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Abstract: Organic solar cells consist of thin films combining an electron donor (often a conjugated polymer)
with an electron acceptor (often a fullerene derivative), in a blend commonly referred to as bulk heterojunction
material. Charge separation between the donor and the acceptor leads to the generation of carriers, which can be
extracted from photovoltaic devices in the form of photocurrent. The generation mechanism of free, extractable
charges has caused a lot of controversial discussion in literature. Our research has shown that all the steps
involved in charge generation are strongly dependent on the arrangement of the donor and the acceptor (i.e. the
structure) of the bulk heterojunction.
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1. Introduction

In the 1980s, the first organic photo-
voltaic (OPV) device having an interface
between an electron donor layer and an
electron acceptor layer was reported.[1]The
junction is necessary in order to efficiently
dissociate bound excitons in organic sol-
ids, unlike for inorganic materials, where
free charges can be directly generated by
light absorption. Another breakthrough in
the field was the demonstration of the bulk
heterojunction (BHJ) in 1995.[2] This im-
plies blending the donor and acceptor ma-
terials to form a nanoscale interpenetrating
network, allowing on the one hand a large
interfacial area for exciton dissociation,
and on the other hand a percolating net-
work for charge transport to the electrodes.
Today, the efficiency in OPV devices ex-
ceeds 11%.[3] The main advantage of this
technology is the low-cost manufacturing
of solution-processed devices, which are
large-area, flexible and lightweight.

The most commonly used materials in
organic solar cells are π-conjugated poly-
mer electron donors, blended with elec-
tron-accepting fullerene derivatives such
as PCBM ([6,6]-phenyl-C

61
-butyric-acid-

methyl-ester). They can be dissolved in a
common organic solvent, and then cast or
printed to highly absorbing thin films of
about 100 nm thickness. An over-simpli-
fied picture of the processes occurring in
this BHJ blend is shown in Fig. 1a. This
includes: 1) light absorption by the poly-
mer, 2) diffusion of the generated exciton
to an interface with PCBM, 3) exciton dis-
sociation to a bound electron-hole pair,

Fig. 1. a) Highly simplified picture of the pro-
cesses occurring in a polymer:fullerne blend
upon photo-excitation: 1) Light absorption by
the polymer (white), 2) diffusion of the exciton
to an interface with PCBM (black), 3) exciton
dissociation to a bound electron-hole pair, and
4) separation into free charges that are extract-
ed at the electrodes. b) Schematic representa-
tion of the investigated phase morphologies
of pBTTT:PCBM blends: Fully intermixed (A),
co-crystal regions co-existing with neat PCBM
clusters (B), partially phase-separated (C), and
predominantly phase-separated (D).
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When the pBTTT:PCBM blends are
partially or predominantly phase-separat-
ed using the processing additives (phase
morphologies C and D), the removal of
PCBM from the co-crystal regions leads
to the presence of neat pBTTT domains,
as clearly reflected by the shape of the
polymer absorption in the 500–600 nm
region (Fig. 2). This is a superposition of
the featureless blue-shifted contribution of
pBTTT in the neat domains, and the struc-
tured red-shifted contribution of pBTTT
remaining in co-crystal regions. The phase-
separation in those samples has been con-
firmed by a variety of tools (grazing-angle
incidence wide-angle X-ray scattering,
scanning transmission X-ray microscopy,
optical microscopy, resonant soft X-ray
scattering).[9] It has also been shown by
PDS spectroscopy, that the intensity of
direct CT-state absorption is reduced in
the phase-separated blends, due to a de-
crease in the polymer:fullerene interfacial
area.[15b] Finally, there is a noticeable re-
duction in the relative absorption of PCBM
below 450 nm in the predominantly phase-
separated blends (Fig. 2, phase morphol-
ogy D), although they contain the same
amount of fullerene as the fully intercalat-
ed samples with phasemorphologyA. This
is possibly related to enhanced long-range
ordering in the neat PCBM regions.[16]

3.2 Exciton Dissociation
Exciton dissociation to charges in

polymer:fullerene blends has been shown
to occur on the ultrafast time scale, in less
than 100 fs.[17]This has raised considerable
questions, since such a fast time scale is not
consistent with exciton diffusion through
neat polymer domains over a distance of
about 10 nm, in order to reach a PCBM
quenching site, as suggested by Fig. 1a.
One hypothesis that we and others sug-
gested, is that excitons are highly delocal-
ized for about 100–200 fs after photo-ex-

dominantly phase-separated (D, 1:1weight
ratio processed with Me 12 or Me 14).

