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Abstract

Steady-state and time-resolved photoluminescence (PL) and electro-

photoluminescence (E-PL) have been recorded for bulk heterojunction sam-

ples of thin films of regio-regular poly(3-hexylthiophene) (P3HT) and methyl

[6,6]-phenyl-C61-butanoate (PCBM). The PL spectra of the bulk hetero-

junction samples showed a monotonic decrease of PL quantum yield with

increased PCBM content in the film. The PL decay was measured with both a

femtosecond up-conversion technique and a time-correlated single-photon-

counting technique. The mechanism of PL quenching deviated from a simple

Stern-Volmer equation, explained in terms of an apparent static quenching

with a sphere-of-action model and dynamic quenching. With increased content

of PCBM, the static quenching played a dominant role. Upon application of an

electric field, the E-PL spectra of both P3HT and bulk heterojunction samples

showed an enhanced quantum yield and incremented lifetime of PL of P3HT.

The long-range electron transfer from P3HT to PCBM was retarded upon

application of an electric field; the field-induced change increased with

increasing PCBM content.
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1 | INTRODUCTION

Polymer-based organic solar cells with π-conjugation are
at the forefront of organic photovoltaic research; the effi-
ciencies of their photon conversion (PCE) attain 18%
after the advent of non-fullerene-based acceptors.[1–5]

The advantages of polymeric solar cells are their low cost,
flexibility, designability, and slight toxicity, unlike Si-
based solar cells.[1–5] A small current density and a fill
factor are two challenging issues that prevent the PCE of
polymeric solar cells from surpassing the theoretical
limit, 20%.[1–5] To improve their device performances a
thorough understanding of the mechanism of operation
of the polymeric solar cell devices is necessary. As the

diffusion length of excitons in the conjugated polymers is
of order a few nanometers, polymeric solar cells are con-
ventionally prepared in the form of bulk heterojunction
architectures on mixing poly(3-hexylthiophene) (P3HT)
and methyl [6,6]-phenyl-C61-butanoate (PCBM)[6,7]; an
interfacial contact with an acceptor having a large elec-
tron mobility is thus necessary to harvest the generated
excitons before recombination.[7] P3HT:PCBM bulk het-
erojunction samples are generally a poor choice for solar
cells, but they are highly preferable for fundamental stud-
ies because much photophysical investigation has been
performed using both steady-state and transient optical
techniques such as ultraviolet (UV)–vis absorption,
photoluminescence (PL), ultrarapid transient absorption
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(vis-IR), fluorescence up-conversion and time-domain
Raman spectra to understand their mode of opera-
tion.[8–24]

In a mixture of P3HT with PCBM, the absorption
spectra of P3HT typically show a blue shift, broadening,
and a poor absorption intensity when blend morphol-
ogies are ununiform or the conjugation length of crystal-
line P3HT molecules is disturbed.[5,14–16] PL quenching
occurs similarly with an increased proportion of PCBM
molecules.[12–14,17,18] The mechanism of this quenching
was explained with a dynamic and apparently static
quenching model.[12,13,18–21] The dynamic quenching
model was strengthened from the PL decay measure-
ments; Förster-type energy transfer was proposed to exist
between P3HT and PCBM molecules.[18–21] Transient
absorption spectra indicate a formation of excitons,
charge-transfer states, polarons and their subsequent
recombination dynamics of samples of mixtures.[8–10,22]

Near-IR-excited transient inverse Raman spectra revealed
that 70% of P3HT molecules form interfaces with PCBM
molecules in 1:1 mixtures.[11]

An electric field plays a prominent role in the yield
of primary charge carriers by altering photochemical
paths that lead to charge-separated states across the
interfaces between donors and acceptors in bulk het-
erojunction samples. It is thus necessary to know the
effects of an electric field on the structure and dynam-
ics of transient species such as an exciton, a radical-ion
pair, and a charge-separated state. Steady-state PL
experiments performed under a static electric field and
a reverse bias show a quenching of fluorescence due to
enhanced charge-separated states in bulk hetero-
junctions of a polymer.[17,25] We showed that an exter-
nal electric field affects the fluorescence intensities of
locally excited states of isolated donors or acceptors,
and exciplexes, and thereby alters the rates of photoin-
duced electron transfer of methylene-linked com-
pounds of phenanthrene and N,N-dimethylaniline,
carbazole and methyl terephthalate, and push-pull-
type porphyrins in a poly(methyl methacrylate)
(PMMA) polymer film.[26–30] These studies of the effect
of an electric field on the fluorescence of push-pull por-
phyrins embedded in PMMA and sensitized on TiO2

revealed that quenching is efficient for sensitized films
on TiO2 because of a rapid injection of electrons into
TiO2.

