant term. Two time constants, t1 and t2, determined
by the fitting are shown in Figure 3a. In the longer wavelength re-
gion (from 620 to 680 nm), the ultrafast decay of DA is not prom-
inent in comparison with that at wavelengths shorter than 620 nm,
which is why the time constants could not be determined by the
fitting in the longer wavelength region of Figure 3a. Global fitting
was performed for the observed time-resolved 2D-DA trace to
determine the time constants precisely (see Fig. 3b). The mean-
square errors were calculated by varying the lifetimes in a stepwise
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Figure 2. (a) Two-dimensional display of the time dependence of the absorbance changes (probe photon energy versus probe delay time).The value of DA is shown by a
pseudocolor, and the curve represents the probe photon energy where DA = 0. (b) Pump–probe delay time dependence of the difference absorbance probed at eight different
wavelengths. (c) Time-resolved DA spectra averaged over 100 fs.
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manner to determine the condition for the least-squares error. The
results for three scans gave t1 = 90 ± 2 fs and t2 = 710 ± 40 fs.

The obtained values of t1 and t2 can be assigned to the formation
and decay of a BPP, respectively, as were assigned to a self-trapped
exciton in Refs. [13–15]. Self-trapped excitons only occur in one-
dimensional systems being equivalent to bound polaron pairs
(BPPs) [12,20,21]. A previous study estimated the formation time
constant of a BPP to be shorter than 100 fs, but it was not time-re-
solved [14]. The t1 constant of BP formation P, 90 ± 2 fs, has first
been time-resolved in this work, as stated above.

3.3. Spectra of the intermediates

Using the obtained t1 and t2 constants, changes in the time-re-
solved absorption spectra, DA(k, t), were fitted by a double expo-
nential function,

DAðk; tÞ ¼ b1ðkÞe�t=t1 þ b2e�t=t2 þ b0ðkÞ ðt1 < t2Þ ð2Þ

in the ranges of 60–1400 fs and 550–600 nm applying the method
of least-squares. The b0(k), b1(k), and b2(k) coefficients obtained in
the fitting can be used to calculate bFE(k) and bBPP(k), which repre-
sent the contribution from FE and BPP, respectively, as stated below.

Photo-excitation of P3HT generates FE, which makes a transi-
tion to BPP with tFE. The BPP relaxes in three parallel processes:
‘recombination’, ‘trapping’, and ‘dissociation’. The whole processes
can be expressed by

DAðk; tÞ ¼ bFEðkÞe�t=tFE þ bBPPðkÞð1� e�t=tFE Þe�t=tBPP þ bRBPPðkÞ
� ð1� e�t=tFE Þð1� e�t=tBPP Þ ð3Þ

where suffixes FE and BPP correspond to a free exciton and a bound
polaron pair. The last term of RBPP stands for relaxed BPP made of
trapped BPP and separated polaron, whose lifetimes are much long-
er than the time region studied in this work. For simplicity of calcu-
lation, a single time constant of tBPP represents the contributions of
three parallel decay processes of BPP, which are decomposed by
studying pump-power dependence; see Section 3.5.

The time constants t1 (90 ± 2 fs) and t2 (710 ± 40 fs), assigned in
Section 3.2 to the formation and decay of BPP, correspond to tFE

and tBPP of Eq. (3). Therefore, Eq. (3) can be approximated by con-
sidering sFE � sBPP as

DAðk; tÞ ¼ bFEðkÞe�t=tFE þ bBPPðkÞðe�t=tBPP � e�t=tFE Þ þ bRBPPðkÞ
� ð1� e�t=tBPPÞ ð4Þ

Using Eqs. (2) and (4), we obtain

b1ðkÞ ¼ bFEðkÞ � bBPPðkÞ ð5Þ
b2ðkÞ ¼ bBPPðkÞ � bRBPPðkÞ ð6Þ
b0ðkÞ ¼ bRBPPðkÞ ð7Þ

These three equations give

bBPPðkÞ ¼ b2ðkÞ þ b0ðkÞ ð8Þ
bFEðkÞ ¼ b1ðkÞ þ b2ðkÞ þ b0ðkÞ ð9Þ

Using the two relations, bFE(k) and bBPP(k) can be calculated
from b0(k), b1(k) and b2(k) obtained in the double exponential fit.
The calculated bFE(k) and bBPP(k) are shown in Figure 4a.

3.4. Defect concentration studied by pump-power dependence

The bFE term reflects the transition from a FE to a BPP [12,20].
Since bFE is negative showing a spectral structure similar to that
of a stationary absorption spectrum in the range of 530–630 nm,
it can be ascribed to photobleaching as a result of GS depletion.
The spectrum of the second component bBPP, on the other hand,
corresponds to the spectrum of BPP state, which follows relaxation
induced by ‘recombination returning to the GS’, ‘trapping by de-
fects’, and ‘dissociation into a positive carrier and a negative carrier
(polarons)’ [12]. The spectral structure of bBPP in the region of the
probe wavelength shorter than 610 nm is similar to that of bFE,
showing the contribution of photobleaching. Subtraction of bFE

(contribution of photobleaching) from bBPP leads to a positive DA
component, as shown in Figure 4a, which reflects the induced
absorption spectrum of BPP. The last term of Eq. (4) is a long-life-
time component; being beyond the range of our time measure-
ment, it is attributed to the decay of BPPs including the
delocalization of charge carriers along the polymer chain [12].

