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ABSTRACT: We report the photoexcitation dynamics of
poly(hexylthiophene-2,5-diyl) (P3HT) as a solid film sandwiched
between conducting films of a fluorine-doped tin-oxide-coated
glass substrate (FTO) and an insulator film of poly(methyl
methacrylate) (PMMA), from measurements of the effects of an
external electric field on the absorption and photoluminescence
(PL) spectra of P3HT. An Ag film was coated on the PMMA
film; the FTO and Ag films served as electrodes to apply an
external electric field to P3HT. According to the effects of a
quadratic electric field, the lifetime of the emitting state of P3HT
increased in the presence of that external field, resulting in an
enhanced fluorescence quantum yield. An enhancement and
quenching of fluorescence were observed also on applying an external electric field having the opposite polarity to the P3HT
film between FTO and Ag films, which results from a field-induced change of both the population of the emitting state following
photoexcitation and the rate of nonradiative decay at the emitting state. The dependence of the field-induced change of
photoluminescence on the polarity of the applied external electric field between the FTO and Ag films was interpreted as an
influence of an internal field located in the P3HT film sandwiched between FTO and PMMA films. These results of the effects
of an electric field on the PL of a P3HT film sandwiched between FTO and PMMA films are compared with the effects on PL
of P3HT sandwiched between a semiconductor film of TiO2 or a Sb2S3 film and a PMMA film.

1. INTRODUCTION

π-Conjugated polymers, especially poly(hexylthiophene-2,5-
diyl) (P3HT) and its derivatives, have received particular
attention because they can serve as p-type organic semi-
conductors; they attract much interest for the development of
a solid-state dye-sensitized solar cell (DSSC).1−6 An under-
standing of the carrier dynamics and photochemical kinetics of
these polymers following photoexcitation is important for the
improvement of the performance of such a DSSC. To
understand the photophysical and photochemical kinetics,
electroabsorption (E-A) and electrophotoluminescence (E-PL)
spectra, according to which a field induces a change of
absorption and photoluminescence (PL), are useful; with these
techniques, we reported a field-induced enhancement and
quenching of fluorescence in a poly(phenylenevinylene)
derivative depending on the excitation wavelength7 and a
field-induced modulation of the fluorescence of a P3HT film,8

for which the enhancement and quenching of fluorescence
were observed in the presence of the electric field in varied

directions. In the latter work, E-PL spectra were recorded using
both the first- and second-harmonic detections, i.e., on
monitoring the field-induced changes that are proportional to
the applied field strength linearly and quadratically, respec-
tively; invaluable information was acquired about the
importance of internal electric fields that are inherently present
in the multilayer-film devices of DSSC.
We performed also time-resolved measurements of emission

decay to investigate the linear (first-order) and quadratic
(second-order) effects of an electric field on the decay profiles,
to clarify the mechanism of the field-induced enhancement and
quenching of emission. Our previous work8 involved P3HT
solid films sandwiched between a semiconductor layer of a
mesoporous TiO2 film or a TiO2 film sensitized with Sb2S3
(namely, a Sb2S3 film) and an insulator film of poly(methyl
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methacrylate) (PMMA). In those samples, the interfaces
among P3HT, TiO2, and Sb2S3 layers were present; TiO2 and
Sb2S3 films were deposited on a fluorine-doped tin oxide
(FTO) coated glass substrate. In an investigation of the role of
interfaces to TiO2 and Sb2S3 in the generation of internal
electric fields and in the photophysical and photochemical
dynamics of P3HT, it is important to compare the results of
the P3HT films sandwiched between semiconductor layers of
TiO2 or Sb2S3 and an insulator film of PMMA with the results
of the P3HT films sandwiched between a conducting layer of
FTO and an insulator film of PMMA.
In the present work, we studied the electronic structure and

dynamics of a P3HT film sandwiched between FTO and
PMMA films following photoexcitation with or without an
applied electric field, based on the Stark spectra of P3HT in
absorption and photoluminescence, that is, based on E-A and
E-PL measurements. We compare the results with our previous
results reported for a P3HT film sandwiched between TiO2 or
Sb2S3 and PMMA films. Figure 1 shows the layer structure of

our present sample. We studied the second-order Stark effect
on the absorption and PL spectra to study the quadratic
electric-field effects including the Stark shift.9,10 In addition,
the first-harmonic detection was used to investigate the
anisotropic internal fields that might exist in a thin-film device.
We measured not only steady-state E-A and E-PL but also
time-resolved E-PL, and examined the anisotropic behavior of
the effect of an electric field on PL depending on the direction
of the applied electric field.

2. EXPERIMENTS
2.1. Sample Preparation. The samples for the E-A and E-

PL measurements were prepared as follows: (1) a part of the
area of a FTO layer coated on a glass plate (Sinonar) was
etched with zinc powder and HCl solution (4 M); (2) the
plate was washed serially with detergent, a mixture of water,
acetone, and 2-propanol, and deionized water, before cleaning
with ultraviolet light and ozone; (3) a P3HT solid film was
coated on the substrate with a spin-coating technique using
P3HT solution, for which regioregular P3HT (15 mg, MW =
15000−45000, Rieke Metals) was dissolved in chlorobenzene
(1 mL); (4) a PMMA film was deposited on the P3HT film
using spin coating with PMMA solution (0.4 g in toluene, 10
mL); (5) a semitransparent Ag film of thickness ∼25 nm was
deposited on the PMMA film using vacuum vapor deposition.