[30] Electric-field effects on the fluorescence of
π-conjugated polymers such as poly[2-(phenyl)-3-(40-
(3,7-dimethyloctyloxy)phenyl)-1,4-phenylenevinylene-co-
2-(110-decylsulfanylundecanyloxy)-5-methoxy-1,4-phenylene
vinylene] (S3-PPV) and rr-P3HT were similarly exam-
ined.[31–34] Upon application of an electric field S3-PPV
showed an enhanced or quenched PL dependent on the
excitation wavelength.[31] The effects of electric field on

fluorescence for rr-P3HT were measured for various config-
urations, namely P3HT embedded in a PMMA polymer
matrix, junction structures of P3HT (FTO/TiO2/
Sb2S3/P3HT/PMMA/Ag, FTO/TiO2/P3HT/PMMA/Ag and
FTO/P3HT/PMMA/Ag). Non-radiative processes were
affected in those films, depending on the direction of
the applied field in P3HT films having a junction
structure,[32,34] but the effects of an electric field on the
dynamics of P3HT having a bulk heterojunction with elec-
tron acceptors were not studied. In the present work, we
investigated the effect of an external electric field on the PL
intensity and decay of P3HT:PCBM mixture films using
steady-state and time-resolved electrophotoluminescence
(E-PL). An applied electric field enhanced the steady-state
PL spectra of both pristine and mixture films. The transient
decay of these samples measured in the presence of an
applied electric field showed that long-lived excitonic states
were affected by the application of that electric field. The
field-induced change of electron transfer from P3HT to
PCBM depended on the PCBM concentration.

2 | RESULTS AND DISCUSSION

2.1 | Absorption and PL characteristics
of P3HT and P3HT:PCBM mixed films

Figure 1 shows absorption and PL spectra of P3HT, PCBM,
and their mixtures. The absorption spectrum of P3HT
shows a broad line with a maximum at 523 nm and a
shoulder at 605 nm, associated with the weakly interacting
H-aggregate states of the polymeric film[23,24]; hereafter,
these lines are denoted 0–1 and 0–0, respectively. The
absorption and PL maxima are consistent with the spectra
of P3HT thin films. The spectrum of PCBM has maximum
absorption at 338 nm with a broad tail spanning all visible
and near-infrared regions. The absorption associated with
P3HT composition decreased, whereas the absorption asso-
ciated with the PCBM concentration increased upon
increasing the ratio of PCBM content in the mixture films.
The absorption spectra of mixtures resembled that of the
pristine film until the percentage of PCBM by mass attained
50%. The 0–1 band of a PCBMmixture (50%) showed a blue
shift from 523 nm to 486 nm, whereas the maximum
corresponding to the PCBM molecule remained nearly
unchanged. This effect indicates that no complexes existed
between P3HT and PCBM, but the blue shift of the 0–1 line
of P3HT was associated with decreased crystalline order in
the polymeric chains of P3HT because of the presence of
PCBM molecules.[16]

As in the case of the absorption spectrum, the PL
spectrum of P3HT showed two emission lines, with max-
ima at 648 (G1) and 712 nm (G2), associated with weakly
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interacting H-aggregate states.[23,24] These emission max-
ima were blue-shifted in the mixture films. The shift of G1
and G2 bands, analogous to absorption, is associated with a
decreased conjugation length of P3HT chains in the pres-
ence of PCBM.[16] The PL intensity showed a significant
decrease even with a small proportion of PCBM, that is,
P3HT:PCBM = 10:1 (PCBM 9.1% mixture), and thereafter a
small but monotonic decrease occurred with further
increased PCBM content in the mixed films. The PL spectra
shown in Figure 1 were normalized to the absorption inten-
sity of the maximum at 523 nm to make corrections as the
increase of the PCBM proportion decreased the P3HT
absorption for a constant thickness of the sample film. As a
result, the decreased PL intensity in a mixed film shown in
Figure 1 should be understood as a quenching of the P3HT
fluorescence by PCBM molecules. An extended view of PL
spectra of P3HT:PCBM mixed films with varied ratios is
shown in Figure S1. Samples of pristine P3HT and P3HT:
PCBM = 1:1 (PCBM 50%) were examined to probe aggre-
gates with experiments involving the PL intensity and life-
time imaging. As Figure 1 shows, both pristine and mixture
samples showed no aggregates at micrometer level, even at
the largest PCBM proportion. An aggregation-induced
quenching of fluorescence can thus be excluded in these
samples.

