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Fluorescence enhancement induced by quadratic
electric-field effects on singlet exciton dynamics
in poly(3-hexylthiophene) dispersed in
poly(methyl methacrylate)†

Toshifumi Iimori, a Kamlesh Awasthi,b Chin-Shiun Chiou,b

Eric Wei-Guang Diau bc and Nobuhiro Ohta *bc

The dynamics of the exciton generated by photoexcitation of a regioregular poly(3-hexylthiophene)

(P3HT) polymer dispersed in a poly(methyl methacrylate) (PMMA) matrix was examined using electro-

photoluminescence (E-PL) spectroscopy, where electric field effects on the photoluminescence (PL)

spectra were measured. The quadratic electric-field effect was investigated using the modulation

technique, with field-induced changes in the PL intensity monitored at the second harmonic of the

modulation frequency of the applied electric field. Absorption and PL spectra indicated the formation of

both ordered crystalline aggregates and amorphous regions of P3HT polymer chains. Although previous

studies of electric field effects on p-conjugated polymers have generally shown that the PL intensity is

decreased by electric fields, we report that the PL intensity of P3HT and PL lifetime increased with the

quadratic electric-field effect. The magnitude of the change in PL intensity was quantitatively explained

in terms of the field-induced decrease in the nonradiative decay rate constants of the exciton. We

proposed that a delayed PL, originating from charge carrier recombination, was enhanced in the

presence of electric fields. The rate constant of the downhill relaxation process of the exciton, which

originated from the relaxation in distributed energy levels due to an inherent energetic disorder in P3HT

aggregates, was implied to decrease in the presence of electric fields. The radiative decay rate constant

and PL quantum yield of P3HT dissolved in solution, which were evaluated from the molar extinction

coefficient and the PL lifetime, were compared with those of P3HT dispersed in a PMMA matrix.

1. Introduction

Conjugated polymers have attracted great interest among organic
materials owing to their applications in inexpensive, flexible, and
light-weight materials for electronic and optoelectronic devices.1–9

Alkyl-substituted polythiophenes are known to show excellent
performance as hole-transport materials, with regioregular poly-
(3-hexylthiophene-2,5-diyl) (rr-P3HT) being of primary importance
among alkyl-substituted polythiophenes.10,11

The photophysics of rr-P3HT has attracted much interest
and been studied using various optical probe techniques.12–30

Despite numerous studies, the photophysics of elementary excitation
in rr-P3HT is complicated, with further studies needed to obtain a
complete understanding. The complexity specific to rr-P3HT film is
due to the presence of both crystalline domains, with coupling
among thiophene units belonging to different polymer chains, and
amorphous domains with a lower degree of polymer chain order.

The generation process and relaxation pathway of elementary
excited species, such as excitons, might be influenced by the
perturbation of external electric fields. Investigation of the response
of excitons to external electric fields has provided us with valuable
information regarding the mechanism responsible for the photo-
physics of p-conjugated polymers.17,18,22,24,28,31–44 The photo-
luminescence (PL) quenching of both pristine films and
aggregates of rr-P3HT dispersed in inert matrices induced by electric
fields has been reported by different groups.18,24,28,41,43,45 As a
plausible singlet exciton quenching mechanism, dissociation of
the exciton into the electron–hole pair, known as the polaron, has
typically been argued.17,35,42,46,47 However, regarding the electric
field effect on the PL intensity of P3HT, single-molecule spectro-
scopy showed that the electric field was rather inhomogeneous,
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and that single molecules showing PL increases and decreases
coexisted in a sample.17 For a derivative of poly(p-phenylene),
both an increase and decrease in PL intensity were similarly
observed in the presence of external electric fields.36 The mechanism
to explain these opposite field effects on the PL intensity is not fully
understood. The current-induced quenching of PL has also been
observed,48,49 and so insulation of the P3HT film needs to be
investigated to determine the intrinsic electric field effects.
Furthermore, PL has been monitored at a fixed wavelength in
previous studies, but measurements of electric field effects over
the whole PL spectra are essential for elucidating the mechanism
of the electric field effects on excitation dynamics. In previous
studies, electric field effects were measured by monitoring the
field-induced change in PL intensity by applying direct current
(DC) fields, but experiments using modulation spectroscopy
technique are more suitable for the precise determination of
electric field effects on PL.

Herein, we report the measurement of the quadratic response
of P3HT PL to electric fields through modulation spectroscopy
of the PL spectra, known as electrophotoluminescence (E-PL)
spectroscopy. The mechanism of the electric field effects on PL
was also studied by measuring field-induced changes in the PL
decay profile of P3HT. The quadratic field effect on the absorption
spectra of P3HT, namely, electroabsorption (E-A) spectra, were also
measured. P3HT was dispersed in an insulating PMMA matrix to
prevent the injection of charge carriers into P3HT from electrodes.
Based on these results, the electronic structure and dynamics of
P3HT following photoexcitation in the absence and presence of
external electric field were discussed.