PMMA (average MW = 120000, Aldrich) was purified on
precipitation from a mixture of benzene and methanol and
extraction with hot methanol. An external electric field was
applied between the FTO and Ag films; FTO and Ag films
served as electrodes. The thickness from the surface of FTO to
the top layer of PMMA, which corresponds to the distance
between the electrodes, was measured with a meter for surface
roughness (Veeco Dektak 150).

2.2. Electroabsorption (E-A) and Electrophotolumi-
nescence (E-PL) Spectra. All measurements were conducted
near 23 °C. In absorption and E-A measurements, we used
spectrometers (V570, JASCO and EMV-100, JASCO), as
reported elsewhere.11 On applying an electric field modulated
with a function generator (Iwatsu, SG4311), a variation of the
intensity of transmitted light for absorption was detected with
a lock-in amplifier (Stanford Research, SR830).
E-PL spectra were recorded with PL spectra, with a

fluorescence spectrometer (JASCO, FP777) combined with a
lock-in amplifier, as reported elsewhere.12 On applying a
modulated electric field, a field-induced variation of the PL
intensity was detected at the first and second harmonics of the
modulation frequency, with a lock-in amplifier. The PL
intensity at zero field and its field-induced change are hereafter
represented by IPL and ΔIPL (≡IPL(F ≠ 0) − IPL(F = 0)),
respectively; here F is the strength of the applied electric field.
E-PL spectra represent the plots of ΔIPL as a function of
wavelength (wavenumber).

2.3. PL Decay Profile with or without an Applied
Electric Field. The time-resolved PL intensity in either the
absence or presence of an applied electric field was measured
with a single-photon-counting technique, as reported else-
where.13,14 The second harmonic of the femtosecond laser
light from a mode-locked Ti:sapphire laser (Tsunami, Spectra
Physics) pumped with a diode laser (Millennia Xs, Spectra
Physics) served for excitation. The repetition rate of the laser
pulse, which was originally 80 MHz, was decreased to ∼5.7
MHz with an electro-optic modulator (model 350-160,
Conoptics). Emission from a sample following excitation
with a laser pulse was dispersed with a monochromator (G-
250, Nikon), and detected with a multichannel plate
photomultiplier (R-3809U-52, Hamamatsu). A photon pulse
originating from the emission served as an initial pulse in a
time-to-amplitude converter (TAC, ORTEC); the monitored
laser pulse served as a stopping pulse. Profiles of time-resolved
decay were obtained on accumulating the output of the TAC
with a multichannel analyzer (MCA7700, Seiko EG&G). To
measure the effect of an electric field on the decay profile, we
applied to a sample a voltage pulse train, which had a
repetition of rectangular waves of positive, zero, negative, and
zero bias. The memory channels of the MCA were divided into
four segments; each segment stored a decay profile measured
under a positive (CH1), zero (CH2), negative (CH3), or zero
(CH4) bias, respectively. Hereafter, these decay profiles are
represented as CH1, CH2, CH3, and CH4, respectively. To
measure the decay profiles, we used a field strength F = 0.3 MV
cm−1. CH1 and CH3 then represent the decay profiles
observed in the presence of +0.3 and −0.3 MV cm−1,
respectively, whereas CH2 and CH4 represent decay profiles
observed at zero field. These positive and negative fields
correspond to the positive and negative field directions,
respectively (see Figure 1).

Figure 1. Layer structure of a device used for E-A and E-PL
measurements. The positive and negative field directions mentioned
in the text are shown with red arrows marked P and N, respectively.
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3. RESULTS
3.1. E-A Spectra. In a randomly oriented and immobilized

system, a field-induced change in the absorption intensity of
molecules and molecular aggregates is expressible according to
the following equation, as a linear combination of the zeroth,
first, and second derivatives of the absorption spectra.9,15−17
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Here, ν denotes the wavenumber of incident radiation, A(ν)
absorbance at ν, f internal field factor, and F applied field
strength. Aχ, Bχ, and Cχ are the coefficients of zeroth, first, and
second derivatives of A(ν), respectively, which correspond to
the variation of the absorption intensity, the spectral shift, and
the spectral broadening. We performed the experiments at a
magic-angle condition, χ = 54.7°; χ is the angle between the
applied electric field, F, and the direction of polarization of the
excitation light. P3HT in the solid film is assumed to be
isotropically distributed and immobilized; the coefficients Bχ

and Cχ reduce to

μα≅ Δ ̅ ≅ |Δ |
χ χhc h c

B
2

, C
6

2

2 2 (2)

In these equations, Δα̅ is the trace of the difference of the
molecular polarizability tensor between the excited and ground
states; Δμ is the difference of the electric dipole moments
between the excited and ground states. With eq 2, Δα̅ and |Δμ|
are determined from the coefficients of the first and second
derivatives, i.e., from Bχ and Cχ in the E-A spectra.
Figure 2 shows absorption and E-A spectra of the P3HT film