2.2 | Mechanism of fluorescence
quenching in P3HT:PCBM mixture films

The mechanism of PL quenching is understandable in
terms of dynamic quenching and static quenching, even
though the steady-state absorption of the mixture samples
indicated no formation of a ground-state complex between

P3HT and PCBM molecules for static quenching to occur.
The PL decay profiles obtained at 650 nm on using femto-
second fluorescence up-conversion showed that both the PL
intensity immediately after irradiation and the PL lifetimes
depended on the mixing ratio between P3HT and PCBM
(see Figure 2). The transient kinetic data were fitted on
assuming a tri-exponential function; average lifetimes
were computed with an amplitude-average lifetime. The
fitted results appear in Tables S1. The assignments of
the three components are torsional relaxation, exciton
diffusion to low energy states (down-hill relaxation),
and exciton decay from lowest emitting state for pristine
P3HT sample,[32] while the sub-picosecond component
involves rapid injection of electron to PCBM in the case
of mixture samples. Figure 2a,b clearly indicates that
the change of lifetime followed the change of PL inten-
sity shown in Figure 1. Figure 2b shows an overlay of
PL intensity and average lifetime as a function of PCBM
concentration. Both steady-state PL intensity and life-
time of transient decay mutually correlated well, with
minor differences that translated into various quenching
scenarios, as revealed from the Stern-Volmer plots in
the inset of Figure 2c. The PL lifetimes show a linear
plot as a function of concentration of PCBM, as expected
in the Stern-Volmer relation; the model of dynamic
quenching presented in Equation (1) is applicable.[21,35]

τ0
τ
¼ 1þKq Q½ �� � ð1Þ

Here, τ0 and τ are average PL lifetimes of samples in
pristine P3HT and in a mixture, Kq is a collisional
quenching coefficient and Q½ � is the concentration of a
quencher, that is, PCBM.

(a) (b) (c)

(d) (e)

FIGURE 1 (a) UV–vis (left axis) and PL spectra (right axis) of pristine P3HT, PCBM and their mixtures. The proportion of PCBM in the

mixtures, that is, PCBM/(P3HT + PCBM), was varied between 9.1 and 50%. The thin-film samples were excited at 450 nm for PL

measurements. The fluorescence intensity and lifetime distribution images of P3HT (b and d) and P3HT:PCBM-50% (c and e) mixture films.

The images shown here represent an area 50 � 50 μm. The thickness of the film of samples for optical measurements was ~0.5 μm

142 NARRA ET AL.



Steady-state PL intensities show a curvature, which is
inexplicable based on a simple model of static or dynamic
quenching. An apparent quenching known as a sphere-
of-action model was hence used to fit the steady-state
Stern-Volmer plots with this Equation (2).[14,35]

I0F
IF

¼ 1þKD Q½ �ð Þexp Q½ �VN
1,000

� �
ð2Þ

Here, I0F and IF are the PL intensities in the absence
and presence of quenchers, PCBM, KD is a diffusional
quenching coefficient, V ¼ 4

3πR
3 is the volume of the

sphere of action of radius R and N is the Avogadro
constant.

The steady-state PL intensities fit well to the apparent
quenching model. The obtained radius of the quenching

sphere of action was about 0.87 nm, which is consistent
with reported value[14] 0.93 ± 0.03 nm, also near the trans-
fer distance for P3HT,[14,36] about 1 nm. PCBM molecules
lying near the quenching sphere are thus effectively
quenched in a mixture sample even at a small PCBM con-
centration. A combination of steady-state and transient PL
measurements hence uncovered the complexity of the PL
quenching mode in these mixture samples.

As both static and dynamic quenching are operational
in a P3HT:PCBM mixture, both effects should be considered
to calculate the efficiency of electron transfer (ϕet), as
described below. The electron transfer to PCBM is
deemed to occur instantaneously from a hot exciton, that
is, a hot excited state of P3HT, which induces static
quenching; electron transfer occurs also from the emit-
ting state of P3HT following a relaxation from the hot
exciton, which induces dynamic quenching. The

(a) (b)

(c) (d)

FIGURE 2 (a) Transient PL decay profiles of P3HT and P3HT:PCBM mixtures measured at 650 nm with femtosecond fluorescence up-

conversion spectra. The samples were excited with a pump pulse at 400 nm; emission from samples was up-converted using a gate pulse at

800 nm. The curves fitted to the decay profiles shown here were obtained on fitting the data to a tri-exponential function. (b) Plots of PL

intensity and lifetime at 650 nm as a function of PCBM concentration. (c) Plots of τ0/τ and IF
0/IF obtained from emission at 650 nm as a

function of PCBM concentration, with the fitted curves obtained from Equations (1) and (2), respectively. (d) Plots of efficiencies of electron

transfer obtained from Equation (14) as a function of PCBM concentration
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relaxation of excitons and electron transfer to PCBM are
shown in Scheme 1. In the absence of static quenching,
an instantaneous electron transfer to PCBM became neg-
ligible. All hot excitons created in P3HT were then con-
sidered to relax to the lowest emitting state. In such a
case, the quantum yield of PL (ϕF) is given by
Equation (3).

