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ABSTRACT: π-conjugated polymers are actively studied as a
promising component for developing inexpensive dye-
sensitized solar cells (DSSCs). DSSCs utilizing π-conjugated
polymers as p-type organic semiconductor and metal
chalcogenides as sensitizers have attracted interest due to
high absorbance and stability in comparison to DSSCs using
conventional molecular dyes. Here, we report the study of the
excited state and charge carrier dynamics in poly-
(hexylthiophene) (P3HT) with junction structures of FTO/
TiO2/P3HT/PMMA/Ag and FTO/TiO2/Sb2S3/P3HT/
PMMA/Ag, where fluorine-doped tin oxide (FTO) and silver (Ag) are used as electrodes and poly(methyl methacrylate)
(PMMA) is used as an insulating film. We measured electroabsorption spectra and the effects of external electric fields on
photoluminescence (PL) of P3HT in these two different systems. Two PL bands emitted from different emitting states are
observed in both of the systems. As the quadratic electric field effect, fluorescence quantum yield and lifetime become larger and
longer in both of the PL bands, respectively, in the presence of external electric fields, indicating that nonradiative decay
processes are depressed by applied electric fields in both of the systems. We also measured the linear electric field effects on PL
of P3HT, and PL enhancement and quenching of PL intensity as well as lengthening and shortening of PL lifetime were
observed, depending on the direction of the applied electric fields. It is shown that the mechanism of the linear field effect is
different between the two emitting states in both of the systems; i.e., the population of the emitting state is affected by
application of electric field for one PL band but not for the other PL band. 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 internal
electric field which exists in the P3HT film and externally applied electric field on the charge separation of hot excitons
generated following photoexcitation to free electron and hole (polaron) and on nonradiative decay rate of the PL emitting
states.

KEYWORDS: dye-sensitized solar cell, conjugated polymer, stark effect, photoexcitation dynamics, electrophotoluminescence spectrum,
time-resolved emission decay

■ INTRODUCTION

Solar cells utilizing π-conjugated polymers are attracting special
attention because of promising performance as inexpensive
renewable energy sources.1−5 Solar cells utilizing π-conjugated
polymers are classified into two categories of organic thin film
solar cell and dye-sensitized solar cell (DSSC). As an example
of the former device, bulk heterojunction solar cells obtained
by blending π-conjugated polymers with phenyl-C61-butylic
acid methyl ester (PCBM) put a high impact on the field of
organic solar cell due to simple preparation and good
conversion efficiency.6 On the other hand, serious effort is
still put into improving the performance of the latter

DSSC.7−11 The sensitization of wide-gap semiconductor,
such as TiO2, with dyes absorbing visible or near-infrared
light is a principle of the structure of DSSC, and a hole
transport layer is also a component of DSSC.
Recently, inorganic materials have been attracting growing

interest as the alternatives to conventional organic dyes for the
sensitizers.12−17 The use of inorganic sensitizers has some
advantages including high extinction coefficient, spectral
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tunability, good stability, and multiple exciton generation.18−24

Antimony sulfide (Sb2S3), which is metal chalcogenide, is one
of the most promising materials due to high optical extinction
coefficient and narrow band gap of 1.7 eV, which is suitable for
visible light absorption.25 The inorganic/organic heterojunc-
tion solar cell having the interface of TiO2/Sb2S3 forms a type-
II staggered heterostructure, and the energy levels among
TiO2, Sb2S3, and poly(hexylthiphene) (P3HT) in a hole
transport layer are matching for photovoltaic application
(Figure S1 of the Supporting Information (SI)).26,27 For the
DSSC with the structure of Sb2S3/P3HT, a high efficiency of
5.1% has been reported,28 which is higher than that of the
heterojunction cell of Sb2S3/CuSCN.

24 In these cells, the
electrons generated by the photoexcitation of Sb2S3 are
injected to the mesoporous (mp-) TiO2 layer, and the holes
are transported to the P3HT layer.
The photoabsorption also occurs in the P3HT layer and

generates charge carriers. It is possible that the electrons
generated in the P3HT layer are transferred to the mp-TiO2 or
Sb2S3, and the generated holes can be transferred to the
counter electrode opposite to the FTO electrode. However,
the charge recombination of the hole−electron pairs produced
by photoexcitation of P3HT may occur in the P3HT layer, and
this process may disturb the hole transport from Sb2S3 and
induce the depression of external quantum efficiency. It is
noted that the incident-photon-to-current efficiency (IPCE) of
the cell with the TiO2/P3HT structure without Sb2S3 is smaller
than 5% at 500 nm. The overall conversion efficiency was
0.092%, suggesting insufficient charge generation and transfer
at the TiO2/P3HT interface, and the Sb2S3 layer plays an
important role for increasing the efficiency of DSSC.
Therefore, the comparison of carrier dynamics in P3HT for
the DSSCs with TiO2/P3HT and TiO2/Sb2S3/P3HT
structures are of importance toward the understanding of
factors controlling carrier dynamics in the DSSC.
Investigation of the external electric field effects on

photoluminescence (PL) is extremely useful for the under-
standing of dynamics of photogenerated carriers in π-
conjugated polymers. The energy level of charge carriers can
be greatly perturbed with the application of external electric
fields. Since the kinetics of the photoinduced charge carriers
can be monitored through the PL lifetime, we can expect to
obtain information on carrier kinetics from electric field-
induced change in PL intensity as well as PL lifetime. In a bare
P3HT film without heterojunction structure, photoexcitation
can produce photocarriers. The PL quantum yield (QY) of
P3HT in the form of solid film is very small (0.02) in contrast
with that in solution (0.33).29 Transient absorption spectro-
scopic study revealed that this reduction of the QY results from

the efficient polaron formation after photoexcitation.29 Time-
resolved study of the field-induced fluorescence quenching was
also measured for poly(phenylphenylenevinylene) (PPV),
showing that the photocarriers are generated from the
dissociation of exciton.30 The measurements of the electro-
photoluminescence (E-PL) spectra, i.e., electric field effect on
PL spectra, are also useful to obtain valuable information on
the carrier dynamics. For sulfide-substituted PPV derivative,
the efficiency of field-induced quenching depends on the
photoexcitation energy, suggesting that the efficiency of field-
assisted generation of electron−hole pairs from the exciton
increased with the increase in photoexcitation energy.31

Issues on internal electric fields originating from a build-in
potential at heterojunctions are also of emerging interest,
because they may affect overall efficiency of DSSC.32,33 The
investigation of E-PL as a result of the perturbation of external
electric fields allows us to gain insight into the internal electric
fields in DSSC. In fact, for a methylammonium lead iodide
perovskite film, the presence of strong internal fields was
suggested from the measurements of steady-state and time-
resolved E-PL measurements.34

In the present study, carrier dynamics of P3HT in the cells
with multilayer structures that are relevant to DSSC is
discussed. The cells investigated here have different junctions
of FTO/TiO2/Sb2S3/P3HT/PMMA/Ag and FTO/TiO2/
P3HT/PMMA/Ag, where the definitions of the abbreviations
will be given in the next section, Experimental Methods. In
general, Stark spectroscopy including E-PL measurements
detects the signal at the second harmonic of the modulation
frequency of applied electric fields. We can deduce the second-
order Stark effect from this type of conventional experi-
ments.35,36 Further, we employed the first harmonic detection
of the modulated electric field with the aim to obtain insight
into anisotropic dynamics existing in the cell, in addition to the
quadratic field effect. By changing the polarity of the electrodes
of FTO and Ag, we changed the direction of the applied
electric field on the cell and extracted anisotropic response
which depends on the direction of applied electric fields. We
have made not only steady-state E-PL measurements but also
time-resolved E-PL measurements, and field-direction depend-
ence of PL as well as excitation dynamics has been examined.

