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R
esearch in solution-processableorganic
photovoltaics (OPV) has produced re-
markable advances in efficiency.1�4

These devices are amenable to “roll-to-roll”
deposition by simple spraying5�7 or printing8,9

methods that promise to drive down pro-
duction costs and close the price gap be-
tween solar electricity and that produced by
fossil fuels.10 The active, light-absorbing
layer of OPV devices is typically a composite
of a conjugated polymer and a fullerene
derivative, deposited from a blend solution.
A photon absorbed in the polymer gener-
ates an exciton that must diffuse to an
interface between the polymer (donor)
and the fullerene (acceptor) to dissociate
into free, uncorrelated carriers: a hole in the
polymer and an electron in the fullerene,11,12

although ultrafast (subpicosecond) carrier
generation has also been observed in these
systems.13,14 Due to the short exciton diffu-
sion lengths of 5�10 nm in typical conju-
gated polymers,2,4 it is necessary for the
donor�acceptor interface to extend through-
out the active layer on length scales com-
parable to the exciton diffusion length,
hence the term “bulk heterojunction” that
is used to denote this approach. The mor-
phology of the nanostructured active layer
also plays an important role in the extrac-
tion of photogenerated electrons and holes
from the device: the polymer and the full-
erene must each form a percolation net-
work for their respective charge carriers to
be extracted from the device before recom-
bining. For these reasons, there is general
consensus that the morphology of the ac-
tive layer at the nanometer scale is one of
the major determinants of their photovol-
taic performance, and considerable effort

has been devoted to understanding the
often complex morphology�performance
relationships observed in these donor�
acceptor systems.2,15�17

The requirement of solution processabil-
ity for inexpensive devices makes direct
control of their morphology difficult, as
one cannot precisely predict the nanostruc-
ture that a polymer�fullerene composite
will adopt after the solvent dries. In fact,
there are only a limited number of examples
demonstrating a priori knowledge of how
to control the microstructure of blended
systems containing conjugated polymers,18

and generally the effect of processing
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ABSTRACT The dependence of photoinduced carrier generation and decay on donor�acceptor

nanomorphology is reported as a function of composition for blends of the polymer poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT-C14) with two electron-accepting fuller-

enes: phenyl-C71-butyric acid methyl ester (PC71BM) or the bisadduct of phenyl-C61-butyric acid

methyl ester (bis-PC61BM). The formation of partially or fully intercalated bimolecular crystals at

weight ratios up to 1:1 for pBTTT-C14:PC71BM blends leads to efficient exciton quenching due to a

combination of static and dynamic mechanisms. At higher fullerene loadings, pure PC71BM domains

are formed that result in an enhanced free carrier lifetime, as a consequence of spatial separation of

the electron and hole into different phases, and the dominant contribution to the photoconductance

comes from the high-frequency electron mobility in the fullerene clusters. In the pBTTT-C14:bis-

PC61BM system, phase separation results in a non-intercalated structure, independent of composi-

tion, which is characterized by exciton quenching that is dominated by a dynamic process, an

enhanced carrier lifetime and a hole-dominated photoconductance signal. The results indicate that

intercalation of fullerene into crystalline polymer domains is not detrimental to the density of long-

lived carriers, suggesting that efficient organic photovoltaic devices could be fabricated that

incorporate intercalated structures, provided that an additional pure fullerene phase is present for

charge extraction.

KEYWORDS: conjugated polymer . fullerene . intercalation . photoconductance .
electron transfer . blend
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conditions on the final morphology is determined after
film formation is complete. To add further complexity
to this problem, the conjugated polymers that have
been employed as active photovoltaic components
can be separated into two broad structural categories:
amorphous and semicrystalline.19

The earliest OPV devices utilized blends containing
soluble derivatives of poly(phenylene vinylene) and
fullerene derivatives as the donor and acceptor,
respectively.8,20�22 The polymers in these devices
adopt an amorphous structure with only short-range
interchain interactions,22 producing mixed polymer�
fullerene domains that surround pure fullerene
regions.23,24 More recently, several semicrystalline
polymers have emerged as efficient light-absorbing
and electron-donating materials for OPV,19,25�27 which
has facilitated the detailed investigation of the struc-
ture of donor�acceptor blends with techniques such as
X-ray diffraction (XRD) and the derivation of relation-
ships between the active layer morphology and optical
properties,28�30 and ultimately the solar photoconver-
sion performance.2,17,28 A prominent polymer in this class
is poly(3-hexylthiophene) (P3HT); XRD studies have
shown that ordered nanodomains of pure polymer are
present in partially phase-separated P3HT:PC61BM
films28 and that PC61BM is excluded from these
domains.28,31 The resulting morphology seems ideal
for charge carrier percolation as is verified from internal
quantum efficiencies in devices that reach ∼90%.32

However, amorphous domains of P3HT also exist in
films15,16,28,30,33,34 and it is a reasonable assumption that
because of their disordered structure the spatial con-
straints that cause exclusion of PC61BM from crystal-
line polymer domains35 are now partially or fully
relaxed, resulting in a finely mixed blend in these
regions.15,16,28,30,33,34 It has been proposed that this
mixed phase plays an important role in exciton dis-
sociation in this system,18,36 although little conclusive
experimental evidence is currently available.
Despite this progress, there is still limited informa-

tion available regarding the dynamics of photoinduced
electron and hole generation and recombination as a
function of active layer morphology, particularly with
respect to the effects of mixed or separated polymer
and fullerene phases. For example, in systems that
contain finely mixed polymer�fullerene domains that
coexist with domains of the pure components, it
remains unclear what the relative importance of each
type of domain is in determining the lifetimes of
photoinduced carriers.
In a recent work, Mayer et al. used XRD to deter-

mine the morphology of composites of the polymer
poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]-
thiophene) (pBTTT-C14) with a low loadingof PC71BMand
were able to demonstrate that the structure of the
composite at the molecular level consisted of fuller-
enes intercalated within the ordered polymer chains,

forming a bimolecular crystal.35 At a weight ratio of 1:1,
the polymer is fully intercalated; that is, all available sites
for fullerene intercalation have been filled. At higher
fullerene loadings, it was shown that the PC71BM forms
pure fullerene domains outside the bimolecular crystal;
these domains are essential for electron percolation in
OPV devices;the best device efficiency of 2.51% is
reached at a loading of 1:4 pBTTT:PC71BM for the hex-
adecyl-substituted pBTTT polymer, pBTTT-C16.