2. Experimental

A fluorine-doped tin-oxide-coated glass (FTO) substrate (Sinonar)
was etched using zinc powder and 4 N HCl solution, washed with
detergent, water/acetone/isopropanol mixture, and deionized water,
and then cleaned using an ultraviolet–ozone cleaner. Poly(methyl
methacrylate) (PMMA) (Aldrich, averaged MW = 120 000) was
purified by precipitation from a mixture of benzene and methanol,
and extraction with hot methanol.

A solution was prepared by dissolving rr-P3HT (0.67 mg; Mn

15 000–45 000, Rieke metals) and PMMA (0.04 g) in benzene
(1 mL). The corresponding P3HT concentration was 1 mol%
with respect to the amount of PMMA monomer units. We
prepared a thin film of P3HT dispersed in PMMA from the
P3HT and PMMA solution mixture using a spin-coating technique.
A semitransparent silver film was prepared on the P3HT film using
a vacuum deposition technique. The silver film and FTO substrate
were used as electrodes to apply external electric fields (Fig. 1). The
thickness of the P3HT-dispersed PMMA film was measured using a
surface roughness meter (Veeco, Dektak 150). In this work, the
thickness was approx. 0.6 mm. In PL measurements in solution,
P3HT was dissolved in chlorobenzene at a concentration of
1 � 10�6 M.

All measurements were conducted at room temperature.
For the E-A measurements, we used an EMV-100 spectrometer

(JASCO), the details of which were reported elsewhere,50,51 and
in the ESI.†

The E-PL spectra, which correspond to the electric-field
induced change in PL spectra, were measured using a commercial
spectrofluorometer (JASCO, FP777) combined with a lock-in ampli-
fier, the details of which are described elsewhere,52 and in the ESI.†
The PL intensity at zero field and its field-induced change are
hereafter represented by IPL and DIPL (� IPL(F a 0) � IPL(F = 0)),
respectively. E-PL spectra represent the plots of DIPL as a
function of wavelength (wavenumber).

PL decay profiles of solid samples in the absence and presence of
an electric field were measured using a homemade system. This
instrument has been described elsewhere53 and in the ESI.† Briefly,
measurement of the decay profiles was based on a time-correlated
single photon counting (TCSPC) technique combined with a femto-
second pulsed laser. A multichannel pulse height analyzer (MCA)
was used to obtain PL decay profiles. The field-induced change in
decay profiles was obtained using a square-wave voltage pulse train
as modulating electric fields. One cycle of the pulse train was
composed of the sequence of positive, zero, negative, and zero
voltage pulses. In the results, four decay profiles that corresponded
to positive, zero, negative, and zero bias could be obtained.

PL decay profiles of P3HT in solution were also measured
using a TCSPC system (Fluotime 200, PicoQuant) combined with
a picosecond pulsed-diode laser with a pulse width of B100 ps
(LDH-P-C 440, PicoQuant). The repetition rate and pulse energy
of the laser used for the experiments in solution were 0.5 MHz
and 1 nJ cm�2, respectively.

3. Theoretical background of E-A and
E-PL spectroscopy

The field-induced change in absorbance for molecules can be
expressed as a linear combination of the zeroth, first, and
second derivatives of the absorption spectra:54–58

DAðnÞ ¼ ð fFÞ2 AwAðnÞ þ Bwn
d AðnÞ=nð Þ

dn
þ Cwn

d2 AðnÞ=nð Þ
d2n

� �
;

(1)

where n is the wavenumber of light, A(n) is the absorbance at n, f
is the internal field factor, F (=|F|) is the field strength, Aw,Bw,

Fig. 1 Layer structure of the device used in the present work. FTO and Ag
films were used as electrodes to apply external voltages (V) to P3HT
dispersed in a PMMA matrix.
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and Cw are the coefficients for the zeroth, first, and second
derivatives of A(n), respectively, and w is the angle between the
external electric field F and the polarization direction of the
excitation light. We now assume that molecules are isotropically
oriented, and immobilized in rigid matrices, such as the PMMA
film. In experiments with w = 54.71, the coefficients Bw and Cw in
eqn (1) are given by

Bw ¼
D�a
2hc

; Cw ¼
Dm2

6h2c2
: (2)

Da is defined as the difference in polarizability tensor (Da = ae� ag),
and ae and ag are the polarizabilities of the Franck–Condon excited
state and the ground state, respectively. In eqn (2), D�a is the
trace of Da, and Dm (=|Dl|) is the difference between the electric
dipole moments of the excited state and ground state,

D�a ¼ 1

3
Tr ae � ag
� �

; Dl ¼ le � lg (3)

In eqn (3), le and lg are the electric dipole moments of the
excited state and ground state, respectively. Using these equations,
we calculated D�a and Dl from the first and second derivative
coefficients in the EA spectra, Bw and Cw, respectively.