■ EXPERIMENTAL METHODS
Sample Preparation. Poly(methyl methacrylate), denoted as

PMMA (Aldrich, averaged MW = 120000) was purified by
precipitation with a mixture of benzene and methanol and by
extraction with hot methanol. As shown in Figure 1, two types of film,
i.e., FTO/mp-TiO2/P3HT/PMMA/Ag (sample I) and FTO/mp-
TiO2/Sb2S3/P3HT/PMMA/Ag (sample II) were studied in this

Figure 1. Layer structure of the devices used for the electroabsorption (E-A) and E-PL measurements. Positive and negative field directions used in
the text are shown by the red arrows indicated by P and N, respectively.
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work, where FTO and mp-TiO2 represent a fluorine-doped tin oxide-
coated glass substrate and a mesoporous TiO2 film, respectively.
Detailed layer structure will be discussed later, based on the
measurements of field-induced scanning electron microscope
(SEM) images.
A schematic diagram of sample preparation is shown in Figure S2

of the SI. A certain area of FTO substrate (Sinonar) was etched by
using zinc powder and HCl solution (4N), and washed with
detergent, water/acetone/isopropanol mixture, and deionized water,
and then cleaned with an ultraviolet−ozone cleaner for 18 min. mp-
TiO2 films were fabricated on the FTO substrate with the spin coating
of TiO2 paste (Degussa P25, average diameter of 50 nm) and sintered
in an oven at 500 °C. Thickness of the TiO2 film was ca. 200 nm. In a
typical synthesis of Sb2S3, a chemical bath solution was prepared by
dissolving 2.6 g of SbCl3 in 10 mL of acetone and subsequently by
adding 100 mL of 1 M Na2S2O3 solution and 290 mL of deionized
water. For the deposition of Sb2S3, the FTO substrate coated with the
mp-TiO2 film was placed vertically along the wall of a beaker
containing the bath. After the formation of an orange film, the
substrate was taken out from the bath, washed well with deionized
water, and dried in an oven. Subsequently, a final deposition of Sb2S3
was done at 4 °C for 180 min in the bath placed inside a temperature-
controlled refrigerator. In order to obtain brown crystalline Sb2S3, the
substrate was annealed under nitrogen for 30 min at 300 °C. After the
annealing, the substrate was stored in dry air until further
characterization. After the characterization of the mp-TiO2−Sb2S3
film, we deposited P3HT solution on the substrate by using spin
coating technique. The P3HT solution was prepared by dissolving
regioregular P3HT (MW = 15000−45000, Rieke metals) of 15 mg in
1 mL of chlorobenzene. We then deposited PMMA film on the P3HT
film by using spin-coating technique with PMMA solution (0.4 g in 10
mL of benzene). Then, a semitransparent silver film was deposited on
the PMMA film by using vacuum vapor deposition technique. The
FTO and Ag films were used as electrodes. Sample I and sample II
without and with Sb2S3 on mp-TiO2 layers, respectively, were
prepared by similar procedures.
Sample Characterization. SEM (SU8010, Hitachi) was used to

take images of the mp-TiO2 film before and after the deposition of
Sb2S3 (Figure 2). We could see the difference between the films with

and without Sb2S3.
27 Before the deposition of Sb2S3 (Figure 2a), we

found a number of pores among TiO2 nanoparticles, indicating that
nanoparticles of TiO2 presented an easily accessed open structure for
Sb2S3 deposition. Due to the chemical deposition of Sb2S3, the
particle size increased and the porosity of the film decreased, as shown
in Figure 2b. Then, the layer composed of mp-TiO2 and Sb2S3 was
regarded as a mixture of mp-TiO2 and Sb2S3, with a thickness of ∼200
nm.
The cross-sectional SEM image of FTO/mp-TiO2/P3HT/PMMA,

which corresponds to sample I, was also observed. The results are
shown in Figure 3. The P3HT film cannot be identified well, so it is
not clear whether P3HT is penetrated into mp-TiO2 film or not.
However, it is unlikely that P3HT penetrates into the mp-TiO2 or
mp-TiO2/Sb2S3 layer because of the nonpolarity of the solvent used
for the spin-coating of P3HT. From the SEM image of P3HT coated
on FTO with a similar absorbance, the thickness of P3HT film may be

roughly estimated to be 20 nm, if P3HT is not penetrated into the
mp-TiO2 film. The thickness between the surface of FTO and the top
layer of PMMA was measured by using a surface roughness meter
(Veeco Dektak 150). This thickness, which was under a decisive
necessity for the electroabsorption (E-A) and E-PL measurements,
was 1.0 ± 0.4 μm, depending on the sample. Silver films were finally
deposited with a thickness in the range of 25−30 nm.

Electroabsorption and Electro-photoluminescence Meas-
urements. All the measurements were carried out at room
temperature. Absorption spectra were obtained with a commercial
instrument (JASCO, V-570). Steady-state electroabsorption measure-
ments were done with a commercial spectrometer (EMV-100,
JASCO), the detail of which was reported elsewhere.37−39 Sinusoidal
alternating current (AC) voltage of 1 kHz, which was generated by a
function generator (SG-4311, Iwatsu) and amplified by a high voltage
amplifier, was applied between the electrodes of substrates. Field-
induced change in intensity of the linearly polarized light transmitted
through the substrate was detected with a lock-in amplifier (Stanford
Research System, SR830) at the second harmonic of the modulation
frequency. Direct current component (DC) of the transmitted light
intensity was simultaneously monitored. The change in absorption
intensity (ΔA) was determined from the field-induced change and
DC component of the transmitted light intensity. E-A spectra were
obtained by plotting ΔA as a function of wavelength, and the spectra
were converted to the ones as a function of wavenumber by the
conventional way. The angle between the direction of the applied
electric field and the electric vector of the excitation light was set to be
54.7° in the E-A measurements. Applied field strength was evaluated
from the applied voltage divided by the distance between two
electrodes.

E-PL spectra corresponds to the field-induced change in PL
spectra. 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. E-PL spectra represent the plots of ΔIPL as a function of
wavenumber. E-PL spectra were measured with a spectrofluorometer
(JASCO, FP777) combined with a lock-in amplifier.39 In the present
study, E-PL spectra were obtained with excitation at wavelengths at
which field-induced change in absorption intensity was negligibly
small. The sample substrate was kept under vacuum, and the incident
angle of the light on the substrate was 45°. The frequency of the
applied AC voltage was 40 Hz in the E-PL measurements. The field-
induced change in PL intensity was detected by a lock-in amplifier,
not only at the second harmonic but also at the first harmonic of the
modulation frequency. It was confirmed that emission was negligible
for the sample having a layer structure of FTO/mp-TiO2/Sb2S3/
PMMA/Ag. Therefore, the PL observed in the present study is
attributed only to P3HT.

In addition to the steady-state E-PL measurements, we carried out
time-resolved E-PL decay measurements with the system reported
elsewhere.34,40 The experimental procedure is described in the SI
(Figure S3).