37 Further
control of themorphology of pBTTT:fullerene blends can
beachievedbyusingabisadductof PC71BM(bis-PC71BM).
In this case, there is no intercalation because the addi-
tional solubilizing group means that the fullerene is
too large to fit between polymer side chains, and separa-
tion of polymer and fullerene is observed.37Wewill show
that the bisadduct of PC61BM (bis-PC61BM) can be used
as an analogue for bis-PC71BMelectron acceptor because
identical separation of the components occurs. In
summary, by using a single polymer in conjunction
with the appropriate fullerene derivative and blend-
ing ratio, one can produce any ordered nanomorphology

that is of interest to understanding and controlling
the performance of OPV: a partially (10:1 bw pBTTT:
PC71BM) or fully intercalated phase (1:1 pBTTT:
PC71BM), coexisting intercalated phase and pure full-
erene domains (1:4 pBTTT:PC71BM), and separate pure
polymer and pure fullerene domains (pBTTT:bis-
PC71BM at any blending ratio).35,37 This tunability of
pBTTT:fullerene blends makes them an excellent
model system to study the location and transport
properties of free carriers and to investigate the
correlation between the nanoscale morphology and
the dynamics of photoinduced carriers, which is the
scope of this paper.
Flash photolysis time-resolved microwave conduc-

tivity (TRMC) is a pump�probe technique to measure
the photoconductivity of a film without the need for
charge collection at electrical contacts. TRMC is ideal
for probing the generation and decay dynamics of
photoinduced charge carriers because the microwave
photoconductance signal, measured by the photoin-
duced absorption of the microwave beam, is propor-
tional to the product of the carrier density and the high-
frequency (typically in the tens of gigahertz) carrier
mobility.38,39 This proportionality provides a straight-
forward framework in which to understand the influ-
ence of morphology on the photoconductance signal.
It is reasonable to suggest that, on the nanosecond
time scale of the TRMCmeasurement, exciton dissocia-
tion in themixed phasewill be very efficient, due to the
proximity of fullerenes to the light-absorbing polymer
chromophores,36,40 leading to higher charge densities
and increased photoconductance signal strength.
However, the fine mixing may also limit the mobility
of the electrons in the fullerene network and the
photocarrier lifetimes, which would produce a hole-
dominated photoconductance signal and more rapid
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decay. In contrast, phase separation of polymer and
fullerene may increase photocarrier lifetimes by pro-
viding a pathway for oppositely charged carriers to
escape each other, as has previously been proposed in
binary systems of P3HT with inorganic nanoparticles41

as well as in purely organic bulk heterojunctions.36,42,43

In addition, segregated fullerene crystals could lead to
electron-dominated photoconductance signals be-
cause of the high electron mobility in this phase.44

Recently, Savenije et al. used TRMC to investigate
three semicrystalline poly(thienothiophene) deriva-
tives that exhibited either phase segregation or an
intimately mixed, intercalated structure when blended
with PC61BM.45 They observed efficient photoinduced
charge generation in the intercalated systems, with a
concomitant faster photocarrier decay;both observa-
tions were attributed to the fine mixing in the inter-
calated case.45 They proposed that addition of PC61BM
in excess of the intercalated amount may be beneficial
as it will result in a system with efficient initial charge
separation in the intercalated phase, with the excess,
non-intercalated fullerene providing a pathway for
electrons to be extracted from the active layer in an
OPV device. It should be noted that the study of
Savenije et al. included a single polymer:fullerene
weight ratio of 1:1 for all polymers, and it is therefore
unlikely that pure fullerene domains coexisted with a
mixed, intercalated phase in their samples.
Here we use TRMC to probe photoinduced carrier

yield, lifetime, and high-frequency mobility as a func-
tion of morphology in the well-characterized, tightly
controlledmodel pBTTT-C14:fullerene donor�acceptor
system. Using a single donor polymer and varying the
fullerene derivative and weight ratio allows us to com-
pare the photocarrier dynamics in different phases,
mixed and separated, of a single material system. Speci-
fically we address the following questions:

(a) Are electrons effectively extracted from the
intercalated phase into the fullerene percola-
tion network prior to carrier decay?

(b) Is the photocarrier lifetime limited by the in-
timate mixing present in the intercalated
phase?

(c) Does the presence of pure polymer and pure
fullerene domains enhance the lifetime of
photocarriers?