sandwiched between FTO and PMMA films. The magnitude
of ΔA is proportional to the square of the applied field
strength, as shown in Figure 2d. An E-A spectrum simulated
with eq 1 is shown in Figure 2c. The value of coefficient Aχ is
as small as ∼2.0 × 10−5 MV−2 cm2, indicating that the
transition moment of the absorption band is only slightly
affected by F, which is similar to the results of P3HT
sandwiched between TiO2 or Sb2S3 and PMMA films.8 The
values of Δα̅ and |Δμ| for the electronic transition of P3HT
were determined using eq 2, i.e., f |Δμ| = 1.8 D and f 2Δα̅ = 23
Å3. The magnitudes of the electric dipole moment and the
polarizability in the excited state of P3HT are likely larger than
those in the ground state. The significant magnitude of f |Δμ|
indicates an enhanced charge-transfer (CT) character follow-
ing photoexcitation, but the present value of f |Δμ| is smaller
than the values obtained for P3HT films sandwiched between
TiO2 and PMMA films and between Sb2S3 and PMMA films,
i.e., 2.6 and 2.9 D, respectively,8 implying that the interfacial
electron transfer from the excited state of P3HT to FTO is less
efficient than that from the excited state of P3HT to a TiO2 or
Sb2S3 film. The simulated and observed E-A spectra deviate
especially above 19 000 cm−1 (Figure 2c), which might arise
from the difference in molecular parameters of Δα̅ and/or |Δμ|
between the aggregation and amorphous phases of P3HT.18

3.2. E-PL Spectra. Figure 3 shows an E-PL spectrum of
P3HT sandwiched between FTO and PMMA observed at the
second harmonic of the modulation frequency, together with
the PL spectrum. The PL and E-PL spectra were
simultaneously recorded with excitation at 450 nm with F =

0.3 MV cm−1. The observed PL and E-PL spectra are
reproduced well with two Gaussian profiles, i.e., with G1 and
G2, as Figure 3 shows. E-PL spectra are typically reproduced
with a linear combination of the zeroth, first, and second
derivatives of the PL spectrum, as in the case of E-A spectra. As
mentioned below, however, the shapes of observed E-PL and
PL spectra are similar, indicating that the zeroth-derivative
component is dominant. The PL intensity is hence significantly
affected by an applied electric field. As the field-induced
change in the PL intensity (ΔIPL) relative to the unperturbed
PL intensity (IPL), i.e., ΔIPL/IPL, gives the field-induced change
in the emission quantum yield,10 we can discuss how the
photoexcitation dynamics are influenced by an applied electric
field, based on the magnitude of ΔIPL/IPL. The integrated
intensities of the E-PL spectra are positive, indicating that the

Figure 2. Absorption (a), first and second derivatives of the
absorption spectrum (b), and E-A spectrum (c) of a P3HT solid
film sandwiched between FTO and PMMA films; dependence on field
strength at the E-A peak at 15800 cm−1 (d). The E-A spectrum shown
in part c was recorded with an applied field strength of 0.3 MV cm−1.
In part c, the black solid line is the observed spectrum and the red
broken line is the simulated spectrum.
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PL quantum yield increases on application of an external
electric field (F), as a quadratic field effect. As shown in Figure
3c, the magnitude of ΔIPL/IPL is proportional to the square of
the strength of the applied field.
The PL intensity ratio between G1 and G2 evaluated from

the peak intensities of these bands, i.e., IPL(G1)/IPL(G2), is
about 0.60−0.75 (see Figure 3a); the magnitude of the field-
induced change of the PL quantum yield, i.e., ΔIPL/IPL, was
estimated to be ∼0.052 and ∼0.053 at 0.3 MV cm−1 for G1
and G2, respectively, indicating that the PL quantum yield
increases about 5% on application of field strength 0.3 MV
cm−1. ΔIPL is given roughly by 0.58 F2IPL for both bands, as the
quadratic field effect. Here F has units of MV cm−1.
E-PL spectra were recorded also at the first harmonic of the

modulation frequency; E-PL spectra were recorded for two

directions of F, for which the positive electrode was connected
to FTO and negative electrode to silver, which is hereafter
called as the positive field direction (indicated by P in Figure
1), and vice versa, called a negative field direction (indicated
by N in Figure 1). The results given in Figure 4 clearly show
that the effect of F on PL depends on the direction of F. In the
positive field direction, the intensity of the E-PL spectrum was
positive (Figure 4b), indicating a field-induced increased
quantum yield of PL for both G1 and G2. In the negative field
direction, in contrast, the intensity of the E-PL spectrum was
negative (Figure 4e), indicating a field-induced decreased
quantum yield of PL for both G1 and G2, as a linear field
effect. The magnitude of ΔIPL/IPL shows a linear dependence
on field strength (see Figures 4c,f). The magnitude of ΔIPL/IPL
caused by a linear field effect is roughly 0.1 with a field strength
0.3 MV cm−1 for both G1 and G2; ΔIPL is hence roughly given
as 0.33 FIPL for both bands with unit MV cm−1 for F. To
consider both linear and quadratic field effects, we express
ΔIPL/IPL as

Δ = ± +I I F F/ 0.33 0.58PL PL
2

(3)

Here, the units of F are MV cm−1; the plus and minus signs
correspond to the directions of positive and negative applied
field, respectively.
Although eq 3 is applicable for both G1 and G2, there is a

small difference of magnitude of ΔIPL/IPL between G1 and G2;
ΔIPL/IPL is a little larger for G1 than for G2 in both linear and
quadratic field effects (see Figures 3 and 4). As shown below,
the PL lifetimes monitored at these two bands differ from each
other, indicating that emission arises from not a single
electronic state, as in the case of P3HT sandwiched between
TiO2 and PMMA films and between Sb2S3 and PMMA films.8