Figure 2. SEM image of (a) the pristine mp-TiO2 film and (b) the
mp-TiO2 film after the chemical bath deposition of Sb2S3.

Figure 3. SEM image of the layer structure of FTO/mp-TiO2/P3HT/
PMMA.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b01171
ACS Appl. Energy Mater. 2018, 1, 6136−6151

6138

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01171/suppl_file/ae8b01171_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01171/suppl_file/ae8b01171_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b01171


■ RESULTS

E-A Spectra. According to the theory of electric field effects
on optical spectra,35,36,39,41−43 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:
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Ç
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where ν is the wavenumber of light, A(ν) is the absorbance at
ν, f is the internal field factor, F is the field strength, and Aχ, Bχ,
and Cχ are the coefficients for the zeroth, first, and second
derivatives of A(ν), respectively. We carried out the experi-
ments at a magic angle condition of χ = 54.7°, where χ is the
angle between the external electric field, F, and polarization
direction of the excitation light. Moreover, we can assume that
molecules are isotropically distributed and immobilized in rigid
matrices such as the P3HT film. In this case, the coefficient Bχ

and Cχ are reduced to

α≅ Δ ̅
χB

hc2 (2)

μ≅ |Δ |
χC

h c6

2

2 2 (3)

In these equations, Δα̅ is the trace of the difference of the
molecular polarizability tensor between the excited state and
the ground state,

α α αΔ ̅ = −1
3

Tr( )e g (4)

and αe and αg are the molecular polarizabilities of the excited
state and the ground state, respectively. Δμ is the difference of
the electric dipole moments between the excited state and the
ground state,

μ μ μΔ = −e g (5)

where μe and μg are the electric dipole moments of the excited
state and the ground state, respectively. With these equations,
we can calculate Δα̅ and Δμ from the first and second
derivative coefficients Bχ and Cχ in the E-A spectra,
respectively. The zeroth derivative component Aχ may arise
from the electric field-induced change in transition dipole
moment.
Absorption and E-A spectra of samples I and II were

measured. The results are shown in Figure 4. The magnitude
of ΔA is proportional to the square of the applied field
strength, as expected from eq 1 (Figure S4 of SI). We
simulated the E-A spectrum with a sum of the zeroth, first, and
second derivatives of the absorption spectrum, and the
simulated spectrum is also shown in the figure. The Sb2S3

Figure 4. (Left) Absorption spectrum (a), the first and second derivatives of the absorption spectrum (b, c), and the E-A spectrum (d) of sample I
(FTO/mp-TiO2/P3HT/PMMA/Ag), and (right) absorption spectrum of sample II (FTO/mp-TiO2/Sb2S3/P3HT/PMMA/Ag) (a), absorption
spectrum of P3HT used for the simulation (b), the first and second derivatives of the absorption spectrum of P3HT (c), and the E-A spectrum of
sample II (d). The applied field strength was 0.3 MV cm−1 in both cases. In panel d, the black solid line is the observed E-A spectrum, and the red
broken line is the simulated spectrum using eq 1. The absorption spectrum of sample I was used for the simulation of the E-A spectrum of sample
II. See the text for the detail.
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film which existed in sample II showed much larger absorbance
than that of P3HT (cf. Figure 4a for samples I and II), and it
was difficult to separate the observed absorption spectrum of
sample II into each of the absorption spectra of P3HT and
Sb2S3. On the basis of the E-A measurements of the sample
having a layer structure of FTO/mp-TiO2/Sb2S3/PMMA/Ag,
the E-A signal of Sb2S3 film was confirmed to be negligibly
small, indicating that the E-A spectrum of sample II resulted
from P3HT. Therefore, we used the absorption spectrum of
sample I in order to analyze the E-A spectra of sample II, by
assuming that the absorption spectrum of P3HT was the same
for the samples with and without Sb2S3 layer. In fact, the E-A
spectra of both samples were very similar in shape to each
other, as shown in Figure 4, which supports the above
assumption.
It is worth mentioning that the coefficient Aχ is very small in

any samples, i.e., ∼3 × 10−4 and ∼4 × 10−4 MV−2 cm2,
respectively, in samples I and II, indicating that the transition
moment of the absorption band is little affected by F. The
electric field effect on the molecular transition moment, i.e., the
effect on the absorption coefficient, is small for allowed
transitions, e.g., in π-conjugated polymers, and can therefore be
neglected relative to the terms caused by the change in electric
dipole moment and/or molecular polarizability following
absorption.30,31,44−47 The values of Δα̅ and |Δμ| for the
electronic transition of P3HT were determined using eqs 2 and
3, i.e., f |Δμ| = 2.6 D, f 2Δα̅ = 28 Å2 in sample I and f |Δμ| = 2.9
D, f 2Δα̅ = 59 Å2 in sample II, where f is the internal field
factor. Sample II that has the structure of FTO/mp-TiO2/
Sb2S3/P3HT/PMMA/Ag exhibits larger values of both Δα̅ and
|Δμ| following transition to the photoexcited state. It is likely
that the magnitude of αe and μe in the excited state of P3HT is

larger than that in the ground state. Then, the significant
magnitude of |Δμ| indicates the charge-transfer (CT) character
of the photoexcited state. αe and μe of P3HT that was coated
on the Sb2S3 layer are slightly larger than those of the sample
having no Sb2S3 layer, suggesting that the CT character of the
photoexcited state of the P3HT film is a little enhanced when
the Sb2S3/P3HT junction is formed. It is also mentioned that
PL spectra of these samples are different from each other, as
will be shown later. The enhancement of the CT character
following photoexcitation may be explained by more efficient
separation of hole and electron pairs in the exciton state at the
Sb2S3/P3HT interface. A similar enhancement of E-A signal
was reported for the interface between P3HT and PCBM,
because of the formation of the charge-transfer complex.48 In
the present sample, there was no notable contribution of the
charge-transfer complex to the E-A spectra, which may show a
large value of |Δμ|, though the charge-transfer complex
between Sb2S3 and P3HT may be formed at the Sb2S3/
P3HT interface.
Similar E-A spectra for conjugated polymers including

poly(thiophene) have been reported by some groups.44,45,49,50

The principal feature in the E-A spectrum appearing in the
range from 15000 to 19000 cm−1 was assigned to the Stark
shift of the low-lying 1Bu exciton state. The discrepancy of the
simulation in the region above 19000 cm−1 was also recognized
in the previous E-A studies, and the discrepancy was ascribed
to the contribution of the optically forbidden mAg exciton state
which can mix with the 1Bu state by the perturbation of electric
fields.45,50 As the origin of the discrepancy, another possibility
may be considered that aggregated and amorphous forms
which give different field effects from each other exist in the
solid film of P3HT.