ϕF ¼
kr

kr þknr þket PCBMð Þð Þ ;τ¼
1

kr þknrþket PCBMð Þð Þ
ð3Þ

Here, kr , knr and ket PCBMð Þ are the radiative, non-
radiative and electron-transfer rate constants; τ is the PL
lifetime of a P3HT:PCBM mixture. The PL quantum yield
(ϕF) in the absence of PCBM is given by Equation (4).
When PCBM is absent, ket PCBMð Þ¼ 0; then ϕF !ϕ0

F

and τ! τ0.

ϕ0
F ¼

kr
kr þknrð Þ ;τ0 ¼

1
krþknrð Þ ð4Þ

The efficiency of electron transfer (ϕet) to PCBM is
defined as

ϕet ¼
ket PCBMð Þ

krþknrþket PCBMð Þð Þ¼ 1� kr þknr
kr þknr þket PCBMð Þð Þ

ð5Þ

ϕet ¼ 1� τ

τ0
¼ 1�ϕF

ϕ0
F

ð6Þ

ϕet given by Equation (6) is applicable in the case of
dynamic quenching alone. In the present case, static

quenching also causes electron transfer; ϕF is given by
Equation (7) instead of Equation (3).

ϕF ¼
krel

krelþk0et PCBMð Þ
� �

kr
kr þknrþket PCBMð Þ

� �
;

τ¼ 1
kr þknrþket PCBMð Þð Þ

ð7Þ

Here, krel and k0et PCBMð Þ are the rate constant of the
relaxation from photoexcited state to the emitting state
and the rate constant of the electron transfer from the
photoexcited state to PCBM, which gives static
quenching, respectively. Then, ϕet in the presence of
static quenching is defined as

ϕet ¼
k0et PCBMð Þ

krelþk0et PCBMð Þ
� �

þ ket PCBMð Þ
kr þknrþket PCBMð Þ

� �
krel

krelþk0et PCBMð Þ
� �

¼ 1� krelÞ
krelþk0et PCBMð Þ

� �

þ 1� kr þknr
krþknrþket PCBMð Þ

� �
krel

krelþk0et PCBMð Þ
� �

ð8Þ

The ratio of the PL quantum yields is given as

ϕF

ϕ0
F

¼ krel
krelþk0et PCBMð Þ

� �
kr þknr

kr þknrþket PCBMð Þ
� �

ð9Þ

ϕF

ϕ0
F

� �
τ0
τ

� �
¼ krel

krelþk0et PCBMð Þ
� �

ð10Þ

On substituting Equations (4), (7) and (10) into Equa-
tion (8), ϕet becomes

ϕet ¼ 1�ϕF

ϕ0
F

� �
ð11Þ

Equation (11) indicates that the efficiency of electron
transfer is determined by the ratio of PL intensities even
when both static and dynamic quenching exist. The
intensity ratio, that is IF

I0F
, can replace ϕF

ϕ0
F
. The value of ϕet

shown in Figure 2d displays an increased efficiency even
at small PCBM concentrations; ϕet approached 90% when
the PCBM concentration in the film attained 50%. The
difference between the plots of τ0/τ and of IF

0/IF as a
function of PCBM concentration became more significant
with increasing PCBM concentration, as shown in

SCHEME 1 Relaxation in P3HT:PCBM mixture samples

following photoexcitation: radiative process (kr), nonradiative process

(knr), relaxation (krel), electron transfer k0et PCBMð Þ&ket PCBMð Þ� �
;

the rate coefficient for each process is shown in parentheses
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Figure 2c, indicating that static quenching became more
efficient with increasing concentration of PCBM.

2.3 | Effect of an electric field on the PL
spectrum and decay

The effects of an external electric field on the exciton dis-
sociation and charge transfer to PCBM molecules were
investigated on monitoring the field-induced change of
PL intensity and decay profiles of pure P3HT and P3HT:
PCBM mixture samples, which were prepared as sand-
wich structures in the form of ITO/SiO2/active-layer/LiF/
Ag. When an external electric field was applied to the iso-
tropic samples, an altered intensity of the PL spectrum, a
shift or broadening of the spectral lines were induced.[27]