As shown in parts a and d of Figure 4, the relative intensities
IPL of G1 and G2 bands differ from each other. The relative
intensity of the G1 band is comparable to that for the G2 band
in Figure 4d but is smaller in Figure 4a. This difference is
ascribed to experimental error due to the photobleaching of PL
intensity; the efficiency of photobleaching differs somewhat
between G1 and G2. PL and E-PL spectra shown in parts d
and e of Figure 4, i.e., with a negative field direction, were
recorded following the recording of PL and E-PL spectra
shown in parts a and b of Figure 4, i.e., with a positive field
direction. The ratio ΔIPL/IPL is unaffected by photobleaching,
because PL and E-PL spectra were recorded concurrently.
As is discussed in the next section, PL decay measurements

with or without an applied electric field show that the field-
induced changes of both the population of the PL emitting
state from the photoexcited state and the rate of nonradiative
decay at the PL emitting state are the origin of the linear effects
of the electric field on the PL intensity, i.e., on the PL quantum
yield for both G1 and G2.

3.3. Field-Induced Change of the PL Decay Profile.
The field-induced variation of the PL decay profile of P3HT
sandwiched between FTO and PMMA films was measured
with field strength 0.3 MV cm−1 and excitation at 450 nm. The
PL was monitored at 640 and 705 nm, which correspond to
the intensity maxima of the G2 and G1 bands, respectively.
Four decay profiles, i.e., CH1, CH2, CH3, and CH4, were
obtained, as explained in Experiments. CH1 and CH3
represent the decay profiles observed in the presence of +0.3
and −0.3 MV cm−1, respectively, whereas CH2 and CH4
represent the decay profiles observed at zero field. Hereafter,
CH1 + CH3 and CH2 + CH4 are noted as I(t)ON and I(t)OFF,

Figure 3. (a) PL spectrum of a P3HT solid film sandwiched between
FTO and PMMA films, its decomposition to bands G1 (red dotted
line) and G2 (blue dotted line) having Gaussian profiles, which were
used for the simulation. (b) E-PL spectra (shaded line) at field
strength 0.3 MV cm−1 and simulated spectra (red dotted line). (c)
Plots of ΔIPL/IPL as a function of the squared strength of the applied
field. G1 and G2 bands have maxima at 14049 and 15458 cm−1,
respectively.
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respectively. Figure 5 shows the decay profiles of I(t)ON,
I(t)OFF, I(t)ON  I(t)OFF, and I(t)ON/I(t)OFF. I(t)OFF presents
the decay profile at zero field. As the linear field effect that
shows the opposite dependence on field direction is canceled
on adding CH1 and CH3, I(t)ON gives the decay that includes
only the quadratic field effect.
The decay profiles of I(t)ON and I(t)OFF were simulated on

assuming a triexponential decay, that is, τ∑ −= A texp( / )i i i1
3 , in

which t denotes time, τi lifetime, and Ai the pre-exponential
factor of component i. The average lifetimes (τave) given by
τ τ= ∑ ∑= =A A/i i i i iave 1

3
1

3 were derived also from I(t)ON and
I(t)OFF. These results are shown in Table 1. We determined
parameters τi and Ai on simulating the profiles of not only
I(t)ON and I(t)OFF but also their difference and ratio, i.e.,
(I(t)ON-I(t)OFF) and (I(t)ON/I(t)OFF). I(t)ON − I(t)OFF is
regarded as the time-resolved E-PL signal taken at the second
harmonic of the modulation frequency, which corresponds to
the E-PL spectrum shown in Figure 3b.
As shown in Figures 5 c, g, I (t)ON − I(t)OFF is positive in

the entire time region for both G1 and G2, indicating the field-
induced enhanced emission components that give G1 and G2,
in agreement with the steady-state E-PL spectra recorded at
the second harmonic of the modulation frequency of F (see

Figure 3b). As shown in Table 1, the summation of Ai, i.e.,
∑i=1

3 Ai, at 0.3 MV cm−1 is nearly the same as that at zero field
at both G1 and G2, indicating that the population of the
emitting state of both emissions is little affected by F, in the
quadratic field effect.
This effect is clearly perceptible in the decay profiles, as the

magnitude of I(t)ON/I(t)OFF is nearly unity at t = 0 for both G1
and G2 (see Figure 5d,h). Unlike the population of the
emitting state, the PL lifetime is affected by F; that is, the
average lifetime increases in the presence of F for both G1 and
G2 (see Table 1). In the results, I(t)ON/I(t)OFF increases with
increasing time, t. PL intensity is hence enhanced with an
applied electric field for both G1 and G2, as the quadratic field
effect, which originates from the field-induced deceleration of
the nonradiative process at the emitting states of G1 and G2.
Regarding the quadratic field effect on PL, the P3HT film
sandwiched between FTO and PMMA films shows a behavior
similar to that of a P3HT film sandwiched between TiO2 and
PMMA films or between Sb2S3 and PMMA films. The
magnitude of ΔIPL relative to IPL estimated from the decay
in interval 0−1 ns, shown in Figure 5, is about 3% with field
strength 0.3 MV cm−1 for both G1 and G2. This value is near
that estimated from the steady-state PL and E-PL spectra