Figure 5. (a, d) PL spectra and their decomposition to the bands G1 (red dotted line) and G2 (blue dotted line) having a Gaussian profile, which
were used for the simulation. (b, e) E-PL spectra (shaded line) at a field strength of 0.3 MV cm−1 and the simulated spectra (red dotted line). (c, f)
Signal intensity of E-PL as a function of square of the applied field strength. The results of sample I and sample II are depicted in the left and right
columns, respectively. G1 and G2 have maxima at 14049 and at 15458 cm−1, respectively.
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E-PL Spectroscopy. E-PL spectrum observed at the
second harmonic of the modulation frequency is considered
to be given by a combination of the zeroth, first, and second
derivatives of the PL spectrum, which is similar to the E-A
spectrum and eq 1. Both the first and second derivative
components come from the second-order Stark effect on the
PL band, as in the case of E-A spectra. In principle, the analysis
of these components can afford the determination of Δα̅ and
|Δμ| between the emitting state and the ground state. In the
present results, however, the coefficient of the zeroth derivative
component is extremely large, so the first and second derivative
components could not be determined. The zeroth derivative
component shows the change in PL intensity induced by the
applied electric field (ΔIPL) relative to the unperturbed PL
intensity (IPL), thus giving information on the field-induced
change in emission quantum yield.39,51,52 Then, electric field
effects on photoexcitation dynamics can be discussed, based on
the zeroth derivative component of the E-PL spectrum.
E-PL spectra observed at the second harmonic of the

modulation frequency of the applied AC voltage are shown in
Figure 5. The PL and E-PL spectra were measured
simultaneously with excitation wavelength at 450 nm with F
= 0.3 MV cm−1. At this excitation wavelength, the field-
induced change in absorption intensity (i.e., ΔA) was so small
that we could measure the E-PL spectra which did not include
the contribution of the field-induced change in absorption
intensity. We could reproduce the main feature of the PL
spectra as well as E-PL spectra by using two Gaussian line
shapes indicated by G1 and G2. The energy separation
between the G1 and G2 bands is nearly ∼1300 cm−1 for the
P3HT films. As far as this energy separation is concerned, G1
and G2 look like vibronic progression. If G1 and G2 originate
from the same origin, the efficiency of the field-induced change
in PL intensity, i.e., ΔIPL/IPL must be the same for G1 and G2.
As shown later, however, the magnitude of the field-induced
change in PL intensity is very different from each other for G1
and G2. Further, G1 and G2 show different decay profiles,
indicating that G1 and G2 are emitted from different origins.
Then, G1 and G2 are considered to be emitted from different
electronic states of P3HT film. Brown et al. reported that the
emission bands can be assigned to the sum of two different
Franck−Condon series, probably coming from interchain and
intrachain interactions.53 Even so, it is likely that the G1 and
G2 bands result from the exciton located near the interface and
exciton located insider P3HT, respectively. The low-energy
trap states of aggregated and amorphous forms of P3HT may
correspond to these emitting states of G1 and G2. Spano and
Silva suggested that features of PL spectra of P3HT can be
explained in terms of weakly coupled H-aggregates of P3HT
polymer chains.54 Therefore, G1 and G2 bands may be emitted
from a single state corresponding to the H-aggregates of
P3HT. However, the facts that the ratio between G1 and G2 is
different between samples I and II and that there is the
difference in the field-induced change in the PL intensity
suggest that the G1 and G2 bands are related to two different
emitting states.
The spectral shapes of the E-PL spectra corresponding to G1

and G2 are similar to those of the PL spectra. In fact, the E-PL
spectra could be simulated well only by the sum of the zeroth
derivative components of these PL bands of G1 and G2. In
both samples I and II, the integrated intensities of the E-PL
spectra are positive, showing that the PL quantum yield
increases in the presence of F. It is noted that the magnitude of

ΔIPL/IPL is proportional to the square of the applied field
strength, as shown in Figure 5. This result is consistent with
the expectation that we must observe the second-order field
effect on the PL intensity if we detect the signal at the second
harmonic of the modulation frequency of the applied electric
field.
The magnitudes of the field-induced change in the PL

quantum yield for these two Gaussian PL bands were evaluated
from ΔIPL/IPL. The results are shown in Table 1, together with

the intensity ratio between the G1 and G2 bands. PL intensity
changes by 2−5% with a field strength of 0.3 MV cm−1,
indicating that the PL quantum yield increases by 2−5% in the
presence of 0.3 MV cm−1 in these samples, as the quadratic
field effect. Here, we have to note that photobleaching of PL
occurs during the measurements of PL and E-PL spectra and
that photobleaching is a little more efficient for the G2 band,
which is located in the higher wavenumber region, than that
for the G1 band. However, there is no doubt that the ratio
between ΔIPL and IPL shown in Table 1 is reliable for both G1
and G2, since both PL and E-PL spectra were measured
simultaneously in the present experiments.
E-PL spectra were also observed at the first harmonic of the

modulation frequency; E-PL spectra were measured under two
different directions of F, where positive electrode was
connected to FTO and negative electrode was connected to
silver, hereafter called positive field direction (Figure 1), and
positive electrode was connected to silver and negative
electrode was connected to FTO, called negative field direction
(Figure 1). The results which are shown in Figures 6 and 7 for
sample I and sample II, respectively, clearly show that the
effect of F on the PL depends on the direction of F. In the
positive field direction, the intensity of the E-PL spectrum was
positive (Figures 6b and 7b), indicating the field-induced
increase of the quantum yield of PL for both G1 and G2. In the
negative field direction, on the contrary, the intensity of the E-
PL spectrum is negative (Figures 6e and 7e), indicating the
field-induced decrease of the quantum yield of PL for both G1
and G2. The magnitude of ΔIPL/IPL shows a linear field
strength dependence (see Figures 6c,f and 7c,f), which
confirms the linear field effect on PL. The coefficients of the
zeroth derivative component, i.e., the values of ΔIPL/IPL for the
G1 and G2 bands, are summarized in Table 2.
There is a difference in magnitude of ΔIPL/IPL between G1

and G2 (see Figures 6 and 7 and Tables 1 and 2), indicating
that electric field effects on photoexcitation dynamics at the
emitting states of these two bands are different from each
other. The PL lifetimes monitored at these two bands are also

Table 1. ΔIPL/IPL for G1 and G2 of Samples I and II
Determined from the E-PL Spectra Observed at the Second
Harmonic of the Modulation Frequency of F and PL
Spectra Observed Simultaneouslya,b

ΔIPL/IPL
IPL(G1)/IPL(G2) G1 band G2 band

sample I 0.352 0.040 0.024
sample II 1.21 0.046 0.028

aThe applied field strength was 0.3 MVcm−1. Note that ΔIPL is
proportional to the square of the magnitude of F. The ratio of the
intensity between G1 and G2 which was obtained from the ratio of
the peak intensity of the PL spectrum is also shown. bIPL is the PL
intensity. ΔIPL is the field-induced change in IPL.
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different from each other, as shown later. These results indicate
that the emitting states, from which the relaxation to the
ground state occurs, are not a sole electronic state.
As the origin of the electric field effects on the PL intensity,

that is, on the PL quantum yield, two possibilities can be
pointed out: (1) field-induced change in the yield of
population of the PL emitting state from the photoexcited
Franck−Condon state; (2) field-induced change in radiative
decay rate and/or nonradiative decay rate at the PL emitting
state. Field-induced increase (decrease) of the population of
the PL emitting state results in the increase (decrease) of the
PL intensity. Field-induced decrease (increase) of nonradiative
decay rate or field-induced increase (decrease) of the radiative
decay rate also results in the increase (decrease) of the PL
intensity. Understanding of detailed mechanisms is difficult
solely from the steady-state measurements of the E-PL spectra.
Hence, measurements of the field-induced change in PL decay
profile were carried out.
Field-Induced Change in the PL Decay Profile. In