The E-PL spectrum is also given by combining the zeroth,
first, and second derivatives of the PL spectrum. For P3HT, as
shown later, the coefficient of the zeroth derivative component
was of primary importance in the electric field effects on PL, while
the contribution of the first and second derivative components to
the E-PL spectra was minor. The zeroth derivative component
showed the change in PL intensity induced by the external field
(DIPL) relative to the unperturbed PL intensity (IPL). Electric field
effects on photoexcitation dynamics can then be discussed
based on the zeroth derivative component of the E-PL spectrum.
The mechanism behind the field-induced change in the PL
intensity, i.e., in the PL quantum yield, was clarified by studying
the field-induced change in fluorescence decay profiles.

4. Results and discussion
Absorption and E-A spectra

Absorption and E-A spectra of P3HT dispersed in a PMMA
matrix are shown in Fig. 2. The magnitude of the field-induced
change in absorption intensity was proportional to the square
of the applied field strength, as shown in Fig. 2d, as expected
from eqn (1). We simulated the E-A spectrum using a sum of
the zeroth, first, and second derivative line shapes of the
absorption band shown in Fig. 2a and b, as shown in Fig. 2c.

We observed negligibly small contributions from the zeroth-
derivative coefficient Aw (3 � 10�5 MV�2 cm2) to the E-A spectrum,
indicating that the transition dipole moment of the absorption
band was hardly affected by application of the external electric
field F. The values of D�a and Dm were determined using eqn (2),
affording D�a = 27 Å and Dm = 1.9 D, with the assumption that the
internal field factor f was equal to unity.

Similar E-A experiments for pristine P3HT have been reported by
several groups.15,38,39,44 The principal feature in the E-A spectrum
appearing in the range of 15 000 to 19 000 cm�1 was assigned to

the Stark shift of the low-lying 1Bu exciton state. Both the
absorption spectra and E-A spectra for P3HT in PMMA showed
similar features to those of a pristine P3HT film. These results
indicated that the structure of P3HT in PMMA was similar to
that of a pristine P3HT film. A pristine P3HT film contains both
ordered crystalline aggregates and amorphous P3HT chains.23

Their absorption spectra are different from each other, with the
structured bands appearing at lower energies below 19 000 cm�1

mainly attributed to crystalline P3HT aggregates.23 The absorption
band of the amorphous region was broad and showed a maximum
intensity above 20 000 cm�1. There was a discrepancy between the
simulated curve and the observed result in the E-A spectrum in the
region above 19 000 cm�1. A similar discrepancy was reported
in the previous E-A studies of the pristine P3HT film. This
discrepancy might be attributed to the difference in the molecular
parameters and absorption spectra between the ordered aggre-
gates and amorphous regions, or to state mixing with the

Fig. 2 (a) Absorption spectrum of P3HT dispersed in a PMMA matrix;
(b) the first and second derivatives of the absorption spectrum; (c) E-A
spectrum observed with a field strength of 0.3 MV cm�1; and (d) plots of
the field-induced changes in absorption intensity at 15 820 cm�1. In (c), the
black and red lines represent observed and simulated spectra, respectively.
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optically-forbidden mAg exciton state induced by electric field
perturbation.15,38,39

PL and E-PL spectra

The photoluminescence (PL) spectrum is shown in Fig. 3a. We
were able to decompose the PL spectrum into two bands that
showed PL maxima at 1.42 � 104 cm�1 (704 nm) and 1.55 �
104 cm�1 (645 nm). Hereafter, these bands are denoted as G1
and G2, respectively.

The E-PL spectrum observed at the second harmonic of the
modulation frequency is shown in Fig. 3b. As for the E-A spectra,
E-PL spectra are usually given by a combination of the zeroth,
first, and second derivatives of the PL spectrum. Actually, the
shape of the observed E-PL spectra is similar to that of the
corresponding PL spectrum with a positive signal, indicating
that the PL quantum yield increased in the presence of the
electric field. We attempted to simulate the E-PL spectra using a

combination of the zeroth, first, and second derivatives of the
G1 and G2 bands in the PL spectrum. However, the first and
second derivative components were minor in the observed E-PL
spectra, and only the zeroth derivative component was important
for reproducing the observed E-PL spectra. At an excitation wave-
length of 450 nm, DA of P3HT was so small that we measured the
exact magnitude of the field-induced change in PL spectra. As the
zeroth derivative component gave information regarding the field-
induced change in emission quantum yield,52,59 electric field effects
on photoexcitation dynamics can be understood from the zeroth
derivative component in the E-PL spectrum.