Figure 4. (a, d) PL spectra of a P3HT solid film sandwiched between FTO and PMMA films and its decomposition to bands G1 and G2 of
Gaussian profiles. (b, e) E-PL spectra recorded with the first harmonic of the modulation frequency of an applied field of strength 0.3 MV cm−1

with positive field direction (b), negative field direction (e), and simulated E-PL spectra (red dotted line) as a sum of G1 and G2 bands. (c, f) Plots
of ΔIPL/IPL as a function of applied electric-field strength. In these plots, the maximum intensity of G1 of the E-PL spectra was monitored. PL and
E-PL spectra were concurrently recorded. The spectra observed with a field of negative direction were recorded following the recording with a field
of positive direction.
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shown in Figure 3, indicating that rapidly decaying
components are efficiently affected by an applied electric field.
Figure 4 shows that E-PL spectra observed at the first

harmonic of the modulation frequency of the applied AC
voltage exhibit a marked difference between the E-PL spectra
recorded for the opposite field directions. Each decay profile of
CH1 and CH3 involves both the linear and quadratic effects of
the field, whereas CH1 + CH3 shows only a quadratic field

effect because the linear field effect is canceled. CH1 − (CH1
+ CH3)/2 and CH3 − (CH1 + CH3)/2, which result in
(CH1 − CH3)/2) and (CH3 − CH1)/2), respectively, hence
involve only a linear field effect, because the quadratic field
effect is removed. These decay profiles and their ratio relative
to the decay at zero field, i.e., [(CH1 − CH3)]/[(CH2 +
CH4)] and [(CH3 − CH1)]/[(CH2 + CH4)], are shown in
Figure 6. The ratio is not unity at t = 0 and gradually increases

Figure 5. PL decay profiles of a P3HT sold film sandwiched between FTO and PMMA films. (a, e) Decay profile observed in the presence of field
0.3 MV cm−1 (black solid line), simulated curve (red dotted line), and instrument response function (green broken line), (b, f) decay profiles
observed at zero field (black solid line), simulated curve (red dotted line), and instrument response function (green broken line), (c, g) difference
between the two decay profiles at zero field and at 0.3 MV cm−1, i.e., I(t)ON − I(t)OFF (black solid line) and simulated curve (red dotted line), and
(d, h) ratio between the two decay profiles, i.e., I(t)ON/I(t)OFF (black solid line) and a simulated curve (red dotted line). The results in the left and
right columns were obtained on monitoring PL at 640 and 705 nm, respectively. The decay at zero field was obtained from CH2 + CH4, whereas
the decay at 0.3 MV cm−1 was obtained from CH1 + CH3. See the text for details.

Table 1. Lifetime τi and Pre-Exponential Factor (in Parentheses) of Each Decay Component of PL Observed at Field Strength
0.3 MV cm−1 Measured as I(t)ON = CH1 + CH3, and at Zero Field Measured as I(t)OFF = CH2 + CH4a)

λ/nm F/MV cm−1 τ1/ps (A1) τ2/ps (A2) τ3/ps (A3) τave/ps

640 0.3 51.4 (0.790) 146.5 (0.206) 565.3 (0.005) 73.6 ± 2.0
0 50.3 (0.790) 143.8 (0.205) 541.9 (0.005) 72.0 ± 1.8

705 0.3 41.2 (0.792) 128.0 (0.193) 409.5 (0.016) 63.7 ± 2.4
0 40.8 (0.798) 127.1 (0.186) 401.4 (0.016) 62.6 ± 2.0

aThe average lifetime (τave) in each decay profile is also shown. The sums of the pre-exponential factors are normalized to unity for the decay
profile at zero field. The PL was monitored at wavelengths λ = 640 and 705 nm, respectively, for bands G1 and G2. The experimental error of
lifetime and pre-exponential factor of each decay component is estimated to be ±5%.
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or decreases, respectively, as a function of time, indicating that
both the population of the emitting state and the lifetime of PL
are affected by F for both G1 and G2. The fact that the decay
of CH1− CH3 or CH3 − CH1 shows positive or negative
values in the entire time region indicates that PL is enhanced
or quenched by F having a positive or negative direction,
respectively, as the linear field effect. These results are
consistent with the E-PL spectra recorded at the first harmonic
of the modulation frequency of F in a positive or negative
direction (see Figure 4).
The decay profiles of [(CH2 + CH4) + (CH1 − CH3)] and

[(CH2 + CH4) + (CH3 − CH1)] were simulated on
assuming a triexponential decay (see Figure 7). [(CH2 +
CH4) + (CH1 − CH3)] and [(CH2 + CH4) + (CH3 −
CH1)] correspond to the PL decay influenced by the linear
field effect, because (CH2 + CH4) corresponds to the decay at
zero field and (CH1 − CH3) represents the field-induced
change caused by the linear field effect. The results appear in

Table 2. The sum of the pre-exponential factors, i.e., ∑ = Ai i1
3 ,

at +0.3 MV cm−1 is a little larger than that at zero field for both
G1 and G2 (see Table 2); in contrast, this value is a little
smaller at −0.3 MV cm−1 than that at zero field for both G1
and G2. These results show that the sum of the pre-
exponential factors of decaying components increases or
decreases for both G1 and G2, respectively, on application of
an external field having positive or negative field directions.
The population of the PL emitting states of G1 and G2
following photoexcitation hence increases or decreases,
respectively, when an external electric field is applied in a
positive or negative direction. This effect is confirmed also in
Figure 6c, because (CH1 − CH3)/(CH2 + CH4) is not zero
at t = 0. The population of the PL emitting states of G1 and
G2 is clearly affected with an external field, as a linear field
effect. Furthermore, the PL lifetime increases or decreases,
respectively, on application of an external field in the positive
or negative direction for both G1 and G2, as a linear field