In the following, we will use the term bimolecular

crystal35 to refer to partially or fully intercalated pBTTT-
C14 domains. When domains consisting of pure poly-
mer and/or fullerene are formed, they will be stated
explicitly. By comparing the magnitude of the photo-
conductance as a function of PC71BM loading, we show
direct evidence that the majority of photogenerated
electrons reside in the pure PC71BM domains in sam-
pleswhenboth intercalatedpolymer:fullerene andpure
fullerene domains are present. This implies that electrons

generated in the intercalated phase are efficiently
extracted from that phase to the fullerene domains
before they recombine with a hole on the polymer in
the bimolecular crystal. We discuss the possible me-
chanisms that may drive this process and its implica-
tions on OPV device operation at high fullerene
loading when both intercalated and pure fullerene
domains are present. We also show that the interca-
lated phase decreases, but does not severely limit, the
decay time of the photoconductance in fully interca-
lated samples as well as at high fullerene loading ratios
when additional pure PCBM domains are formed.
Ultimately, the formation of fullerene domains is cri-
tical to device operation.37 Here we propose that the
formation of these domains also creates a driving force
for electrons to transfer to them from the bimolecular
crystal, which is a prerequisite for extraction of elec-
trons through the percolated fullerene network in
efficient photovoltaic devices.

RESULTS AND DISCUSSION

The optical attenuation spectra of the films, cor-
rected for scattering and reflection, are shown in Figure
1a. The attenuation spectra of the 1:1 pBTTT-C14:full-
erene blends are similar and are dominated by the
optical properties of the polymer, which are deter-
mined by the local ordering of the polymer chains. In
fact, blending of pBTTT-C14 with PC71BM seems to
result in slightly better ordering of the polymer chains,
reflected by the enhanced vibronic structure visible
in the absorption spectrum.46 Additionally, the ab-
sorption spectrum of the pBTTT-C14:bis-PC61BM
blend resembles that of the neat polymer, indicating
that the chains in the polymer domains adopt a
very similar structure. To verify these observations,
and that intercalation occurs for PC71BM and not
for bis-PC61BM, XRD patterns were collected for
the pBTTT-C14:fullerene films and are presented in
Figure 1b.
Figure 1b shows that the peak near 4.17� (d∼ 21.2 Å)

in the neat polymer shifts to 2.92� (d∼ 30.5 Å) in the 1:1
pBTTT-C14:PC71BM blend, indicating an expansion of
the distance between the polymer chains in the pBTTT-
C14:PC71BM bimolecular crystal and confirming that
fullerene intercalation is occurring between the poly-
mer side chains;an increase in the d spacing of 9.3 Å is
calculated from the peak shift, consistent with full-
erene intercalation between the interdigitated side
chains of the polymer.35 Figure 1b also shows that only
a small (∼0.2�) shift is observed in the pBTTT-C14 case
when blended 1:1 by weight with bis-PC61BM, which is
within the error introduced by the sample holder for
the experimental geometry at low angles, indicating
that bis-PC61BM does not intercalate between the
polymer side chains as was observed for bis-PC71BM
in previous work.37
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The photoluminescence (PL) spectra of films are
shown in Figure 1c,d: strong photoluminescence quench-
ing (exceeding 94%) was observed for both pBTTT-C14:
PC71BM and pBTTT-C14:bis-PC61BM 10:1 blends
(Figure 1c), with the largest quenching (∼99%) in the
intercalated pBTTT-C14:PC71BM1:1 blend;it should be
noted that the small PL signal observed in the fully
intercalated pBTTT-C14:PC71BM blend appears to origi-
nate from the quartz substrate used to support the film.
This suggests very efficient exciton dissociation due to
the donor�acceptor interface even in the phase-
separated pBTTT-C14:bis-PC61BM blend. PL decays are
shown in Figure 2; as expected, the presence of a
fullerene acceptor results in a reduction in the PL
lifetime, independent of composition. A comparison
of the extent of PL quenching, as measured by steady-
state and time-resolved methods, in the context of the

contribution from static and dynamic quenching pro-
cesses is discussed in conjunction with the TRMC data
in detail below.
Interestingly, while very efficient (>99%) quenching

was seen in the bimolecular crystal (pBTTT-C14:PC71BM
1:1), PL was observed in the 1:4 blend, as shown in
Figure 1d. In the 1:4 blend with PC71BM, the polymer is
fully intercalated with fullerene, resulting in the forma-
tion of pure PC71BM domains outside this mixed
phase.35 Figure 1d shows the similarity between the
spectra of the 1:4 pBTTT-C14:PC71BM blend and a drop-
cast, neat PC71BM film, indicating that the residual PL
spectrum of the 1:4 blend is due to the pure PC71BM
domains that are formed outside the bimolecular
crystal phase.
Photocarrier dynamics were studied using TRMC, a

contactless, pump�probe technique where both the

Figure 1. Molecular structures of the pBTTT-C14 repeat unit, PC71BM, and bis-PC61BM. (a) Optical attenuation spectra and
(b) XRD patterns of neat pBTTT-C14 (black traces), an intercalated 1:1 pBTTT-C14:PC71BM blend (blue traces) and a non-
intercalated 1:1 pBTTT-C14:bis-PC61BM blend (red traces): photoluminescence spectra, normalized by the fraction of light
absorbed at the excitation wavelength (445 nm), of neat pBTTT-C14 (black trace), pBTTT-C14:PC71BM blends (blue traces),
pBTTT-C14:bis-PC61BM blends (red traces), and neat PC71BM (gray traceþ diamonds) at (a) low and (b) high fullerene loading;
10:1 loading is denoted by squares, 1:1 by circles, and 1:4 by triangles.
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initial generation of mobile carriers and their eventual
decay back to equilibrium are monitored through the
time-resolved changes in absorbed microwave power
by the sample, which are related to the transient
photoconductance, ΔG(t), by eq 2.38,47�49 In Figure 3,
the transient photoconductance is shown for (a)
pBTTT-C14:PC71BM and (b) pBTTT-C14:bis-PC61BM blends
at an absorbed photon flux of ∼1012 photons/cm2/
pulse. Comparison between different blends shows a
similar magnitude of the peak photoconductance of
10:1 and 1:1 blend with PC71BM, while a significant
increase is seen for the 1:4 pBTTT-C14:PC71BM sample;
a similar increase in the photoconductance was
observed in TRMC studies of poly(2,5-bis(3-dode-
cylthiophen-2-yl)thieno[2,3-b]thiophene) (pBTCT-C12)
blended with PC61BM upon increasing the weight ratio
from 1:1 to 1:4.50 As we will discuss in detail below, this
increase shown in Figure 3a comes from the contribution
to the signal of mobile electrons residing in the pure
PC71BM domains in the 1:4 blend. By contrast, the
photoconductance of pBTTT-C14:bis-PC61BM films exhi-
bits amuchweaker dependence on the fullerene loading
ratio. In this case, pure fullerene domains form at any
loading ratio, meaning that no abrupt change in the
photoconductance is observed that would signify the
onset of the formation of a new phase. In the following,
we discuss these observations regarding the magnitude
of the photoconductance inmore detail. We also present