The magnitude of DIPL/IPL was proportional to the square of
the applied field strength, as shown in Fig. 3c. This result
showed that enhancement of the PL quantum yield was due to
the quadratic field effect. The magnitudes of the field-induced
increase in fluorescence quantum yield were determined to be
7.4% and 9.6% for the G1 and G2 bands, respectively, in the
presence of the electric field of 0.3 MV cm�1. The field-induced
change in PL intensity can be calculated using DIPL/IPL = 8.2 �
10�1 � F2 for the G1 band and DIPL/IPL = 1.1 � F2 for the G2
band, where F is the electric field strength in units of MV cm�1.

The electric field effect on the PL of P3HT dispersed in
PMMA was different to that of the pristine P3HT film sand-
wiched between mesoporous TiO2 and PMMA films (mp-TiO2/
P3HT/PMMA) or between Sb2S3 and PMMA films. For example,
the values of DIPL/IPL for mp-TiO2/P3HT/PMMA were 0.040 and
0.024 for the G1 and G2 bands, respectively, with a field strength of
0.3 MV cm�1.44 These values were smaller than the aforementioned
values for P3HT dispersed in a PMMA matrix, indicating that the
field-induced PL quenching was more effective for P3HT dispersed
in PMMA than for the P3HT solid film.

Fluorescence quantum yield and its field effect

The absorption and PL spectra of P3HT in solution show very
different features to that in a solid film.12,23 In this work, we
reconfirmed the features expected in solution. As shown in
Fig. 4, the absorption spectrum of P3HT in chlorobenzene
showed a maximum at 2.22 � 104 cm�1 (450 nm) with a near-
single band. The PL spectrum in solution showed a blue shift
compared with that of the film, even when P3HT was distributed
in a PMMA matrix (see Fig. 4). Notably, the PL intensity maximum
of P3HT was at 1.71 � 104 cm�1 (B586 nm) in solution.

The radiative decay rate constant (kr) in chlorobenzene
solution was calculated using the following equation:60

kr ¼ 2:88� 10�9n2
gl

gu

Ð
IPLðnÞdnÐ

n�3IPLðnÞdn

ð
eðnÞd ln n (4)

where n is the refractive index of the solvent, gl and gu are the
multiplicities of the ground and excited states, respectively, n is
the wavenumber of light, IPL(n) is the intensity of PL at n, and
e(n) is the molar extinction coefficient at n. Both gl and gu were
equal to 1 in the present study, because we were concerned with
the fluorescence (PL) of P3HT. The calculated radiative decay rate
constant, kr, of P3HT in chlorobenzene was estimated to be 6.1 �
108 s�1, which was very similar to the value reported by Theander
et al. for P3HT dissolved in chloroform. (5.6 � 108 s�1).30

Fig. 3 PL and E-PL spectra with excitation at 450 nm. (a) PL spectrum and
decomposition to the G1 and G2 bands, which were used to simulate
the E-PL spectrum. (b) E-PL spectrum observed with a field strength of
0.3 MV cm�1 (black solid line), and the simulated spectrum (red broken
line). (c) Plots of DIPL/IPL as a function of the square of applied field
strength. E-PL spectrum was monitored at the second harmonic of the
modulation frequency.
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The fluorescence decay of P3HT in chlorobenzene showed a
near-single exponential decay with a lifetime of 560 ps, as
shown in Fig. 4, in agreement with the value reported by Cook
et al.12 The PL quantum yield (FF) of P3HT in chlorobenzene
can be evaluated from the PL lifetime (t) and kr using the following
equation: FF = kr � t. The magnitude of FF for P3HT in chloro-
benzene was determined to be 0.34, which was also in good
agreement with that reported by Cook et al. (0.33 � 0.007).12

The value of kr can also be obtained from the FF and PL
lifetime. Using FF = 0.33, which was reported by Cook et al. and
the PL lifetime of t = 560 ps observed in this work, we obtained
kr = 5.9 � 108 s�1. This result was very close to that estimated
from the absorption coefficient using eqn (4).

The PL of P3HT dispersed in a PMMA matrix showed
multiexponential decay, even without application of an electric
field, as shown in Fig. 5–7. The decay profiles were simulated by
assuming a tri-exponential decay function of the form of
P3
i¼1

Aiexp �
t

ti

� �
. The preexponential factor and lifetime of each

component obtained from the simulation are shown in Table 1.