Figure 6. PL decay profiles of a P3HT solid film sandwiched between FTO and PMMA films monitored at 640 (left) and 705 (right) nm, and their
field effect. (a) Decay profile observed at zero field, (b) difference between the decay profiles observed with positive and negative field directions,
i.e., (CH1 − CH3), (c) ratio of (CH1 − CH3) relative to the decay at zero field, i.e., (CH1 − CH3)/(CH2 + CH4), and (d) ratio of (CH3 −
CH1) relative to the decay at zero field, i.e., (CH3 − CH1)/(CH2 + CH4). The decay profile at zero field was obtained from [CH2 + CH4]/2,
whereas the decay profiles at +0.3 and −0.3 MV cm−1 were obtained from CH1 and CH3, respectively. See the text for details.
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effect. We hence recognize the anisotropic behavior of the
field-induced change in PL decay parameters of P3HT
sandwiched between FTO and PMMA films, which depends
on the direction of an applied field.

4. DISCUSSION

Both ordered crystalline aggregates and amorphous P3HT

chains have been suggested, experimentally and theoretically,

Figure 7. PL decay profiles of a P3HT solid film sandwiched between FTO and PMMA films. Their field effect corresponds to a linear field effect.
The PL was monitored at 640 and 705 nm, respectively, in the left and right columns. (a) Decay profile at zero field, (b) decay profiles that include
a linear field effect at 0.3 MV cm−1, i.e., [(CH2 + CH4) + (CH1 − CH3)], (c) ratio of [(CH2 + CH4) + (CH1 − CH3)] relative to (CH2 +
CH4), and (d) ratio of [(CH2 + CH4) − (CH1 − CH3)] relative to (CH2 + CH4). (CH2 + CH4) corresponds to the decay at zero field and
CH1 and CH3 show the decay profiles at +0.3 and −0.3 MV cm−1, respectively. See the text for details.

Table 2. Lifetime τi and Pre-Exponential Factor (in Parentheses) of Each Decay Component of PL Observed at Field Strength
0.3 MV cm−1a

λ/nm F /MV cm−1 τ1/ps (A1) τ2/ps (A2) τ3/ps (A3) τave/ps (∑i=1
3 Ai)

640 +0.3 51.2 (0.810) 146.6 (0.211) 580.2 (0.005) 73.4 (1.026)
0 50.3 (0.790) 143.8 (0.205) 541.9 (0.005) 71.9 (1.000)

−0.3 48.7 (0.770) 141.5 (0.200) 545.5 (0.005) 70.3 (0.975)
705 +0.3 41.5 (0.815) 130.7 (0.189) 414.4 (0.016) 63.9 (1.020)

0 40.8 (0.798) 127.1 (0.186) 401.4 (0.016) 62.6 (1.000)
−0.3 40.2 (0.785) 126.5 (0.178) 398.2 (0.015) 61.4 (0.978)

aThe simulation was made for the decay of [(CH2 + CH4) + (CH1 − CH3)] for a positive field direction and for the decay of [(CH2 + CH4) −
(CH1 − CH3)] for a negative field direction. The average lifetime (τave) and the sum of the pre-exponential factors (∑i=1

3 Ai) in each decay profile
are also shown. The sum of the pre-exponential factors is normalized to unity for the decay profile at zero field. The PL was monitored at
wavelengths λ = 640 and 705 nm for bands G1 and G2, respectively. Experimental error is estimated to be ±5% for both lifetime and pre-
exponential factor.
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to coexist in the film.19 In the absorption spectra of our
samples, the vibronic bands appearing below 19 000 cm−1 are
ascribed mainly to crystalline aggregates of P3HT (Figure 2)
whereas a broad absorption for the amorphous state overlaps
above 20 000 cm−1.
The photoexcitation dynamics and effects of an electric field

on the PL of a P3HT solid film sandwiched between FTO and
PMMM are explicable using the reaction scheme shown in
Figure 8. P3HT in the amorphous state might be excited

mainly at wavelength 450 nm. The energy transfer from the
amorphous state to the crystalline aggregates is assumed to be
so rapid and efficient that the PL decay reflects the kinetics in
only the crystalline aggregates of P3HT. Here, excitons of two
kinds are considered, that is, a hot exciton and a relaxed
exciton.20 The former is the bound electron−hole pair
produced just following photoexcitation; the latter is the
exciton produced on relaxation from a hot exciton. The
observed PL of a P3HT solid film is emitted from the latter
exciton. The former exciton is considered to dissociate (carrier
generation), in competition with the relaxation to the relaxed
exciton and the relaxation to the ground state. Carrier
generation might occur also from the latter exciton, in
competition with the radiative and nonradiative processes to
the ground state, as shown in Figure 8.
According to the quadratic field effect, the PL intensity