a comparison of the decay times of the photoconduc-
tance of different films and how they correlate to the
morphology.
The end-of-pulse (peak) photoconductance, ΔGEOP,

can be related to the product of the yield for carrier
generation, φ, and the sum of the high-frequency
electron and hole mobilities in the blend, Σμ, by38

ΔGEOP ¼ βqe � I0FA � φΣμ (1)

where β = 2.2 is the ratio of the interior dimensions of
the waveguide, qe is the electronic charge, I0 is the
incident photon flux of the excitation pulse, and FA is
the fraction of absorbed photons. The principal figure
of merit extracted from TRMC measurements is the
product of the yield for free carrier generation and the
sum of the high-frequency mobilities of free carriers
(electrons and holes), φΣμ, which can be calculated
from eq 1 using the peak of the photoconductance
transients and the known absorbed photon flux, I0FA.
The φΣμ product (peak photoconductance normalized
by the absorbed photon flux) as a function of I0FA for
the pure polymer and for blends with PC71BM and bis-
PC61BM is shown in Figure 4. As expected, there is an
increase in φΣμ compared to neat pBTTT-C14 when
either fullerene is added to the blend, due to enhanced
exciton dissociation at the donor�acceptor interface
(increasing φ) and, in some cases, a contribution to Σμ
of the electron mobility in the fullerene,44,51 as we
discuss below.

Figure 2. Photoluminescence decays for (a) pBTTT-C14:
PC71BM blends (blue traces) and (b) pBTTT-C14:bis-PC61BM
blends (red traces);also shown are the corresponding
decays for a neat pBTTT-C14 film (black traces) and a neat
PC71BM film (gray trace þ diamonds), along with the
instrument response function (IRF); 10:1 loading is denoted
by squares, 1:1 by circles, and 1:4 by triangles.

Figure 3. Photoconductance transients of (a) pBTTT-C14:
PC71BM blends (blue traces) and (b) pBTTT-C14:bis-PC61BM
blends (red traces) after excitation with 5 ns laser pulses at
550 nm; 10:1 loading is denoted by squares, 1:1 by circles,
and 1:4 by triangles. The absorbed photon flux was ∼1012

photons/cm2/pulse.
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The decline of φΣμ with increasing light intensity,
observed in all samples, is due to higher order loss
processes that are only present at high photon fluxes,

which in effect reduce φ.49,52 At low intensities,
these processes are negligible and φΣμ is expected
to reach a plateau, indicating a linear response of the
photoinduced carrier density to the incident photon
flux. This region is most relevant to OPV devices,
as under AM 1.5 illumination an OPV device experi-
ences photon fluxes of ca. 109 photons/cm2. The data
of Figure 4 do not reach a plateau at low light inten-
sities, except marginally for the pBTTT-C14:PC71BM
1:4 sample. However, there are clear similarities
and distinctions between the samples, represented in
Figure 5, where φΣμ is shown as a function of PCBM
loading at the lowest common absorbed photon
flux of 1012 photons/cm2/pulse for the blends;cartoons
of the morphology as a function of fullerene loading
for both pBTTT-C14:PC71BM and pBTTT-C14:bis-PC61BM
samples are also shown in Figure 5.
Figure 5a shows a rise in φΣμ from the neat polymer

to the 10:1 pBTTT-C14:PC71BM blend, due to enhanced
exciton dissociation in the fullerene-containing bimo-
lecular crystal. In this case, the polymer is not fully
intercalated35 and it is reasonable to assume that
fullerenes are dispersed enough in the bimolecular
crystal that they do not form a continuous network to
facilitateelectronpercolation.However, excitondissociation
is still efficient in this case, as evidenced by the ∼95%
quenching of the PL (Figure 1c). Time-resolved PL
(TRPL) measurements (Figure 2a) on the same samples
as used for TRMC yield an average exciton lifetime of
τn ≈ 950 ps in neat pBTTT-C14 film and τb ≈ 290 ps in
the 10:1 pBTTT-C14:PC71BM blend. The decrease in the
exciton lifetime in the blend is caused by turning on

Figure 4. Peak photoconductance, normalized by the ab-
sorbed photon flux, i.e., the yieldmobility (φΣμ) product, for
(a) pBTTT-C14:PC71BM blends (blue traces) and (b) pBTTT-
C14:bis-PC61BM blends (red traces);also shown is φΣμ for a
neat pBTTT-C14 film (black traces); 10:1 loading is denoted
by squares, 1:1 by circles, and 1:4 by triangles.