order to examine the origin of the field-induced change in the
PL intensity (emission quantum yield), we compared the PL
decay profiles of P3HT observed in the absence and presence
of F (0.3 MV cm−1). The results are shown in Figures 8−11
and Figures S5−S8 of the SI for samples I and II. The PL
decay curves were monitored at 640 and 705 nm, which
corresponds to the intensity maxima for G2 and G1,
respectively, with excitation at 450 nm. As explained in the
SI (Figure S3), four memory segments of the multichannel
analyzer store the fluorescence decay curves which correspond
to the applied fields of +0.3, 0, −0.3, and 0 MV cm−1,

respectively. Hereafter, these decay curves are called CH1,
CH2, CH3, and CH4, respectively. We simulated the decay
curves at 0.3 MV cm−1 [I(t)ON] and at zero field [I(t)OFF]; that
is, I(t)ON = CH1 + CH3, and I(t)OFF = CH2 + CH4. Note that
the decay profiles which correspond to I(t)ON, I(t)OFF, I(t)ON I(t)OFF, and I(t)ON/I(t)OFF, respectively, are shown in
Figures 8 and 9. I(t)ON gives the decay including only the
quadratic field effect, since the linear filed effect which shows
the opposite field-direction dependence is canceled to each
other by adding CH1 and CH3, while I(t)OFF gives the decay
at zero field.
Decay profiles of I(t)ON and I(t)OFF were simulated by

assuming a triexponential decay, that is, ∑i=1
3 Ai exp(−t/τi),

where τi is the lifetime and Ai is the pre-exponential factor of
the ith component. The difference in τi and Ai between the
values in the presence and absence of F is very small, but we
could determine these parameters by simultaneously simulat-
ing the difference (I(t)ON − I(t)OFF) and the ratio (I(t)ON/
I(t)OFF) profiles, together with I(t)OFF. The results are given in
Table S1 of the SI. The difference of I(t)ON − I(t)OFF
corresponds to the time-resolved decay of E-PL signals taken
at the second harmonic of the modulation frequency.
The average lifetimes (τave) given by τave = ∑i=1

3 Aiτi/∑i=1
3 Ai

obtained from I(t)ON and I(t)OFF are also shown in Table S1.
The lifetime becomes longer in the presence of F at both bands
G1 and G2 in both of the samples. The difference between
decay profiles observed with F and at zero field is always
positive (Figures 8 and 9), indicating that the PL intensity is
enhanced by F. This result is consistent with the steady-state
E-PL spectra taken at the second harmonic of the modulation

Figure 6. (a, d) PL spectra of sample I and its decomposition to the bands G1 and G2 having a Gaussian profile. (b, e) E-PL spectra observed with
the first harmonic of the modulation frequency of the applied field having a strength of 0.3 MV cm−1 with positive direction (b) and negative
direction (e) and the simulated E-PL spectra (red dotted line) as a sum of the G1 and G2 band. (c, f) Plots of ΔIPL/IPL as a function of the applied
electric field strength. In the plots, the maximum intensity of G1 of the E-PL spectra was monitored. PL and E-PL spectra were simultaneously
measured. The spectra observed with a field having the negative direction was measured following the measurements with a field having the positive
direction.
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frequency of F, where the field-induced increase of the PL
intensity was observed (Figure 5). The magnitude of the pre-
exponential factor Ai corresponds to the population of the
emitting state. The ratio of Ai at 0.3 MV cm−1 to that at zero
field is very close to unity at t = 0 for both G1 and G2 (Figures
8d,h and 9d,h), showing that the initial population of the
emitting state is unaffected by F, in the quadratic field effect.
On the other hand, the ratio becomes larger with increasing
time, t, in both samples, indicating that the average lifetime
becomes longer in the presence of F (Table S1). The field-
induced increase of PL lifetime observed at the second
harmonic of the modulation frequency leads to a conclusion
that the enhancement of PL intensity induced as the quadratic
field effect is due to the field-induced de-enhancement of
nonradiative relaxation process at the emitting state of PL in

both of the samples. As mentioned already, field-induced
change in the zeroth derivative component, i.e., Aχ in eq 1 is as
small as the order of 10−5. Note that the magnitude of E-PL
was in the order of 10−2 (see Table 1), which is 3 orders of
magnitude larger than that of Aχ, indicating that the field-
induced change in radiative decay rate at the PL emitting state
is negligibly small.
The analyses described above were done for I(t)ON = CH1 +

CH3 and I(t)OFF = CH2 + CH4. These analyses reveal the
electric field effects on the decay processes that are averaged
over the different field directions on the P3HT film. By
measuring the E-PL spectra at the fundamental frequency of
the modulating applied electric field, we observed a marked
difference between the E-PL spectra taken at the opposite field
directions, as shown in Figures 6 and 7. Further information,
i.e., electric field effects on the decay dynamics under the
opposite field directions, can be obtained by analyzing the
decay curves of CH1 and CH3 separately. As already
mentioned, the decay profiles observed in the presence of F
of +0.3, −0.3, and 0 MV cm−1 correspond to CH1, CH3, and
(CH2 + CH4)/2, respectively. The ratio between the decay
profile stored in CH2 and that in CH4, both of which are
considered to have been taken in the absence of F, was unity
over the full decay (see Figures S9 and S10 of the SI),
indicating the reliability both of the operation of the
instruments and of the analysis. Then, PL decay profiles of
(CH2 + CH4)/2 can be regarded as the average decay profile
at zero field without any doubt.
The decay profiles of CH1 and CH3 observed for sample I

monitored at 640 and 705 nm and the simulated ones are

Figure 7. (a, d) PL spectra of sample II and its decomposition to the bands G1 and G2 having a Gaussian profile. (b, e) E-PL spectra observed with
the first harmonic of the modulation frequency of the applied field having a strength of 0.3 MV cm−1 with a positive direction (b) and negative
direction (e) and the simulated E-PL spectra (red dotted line) as a sum of the G1 and G2 bands. (c, f) Plots of ΔIPL/IPL as a function of the applied
electric field strength. In the plots, the maximum intensity of G1 of the E-PL spectra was monitored. PL and E-PL spectra were simultaneously
measured. The spectra observed with a field having the negative direction was measured following the measurements with a field having the positive
direction.

Table 2. ΔIPL/IPL for G1 and G2 of Samples I and II
Determined from the E-PL Spectra Observed at the First
Harmonic of the Modulation Frequency of F and the PL
Spectra Observed Simultaneouslya

F = +0.3 MV cm−1 F = −0.3 MV cm−1

G1 band G2 band G1 band G2 band

sample I 0.10 0.08 − 0.08 − 0.06
sample II 0.12 0.07 − 0.09 − 0.05

aThe applied field strength was 0.3 MV cm−1. The positive and
negative signs in the field strength represent the field direction; i.e.,
the positive and negative signs correspond to the positive and negative
directions, respectively. See the text for details. Note that ΔIPL is
linearly proportional to the strength of the applied electric field.
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shown in Figures S5 and 6 of the SI. Similar results were
observed for sample II, as shown in Figures S7 and S8 of the
SI. In these figures, the difference and ratio between the decay
profile of CH1 or CH3 and (CH2 + CH4)/2 are also shown.
The lifetime and pre-exponential factor for each decaying
component of the decays obtained with a field strength of +0.3
MV cm−1 (CH1), 0 [(CH2 + CH4)/2], and −0.3 MV cm−1