(quantum yield) and the PL lifetime increase in the presence
of an applied electric field. This effect is explicable on
considering that the nonradiative process at the emitting state
(exciton) decreases with an applied electric field. An exciton is
regarded as a kind of electron−hole pair; the nonradiative
transition of an exciton to relax to the ground state might
resemble a back-electron transfer. This process might be
diminished on application of an electric field. Our extensive
investigation of the effects of an electric field on the
photoinduced electron transfer and back-electron transfer
shows that these processes are affected with an electric
field21,22 as a quadratic field effect. The effects of the electric
field on the rate of electron-transfer reactions originate from
the change in the difference of Gibbs energies, that is, ΔG
between neutral and charge-separated states on application of
an electric field. Because charge-separated states have a larger
dipole moment than neutral states, the Stark shift for the
charge-separated state increases, which alters ΔG in the
presence of an electric field. The rate of the back electron-
transfer reaction would decrease upon a field-induced change
of ΔG, which is similar to the so-called inverted region in the

theory of electron transfer. As the initial population of the PL
emitting state showed no quadratic field effect, the relaxation
of a hot exciton to the exciton-emitting state and carrier
generation from a hot exciton, of which the rate coefficients are
given as k1 and k2 in Figure 8, respectively, show no quadratic
field effect.
The PL of P3HT sandwiched between FTO and PMMA

films shows a linear field effect, as in the case of the PL of
P3HT sandwiched between TiO2 and PMMA films or between
Sb2S3 and PMMA films; the PL intensity and lifetime vary in
the presence of F, depending on the direction of an applied
field. When the electric field was applied along the positive
direction, the PL intensity increased, which resulted from both
the field-induced increase of the population of the emitting
state and the field-induced increase of the lifetime. When an
electric field was applied along the negative direction, in
contrast, the population of the emitting state and the PL
lifetime decreased, resulting in a field-induced quenching of the
PL. In Figure 8, the field-induced increase or decrease of the
population of the PL emitting state indicates the field-induced
increase or decrease of the magnitude of k1/(k1 + k2 + k3),
respectively, which likely arises from the field effect on carrier
generation, i.e., on k2. This process corresponds to one
relaxation path of the hot exciton. The field-induced increase
or decrease of the PL lifetime indicates the field-induced
increase or decrease of the magnitude of 1/(k4 + k5 + k6),
respectively, which likely arises from the field effect on carrier
generation, i.e., on k4. On applying an electric field, the
dissociation of the exciton generally becomes enhanced in π-
conjugated polymers;23,24 k2 and k4 in Figure 8 likely increase
in the presence of an electric field. The relaxation path of the
hot exciton is affected by the electric fields. In the first-
harmonic time-resolved experiments, the altered population of
the emitting exciton state was confirmed (Figure 6), but the
change induced by the quadratic electric field effects was
negligibly small, as discussed above. This difference between
the first-order and quadratic field effects in the relaxation path
k2 of the hot exciton is ascribed to the dependence of k2 on the
direction of the externally applied electric field. In contrast
with k2, k4 in Figure 8 seems to show both linear and quadratic
field effects.
As the origin of the dependence on the field direction of the

PL intensity and lifetime, the presence of an internal electric
field is considered in a P3HT solid film sandwiched between
FTO and PMMA as reported in multilayer films.13,25−29 The
scheme of energy levels of the device used in the present work
is shown in Figure 9.30−32 In general, an inherent potential
exists at the interface between distinct materials, because of the
difference of the Fermi levels; P3HT and PMMA serve as p-
type semiconductor and hole-blocking layer, respectively. The
internal field (Fint) that has a negative direction shown in
Figure 1 is considered to locate in P3HT, besides the external
electric field (Fext). In the results, the total field given by the
sum of Fint and Fext increases, when Fext is applied in the same
direction as the internal field. When the external electric field is
applied in the opposite direction, i.e., in the positive field
direction, in contrast, the magnitude of the total field
decreases. Even when Fext is zero, Fint affects the P3HT
photodynamic processes. With increased total electric field, i.e.,
with a negative field direction, both k1/(k1 + k2 + k3) and 1/(k4
+ k5 + k6) in Figure 8 decrease, assuming that carrier
generation is more promoted with an external electric field;
that is, k2 and k4 increase with increasing total electric field. In

Figure 8. Schematic representation of the relaxation paths of P3HT
upon excitation.
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the results, both the population of the emitting state of the
exciton and the lifetime of the exciton emission decrease on
application of an external electric field in the negative
direction. When an external electric field is applied in the
positive direction, in contrast, the total electric field decreases,
resulting in both increased population of the emitting state of
the exciton and an increased lifetime of exciton emission, as
observed. We hence conclude that both the internal electric
field Fint that points in a negative direction and Fext
synergistically affect the dynamics of the G1 and G2 emitting
states. The individual crystalline aggregates can spatially orient
the transition dipole moments. This anisotropy of the dipoles
leads to an observed dependence of the field direction, if the
anisotropy were present, but the dipole orientation of the
aggregates is expected to be random and isotropic, as an
ensemble average. The anisotropy that originates from the
orientation of the dipole of the aggregates is hence expected to
be negligible.
When the effect of an electric field on the PL of a P3HT film

sandwiched between FTO and PMMA films is compared with
that of a P3HT film sandwiched between TiO2 and PMMA
films or a P3HT film sandwiched between Sb2S3 and PMMA
films, the quadratic field effect is similar; PL is enhanced by
Fext, and the lifetime increases in the presence of Fext in a
similar manner for both G1 and G2 bands, which results from
a field-induced deceleration of the nonradiative decay in the
PL emitting state. The PL of P3HT polymers doped in a
PMMA film shows a similar quadratic field effect.18