The average lifetime (tave), defined by
P3
i¼1

Aiti

�P3
i¼1

Ai, was

estimated to be 62 ps for G1 and 64 ps for G2. Using these
average lifetimes and assuming that the kr value for PH3T dis-
persed in PMMA was the same as that in solution, the magnitude
of FF was estimated to be 0.038 for G1 and 0.039 for G2. These
values were comparable to the previously reported value of
F = 0.02 for a pristine P3HT film, which was determined from
comparison of the PL spectrum to that of a standard solution of
the fluorescence quantum yield.12

The similar characteristics of the excited state kinetics and
similar features of the absorption and PL spectra between P3HT
dispersed in a PMMA matrix and pristine P3HT film should be
noted. For P3HT dispersed in PMMA at a low concentration of
1 mol%, we might expect characteristics similar to a solution of
P3HT. However, these characteristics were not similar, but were
rather similar to those of the P3HT solid film. The PL lifetimes
of a pristine P3HT film were measured in our previous work,
with similar lifetimes obtained herein. For example, the com-
ponents with lifetimes of approx. 40 ps and 200 ps observed for
a pristine P3HT film were in good agreement with components t1

and t2 in Table 1. These results suggested that isolated polymer
chains did not exist in the PMMA matrix, but that P3HT polymer
chains were segregated from the PMMA matrix to form aggregates.
Thiessen et al. studied the effect of polymer matrices on the P3HT
structure using single molecule fluorescence spectroscopy,26

visualizing the domains of aggregated P3HT in the PMMA matrix
using fluorescence micrographs. Furthermore, the PL spectra of
P3HT in PMMA resemble those of the P3HT pristine film, while
there was a striking difference between the present results and
those observed in solution (toluene) and in a Zeonex polymer
matrix. These results also suggested the formation of P3HT
aggregates in PMMA due to phase separation. Both the P3HT
aggregates formed in the PMMA matrix and the P3HT solid film
were likely composed of a mixture of crystalline domains with
lamellar ordering and an amorphous phase.11,61,62

Change in PL decay profile induced by electric fields

From steady-state measurements of the E-PL spectra, we observed
an enhancement in the PL quantum yield owing to quadratic
electric field effects (Fig. 3). The mechanisms of the electric-field
effects on PL intensity can be investigated by measuring the
change in PL decay profiles induced by electric fields, because
the change in PL quantum yield can be caused by the electric field-
induced change in population and/or decay kinetics in the emitting
state. The emitting state was not directly produced upon photo-
excitation, but after relaxation from the Franck–Condon photo-
excited state.44 If the rate constants of any decay processes from
the Franck–Condon photoexcited state were affected by electric
fields, the yield of the emitting state should change. Changes in
the decay rate constants at the emitting state also lead to changes in
the PL quantum yield. Enhancement of the PL quantum yield, as
observed in this study, can occur if the sum of the nonradiative
decay rate constants of the emitting state are decreased by applying
electric fields. The increase in kr might also result in an increase in
the PL quantum yield.

We measured the PL decay profiles in the presence and
absence of the electric field of 0.3 MV cm�1. Hereafter, the

Fig. 4 (a) Absorption spectra (red line) and PL spectra (black line) of P3HT
in solution (solid line) and P3HT distributed in a PMMA matrix (broken line).
(b) PL decay profile in solution (black line) observed at 586 nm with
excitation at 435 nm, the instrumental response function (IRF) (green line),
and the decay simulated by assuming a single exponential function (red
line). PL spectra in (a) were obtained with excitation at 450 nm.
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decay profiles measured in the presence of positive, zero,
negative, and zero voltages are denoted as Channels 1 (CH1),
2 (CH2), 3 (CH3), and 4 (CH4), respectively. Measurements of
the decay profiles are described in ESI.† In the steady-state E-PL

measurements, we measured the quadratic electric field effects
on the PL intensity. We investigated changes in the decay
profiles that originated from the quadratic electric field effects,
as follows. The decay profile in the presence of the electric field

Fig. 5 (a) PL decay profile observed at 640 nm in the presence of +0.3 MV cm�1 (CH1, left) and �0.3 MV cm�1 (CH3, right); (b) the differences between
CH1 and (CH2 + CH4)/2 (left) and between CH3 and (CH2 + CH4)/2 (right); and (c) the ratios of CH1 to (CH2 + CH4)/2 (left) and CH3 to (CH2 + CH4)/2
(right). (CH2 + CH4)/2 corresponds to the decay at zero field.