The spectral shift and broadening were caused by a
change of polarizability and electric dipole moment,
respectively, between the emitting state and the ground
state. To understand which processes are dominant in
the observed E-PL spectra, the observed E-PL spectra are
generally fitted with a linear combination of zeroth, first,
and second derivatives of the PL spectrum. In the present
case, E-PL spectra were recorded at the second harmonic
of the modulation frequency of the applied electric field
of strength 0.3 MV/cm for pure P3HT and P3HT:PCBM
mixture samples; the results appear in Figures 3a. The

excitation wavelength for E-PL and PL experiments was
450 nm, at which the effect of the field on the absorption
intensity was negligible (Figure S2). The field-induced
change of the PL intensity (ΔIPL) observed was ascribed
to the quadratic-field effects on the PL as the signal inten-
sity ΔIPL is proportional to the square of the applied field
strength, as shown in Figure S3. The E-PL spectra shown
in Figure 3a, of which the shapes are similar to the PL
spectra, indicated that the PL intensity increased in the
presence of an applied electric field of order 10�2 for both
G1 and G2 bands of all samples. The E-PL spectra were
fitted with two Gaussian lines, G1 and G2, derived from
the steady-state PL spectra (Figure S4). G1 and G2 lines
in PL spectra and E-PL spectra showed a blue shift with
increasing content of PCBM (see Figure 3b). The ratio of
ΔIPL and PL intensity (IPL), ΔIPL/IPL, estimated for G1
and G2 lines, is plotted as a function of PCBM content
(see Figure 3c). The magnitudes of ΔIPL/IPL, evaluated for
G1 and G2 lines of P3HT are similar; ΔIPL

IPL
~0.012. This

value is slightly smaller than that estimated earlier,[32,34]

which might be due to the difference of P3HT sample
morphology or conditions of device preparation.

The electric-field effects on the PL decay profiles were
examined for these samples—pristine P3HT, 9.1, 16.7
and 33.3% mixtures, that is, P3HT:PCBM = 10:1, 5:1 and
1:1, using a laboratory-built time-resolved E-PL measure-
ment system capable of detecting precisely a small

(a) (b)

(C)

FIGURE 3 (a) E-PL spectra recorded at the second harmonic of the modulation of an applied electric field of strength 0.3 MV/cm for

P3HT and P3HT:PCBM mixtures. The intensity is normalized with respect to the steady-state PL maximum intensity at 650 nm. The samples

were excited at 450 nm. The proportion of PCBM in each mixture is indicated in parentheses; (b) shift of maximum of P3HT:PCBM samples

relative to the maximum of P3HT, that is, 650 and 713 nm, respectively, (c) plots of ΔIPL/IPL of P3HT:PCBM samples as a function of PCBM

content (mass %)
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field-induced change of the decay profile.[37] Time-
resolved E-PL measurements are instrumental in dis-
entangling the processes affected by an applied electric
field.[31–34,37] As the strength of applied field and wave-
length of excitation in the PL decay measurements were
similar to those in the steady-state PL and E-PL measure-
ments, the results correlated with each other. PL decay
profiles were measured with field strengths 0 and
0.3 MV/cm; the results appear in Figure 4, with the dif-
ference and ratio between these two decay profiles. The
plots of the difference shown in Figure 4c,g,k,o clearly
show a field-induced enhancement of PL intensity upon
applying an external electric field, similar to the results of
the steady-state E-PL spectra. The ratio plots shown in
Figure 4d,h,l,p indicate that the effects of the electric field
were manifested on the slowly decaying components
rather than the rapidly decaying components. The PL
decay profiles measured with fields 0 and 0.3 MV/cm, as
well as the difference and ratio between these decays,
were simulated on assuming a bi-exponential function;

the results appear in Figure 4 and Table 1. The assign-
ments of the time constants in Table 1 are similar to the
τ2 and τ3 of Table S1. The difference in the lifetime values
between fluorescence up-conversion and time-correlated
single-photon-counting (TCSPC) techniques are due to
the differences in the morphologies of the sample pre-
pared on glass and SiO2 substrates. An applied electric
field on both P3HT and P3HT:PCBM mixture samples
decreased the rate of PL decay, which is explicable in
terms of the field-induced deceleration of non-radiative
processes, including electron transfer from P3HT
to PCBM.