As discussed above, bBPP is composed of three parallel relaxation
components of recombination (bBPP,REC), defect trapping (bBPP,TRP),
and dissociation (bBPP,DIS). The bBPP,TRP component is likely to be
independent of the pump intensity when the pump intensity is
high enough to cause the trapping process to saturate due to the
finite number of traps. In contrast, bBPP,REC and bBPP,DIS are propor-
tional to the pump intensity, since no saturation effects are ex-
pected in the recombination and dissociation processes.
Therefore, when the bBPP,TRP absorption is saturated resulting in
homogeneous broadening, the coefficient of the second component
is given by

bBPPðIÞ ¼ bBPP; TRP þ ðbBPP; REC þ bBPP; DISÞ

¼ C1Ið1þ I=ISÞ�1 þ C2I ð10Þ

where I and Is are the pump intensity and the saturation pump
intensity, respectively. C1 and C2 are the fitting parameters. There-
fore, bBPP,TRP can be separated from bBPP,REC + bBPP,DIS if we perform
pump–probe measurements varying the pump intensity.

Figure 4b shows bBPP obtained by varying the pump intensity.
The pump pulse energy was set to 3.2, 4.4, 6.4, 8.4, and 10.8 nJ,
while the probe pulse energy was fixed at 0.9 nJ. We investigated
the dependence of the area of the bBPP spectrum between 550
and 600 nm on the pump power, and we estimated the ratio of
C1:C2. In Figure 4c, the pump-power dependence of bBPP integrated
over the spectral range is plotted with a fitting curve fitted by the
function shown in Eq. (10). From the fitting result, Is is estimated to
be 7 ± 3 nJ and C1:C2 was calculated to be 0.46 ± 0.02:0.53 ± 0.05.

The number of trapped BPPs (nTRP) in P3HT can be determined
by

nTRP ¼ PðC1Ið1þ I=ISÞ�1Þ=ðC1Ið1þ I=ISÞ�1C2IÞ ð11Þ

where P is the number of absorbed photons and Figure 4d shows
the observed pump-power dependence of the number of the
trapped BPPs. The limit of the number of trapped BPPs as I ap-
proaches infinity gives the number of the defect sites on P3HT,
and the defect concentration is estimated to be 1.2 � 1019 cm�3.

A previous study found that a lamellar structure is formed on
P3HT thin films [22], resulting in a lower relaxation energy for
interchain charge transfer than that for one-dimensional chains.
When all the BPPs (i.e., self-trapped excitons) have undergone
interchain transfer, they have the possibility to be trapped by the
defect sites. We have estimated the volume of a single chain of
P3HT to be 3.95 � 10�20 cm3 by a Monte Carlo method. Based on
the defect concentration and the volume of P3HT chains, we esti-
mate that on average about two defect sites are present in the vol-
ume occupied by three P3HT chains in this sample. This leads to
the conclusion that the generated BPPs are not trapped at the
end of the main chain but are reflected back from the ends.

3.5. Decomposition of parallel decay rates of BPP

The time constants of defect trapping, recombination, and dis-
sociation of BPP are estimated as follows. The ultrafast growth
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and fast relaxation are expressed by sGR and sBPP respectively
assuming that they obey the following relationships:

sGR ¼ ðjFE!BPPÞ�1 ð12Þ
sBPP ¼ ðjTRP þ jDIS þ jRECÞ�1 ð13Þ

where ji (i = FE ? BPP, TRP, DIS, REC) represents the rate constants
for formation, defect trapping, dissociation, and recombination of
BPP.

The ratios between the parallel decay processes of BPP are given
as

gi ¼ jiðjTRP þ jDIS þ jRECÞ�1 ð14Þ

where i is TRP, DIS, REC. From the above study of pump-power
dependence, we can determine that

jTRP ¼ gTRPðsBPPÞ�1 and ð15Þ
jDIS þ jREC ¼ ðgDIS þ gRECÞðsBPPÞ�1 ¼ ð1� gTRPÞðsBPPÞ�1 ð16Þ

Under the highest excitation (10.8 nJ), the ratio between TRP
and REC + DIS is estimated to be 1:3 by Eq. (10) showing that the
710 ± 40 fs decay of BPPs consists of a 2.8 ± 0.1 ps relaxation
caused by defect trapping and a 0.95 ± 0.05 ps relaxation caused
by recombination and dissociation into positive and negative carri-
ers (polarons). Therefore, the reactions of P3HT after photoexcita-
tion in the highest excitation case can be summarized as follows:

GS !hm
10:8 nJ

FE !90�2 fs
BPP

!Recombination

!2:8�0:1 ps
Trapped-BPP !

! Separated-Polaron !

8>><
>>:

9>>=
>>;

GS ð17Þ
4. Conclusions

A pump–probe measurement of a P3HT thin film has been per-
formed using 9-fs laser pulses. Due to the extremely high temporal
resolution of these measurements, the time constant for the forma-
tion of BPPs (which had previously been known to be �100 fs) has
now been measured with higher accuracy to be 90 ± 2 fs and the
time constant for the BPP decay to be 710 ± 40 fs (see Fig. 3). The
traces of the ultrafast time-resolved absorbance change (DA) have
been measured simultaneously at 128 probe wavelengths over the
broadband visible spectral region. The observed 2D-DA data is
decomposed by the LSE analysis to obtain the DA spectrum related
to FE and BPP. The pump-power dependence is used to determine
the number of trapped BPPs, whose maximum value reflects the
number of the defect sites on P3HT. The concentration of the
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defects (which trap BPPs) in the P3HT film is thus found to be
1.2 � 1019 cm�3. Based on this estimation, we conclude that two
out of the three main chains have a defect and that the chain ends
do not trap BPPs.
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