Fig. 6 (a) PL decay profile observed at 705 nm in the presence of +0.3 MV cm�1 (CH1, left) and �0.3 MV cm�1 (CH3, right); (b) the differences between
CH1 and (CH2 + CH4)/2 (left) and between CH3 and (CH2 + CH4)/2 (right); and (c) the ratios of CH1 to (CH2 + CH4)/2 (left) and CH3 to (CH2 + CH4)/2
(right). (CH2 + CH4)/2 corresponds to the decay at zero field.
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of 0.3 MV cm�1 is obtained from the sum of CH1 and CH3, and
the decay profile in the absence of the electric field is obtained
from the sum of CH2 and CH4. Notably, CH2 and CH4 give
essentially the same decay profile, as shown in ESI† (Fig. S2).
Hereafter, ION(t) and IOFF(t) are used to represent the decay profiles
obtained from CH1 + CH3 and CH2 + CH4 for F = 0.3 MV cm�1

and zero, respectively. CH1 and CH3 show the decay profiles
observed in the presence of +0.3 and �0.3 MV cm�1, respectively.
The linear electric field effect on PL was expected to drastically
affect the field-induced change in the decay profile when the

direction of the applied electric field was inverted. This was
true for P3HT solid film sandwiched between TiO2 and PMMA
films or sandwiched between Sb2S3 and PMMA films.44 However,
in P3HT dispersed in a PMMA matrix, CH1 and CH3 showed very
similar electric field effects on the PL decay profile, as shown in
Fig. 5 and 6. Therefore, for P3HT polymer chains dispersed in a
PMMA matrix, the linear electric field effect on PL was very small
or zero, and the quadratic field effect was dominant.

The decay profiles of ION(t) and IOFF(t) are shown in Fig. 7.
The time profile of the difference (ION(t) � IOFF(t)) showed positive
signal over the range of the timescale measured in this work
(Fig. 7c and g). This result agreed with those of the steady-state
E-PL measurements, which indicated an enhancement in the PL
intensity in the presence of external electric fields. The intensity of
(ION(t) � IOFF(t)) integrated into the whole time range was about
9% of the integrated intensity of IOFF(t), both in G1 and G2, which
was in fair agreement with the steady-state experiment. The time
profile of the ratio (ION(t)/IOFF(t)) was nearly one at t = 0, indicating
that the pre-exponential factors of the each decay component were
little affected by the electric field for both G1 and G2. Furthermore,
in the time profiles of the ratio, the value increased with time after
photoexcitation. This result qualitatively indicated that the decay
lifetime was extended in the presence of the electric field.

The above qualitative argument was quantitatively confirmed
through analysis of the field-induced change in the PL decay
profiles. The lifetimes and pre-exponential factors for ION(t) and

Fig. 7 PL decay profiles in the presence of 0.3 MV cm�1 and at zero field monitored at 640 nm (1.56 � 104 cm�1) (left column) and at 705 nm (1.41 �
104 cm�1) (right column) with excitation at 450 nm. (a and e) Decay profiles of (CH1 + CH3), representing I(t)ON; (b and f) decay profile of (CH2 + CH4),
representing I(t)OFF; (c and g) differences between I(t)ON and I(t)OFF; and (d and h) ratios of I(t)ON to I(t)OFF. Red lines represent simulations and green lines
shown in (a, b, e and f) represent the instrument response function (IRF).

Table 1 Lifetime (ti, ps) and pre-exponential factor (given in parentheses)
of each decaying component of PL observed at a field strength of 0.3 MV cm�1

measured as I(t)ON = CH1 + CH3, and measured as I(t)OFF = CH2 + CH4 at zero
field. The average lifetime (tave) and the sum of the pre-exponential factors

P3
i¼1

Ai

� �
in each decay profile are also shown. The sum of the pre-exponential

factors are normalized to unity for the decay profile at zero field. The PL was
monitored at wavelengths l = 640 and 705 nm for the G2 and G1 bands,
respectively

l
(nm)

F
(MV cm�1) t1 (ps) (A1) t2 (ps) (A2) t3 (ps) (A3) tave (ps)

P3
i¼1

Ai

� �

640 0.3 39.2 (0.754) 130 (0.239) 432 (0.027) 70 � 4.3 (1.020)
0 37.8 (0.752) 121 (0.225) 411 (0.023) 64 � 3.6 (1.000)

705 0.3 37.3 (0.738) 125 (0.246) 438 (0.027) 69 � 4.2 (1.011)
0 34.1 (0.732) 111 (0.242) 376 (0.026) 62 � 3.5 (1.000)
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IOFF(t) were determined by assuming a tri-exponential decay
function. The subtle changes in lifetimes and pre-exponential
factors induced by the electric fields were precisely determined
by simultaneously reproducing the difference and the ratio between
ION(t) and IOFF(t) in the decay analysis. The pre-exponential factors
and lifetimes of the three exponential components in the tri-
exponential decay function are summarized in Table 1. The
average lifetimes, tave, increased in the presence of electric
fields. The field-induced changes in the pre-exponential factors
were minor, showing that the initial population of the emitting
state of P3HT was little affected by the electric fields.