(CH3) were determined from the simulation of the observed
decay profiles, their difference and ratio (see Table S2 of SI).
CH1 and CH3 involve both the linear and quadratic field
effects on decay profiles, while CH1 + CH3 shows only the
quadratic field effect because the linear field effect gets
balanced out. Therefore, CH1 − (CH1 + CH3)/2 (resulting
in (CH1 − CH3)/2)) and CH3 − (CH1 + CH3)/2 (resulting
in (CH3 − CH1)/2)) involve only the linear field effect
because the quadratic field effect is subtracted. In order to
extract the linear field effect from the observed decay profiles,
therefore, (CH1 − CH3)/2 as well as [(CH1 − CH3)/2]/
[(CH2 + CH4)/2] and [(CH3 − CH1)/2]/[(CH2 + CH4)/
2] were obtained for G1 and G2 of both of the samples. The
results are shown in Figures 10 and 11 for samples I and II,
respectively.
As shown in Figures S5b, S6b, S7b, and S8b of the SI, the

difference between the decay profiles at +0.3 MV cm−1 and at
zero field, i.e., [CH1 − (CH2 + CH4)/2] was positive. These

results indicate the field-induced enhancement of PL intensity
with the positive field direction, as the linear field effect, which
is consistent with the E-PL spectrum observed at the first
harmonic of the modulation frequency of F having the positive
direction (Figures 6b and 7b). When the direction of the
electric field was reversed, the difference between the decay
profiles at −0.3 MV cm−1 and the zero field, i.e., [CH3 −
(CH2 + CH4)/2] was negative in the whole time region (see
Figures S5e, S6e, S7e, and S8e of the SI), indicating the field-
induced quenching of PL with the negative field direction, as a
linear field effect. This is also consistent with the E-PL
spectrum observed at the first harmonic of the modulation
frequency of F having the negative direction (Figures 6e and
7e).
As shown in Table S2, the sum of the pre-exponential

factors, i.e., ∑i=1
3 Ai, at +0.3 MV cm−1 is a little larger than that

at zero field for G2 in both samples I and II. On the other
hand, this value at −0.3 MV cm−1 is a little smaller than that at
zero field for G2 in both samples. These results show that the
sum of the pre-exponential factors of decaying components of
G2 becomes larger and smaller with the applied electric field,
respectively, depending on the applied field direction. In other
words, the population of the PL emitting state of the G2 band
following photoexcitation increases and decreases, respectively,
as the external electric field is applied in the positive and

Figure 8. PL decay profiles of sample I. (a, e) Decay profile observed at 0.3 MV cm−1 (black line), simulated curve (red line), and instrument
response function (green), (b, f) decay profile observed at zero field (black line), simulated curve (red line), and instrument response function
(green), (c, g) difference between the two decay profiles at zero field and at 0.3 MVcm−1, i.e., I(t)ON − I(t)OFF (black line) and simulated curve
(red line), and (d, h) ratio between the two decay profiles, i.e., I(t)ON/I(t)OFF (black line) and simulated curve (red line). The results in the left and
right columns were obtained, respectively, by monitoring PL at 640 and 705 nm. The decay at zero field was obtained from CH2 + CH4, while the
decay at 0.3 MV cm−1 was obtained from CH1 + CH3. See the text for the detail.
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negative directions. In the decay profiles, the ratio of CH1/
(CH2 + CH4)/2 at t = 0 is larger than unity for G2 (Figures
S5c and S7c of the SI), and CH1 − CH3 for G2 shows a
nonzero positive value at t = 0 (see Figures 10c and 11c). On
the other hand, the ratio of CH3/(CH2 + CH4)/2 at t = 0 is
smaller than unity (Figures S5f and S7f of the SI), and CH3 −
CH1 shows nonzero negative value at t = 0 for G2 (Figures
10d and 11d). Thus, it is clearly known that the population of
the PL emitting state of G2 is affected by F, as the linear field
effect. Regarding the emitting state of G1, CH1/(CH2 +
CH4)/2 and CH3/(CH2 + CH4)/2 are nearly unity at t = 0
(Figures S6c,f and S8c,f of the SI), and CH1 − CH3 is nearly
zero at t = 0 (Figures 10g,h and 11g,h), indicating that the
population of the emitting state of G1 following photo-
excitation is not affected by applied electric fields in both
samples, in contrast with G2.
Field-induced change in PL lifetime caused by the linear

field effect can be also confirmed. The time profiles of (CH1 −
CH3)/(CH2 + CH4) and (CH3 − CH1)/(CH2 + CH4) of
sample I given in Figure 10c,d for G2 and Figure 10g,h for G1
show monotonic increases and decreases, respectively, as a
function of time. These results clearly show that PL lifetime
increases and decreases, respectively, for both G1 and G2 with
application of F in the positive and negative directions, as a
linear field effect. The same results were obtained for sample II,
as shown in panels c,d and g,h of Figure 11. Thus, both the

lifetime and pre-exponential factor of PL decays are affected by
F in the G2 band, and only the lifetime is affected by F in the
G1 band, as a linear field effect. We can then recognize the
anisotropy in the field-induced change in decay parameters,
which depend on the field direction.

■ DISCUSSION

The observed PL can be assigned to the fluorescence of P3HT,
so the field effect on PL can be attributed to the field effects on
the photochemical processes taking place in the P3HT film
including the interfacial process, not on the dynamics of Sb2S3
film or mp-TiO2 film.
The experimental results described in the previous section

are summarized as follows: (1) As the quadratic electric field
effect on PL, emission quantum yield (QY) increases in the
presence of F for both G1 and G2. (2) As the linear field effect
on PL, QY of PL increases and decreases in the presence of F
with the positive and negative directions, respectively. (3)
Lifetime elongation of the PL emitting state is the main cause
of the quadratic field effect on PL intensity, that is, field-
induced increase of the PL intensity. (4) Initial PL intensity
following photoexcitation does not show the quadratic field
effect, indicating the non-existence of the quadratic field effect
in population of the PL emitting state following photo-
excitation for both G1 and G2. (5) Time-resolved PL intensity
of G2 at t = 0 increases and decreases with the positive and

Figure 9. PL decay profiles of sample II. (a, e) Decay profile observed at 0.3 MV cm−1 (black line), simulated curve (red line), and instrument
response function (green), (b, f) decay profile observed at zero field (black line), simulated curve (red line), and instrument response function
(green), (c, g) difference between the two decay profiles at zero field and at 0.3 MVcm−1, i.e., I(t)ON − I(t)OFF (black line) and simulated curve
(red line), and (d, h) ratio between the two decay profiles, i.e., I(t)ON/I(t)OFF (black line) and simulated curve (red line). The results in the left and
right columns were obtained, respectively, by monitoring PL at 640 and 705 nm. The decay at zero field was obtained from CH2 + CH4, while the
decay at 0.3 MV cm−1 was obtained from CH1 + CH3. See the text for the detail.
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negative field directions, respectively, as the linear field effect.
These field effects can be attributed to the field-induced
increase and decrease in the population of the PL emitting
state of G2 following photoexcitation. (6) In contrast with G2,
the population of the emitting state of G1 is not affected by
applied electric field even as a linear field effect. (7) PL lifetime
becomes longer and shorter with the positive and negative field
directions, respectively, as the linear field effect, in both G1 and
G2 for both samples I and II.
The relaxation pathway following photoexcitation is