3. Effects of the Phase Morphology
on the Photophysics

3.1 Absorption Spectra
The absorption spectra of neat

pBTTT films (without PCBM) and of the
pBTTT:PCBM blends with the four inves-
tigated phase morphologies are shown in
Fig. 2.[11] Neat pBTTT films processed at
room temperature have a featureless ab-
sorption band peaking at 525 nm, and they
emit around 700 nm.[12] For fully interca-
lated pBTTT:PCBM samples (phase mor-
phology A), the absorption of the polymer
in the co-crystal phase becomes structured
and more red-shifted (maximum around
560 nm). This is likely related to the dif-
ferent conformation and packing of the
pBTTT chains in the co-crystal phase com-
pared to the neat phase.[13] It has also been
shown that the valence band of pBTTT
shifts by up to 320 meV upon fullerene
intercalation, which is related to inter-
molecular interactions.[14] An interfacial
charge transfer (CT) state between pBTTT
and PCBM can be directly excited from the
ground state, and leads to a weak absorp-
tion band in the 750–1200 nm region, as
seen by sensitive photothermal deflection
spectroscopy (PDS).[15]

In the samples with phase morphol-
ogy B (co-existing intermixed phase with
neat PCBM clusters), the absorption of
PCBM below 450 nm is strongly enhanced
due to the higher fullerene content, while
the structured shape of the pBTTT band
around 560 nm confirms that the polymer
is present in the co-crystal phase (Fig. 2).
Because of fullerene crystallization in the
neat PCBM clusters, the electron affinity
increases by 100–200 meV with respect to
PCBM in the co-crystal domains.[8b]

and 4) separation into free charges that
are extracted at the electrodes.[4] The de-
tailed mechanisms of exciton dissociation,
charge pair separation and carrier trans-
port are highly complex and have created
several controversial views in the OPV
community. We review here aspects of our
research, which have revealed that the mi-
crostructure and phase morphology of the
BHJ, i.e. the precise arrangement of the do-
nor and the acceptor from the molecular to
microscopic scale, play a determining role
in these processes.

2. The pBTTT:PCBM Model System

In the OPV field, many empirical ways
to enhance solar cell efficiency by influ-
encing the BHJ structure during solution-
processing of the thin films have been
developed (e.g. casting solvent optimi-
zation, use of additives, thermal/solvent
annealing).[5] With recent advances in
structural characterization of organic thin
films,[6] it has become clear that the simple
two-phase picture shown in Fig. 1a is not
pertinent. Not only can the polymer and
fullerene components arrange into either
amorphous or crystalline neat domains
of variable size, but an additional inter-
mixed polymer:fullerene phase has been
identified.[7] The three-phase morphol-
ogy, consisting of co-existing intermixed
polymer:fullerene regions with neat poly-
mer and fullerene domains, leads to high-
est OPV efficiency.[8]

In order to correlate the charge
generation and transport properties in
polymer:fullerene blends to the structure
of the BHJ films, we have worked with a
model system where the phase morpholo-
gy can be precisely characterized and con-
trolled: The blend of the pBTTT polymer
(poly(2,5-bis(3-hexadecyl-thiophen-2-yl)
thieno[3,2-b]thiophene) with PCBM.[8b,d,9]
This polymer is known for a highly or-
dered microstructure and for excellent
performance in field effect transistors.[10]
It has been shown that fullerene mole-
cules intercalate between the side chains
of the ordered pBTTT domains, form-
ing a well-defined intimately mixed co-
crystal phase.[8b,d] Moreover, the phase
morphology of the pBTTT:PCBM blends
can be manipulated, either by changing
the polymer:fullerene weight ratio, or by
using fatty acid methyl ester additives of
different alkyl chain lengths (Me 7, Me
12 and Me 14).[8b,9] The four phase mor-
phologies that we investigated are shown
in Fig. 1b: Fully intermixed (A, 1:1 pBTTT:
PCBMweight ratio), intermixed co-crystal
regions and neat PCBM clusters (B, 1:4
weight ratio), partially intercalated (C, 1:1
weight ratio processedwithMe 7), and pre-

Fig. 2. Absorption
spectra of neat
pBTTT films, neat
PCBM films and
pBTTT:PCBM blends
with different phase
morphologies: Fully
intermixed (A),
co-crystal regions
co-existing with
neat PCBM clusters
(B), partially phase-
separated (C), and
predominantly phase-
separated (D).
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3.3 Free Charge Generation versus
Recombination