As the mechanism of PL quantum yield enhancement observed
in the E-PL spectra, we can consider that the sum of nonradiative
decay rate constants of the emitting state became smaller in the
presence of electric fields. The change in the PL quantum yield
(DF(F)) induced by F can be related to the change in the sum of
the nonradiative decay rate constants (Dknr(F)), as follows:55,59

DF(F) =�Dknr(F)� t, where t is the PL lifetime in the absence of
F. We can examine this mechanism from the E-PL spectra and
decay profile data, taking DIPL/IPL as DF(F), tave of IOFF(t) as t,
and the difference between the values of 1/tave for ION(t) and
IOFF(t) as Dknr(F). We then obtained Dknr(F) = � 1.3 � 109 s�1 at
0.3 MV cm�1 and t = 6.4 � 10�11 s�1 at the PL wavelength of
640 nm for G2. Using these two terms, DF(F) was obtained as
8.3 � 10�2 in the presence of 0.3 MV cm�1. This value was in
good agreement with the DIPL/IPL = 9.6 � 10�2 experimentally
observed for the G2 band in the E-PL spectrum at 0.3 MV cm�1.
Therefore, field-induced enhancement of the PL quantum yield
is caused by the change in the sum of the nonradiative rate
constants at the PL emitting state. The zeroth derivative component
of Aw in the EA spectrum was negligibly small, in the order of 10�5,
and the contribution of the change in the radiative decay rate
constant was, therefore, negligible.

Mechanism of field-induced PL enhancement

The PL decay profile results demonstrated that (i) the field-
induced enhancement of the PL intensity can be attributed to
elongation of the PL lifetime in the presence of electric fields, and
(ii) the field-induced change in the population of the emitting
state was very small.

It has been suggested that the charge carrier is generated by
dissociation of hot (unrelaxed) excitons, with this process
taking place promptly.12,13,44,61,63 This process competes with
the generation process of the relaxed singlet exciton. In a pristine
P3HT film sandwiched between mp-TiO2 and PMMA films or
between Sb2S3 and PMMA films, we hardly observed the change
in the preexponential factors induced by quadratic electric field
effects, although a change was observed as a result of the first-
order electric field effects.44 In the P3HT film dispersed in
PMMA, we obtained similar results for which a change in the
preexponential factors was hardly observed. These results
indicated that the dissociation rate of the hot exciton produced
directly by photoexcitation did not show the quadratic electric
field effect because the branching ratio between the emitting
state and the charge carriers depends on the dissociation rate
of the hot exciton.

The assignment of each decay component observed in the
hundreds of femtoseconds to nanosecond timescale range,
which has been proposed to date, includes a torsional relaxation
toward a planar configuration of thiophene units in P3HT chains
with a relaxation time of 13 ps16 and the exciton diffusion process.
This diffusion is explained in terms of downhill relaxation due to
energy transfer, in which the excitons migrate toward sites with
lower energy levels in the density-of-states (DOS) of the energy
band of P3HT.35,62,64,65 In general, the downhill relaxation of
singlet excitons occurs with timescales in the pico- to nanosecond
range. The delayed PL, which asymptotically decays with a power
law and lasts until t Z 10 ns, has also been observed to originate
from the recombination of charge carriers.17,20,25,66

We observed that curves of the ratio (ION(t)/IOFF(t)) of the
decay profiles became larger as the time windows become larger
(Fig. 7d and h). This behavior suggested that the relatively slower
dynamics of the exciton and/or charge carriers were significantly
affected by electric fields. A value of the ratio greater than
1 corresponds to PL enhancement, with the enhancement factor
reaching B1.4 at 1.0 ns. We proposed that delayed PL due to charge
carrier recombination was increased by the quadratic electric-field
effects. However, it was noted that the field-induced change in
intensity estimated from integration of the PL decay profile was
similar to that obtained from the steady-state measurement, as
mentioned earlier. This implied that the electric field effect was
concerned with the dynamics of P3HT, which occurred on the
subnanosecond timescale. We tentatively assigned the lifetime
component of t3 to the delayed PL. The component t3 showed a
significant increase resulting from the quadratic electric-field effects
(see Table 1). The delayed PL has been reported to show decay
obeying a power law in the form of Et�(1+m), where the parameter m
is given by the ratio of the characteristic electron–hole distance for
the distribution of their distances, and the distance dependence
(denoted by b) of the tunneling probability of recombination.20 In
this model, the PL decay became slower when the electron–hole
distance decreased, or b increased. If any of these changes were
induced by electric fields, PL enhancement would consequently be
observed. The value of the ratio around t = 0 was close to unity,
indicating relatively fast dynamics, including conformational
planarization, and relaxation of the hot exciton was hardly
affected by the electric fields.