Figure 5. Yield mobility (φΣμ) product plotted versus fullerene content for blends containing either (a) the intercalated
PC71BM phase or (b) the non-intercalated bis-PC61BM phase;the points were taken at an absorbed photon flux of ∼1012

photons/cm2/pulse: cartoons of the different morphologies are also shown above the data for reference.
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additional exciton deactivation pathways, such as ex-
citon quenching as a result of electron transfer to
PC71BM, that compete with intrinsic exciton decay
processes in the neat polymer. From the exciton life-
times, a lower limit of the yield for free carrier genera-
tion, φ, in the 10:1 pBTTT-C14:PC71BM film can be
estimated as φ g 1 � (τb/τn) = 0.70. We consider this
a lower limit on the basis that (a) the steady-state PL
data suggest a larger degree of exciton quenching
than is implied by the reduction in the exciton lifetime,
indicating that static quenching also plays an impor-
tant role in the observed PL quenching, and (b)
the yield of intrinsic carrier generation in the neat
polymer;confirmed by the measurable TRMC signal
in Figure 4;has not been accounted for and results in
an enhanced carrier yield for the polymer:fullerene
blend. Although it is possible that an exciton deactiva-
tion pathway may have been opened up that does not
lead to free carrier generation, external quantum effi-
ciency (EQE) measurements on devices with a pBTTT-
C14:PC71BM active layer suggest that the carrier yield in
this system is actually limited by light absorption rather
than exciton dissociation.46 At this low loading ratio,
the fullerenes are likely dispersed between the poly-
mer chains; therefore, the sum of the mobilities, Σμ, is
expected to be dominated by the hole mobility in the
polymer, with negligible contribution from electron
mobility in the fullerenes. Baumann et al. reached a
similar conclusion as a result of the observation of
different temperature dependencies for the electron
and hole mobilities in pBTCT-C12:PC61BM blends at
different fullerene loadings.50 This consideration al-
lows us to quantify the high-frequency hole mobility
in pBTTT-C14, as discussed below.
A small increase in φΣμ is observedwhen the weight

ratio is increased to 1:1 pBTTT-C14:PC71BM that can be
attributed to two factors. First, the efficiency for exciton
dissociation increases, as evidenced by nearly com-
plete (>99%) quenching of the PL. This is expected, as
in this case, every polymer repeat unit has fullerenes
intercalated on either side of it between the tetradecyl
side chains.35 The absence of measurable PL signal in
the 1:1 sample prevents us frommeasuring the exciton
lifetime in this sample. However, on the basis of the
above argument, we can estimate φ in the 1:1 pBTTT-
C14:PC71BM to be in the range 0.70e φe 1, where the
lower bound is the value estimated for the pBTTT-C14:
PC71BM sample with lower fullerene loading. The
second factor that could account for the increase in
the signal from the 10:1 to the 1:1 pBTTT-C14:PC71BM
sample is a non-negligible contribution of the electron
mobility to Σμ. Measurements in thin film transistors
show that, while no (bulk) electron mobility is mea-
sured for blending ratios below 1:1 pBTTT-C14:PC71BM,
a low but detectable electron mobility is measured at
the fully intercalated 1:1 sample.35 The lowest intensity
value for φΣμ in Figure 4 is ca. 0.008 cm2/(V 3 s), and

using the limits for the yield estimated above, 0.008 e
Σμe 0.011 cm2/(V 3 s). This range is remarkably close to
the value of 0.014 cm2/(V 3 s) reported for holes in
poly(3-hexylthiophene) (P3HT).53 Given the similarity
of the backbone of the two polymers and considering
that both form lamellar structures in films,54�56 it is
reasonable that the high-frequency hole mobility in
pBTTT-C14 is similar to that in P3HT; therefore, Σμ as
estimated above in the fully intercalated bimolecular
crystal should be dominated by the holemobility in the
pBTTT-C14.
The φΣμ product shows a 4-fold increase when the

PC71BM loading ratio is increased to 1:4 pBTTT-C14:
PC71BM. The difference in the structure of the pBTTT-
C14:PC71BM 1:4 sample and the pBTTT-C14:PC71BM 1:1
sample is the presence in the former of pure fullerene
domains outside of the bimolecular crystal.35 However,
the locus of exciton dissociation and free carrier gen-
eration in both the 1:1 and 1:4 blends with PC71BM is
the bimolecular crystal because (a) that is where the
polymer chromophores are located and (b) the proxi-
mity of intercalated fullerene acceptors to the polymer
chromophores in the bimolecular crystal favors exciton
dissociation there, as opposed to excitons migrating to
the interface with the pure fullerene domains. These
considerations, in combination with the observed ex-
citon lifetime (τb ≈ 310 ps) as measured by TRPL
(Figure 2a), suggest that φ remains high (>0.70) in
the pBTTT-C14:PC71BM1:4 sample and that the increase
in φΣμ cannot be attributed solely to a further increase
in the yield since that is already within 30% of its upper
bound of unity. Therefore, the 4-fold increase of φΣμ
shown in Figures 4 and 5 for the pBTTT-C14:PC71BM 1:4
sample can only be attributed to an increase in Σμ.
Considering a similar range for the yield as estimated
for the pBTTT-C14:PC71BM 1:1 sample, the range for the
mobilities in the pBTTT-C14:PC71BM 1:4 film is 0.034 e

Σμe 0.047 cm2/(V 3 s), which is at least a factor 3 higher
than the value of ca. 0.011 cm2/(V 3 s) estimated above
for the 1:1 blend. Since the morphology of the hole-
carrying polymer chains has not changed, the high-
frequency hole mobility is expected to be the same in
the 1:4 sample and Σμ must now contain a consider-
able contribution from the mobility of electrons. The
only additional morphological features that can ex-
plain this increase in high-frequency electron mobility
in the 1:4 sample are the pure PC71BM domains. We
also note that energetic considerations previously
identified to have a major influence on the efficiency
of free carrier generation27 are not at play in this case
because the energy levels of the intercalated phase,
where exciton dissociation into free carriers takes
place, are the same in the 1:1 and 1:4 samples. Mea-
surements of the high-frequency electron mobility in
PC61BM powders using pulse radiolysis TRMC have
given values of 0.04�0.3 cm2/(V 3 s).