Once that the excitons have dissociated
at a polymer:fullerene domain-interface or
molecular boundary in the intermixed re-
gions, the generated electron-hole pairs can
either spatially separate to free charges, or
geminately recombine to the ground state.
The detailed mechanism of free charge
generation in organic solar cells is still
highly debated, with conflicting accounts
of ultrafast free charge generation,[21] and
of slowly separating CT-states.[22]Ultrafast
free charge generation has been justified
by long-range charge separation,[21a,c,d] by
delocalization into neat domains,[21b] and
by the contribution of hot states.[21e] On
the other hand, the dissociation of relaxed
CT-states has been related to high local
charge carrier mobility.[22a] Our results
with the pBTTT:PCBM blends reconcile
the contradictory hypotheses reported in
literature.[19a] We have shown that whether
the electron-hole pairs are able to dissoci-
ate or not is instantaneously determined
at the moment of their generation (by the
molecular arrangement and local environ-
ment of the charge pairs, which mainly af-
fect their electronic coupling). However,

mer states are not directly excited, but indi-
rectly populated via the HT process.

Neat pBTTT domains are present in
the phase-separated pBTTT:PCBM blends
(phase morphologies C and D). As expect-
ed, this decreases the quenching efficiency
of the pBTTT excitons (the polymer emis-
sion is about 75% quenched in predomi-
nantly phase-separated blends, instead of
<99% in the fully intercalated samples).[9]
In the TA spectra with selective polymer
excitation, the absorption signature of the
pBTTT excitons above 800 nm is clearly
visible at early time delays for the phase-
separated samples (Fig. 3d).[11,19a] The
signature of those pBTTT excitons decays
faster for the partially than for the predom-
inantly phase-separated blends, and in both
cases faster than for neat pBTTT films (in-
set of Fig. 3). We attribute the multiphasic
quenching in the phase-separated blends,
with time constants of 0.6 ps, 9 ps and 125
ps, to delayed ET after exciton diffusion
though the neat pBTTT domains towards
PCBM.About 10-20% of the excitons gen-
erated within the neat polymer domains are
lost to the ground state and never dissociate
during their lifetime.[19a]

citation, so that they sample a larger extent
of the BHJ, and that their dissociation takes
place before excited-state relaxation to a
more localized species.[18] Subsequently,
we have shown that an even more impor-
tant parameter leading to ultrafast exciton
dissociation in polymer:fullerene blends is
the presence of the intermixed phase.[11,19]
We found that prompt (~100 fs) exciton
dissociation occurs predominantly in the
regions where the polymer and fullerene
are molecularly intermixed, so that no ex-
citon diffusion is necessary. On the other
hand, slower (delayed) exciton dissocia-
tion is observed, if the excitons need to
diffuse through neat domains to a quench-
ing site.

For fully intercalated pBTTT:PCBM
blends (phase morphology A), >99% of
the polymer emission is quenched due to
efficient electron transfer (ET) to PCBM
in the intermixed co-crystal phase.[8b] We
have shown by time-resolved fluorescence
spectroscopy that this occurswith a ~100 fs
time constant (inset of Fig. 3).[11] We also
measured femtosecond transient absorp-
tion (TA) spectra of the samples.[11,19a,b]
This allows to observe the dissociation of
the excitons as well as the rise of signa-
tures related to the photo-generated charg-
es. Due to the prompt exciton dissociation
in the fully intercalated blend, the typical
exciton-state absorption (ESA) above 800
nm is not seen, even at the earliest mea-
surable time delay (0.2 ps). Instead, the
signature due to charges is instantaneously
present (Fig. 3a,b).

We have revealed similarly prompt
quenching by ET when exciting the
pBTTT polymer present in the co-crystal
regions of samples with phase morphol-
ogy B (co-existing intermixed phase with
neat PCBM clusters). However, when se-
lectively exciting the PCBM, both prompt
and delayed charge generation dynamics
are observed.[8b,11,12,19a,b] In this case, ex-
citons are photo-generated in the fuller-
enes and dissociate by hole transfer (HT)
to pBTTT. Since PCBM is present both in
the co-crystal regions and the neat fuller-
ene clusters, part of the excitons need to
diffuse over various distances through the
neat PCBM domains prior to their disso-
ciation, leading to strongly multiphasic
quenching dynamics with time constants
ranging from sub-picosecond to hundreds
of picoseconds. It is likely that some of the
excitons never reach a quenching site dur-
ing their lifetime, especially if the fullerene
domains are larger than the 5 nm exciton
diffusion length of PCBM.[20] In the corre-
sponding TA spectra, the weak signature of
the PCBM excitons is hidden by the other
spectral features (Fig. 3c). However, the de-
layed HT is clearly evident as a progressive
rise of the negative ground-sate bleaching
(GSB) signature of pBTTT, since the poly-