We might explain the observed result if the downhill relaxation
rate became slower in the presence of electric fields. The field-
induced change in the energy transfer rate might be significant if the
distribution of the energy levels within the DOS was sparse. The DOS
in the P3HT aggregate was unambiguously not sparse, and perturba-
tion of the energy transfer rate might be insignificant. However, we
observed a field-induced increase in the PL lifetimes over the time-
scales in the range of tens to hundreds of picoseconds in the lifetime
components of t1 and t2. These timescales were parallel with those
for downhill relaxation, as stated earlier. This might imply that the
decrease in the energy transfer rate causing downhill relaxation was
induced by electric fields. However, we were unable to clearly
interpret the mechanism through which energy transfer of P3HT
was reduced by electric field application, and the electric field effect
on the delayed fluorescence might be more plausible.
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Previous studies on electric field effects on the PL of
p-conjugated polymers have, in general, shown that the PL is
quenched by electric fields. However, we observed the opposite
effect, with a field-induced increase in the PL of P3HT dis-
persed in PMMA. In our previous work on pristine P3HT film,
the increase in PL was similarly observed with quadratic electric
field effects.44 Notably, both the increase and quenching of PL
were observed in the presence of an electric field when single-
molecule spectroscopy was used without ensemble averaging.17,36

We already investigated the first-order electric field effects for the
pristine P3HT film sandwiched between mp-TiO2 and PMMA
films or between Sb2S3 and PMMA films, and have reported that
both the increase and decrease in the PL intensity were observed
depending on the direction of the external electric field.44 The
anisotropy of the field-induced change in PL with respect to the
field direction of the applied electric fields can be explained in
terms of the synergy effect between the internal electric field,
which exists in the P3HT film, and the externally applied electric
field.44 Based on this result, the variation in the electric field
effects observed by single-molecule spectroscopy likely resulted
from the inhomogeneity in the internal electric fields, which
might intrinsically exist due to the local inhomogeneity of the
medium and structural fluctuations in the polymer chains. The
field-induced quenching of PL reported so far might also be
explained by invoking the quenching induced by the current. In
the present work, P3HT was dispersed at a dilute concentration
in the insulating PMMA film, so we can neglect the contribution
of current-induced quenching of the PL. The direction of the
electric field can also be a factor that determines the increase or
decrease in PL. The previous studies that observed PL quenching
employed a static DC electric field in the experiments. The PL
quenching observed in previous studies might be induced by the
synergy effect between the internal electric field, which might
exist for the reasons stated above, and the externally applied
electric field. Under this mechanism, we might expect an increase
in the PL when the direction of the external DC electric field is
reversed. In the present experiments, we used the modulation
technique, where the PL signal was detected to be synchronized
with the modulation frequency at the second-harmonic of the
applied alternating-current (AC) electric field. Furthermore, a
linear electric field effect caused by the anisotropic properties
of the sample can be neglected in P3HT dispersed in PMMA, in
contrast with the P3HT films sandwiched between TiO2 and
PMMA or between Sb2S3 and PMMA films. Therefore, we
obtained the intrinsic external electric field effects on the PL
of P3HT aggregates without the contribution of the internal
electric field effects.

5. Conclusions

The dynamics of the excitons in P3HT dispersed in a PMMA
film were studied using E-A and E-PL spectroscopy. In a PMMA
matrix, the formation of crystalline aggregates is indicated
owing to the similarity of the absorption and PL spectra with
those of the pristine P3HT film. Previous studies on the electric

field effects of p-conjugated polymers including P3HT on the PL
have generally reported PL quenching. In contrast, an increase in
the PL intensity was observed in this study owing to quadratic
electric field effects. The field-induced increase in PL intensity was
more effective in P3HT dispersed in a PMMA matrix compared
with the pristine P3HT film. Measurement of the field-induced
change in PL decay profiles showed that the increase in PL
intensity was due to the decrease in the nonradiative decay rate
constant, which was mainly attributed to the increase in delayed
PL due to charge carrier recombination in the presence of
electric fields.
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H. Bässler and A. Yartsev, Phys. Rev. Lett., 2002, 89, 107401.

48 E. T. Niles, J. D. Roehling, H. Yamagata, A. J. Wise, F. C. Spano,
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Rapid Commun., 2009, 30, 1203–1231.

65 I. Hwang and G. D. Scholes, Chem. Mater., 2011, 23, 610–620.
66 J. A. Labastide, M. Baghgar, I. Dujovne, B. H. Venkatraman,

D. C. Ramsdell, D. Venkataraman and M. D. Barnes, J. Phys.
Chem. Lett., 2011, 2, 2089–2093.

Paper PCCP