schematically shown in Figure 12. Here, we consider two
kinds of exciton states of P3HT: one is bound electron−hole
pairs produced following photoexcitation, which corresponds
to the Franck−Condon state and presently is called “hot
exciton”; another is the state relaxed from hot exciton, which is
called just “exciton”.55 The latter exciton may be also
considered a kind of electron−hole pair. PL is considered to
be emitted by the radiative recombination of electron−hole
pairs, i.e., from exciton. Thus, the relaxation dynamics at the
exciton includes radiative and nonradiative recombination
processes of the charges, which are deactivation processes to
the ground state. Another pathway is charge separation from
hot excitons, which competes with the relaxation to the exciton
(PL emitting state). It is considered that free electrons and
holes are generated not only from hot exciton but also from
the PL state (exciton) as a result of exciton dissociation. Since
the PL emitting state is different from the photoexcited state,
field-induced change of the pre-exponential factor at t = 0 is
attributed to the field-induced change in population of the PL

emitting state resulting from hot excitons. The increase of the
PL lifetime observed as the quadratic field effect also suggests
that the rate constant of the nonradiative process at the PL
emitting states of both samples I and II decreases in the
presence of F.
The average lifetime at zero field was 58 and 48 ps at 640

and 705 nm for mp-TiO2/P3HT/PMMA, respectively, while
the sample of mp-TiO2/Sb2S3/P3HT/PMMA shows longer
lifetimes of 62 and 76 ps, respectively (see Table S1 of the SI).
There is a remarkable difference in PL lifetime especially at
705 nm (G1). Then, it is likely that photoluminescence comes
not only from chromophores which are not in contact with an
inorganic semiconductor but also from chromophores
contacted with an inorganic semiconductor. We could observe
the different electric field effects between the two emitting
states (G1 and G2) which exist both in sample I and sample II.
It is interesting to note that the intensity ratio between these
different PL components depends on the interface with which
P3HT makes contacts. As shown in the model in Figure 12,
charge transfer of P3HT is considered to occur both from the
photoexcited state (hot exciton) and from the relaxed state
(exciton). Then, it should be stressed that the present results
clearly indicate that hot exciton states of these two PL
components show different behavior in dynamics as well as in
electric field effect, i.e., both in charge transfer which competes
with the relaxation to the cold exciton state and in its electric
field effect, depending on the interface of P3HT.
As the quadratic field effect, both emissions of G1 and G2

show a similar behavior; PL quantum yield increases and

Figure 10. PL decay profiles of sample I monitored at 640 nm (left, a−d) and at 705 nm (right, e−h) and its field effect with 0.3 MV cm−1 where
quadratic field effect is subtracted. (a, e) Decay profiles of (CH2 + CH4)/2 (decay at zero field), (b, f) decay profiles of (CH1 − CH3)/2, (c, g)
decay profiles of (CH1 − CH3)/(CH2 + CH4) observed with positive field direction, and (d, h) decay profiles of (CH3 − CH1)/(CH2 + CH4)
observed with negative field direction.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b01171
ACS Appl. Energy Mater. 2018, 1, 6136−6151

6146

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01171/suppl_file/ae8b01171_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b01171


lifetime becomes longer in the presence of F, but no effect on
initial population of the emitting state. As a linear field effect,
on the other hand, G1 and G2 show different field effects from
each other; the initial population of the emitting state of G2
increases and decreases in the presence of F with the positive
and negative directions, respectively, whereas the initial
population of G1 is not affected by application of electric
field. Thus, the population of the emitting state is affected by
electric field only for G2. These results indicate that the
emitting states of G1 and G2 are generated from different hot
exciton states from each other.
The fact that the G1 band is very different from the PL

spectrum of P3HT in solution and that the G1 band is quite
strong in sample II may indicate that the G1 band results from

the hot excitons which are generated near the interface and
strongly influenced by the materials contacting to P3HT,
especially by the Sb2S3 film. The fact that the population of the
emitting state of G1 is not affected by F may suggest that the
dissociation of the hot excitons near the interface resulting in
the production of free electrons and holes is inefficient
probably because the relaxation of these hot excitons to the G1
emitting state is extremely fast. The efficient solar cell having a
Sb2S3 layer may be related to the presence of the G1 emission
which shows a longer PL lifetime, that is, a slow nonradiative
process in the emitting state of the G1 band.28 The binding
energy of the exciton at the G1 emitting state may be much
smaller than that at the G2 emitting state.
In contrast with the quadratic field effect, linear field effect

which shows anisotropic behavior seems to give information
about the interfacial problem. The energy level diagram of the
multilayer films used in this work is shown in Figure S1 of the
SI.26,56−58 The PMMA layer is regarded as the hole blocking
layer, because the level of the valence band is quite low. In
order to explain the anisotropic behavior of the electric field
effects on PL as well as carrier dynamics, the presence of an
internal field may have to be considered in P3HT. The P3HT
films show different fluorescence lifetimes from each other
even at zero applied field in samples I and II, as shown in
Tables S1 and S2 of the SI. In general, the built-in potential
exists at the interface of different materials due to the
difference of the Fermi energy level. The experimental
verification of the internal field has also been reported for
many multilayer film devices including P3HT−fullerene bulk

Figure 11. PL decay profiles of sample II monitored at 640 nm (left, a−d) and at 705 nm (right, e−h) and its field effect with 0.3 MV cm−1 where
quadratic field effect is subtracted. (a, e) Decay profiles of (CH2 + CH4)/2 (decay at zero field), (b, f) decay profiles of (CH1 − CH3)/2, (c, g)
decay profiles of (CH1 − CH3)/(CH2 + CH4) observed with positive field direction, and (d, h) decay profiles of (CH3 − CH1)/(CH2 + CH4)
observed with negative field direction.

Figure 12. Schematic drawing of the relaxation pathway in P3HT
films. The rate constants are indicated as k1 and so on.
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heterojunction photovoltaic cells.59−61 We also observed the
anisotropy in the carrier dynamics of ammonium lead halide
perovskite semiconductor that arises from the internal field due
to the built-in potential.34

The actual electric fields that are present in the P3HT film
are given by the sum of the externally applied electric field and
the internal electric field, if it exists. The internal field may
point to the negative direction that is defined in Figure 1 and
Figure S1 of the SI. The schematic illustration of the variation
of the total electric fields which result from the different
external field directions is given in Figure 13. The carrier
dynamics may be affected by the internal electric field itself
even when the external electric field is zero; dissociation of hot
excitons (electron−hole pairs) produced following photo-
excitation inside P3HT may be enhanced by internal fields. In
the presence of F with the positive and negative directions, the
total electric fields are considered to be weaker and stronger,
respectively, than the internal electric field owing to the vector
nature of the electric fields. To discuss the linear field effect on
PL as well as on dynamics, therefore, the total electric field
which depends on applied field direction may have to be taken
into account.
We can explain the observed field-induced change in PL by

the model shown in Figure 13. First, dissociation of hot
excitons produced in the P3HT film, which competes with the
relaxation to the emitting state of G2, is considered to be
enhanced by electric fields. In fact, the separation to free
electron and hole from exciton states is known to be promoted
in the presence of the bias voltage in π-conjugated
polymers.30,46 The generation of free carriers from the hot
excitons (denoted by k2 in Figure 12) competes with the
relaxation to the emitting state (denoted by k1). Therefore, the
decrease of the population of the emitting state is expected
with the increase of the strength of the total electric field. In
fact, initial population of the emitting state of G2 changes in
the presence of F; increase or decrease of the population is
induced by F having the positive or negative direction,
respectively (Table S2). This result is consistently explained by
the change in the yield of the dissociation of hot excitons into
free carriers, which results from the change in strength of the
total electric fields (Figure 13).
Field-induced elongation of the lifetime was confirmed not