Fig. 3. Transient ab-
sorption (TA) spectra
of a) neat pBTTT and
neat PCBM films, and
b)–d) of pBTTT:PCBM
blends with different
phase morpholo-
gies, at various time
delay after photo-
excitation. In b) and
d), the polymer was
selectively excited,
while the PCBM was
selectively excited in
c). Typical signatures
include the ground
state bleaching
(GSB), stimulated
emission (SE), excit-
ed-state absorption
(ESA), charge absorp-
tion, and electro-
absorption (EA).
The inset shows the
dynamics of pBTTT
excitons (obtained ei-
ther by time-resolved
emission spectros-
copy, or by analysis
of the TA data). Data
from ref. [11].
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since the charges do not have the possibil-
ity to migrate to any neat pBTTT domains.
On the other hand, over 85% of the EA
contribution disappears within a few pico-
seconds (mainly in < 1 ps) in the phase-
separated blends (phase morphologies C
and D, selective co-crystal excitation), and
the TA spectra at long times do not show
any EA (Fig. 3d). This indicates ultrafast
transport of the holes generated in the co-
crystal regions to neat pBTTT domains.

Moreover, we have used electromodu-
lated differential absorption (EDA) spec-
troscopy in order to directly visualize the
separation of the electron-hole pairs as a
function of phase morphology. In this tech-
nique, an external reverse bias (yielding a
homogeneous electric field of the order of
105V·cm–1) is applied across full solar cells
containing the pBTTT:PCBM films, thus
externally inducing a bulk EA response in
the active layer (Fig. 5a).[19a] When the de-
vices are photo-excited, the transport and
extraction of the photo-generated charges
shields the external reverse bias and re-
duces the amplitude of the EA signal. The
voltage-drop in the solar cells due to this
evolution of the charges can be deduced
with femtosecond resolution. EDA spec-
troscopy is sensitive only to those electron-
hole pairs, which dissociate to free charges
and are transported to the electrodes (in
contrast to TA measurements, where both

the charges from the intermixed to the neat
regions.[8b,14,22a]

It is difficult to learn about the spa-
tial separation of charges using TA spec-
troscopy, since electron-hole pairs and
free charges typically have very similar
spectral signatures. However, we were
able to identify a contribution of electro-
absorption (EA) in the TA spectra of the
pBTTT:PCBM blends (inset of Fig. 4b).
This is caused by the local electric field
that exists around photo-generated charg-
es, leading to a Stark shift in the absorp-
tion of the chromophores found in their
immediate vicinity.[19a,21b]We could assign
the observed EA signal to transitions in
the pBTTT polymer, and more specifically
to the presence of holes in the co-crystal
phase.[11,19a] We found that the EA due to
holes in the neat pBTTT domains and due
to electrons in PCBM is negligible in the
TA measurements. Therefore, the pres-
ence of the EA signature is a direct probe
of whether holes are found in the co-crystal
regions or neat PBTTT domains. Fig. 4b
shows the temporal evolution of the EA
signature for different phase morphologies
(scaled by the dynamics of the charges).
For fully intercalated blends and blend
containing co-crystal regions and PCBM
clusters (phase morphologies A and B,
polymer excitation), the EA contribution
stays constant after some initial relaxation,

the spatial dissociation of the charges to
reach the ~5 nm electron-hole separation
needed to overcome their Coulomb attrac-
tion is relatively slow, and can take 5–30 ps
depending on the phase morphology.

In Fig. 3, it is clear that the lifetime of
the TA signatures representing the charges
is strongly dependent on the phase mor-
phology. The dynamics of the charges (up-
on selective excitation of the polymer) was
extracted and is shown in Fig. 4a.[19a]There
is a partial decay of the charge dynamics
with a time constant of about 200 ps due
to geminate charge recombination (gCR),
concerning predominantly the charge pairs
that were promptly generated in the co-
crystal phase. The amplitude of this gCR
decreases from 87% (fully intercalated
blend, phase morphology A), to 72% (pre-
dominantly phase-separated blend, phase
morphology D), to 49% (partially phase-
separated blend, phasemorphologyC), and
to 30% (co-existing intermixed phase with
neat PCBM clusters, phase morphology
B). The trend correlates inversely with the
solar cell efficiency of the corresponding
photovoltaic devices.[9,23] This shows that
gCR is a loss mechanism strongly reduc-
ing solar cell efficiency, but which can be
prevented by the presence of neat PCBM
clusters and/or neat pBTTT domains. The
extent of gCR also scales with the ampli-
tude of direct CT-state absorption,[15] con-
firming that the recombination occurs from
interfacial electron-hole pairs.