A field-induced enhancement of PL intensity and a
field-induced increase of PL lifetime were associated with
a field-induced increase of ϕF due to altered knr , ket, and
k0et in Scheme 1. As the electric-field effect was observed
in pristine P3HT, that is, without PCBM, a field-induced
change of knr must be considered. ϕF at zero field is given
in Equation (7), whereas, upon application of an electric
field, ϕF þΔϕF is given in Equation (12),

(a) (e) (i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

(f)

(g)

(h)

(b)

(c)

(d)

FIGURE 4 Effects of external electric field on PL decay profiles of P3HT and P3HT:PCBM mixtures with PCBM proportions 9.1, 16.7

and 33.3%, respectively (from left to right). Panels (a, e, i, m) represent PL decay profiles observed in the presence of field 0.3 MV/cm (I(t)ON)

and simulated decays. Panels (b, f, j, n) represent PL decay profiles observed at zero field (I(t)OFF) and simulated decays. Panels (c, g, k, o)

represent the difference between the two decay profiles, that is, I(t)ON � I(t)OFF, and simulated curves. Panels (d, h, l, p) represent the ratio

between two decay profiles, that is, I(t)ON/I(t)OFF and simulated curves. Simulations are given by red lines
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Here, ΔϕF , Δknr , Δket PCBMð Þ, and Δk0et PCBMð Þ are
the field induced changes in ϕF , knr , ket PCBMð Þ, and
k0et PCBMð Þ, respectively. In Figure 4, I(t)ON/I(t)OFF is
nearly unity at time t = 0, indicating that the PL intensity
immediately following a photoexcitation was unaffected
by an applied electric field; the population of the emitting
state following photoexcitation was unaffected by an
applied electric field. In such a case, Δk0et PCBMð Þ became
negligible; ϕF þΔϕF is given by Equation (13),

From Equations (7) and (13),

ΔknrþΔket PCBMð Þ¼�
ΔϕF
ϕF

� �

1þ ΔϕF
ϕF

� �n o
τ

h i ð14Þ

ΔϕF
ϕF

, which can be estimated as ΔIF
IF
, was determined from

the E-PL measurements. Δknr + Δket PCBMð Þ was deter-
mined using the average PL lifetimes shown in Table 1,

which were obtained with a device structure the same as
that used for E-PL measurements, as the PL lifetime is
sensitive to the substrate. As a function of PCBM content
the values of Δknr + Δket PCBMð Þ, which are of order
108 s�1, are shown in Figure 5. On assuming that the
magnitude of Δknr estimated from the data for P3HT
(without PCBM) is the same in a P3HT:PCBM mixed
sample, Δket PCBMð Þ is determined to be �9.4 � 107,
�1.8 � 108, �2.8 � 108 s�1 for P3HT:PCBM mixed

samples with PCBM content 9.1, 16.7 and 33.3%,
respectively.

The decreased Δket values in the mixture samples
might be due to a field-induced change in the activation
barrier for electron transfer. Values of Δket estimated
here show an effective linearity in retarding the electron
transfer upon increasing the PCBM concentration. As
reported,[27,38] the effect of an electric field on the rate of
photoinduced electron transfer depends strongly on the
donor-acceptor distance. Even in the same pair of donor

TABLE 1 Results of simulation of

PL decay profiles of P3HT and P3HT:

PCBM mixture samples with PCBM

proportions 9.1, 16.7, and 33.3%,

respectively

Sample F/MV/cm τ1/ps (A1) τ2/ps (A2)
τave/ps (

Pn
i¼1

Ai)

P3HT 0.3 91.2 (0.686) 340.6 (0.316) 186.3 (1.0025)

0 90.4 (0.689) 336.5 (0.311) 166.8 (1.0000)

P3HT:PCBM (9.1%) 0.3 41.5 (0.832) 124.9 (0.169) 55.6 (1.0021)

0 41.1 (0.831) 123.9 (0.169) 55.1 (1.0000)

P3HT:PCBM (16.7%) 0.3 39.4 (0.944) 150.8 (0.060) 46.1 (1.0040)

0 39.2 (0.940) 150.4 (0.059) 45.9 (1.0000)

P3HT:PCBM (33.3%) 0.3 37.1 (0.966) 130.4 (0.039) 40.8 (1.0044)

0 36.9 (0.961) 130.0 (0.038) 40.5 (1.0000)

Note: Lifetime (τi) and pre-exponential factor (A1, A2, given in parentheses) of each decay component of PL
observed in the presence of an electric field (F) of strength 0.3 MV/cm and at zero field are shown. The
average lifetime τaveð Þ in each decay profile is 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 wavelength λ = 650 nm.
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and acceptor molecules, electron transfer was theoreti-
cally shown to be accelerated and decelerated on applica-
tion of an electric field, depending on the donor-acceptor
distance.[39] The present results in which the effect of
electric field depends on the ratio between P3HT and
PCBM in mixtures might also arise from the dependence
on the donor-acceptor distance of the effect of an electric
field on an electron transfer. The present results were
obtained with an applied electric field, but a local field
exists at the interfaces between P3HT and PCBM mole-
cules, which might play an adverse role and retard the
transport of electrons to the acceptor.