57 Furthermore,
values for the local electron mobility in P3HT:PC61BM

A
RTIC

LE



RANCE ET AL. VOL. 5 ’ NO. 7 ’ 5635–5646 ’ 2011

www.acsnano.org

5642

bulk heterojunctions, estimated from TRMC under
optical excitation, range between 0.02 and 0.08 cm2/
(V 3 s) and correspond to the mobility in pure PC61BM
clusters.44,51,58 These values are comparable to the
range of values for Σμ estimated above for the 1:4
pBTTT-C14:PC71BM sample.
In a previous study, the ultrafast photocarrier dy-

namics of 1:1 and 1:3 intercalated blends of pBTTT-C14
with PC61BM have been investigated.59 Ultrafast (<120
fs) electron transfer from the polymer to the fullerene
upon photoexcitation was observed, with an initial
carrier decay process characterized by a time constant
of ∼200 ps and a signal due to long-lived mobile
carriers that persists beyond 1.5 ns.59 The increase of
the transient absorption signal in the 1:3 pBTTT-C14:
PC61BM blend, compared to that in the 1:1 sample, was
attributed to an increase in photocarrier generation
yield, although it should be noted that absolute values
of the absorption coefficient of the pBTTT-C14 polaron
are unknown and little information is known about the
effect of morphology (i.e., blending with fullerene) on
the absorption coefficient. The combination of a de-
tailed knowledge of the structure, along with the
spectroscopy and TRMC techniques used in this study,
leads us here to a different conclusion, namely, that the
yield is approximately the same in the fully intercalated
blend and the blend composed of both fully interca-
lated polymer:fullerene and pure PC71BM domains,
and that the observed difference in the TRMC signal
in the sample with PC71BM loading that exceeds full
intercalation (1:4 blend) is caused by the contribution
of the electron mobility to the photoconductance.
The conclusion that in the 1:4 pBTTT-C14:PC71BM

sample Σμ is dominated by the mobility of electrons in
the pure PC71BM domains has significant implications:
while electrons are predominately generated by ex-
citon dissociation in the bimolecular crystal, within a
few nanoseconds (the duration of the excitation pulse
in the TRMC experiment), they transition from the
bimolecular crystal to the fullerene domains where
the microwave probe detects their high contribution
to the sum of themobilities. This is an ideal scenario for
free carrier generation in an exitonic solar cell: a
bimolecular crystal efficiently dissociates excitons to
free electrons and holes, and the electrons transfer
efficiently to pure fullerene domains that form the
percolation pathway for electrons to traverse the film
and generate photocurrent. Recent work on the struc-
ture of pBTTT-C14:PC71BM composites shows that the
fullerene cages in the fully intercalated bimolecular
crystal are electronically coupled and, therefore, form a
channel for electrons to transfer to pure fullerene
domains that lie outside the intercalated phase.60

The efficient transfer of electrons from the bimole-
cular crystal to the pure PC71BM domains is suggestive
of a driving force for this process. We propose two
mechanisms that can promote this electron transfer

process, one energetic and one entropic. An extended
fullerene domain may promote delocalization of the
electron that lowers the carrier energy, which drives
carrier transfer from the bimolecular crystal to the pure
fullerene domain. Entropic arguments have previously
been proposed for exciton dissociation into free car-
riers at a donor�acceptor interface.4 Here we modify
that argument and propose that during, and shortly
after, the laser pulse there is a charge density gradient
that drives electrons out of the bimolecular crystal into
the pure fullerene domains. As we will discuss below,
the latter mechanism is also consistent with the mea-
sured photoconductance decay.
As shown in Figure 5b, the φΣμ in the pBTTT-C14:bis-

PC61BM does not show abrupt changes with fullerene
loading ratio. In this case, no intercalated phase is
formed and phase separation gives rise to pure poly-
mer and pure fullerene domains for any weight ratio.
The similarity of the morphology for all weight ratios
is reflected in the similarity of the values of φΣμ: at
low excitation intensity, this falls between 0.008 and
0.013 cm2/(V 3 s) for all blends. TRPL measurements
(Figure 2b) give values of τb ≈ 215 and 155 ps for the
pBTTT-C14:bis-PC61BM 10:1 and 1:1, respectively. The
estimated yields are φg 0.77 in the 10:1 andφg 0.84 in
the pBTTT-C14:bis-PC61BM 1:1 films, which indicates
efficient migration of excitons in pure pBTTT-C14 crys-
tallites to the interface between the polymer and bis-
PC61BM, even in the 10:1 sample. The better agreement
between the values for the PL quenching measured
using steady-state and time-resolved techniques for
the pBTTT-C14:bis-PC61BM blends indicates that static
quenching plays a less important role in the overall
exciton quenching process, which suggests that there
are no domains containing intimately mixed, amor-
phous polymer and fullerene. This observation indi-
cates that the quenching mechanism is dominated by
exciton migration to the interface between the pure
polymer and fullerene domains, which manifests itself
as a dynamic quenching process thereby reducing the
exciton lifetime.
The results of Figure 5b indicate that Σμ is almost