only as the quadratic field effect but also as the linear effect
with the positive field direction. As already mentioned, the
decay process from the emitting state can be divided into the
radiative and nonradiative transitions. The E-A spectra show
that the radiative rate constant to produce the fluorescence (k4
in Figure 12) is little changed by F. The fluorescence lifetime
of the emitting state gets shortened (lengthened) with the
increase (decrease) of the nonradiative rate constant. The

emitting state has a character of the charge separated state
(electron−hole pair), so the nonradiative transition at the
emitting state may be regarded as a kind of back-electron-
transfer process. As shown in our previous work, photoinduced
electron transfer as well as back-electron-transfer process is
affected by electric field.52,62,63 Then, it is likely that the
observed field-induced change of the nonradiative decay (k5 in
Figure 12) from the emitting state in P3HT is related to the
field-induced change in the back-electron-transfer process. We
can explain the observations by assuming that the back-
electron-transfer reaction is more enhanced by application of
electric fields as a linear field effect. Even at zero external field,
there is the effect of the internal electric field on the
nonradiative transition rate constant k5. When the external
electric field F pointing to the positive direction is applied to
the P3HT film, the strength of the total electric field becomes
weaker than that of the internal electric field. Under this
weaker field strength, the nonradiative rate constant k5
becomes smaller, which results in the elongation of the
fluorescence lifetime as well as in the increase of the
population of the G2 emitting state, in comparison with that
at zero external field. When the direction of the F is reversed,
the strength of the total electric field becomes stronger,
resulting in the shortening of the fluorescence lifetime for both
G1 and G2 as well as the decrease of the population of the
emitting state of G2, as the linear field effect. As mentioned
above, it is likely that hot excitons produced near the interface
between P3HT and TiO2 or Sb2S3 relax to the G1 emitting
state very efficiently, so the field effect on the population of the
G1 emitting state is considered to be negligible. The
fluorescence lifetime of the G1 emitting state shows an electric
field effect similar to the one of the G2 emitting state. In
contrast with the linear field effect, it is likely that the quadratic
field effect induces the depression of the nonradiative rate at
the PL emitting state for both G1 and G2.

■ CONCLUSION

External electric field effects on absorption and photo-
luminescence spectra, PL decays, and photoinduced dynamics
of P3HT have been examined in multilayer films with
heterojunction with TiO2 or Sb2S3. The layered structures of
the devices used in the present study were FTO/mp-TiO2/
P3HT/PMMA/Ag (sample I) and FTO/mp-TiO2/Sb2S3/
P3HT/PMMA/Ag (sample II). The electroabsorption spectra
of P3HT observed in these samples are similar, and the
magnitude of the change in electric dipole moment following
absorption (Δμ), which is characterized as a degree of the
charge-transfer character in the Franck−Condon photoexcited
state, was determined. The change in transition dipole moment

Figure 13. Schematic illustration of the variation of the total electric fields which result from the combination of the external electric fields with
different directions and the internal electric fields. Both the extent of the exciton dissociation and the fluorescence lifetime of the emitting state are
altered depending on the strength of the total electric field.
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induced by externally applied electric field (F) was shown to
be negligibly small.
The steady-state electrophotoluminescence spectra of the

P3HT film were also measured both at the first harmonic and
at the second harmonic of the modulation frequency of F.
Field-induced increase both in intensity (quantum yield) and
in lifetime observed at the second harmonic signal for both of
the G1 and G2 bands indicate that the nonradiative decay rate
at the PL emitting state is decelerated by application of electric
field, as the quadratic field effect. Based on the measurements
of the field-direction dependence of the E-PL spectra and
decays, PL was shown to be enhanced by F with the positive
direction for both G1 and G2, where positive electrode was
connected to FTO and negative electrode was connected to
silver. When the direction of F was reversed, field-induced PL
quenching was observed, as a linear field effect.
PL decay profiles of P3HT were simulated by assuming a

triexponential decay. The field-induced change both in the
lifetime and in the pre-exponential factor of each decay
component was determined. The increase of the PL intensity
induced by the positive F mainly originates from the de-
enhancement of the nonradiative decay process at the emitting
state of P3HT for both G1 and G2. An increase of the
population of the PL emitting state is also induced by F for G2.
The field-induced quenching of PL of P3HT observed with the
negative field direction was attributed to the field-induced
enhancement of nonradiative decay rate at the emitting states
of G1 and G2. Further, the field-induced decrease in
population of the emitting state was observed for G2 emission
with the negative field direction. The population of the
emitting state of G1 was not affected by application of F. The
emitting state of G1 may exist near the interface between
P3HT and Sb2S3 or TiO2, and the relaxation of hot excitons
produced near the interface to the G1 emitting state seems to
be so fast that the population of the emitting state of G1 may
be not affected by application of electric field, in contrast with
the G2 emission.
It is proposed that internal electric field exists in the P3HT

layer, and the field-direction dependence on intensity and
lifetime of PL may result from the synergy effect of external
electric field and internal electric field. Depending on the
direction of the F, the strength of the total electric field that is
given by the sum of the F and the internal electric field also
varies. The present results suggest that the strength of the total
electric field increased and decreased, respectively, when F was
applied in the negative direction and positive direction.
Applied electric fields also induce the PL lifetime lengthening
as a result of quadratic field effect, resulting from the field-
induced depression of the nonradiative rate at the PL emitting
state. The dissociation of hot excitons (electron−hole pairs)
produced by photoexcitation is considered to be enhanced by
electric field, resulting in the field-induced decrease of the
population of the PL emitting state as well as field-induced
quenching of PL. Then, it is considered that increase and
decrease of the total electric field induce the enhancement and
depression of the dissociation as well as the quenching and
enhancement of PL by applied electric fields having the
opposite field directions, respectively.
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(2) Günes, S.; Neugebauer, H.; Sariciftci, N. S. Conjugated Polymer-
Based Organic Solar Cells. Chem. Rev. 2007, 107, 1324−1338.
(3) Cheng, Y.-J.; Yang, S.-H.; Hsu, C.-S. Synthesis of Conjugated
Polymers for Organic Solar Cell Applications. Chem. Rev. 2009, 109,
5868−5923.
(4) Kang, H.; Lee, W.; Oh, J.; Kim, T.; Lee, C.; Kim, B. J. From
Fullerene−Polymer to All-Polymer Solar Cells: The Importance of
Molecular Packing, Orientation, and Morphology Control. Acc. Chem.
Res. 2016, 49, 2424−2434.
(5) Kaloni, T. P.; Giesbrecht, P. K.; Schreckenbach, G.; Freund, M.
S. Polythiophene: From Fundamental Perspectives to Applications.
Chem. Mater. 2017, 29, 10248−10283.
(6) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J.
Polymer Photovoltaic Cells: Enhanced Efficiencies via a Network of
Internal Donor-Acceptor Heterojunctions. Science 1995, 270, 1789−
1791.
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B.; Peŕe,́ D.; Cieren, X.; Nagino, M.; Bayoń, R. Nanostructured
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