Regarding the linear electric field, we mention some
difference of the P3TH film sandwiched between FTO and
PMMA films from the P3HT film sandwiched between TiO2
or Sb2S3 and PMMA films. The linear electric field effect on
the PL is negligible for P3HT polymers doped in a PMMA

film.31 As already reported,8 the PL intensity of the G1 and G2
bands increased and decreased in a P3HT film sandwiched
between TiO2 or Sb2S3 and PMMA films in the presence of an
external electric field with positive and negative directions,
respectively, as a linear field effect, which is similar to the
present result. We showed that the field-induced change of the
intensity of the G1 band of maximum intensity at 705 nm
results from only the field-induced change in the PL lifetime,
but the population of the emitting state of G1 was unaffected
on application of an electric field. In the G2 band, in contrast,
not only the rate of nonradiative decay but also the population
of the emitting state were affected by F. In the present results,
the linear field effect of G2 is similar to that for P3HT
sandwiched between TiO2 or Sb2S3 and PMMA films; both the
population and lifetime of the emitting state of G2 are affected
by Fext. The G1 band of the present sample showed a linear
field effect similar to that of the G2 band; both the population
and the lifetime of the emitting state of G1 were affected by
Fext. The linear field effect of the G1 band of a P3HT film
sandwiched between FTO and PMMA films differs from that
of P3HT sandwiched between TiO2 or Sb2S3 and PMMA films
(cf. Figures 6c,d of the present results and Figures 10g,h and
11g,h of ref 8). These results indicate that the emitting state of
G1 exists near the interface between FTO and P3HT; the
nonradiative process of hot excitons that competes with
relaxation to the emitting state of G1 is efficiently affected on
application of an electric field, in contrast with a P3HT film in
contact with TiO2 or Sb2S3 film. In the hot excitons that relax
to the G1 emitting state, the rate of carrier generation, i.e., k2 in
Figure 8, is considered to be much larger for hot excitons
located on or near the FTO film surface than for hot excitons
located on or near TiO2 or the Sb2S3 film surface.
We simulated the observed decay curve of PL on assuming a

triple exponential-decay function. Measurements of time-
resolved fluorescence and transient absorption for P3HT
films reported by other groups also showed complicated decay
kinetics that could not be simulated with a single exponential
decay.18,20,33−35 The suggested origins of the complicated
kinetics include the delayed PL because of charge recombina-
tion, exciton migration, and a structural relaxation of the P3HT
chains.

5. CONCLUSION
E-A and E-PL spectra, that is, the field-induced change in
absorption and PL spectra and the field-induced change in PL
decay profiles, have been recorded for P3HT solid films
sandwiched between a conducting layer of FTO and an
insulator film of PMMA. On the basis of the E-A spectra, the
magnitudes of the variation of the electric dipole moment and
in polarizability following absorption were determined for
P3HT sandwiched between FTO and PMMA; the results are
compared with those for P3HT films in multilayer FTO/TiO2/
P3HT/PMMA/Ag and FTO/TiO2/Sb2S3/P3HT/PMMA/Ag.
The photoexcited state of P3HT sandwiched between FTO
and PMMA films is shown to have charge-transfer character
less than that of P3HT sandwiched between TiO2 or Sb2S3 and
PMMA films.
E-PL spectra of P3HT film sandwiched between FTO and

PMMA films were recorded at both the first and second
harmonics of the modulation frequency of Fext. A field-induced
increase of both PL intensity and PL lifetime indicates that the
rate of nonradiative decay at the PL emitting state is
decelerated on application of Fext, as a quadratic field effect.

Figure 9. Energy levels of materials in the present work. The curved
arrows indicate the direction of the diffusion of each photogenerated
carrier. The straight red and blue arrows define the direction of the
external electric field used in this work.
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As a linear electric-field effect, the PL intensity is enhanced
with Fext for both G1 and G2, with a positive field direction, for
which the positive electrode was connected to FTO and the
negative electrode to silver. When the direction of Fext was
reversed, field-induced quenching of PL was observed for both
bands. These results indicate that an internal electric field
(Fint), which points in a negative direction, exists in the P3HT
layer sandwiched between FTO and PMMA, as in the case of
P3HT films sandwiched between TiO2 or Sb2S3 and PMMA
films.
The dependence of the PL intensity and lifetime on the

direction of an applied field is attributed to the synergistic
effect of Fext and Fint. Depending on the direction of Fext, the
strength of the total electric field (Ftotal) that is given by the
sum of Fext and Fint also varies. The present results indicate that
the strength of Ftotal increased or decreased, respectively, when
Fext was applied in negative or positive directions. Applied
electric fields also induced an increased PL lifetime as a result
of a quadratic field effect, resulting from a field-induced
decreased rate of nonradiative decay at the PL emitting state.
The field-induced increased or decreased population of the PL
emitting state and the field-induced enhancement and
quenching of the PL observed as the linear effect of an electric
field are ascribed to the enhanced dissociation of both hot
excitons and relaxed excitons in the presence of an electric
field.
On the basis of our analysis of the quadratic and linear field

effects on the PL decay profiles, the field-induced changes of
both lifetime and preexponential factor were determined for
each effect. A field-induced enhancement of PL intensity as a
linear field effect observed with a positive field direction is
attributed to both an increased population of the emitting
states for G1 and G2 and a decreased rate of nonradiative
decay of these emitting states. A field-induced quenching of PL
of P3HT observed as a linear field effect with a negative field
direction was attributed to a field-induced decrease of the
population of the emitting states of G1 and G2 and to the field-
induced enhancement of the rate of nonradiative decay of
these states. The linear field effect of P3HT sandwiched
between FTO and PMMA films on PL thus shows a field-
induced variation of the population of the emitting state on PL
for both G2 and G1 bands, in contrast with a P3HT film
sandwiched between TiO2 or Sb2S3 and PMMA films, for
which the population of the emitting state of G1 is
independent of the applied electric field in both quadratic
and linear effects.
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