independent of composition in the blends with bis-
PC61BM, consistent with fullerene domain formation at
all bis-PC61BM loadings.37 A similar dependence ofφΣμ
on fullerene loading has recently been observed in
phase-separated P3HT:PC61BM blends.58 The range of
values is 0.011 e Σμ e 0.015 cm2/(V 3 s), which are
slightly larger than the hole mobilities in the pBTTT-C14
domains as estimated above for the pBTTT-C14:PC71BM
1:1 sample. It has been shown recently that the pBTTT-
C14 chains pack closer in the pure polymer domains
than in the bimolecular crystal,60 which may account
for a value in the upper end of the mobility range
shown above (0.015 cm2/(V 3 s)) being higher thanΣμe
0.011 cm2/(V 3 s) estimated in the fully intercalated
bimolecular crystal. However, it is also possible that
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the signal in the pBTTT-C14:bis-PC61BM can be attrib-
uted both to holes in the polymer and electrons in the
bis-PC61BM domains for all compositions;this hy-
pothesis is consistent with the observation by Savenije
et al. that both free carriers contribute to the photo-
conductance in phase-separated P3HT:bis-PC61BM
blends.61 These results indicate that the high-
frequency electron mobility in bis-PC61BM domains
must be smaller than in PC71BM domains, analogous
to observations made in preliminary FP-TRMC61 and
photovoltaic device62 studies of blends of P3HT with
the mono- and bisadducts of PC61BM.
The effect of blend morphology on the decay times

of the photoconductance, as measured by TRMC, is
shown in Figure 6, where transients for weight ratios of
1:1 and 1:4 of polymerwith PC71BMandbis-PC61BMare
compared;the transients are normalized to the peak
photoconductance signal. Figure 6 shows that when-
ever an intercalated phase is present, that is, in the
blendswith PC71BM, the decay of the photoconductance
is faster than that observed in the phase-separated
blends with bis-PC61BM. A faster photoconductance
decay for the fully intercalated pBTTT-C14:PC71BM 1:1
blend, compared to the phase-separated pBTTT-C14:
bis-PC61BM 1:1 film, is not surprising. In the former, the
intimate mixing of the polymer and PC71BM is ex-
pected to favor recombination of free carriers. Note,
however, that the decay time of the photoconduc-
tance of the pBTTT-C14:PC71BM 1:1 blend occurs over
several tens of nanoseconds, with significant signal
remaining after the 180 ns measurement window, as
shown in Figure 6. A short (few nanoseconds) decay
time would result in a transient limited by the ca. 10 ns
response time of the microwave cavity (gray trace in
Figure 6) at short times,39,63 contrary to what is ob-
served here. This implies that free carriers survive well
past the duration of the 5 ns laser pulse, and that the
free electron has sufficient lifetime to transfer to the
pure fullerene domains in the pBTTT-C14:PC71BM 1:4

sample, as discussed above. It is, however, intriguing
that the photoconductance lifetime in the pBTTT-C14:
PC71BM 1:4 sample is only slightly longer than in the
fully intercalated pBTTT-C14:PC71BM 1:1 blend;it
should be noted that the transients shown in Figure 6
were chosen for their enhanced signal-to-noise ratio,
but that the increase in the photoconductance lifetime
was observed at all light intensities.
The modest enhancement of the photconductance

lifetime suggests that the locus of recombination is the
bimolecular crystal in both samples. Indeed, that is
where the holes reside, so an electron in a pure PC71BM
domain must, at the very least, transition to the inter-
face with the bimolecular crystal for recombination to
occur. After the laser pulse, when charge generation
ceases, electrons that remain in the bimolecular crystal
recombine with the resident holes; this results in a
reversal of the charge density gradient and electrons
in the isolated PC71BM domains re-equilibrate (diffuse)
to the intercalated phase. The separation of the poly-
mer and fullerene phases in the blends with bis-
PC61BM results in longer photoconductance lifetimes,
as has been observed in other phase-separated bulk
heterojunctions.39,43,58,64

Since phase separation in the blends with bis-
PC61BM results in a yield for carrier generation per
absorbed photon that exceeds 0.77, with a concomi-
tant increase of the photoconductance decay time, the
question remains as to whether intercalation of the
electron acceptor into the polymer phase is necessary
for efficient solar photoconversion. However, the ques-
tion is not one of choice of morphology, as many
commonly used polymers, even semicrystalline ones
such as P3HT, have an inherently large amorphous
fraction30,33 and it is expected that the fullerene will be
effectively dispersed into that fraction,13,14,23,26,27 even
if spatial constraints prohibit intercalation into polymer
crystallites.35 Therefore, an intercalated and/or mixed
phase may often be present in bulk heterojunctions
with semicrystalline polymers that will play an important
role in the dynamics of free carrier generation and
recombination.13,25 Here we use an idealized system,
where the intercalated phase is crystalline and its struc-
ture is well-characterized, to demonstrate that electrons
generated in that phase are efficiently transferred to the
isolated fullerene domains, as is required for optimum
OPV device performance.37 Moreover, the photoconduc-
tance lifetime is not severely limited by the presence of
the intercalated phase. We conclude that electron ex-
changebetween intercalatedandpurephases in thecase
of an ordered, intercalated, bimolecular crystal occurs in a
direction favorable to device operation as electrons are
efficiently transferredoutsideof the intercalatedphase to
the percolation network formed by the excess fullerene.
Further work is required to determine whether the same
observations will prevail in a material system where the
intercalated phase is amorphous.