3 | EXPERIMENTS

3.1 | Sample preparation

The chemical substances in this work were purchased as
follows: poly (3-hexylthiophene-2,5-diyl) (simply called
P3HT), MM = 22 kDa, regioregularity 89–94%, electronic
grade (Rieke Metals); methyl [6,6]-phenyl-C61-butanoate
(simply called PCBM), MM = 910.9 Da, purity: 99.5%
(UniRegion Bio-Tech); chlorobenzene anhydrous, 99.8%,
MW = 112.56 Da (Sigma-Aldrich); lithium fluoride (LiF),
98.5%, �325 mesh powder (Alfa Aesar), solid silver,
99.999% purity for deposition on a sample (Po Hsuan
Enterprises); SiO2-coated substrate in a device (Techno
Print); colloidal silver (Ted Pella).

Solutions of P3HT and PCBM precursors were pre-
pared on dissolving 15 mg/ml (m/v) in chlorobenzene as
solvent. The solutions were stirred for 30 hr with mag-
netic stirring bars to increase the solubility of solutes.
The precursor solutions were filtered with a microfilter to

remove undissolved particles after prolonged stirring.
P3HT:PCBM mixture solutions were prepared on inter-
mixing appropriate aliquots of the prepared P3HT and
PCBM solutions.

The SiO2 substrates were carefully cleaned to remove
surface contaminants and dust particles before spin coat-
ing and were dried in an oven about 2 hr. The cleaning of
the substrates involved gently rubbing the surface of the
wet substrates with a soft sponge dipped in a surfactant
(Extran MA 02, Merck, detergent) under flowing tap
water, followed by sonicating the substrate for 30 min in
a mixture of 99.5% acetone, isopropanol, and deionized
water in ratio 1:1:1. The sonicated substrates were further
rinsed with deionized water and partially dried with a
stream of dry N2 gas. The dried substrates were ozonized
for 10 min under intense UV light.

Thin films of P3HT, PCBM, and P3HT:PCBM mix-
tures were prepared with a spin-coating technique on
UV-ozone-treated, well cleaned, and oven-dried SiO2 sub-
strates. A substrate placed on the spin coater was loaded
with a prepared precursor solution and spun at rate
1,500 rpm for about 30 s and was further accelerated to
2,000 rpm for 30 s. The spin coating was performed in a
glove box maintained under a steady flow of dry N2 gas
with minuscule concentrations of water vapor and oxy-
gen. The thin films were further dried near 298 K inside
the glove box.

A layer ~10 nm of LiF insulator was deposited on top
of the precoated P3HT or P3HT:PCBM active layer with a
thermal evaporation system operated under vacuum con-
ditions. LiF powder was placed in a tungsten boat of an
evaporation system to deposit a LiF film on top of
an active layer to prevent a short circuit between the
electrodes.

A silver film was deposited on top of the LiF film
using a vapor deposition system operated in vacuum con-
ditions. To apply an electric field the prepared device was
connected to an external voltage source. The device pre-
pared had an architecture of form quartz/ITO/SiO2/
P3HT:PCBM/LiF/Ag. ITO and Ag served as electrodes,
SiO2 and LiF served as insulators, P3HT:PCBM was the
active layer; quartz acted as a support substrate for a
device.

3.2 | Optical measurements

The UV–vis absorption spectra were recorded on a spec-
trophotometer (JASCO-V780) equipped with an
integrating-sphere accessory (ISN-9011, JASCO). The
transmittance and reflectance of thin-film samples and
blank substrates were measured; the absorbance of sam-
ples was calculated after correcting for substrate losses.

FIGURE 5 Field-induced change of knr + ket, that is,

Δknr + Δket, of P3HT:PCBM mixture samples obtained at field

strength 0.3 MV/cm
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The PL spectra of the samples were recorded with a fluo-
rescence spectrometer (JASCO FP-6300). The samples
were excited at 450 nm; emission from the sample was
collected at 90� to the direction of propagation of the
excitation light. The thin film was placed near 45� with
respect to the excitation light. The slit widths of the exci-
tation and emission monochromators were 5 and 10 nm,
respectively. The emission spectra were recorded in
wavelength range 570 to 850 nm. The scattering from the
excitation light source was blocked with a 560-nm long-
pass color glass filter in the path of the collection geome-
try. Transient PL decay profiles at emission wavelength
650 nm were measured using a femtosecond fluorescence
up-conversion spectrometer (FOG 100, CDP systems).
The thin-film samples cast on glass substrates were
excited with a 150-fs laser pulse at 400 nm, obtained on
doubling the fundamental of a Femtosecond Ti:Sapphire
Oscillator (Chameleon, Coherent Inc.); the gate pulse
was set to 800 nm. The decay profiles were obtained on
measuring the up-converted signal intensity at varied
intervals between emitted signal and gate pulses.