Figure 6. Photoconductance transients, normalized to the
peak signal, for blends of pBTTT-C14 with PC71BM (blue
traces) and bis-PC61BM (red traces); 1:1 loading is denoted
by circles and 1:4 by triangles;also shown is a represen-
tative instrument response function (gray trace). The ab-
sorbed photon flux was ∼6 � 1013 photons/cm2/pulse.
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CONCLUSIONS

In summary, efficient exciton quenching is demon-
strated for all pBTTT-C14:fullerene systems, indepen-
dent of composition or the resulting nanomorphology.
In the partially and fully intercalated pBTTT-C14:PC71BM
systems, 10:1 and 1:1 by weight, respectively, both
static and dynamic quenching processes play a role in
exciton quenching. In these systems, the electrons are
confined to fullerene molecules dispersed in the crys-
talline polymer domain, resulting in a hole-dominated
photoconductance signal and an increased photo-
conductance decay rate. The addition of excess
PC71BM results in the formation of pure fullerene
domains that provide a pathway to effective spatial
separation of the carriers, which leads to a slight
enhancement of the carrier lifetime and a significant
contribution to the photoconductance signal due to
free electrons in the fullerene domains. The addi-
tional solubilizing side chain on bis-PC61BM prevents

intercalation in the polymer, resulting in phase se-
paration of the two components. The formation of
separate polymer and fullerene domains means that
a dynamic process dominates exciton quenching,
presumably as a result of exciton diffusion to the
donor�acceptor interface. This phase separation
results in spatial separation of the carriers, which
again reduces the carrier decay rate, independent of
composition. The results indicate that intercalation
of fullerene into crystalline polymer domains is not
detrimental to the generation of long-lived carriers,
suggesting that an energetic, or more likely, entropic
driving force exists that results in efficient carrier
migration from the intercalated phase into the pure
fullerene domains. This suggests that efficient or-
ganic photovoltaic devices could be fabricated that
incorporate intercalated structures in conjuction
with pure fullerene domains to facilitate electron
extraction.

METHODS

Materials. The polymer poly(2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene), pBTTT-C14, was synthesized at Imperial
College as reported elsewhere.65 The pBTTT-C14 had a number
averagemolecularmass (Mn) of 22 KDawitha polydispersity of 2.0,
as determined by gel permeation chromatography in chloroben-
zene at 80 �C against polystyrene standards. The fullerene deriva-
tives PC71BM and bis-PC61BM were purchased from Nano-C and
Solenne, respectively, and used as received.

Film Preparation and Basic Characterization. For all experiments,
films were spin-coated from ortho-dichlorobenzene solutions at
1000 rpm for 60 s and subsequently annealed at 180 �C for 10
min. Film deposition and annealing was performed inside a
nitrogen-filled glovebox. For X-ray diffraction (XRD) measure-
ments, films were spun onto quartz (Gem Dugout) cut 6� from
(0001) that gives low scattering background in XRD. UV�vis
absorption, photoluminescence (PL) spectroscopy, and time-
resolved microwave conductivity (TRMC) were performed on
films spun on plain quartz that was precut to the dimensions of
the X-band waveguide used (see below) for TRMC measure-
ments. Film thicknesses were measured using a Veeco Dektak 8
profilometer and ranged from ca. 50 to 100 nm. X-ray diffraction
measurements were carried out on a Scintag PTS 4-circle
goniometer in Bragg�Brentano geometry with Cu KR radiation.

Steady-State Optical Characterization. The optical attenuation
spectra of the films, corrected for scattering and reflection,
were measured using a UV�vis spectrophotometer (Ocean
Optics HR4000) equipped with an integrating sphere (Ocean
Optics ISP-R). The photoluminescence spectra of the films were
recorded, after excitation at 445 nm, using a photolumines-
cence spectrometer (Horiba Jobin-Yvon Fluorolog III) that de-
tected the emission using a liquid nitrogen-cooled CCD.

Time-Resolved Photoluminescence. Photoluminescence decays
were recorded, after excitation at 440 nm with a 1 MHz train
of pulses (∼150 ps fwhm), for emission at 725 nm, with a cooled
photon counting photomultiplier tube (Hamamatsu H6279),
using the time-correlated single-photon counting technique.66

Time-Resolved Microwave Photoconductivity. Photocarrier dy-
namics were studied using time-resolved microwave photo-
conductivity (TRMC), a contactless, pump�probe technique
where both the initial generation of mobile carriers and their
eventual decay back to equilibrium are monitored through the
time-resolved changes in absorbed microwave power by the
sample.38,47�49 TRMC measurements were performed at NREL
using a system that has been described fully elsewhere.48,49

Briefly, the sample was placed in an X-band microwave cavity
terminated with a grating reflective to microwaves but trans-
parent to the optical excitation that was used to generate
carriers within the film. All pBTTT-C14:fullerene films were
excited with 5 ns laser pulses at 550 nm from an optical
parametric oscillator (Continuum Panther) pumped by a
Q-switched Nd:YAG laser (Continuum Powerlite). The transient
change in photoconductance,ΔG(t), wasmeasured via changes
in the microwave power, ΔP(t), due to absorption of micro-
waves by the generated carriers, and is given by

ΔG(t) ¼ � 1
K

ΔP(t)
P

(2)

where K is a calibration factor experimentally determined from
the resonance characteristics of the microwave cavity and the
dielectric properties of the sample.48,49,67 The photoconduc-
tance, ΔG(t), probed by TRMC includes the density of free
carriers times their mobility, as discussed in eq 1 of the main
text. It should be noted that the mobility in eq 1 is the local
mobility of free carriers (electrons and holes) probed by their
absorption of the 9 GHz microwave beam. This high-frequency
mobility is not necessarily directly related to the mobility
determined in bulk (device-type) measurements, where
the carrier has to traverse the entire device and the extracted
bulk mobilities are typically limited by features such as grain
boundaries.
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