The E-A spectrum of the P3HT sample was measured
with a spectrometer (Jasco EMV-100); the details were
reported.[26,31] Briefly, a sinusoidal ac voltage (frequency
1 kHz) generated by a function generator (SG-4311,
Iwatsu) and further amplified with a high-voltage ampli-
fier was applied to a P3HT thin sample. The field-induced
change of absorption intensity was detected with a lock-
in amplifier (SR830, SRS) at the second harmonic of the
modulation frequency of the applied electric field.

The E-PL spectra of P3HT, PCBM and P3HT:PCBM
mixture samples were recorded, with PL spectra, with a
spectrometer (FP-6300). The experimental setup for the
E-PL measurement was similar to that for the steady-
state PL measurement except that an electric field was
applied to the samples to obtain the field-induced change
of PL intensity. The experimental procedure to apply an
electric field to a sample was similar to that for E-A mea-
surements. The excitation wavelength for the E-PL
measurements was chosen to be the position at which
the field-induced change in absorbance was negligible.

The time-resolved E-PL measurement system used in
these experiments was constructed on combining a
TCSPC module to measure PL decay profiles and a mod-
ulated electric field to apply a bias to the sample; details
of the system appear elsewhere.[31,37] The samples were
excited with a laser pulse at 450 nm generated from the
second harmonic of the femtosecond Ti:Sapphire laser
(Tsunami, Spectra Physics) pumped with a diode
laser (Millenia Xs, Spectra Physics). The emission from
the sample was dispersed into a spectrometer (G-250
Nikon) and detected with an MCP-PMT detector
(R-3809U-52, Hamamatsu). The decay profiles were

obtained with a multichannel pulse analyzer (MCA). The
measurement system was combined with TCSPC and a
microchannel-plate photomultiplier. The field-induced
changes in the decay profile were obtained with a modu-
lated square-wave electric-pulse train consisting of posi-
tive, zero, negative, and zero voltage bias signals. The
MCA channels were segmented based on the applied bias
voltages; the decay profiles corresponding to the applied
bias voltages were separately stored and analyzed to
obtain the field-induced decay profiles and to retrieve the
small changes associated with the applied field.

Experiments for fluorescence lifetime imaging were
performed with a FLIM system.[40] A FLIM system com-
prises an inverted microscope (C1; Nikon, TE2000-E), a
mode-locked Ti-Sapphire laser system (Tsunami; Spectra
Physics) and a TCSPC module (SPC 830; Becker and
Hickel GmbH). A microscope was used for optical imag-
ing; a Ti-sapphire laser served for excitation; the TCSPC
module provided the emission decay profiles. The imaging
experiments were performed on focusing an excitation laser
(Tsunami) pulse (450 nm) through a water-immersion
objective (60�/1.27 NA) onto a sample; emission was col-
lected in a back-scattering geometry followed by scanning
the illuminated areas of the samples using a Galvano scan-
ner. The excitation light was filtered from collected emis-
sion with a long-pass filter. The collected data were
analyzed using software (SPCM version 9.83).

4 | CONCLUSIONS

Steady-state PL and E-PL spectra, and absorption spectra,
were recorded for P3HT:PCBM bulk heterojunction thin
films, with varied mixing ratios. Time-resolved decay pro-
files of PL and E-PL intensities were also measured. The
absorption spectra showed no significant change with
increasing PCBM content, indicating no complex forma-
tion between P3HT and PCBM. PL intensity and lifetime-
imaging experiments performed with micrometer-level
resolution also revealed no aggregate in the bulk hetero-
junction samples. The quantum yield of PL of P3HT
decreased markedly with mixed PCBM; the magnitude of
the decrease increased upon increasing the PCBM con-
tent in the bulk heterojunction samples. Transient PL
decay measurements with the fluorescence up-conversion
technique indicated that the PL lifetime altered greatly
upon adding PCBM at a small proportion; the change
was moderated after further increased PCBM content.
The PL quenching mechanism was explained in terms of
an apparent static quenching (known as quenching by a
sphere of action) and dynamic quenching, based on the
dependence of intensity and lifetime of PL of P3HT on
PCBM content. Static quenching is suggested to become
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dominant with increasing PCBM content. Application of
an electric field to P3HT and P3HT:PCBM blended films
with a bulk heterojunction induce an enhanced PL inten-
sity and incremented PL lifetimes, because of a retarda-
tion of nonradiative processes upon application of an
electric field. The field-induced change in the rate of elec-
tron transfer decreased monotonically with increasing
concentration of PCBM, which likely arises from a
dependence of the effect of electric field on electron
transfer on the donor-acceptor distance.
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