In agreement with the fact that neat
domains reduce gCR, TA measurements
on the longer (microsecond) time scale
indicate a higher yield of long-lived free
charges (polarons) in the pBTTT:PCBM
samples having neat PCBM domains and
in the phase-separated blends (phase mor-
phologies B, C and D), compared to the
fully intercalated blends (phase morpholo-
gyA).[8b,9] It was also found that the nature
of the long-lived pBTTT polarons is more
localized in the intermixed phase, while
it is more delocalized in neat pBTTT do-
mains.[24] Finally, it was reported that slow
recombination processes are trap-based
in fully intercalated samples, while they
are bimolecular in blends containing neat
PCBM clusters.[25]

The beneficial impact of neat phases
on the spatial separation of electron-
hole pairs for pBTTT:PCBM blends and
polymer:fullerene blends in general has
been known for some time, and explains
why best solar cell efficiency is usually
obtained in three-phase morphologies
combining intermixes regions with neat
polymer and fullerene domains.[8,22a,26]
Different mechanisms for this phenom-
enon have been invoked, such as im-
proved transport in the neat regions,[22a,23]
electron delocalization into the fullerene
clusters[21b,27] or energy cascades driving

Fig. 4. Normalized
dynamics of a) the
charge carriers and b)
the electro-absorp-
tion (EA) contribution
scaled by the dynam-
ics of the charges,
obtained from the
analysis of the TA
data in pBTTT:PCBM
blends with different
phase morphologies:
Fully intermixed (A),
co-crystal regions
co-existing with
neat PCBM clus-
ters (B), partially
phase-separated (C),
and predominantly
phase-separated (D).
The inset shows a
typical EA spectrum
extracted from the TA
spectrum of the fully
intercalated blend.
Data from refs [11]
and [19a].
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bound and free charges are seen). Indeed,
the magnitude of the voltage drop obtained
by the EDA technique scales with the yield
of free charge generation in a given phase
morphology (Fig. 5b). Thus, we observed
a voltage drop on the 1 ns time scale of
~ –0.3 V in the fully intercalated blend
(phase morphology A), which increased
to ~ –2.8 V in the blend containing addi-
tional PCBM clusters (phase morphology
B), where gCR is reduced and free charge
generation is favoured (measurements
were carried out at –6 V applied bias and
similar excitation densities).

From the voltage drop dynamics, we
have calculated the time-resolved aver-
age electron-hole separation (sum of the
electron and hole motions in the direction
towards the electrodes, Fig. 5c).[19a] In the
fully intercalated blends and the ones with
additional PCBM clusters (phase morphol-
ogies A and B, with polymer excitation),
the charges initially evolve only in the
co-crystal phase, leading in both cases to
a charge separation by about 3 nm within
10 ps. After 10 ps, the electron-hole dis-
tance is strongly increased only for phase
morphology B (containing the additional
fullerene clusters), compared to phase
morphology A (containing just the co-
crystal phase). This shows that after 10 ps,
the electrons have reached the neat PCBM
regions, where the electron transport is im-
proved.[12,28] For the predominantly phase-
separated blend (phase morphology D,
with selective co-crystal excitation), there
is an ultrafast electron-hole separation of
~2 nm in only 200 fs. As discussed above,
we attribute this to holes travelling from
the co-crystal regions to neat pBTTT do-
mains (probably within the same polymer
chain and helped by initial delocalization).

Comparing the voltage drop dynam-
ics of phase morphologies A and B (Fig.
5b), the drop within the first picosecond is

more pronounced in the presence of neat
fullerene clusters. This indicates that the
number of dissociating electron-hole pairs
is increased in phase morphology B from
the earliest time onwards, although the av-
erage electron-hole separation only differs
after 10 ps, once the electrons have reached
the neat PCBM regions. From this, togeth-
er with bias-dependent measurements, we
have concluded that the branching between
electron-hole pairs that will undergo gCR
and those that will be able to separate to
free charges is determined instantaneously,
at the moment of their generation by exci-
ton dissociation.[19a]Nearby neat phase do-
mains can shift the branching ratio towards
more free charge generation.

Nevertheless, even if the ability of
charge pairs to dissociate is determined on
the sub-100 fs time scale, the spatial dis-
sociation of the charges to reach the ~5 nm
electron-hole separation needed to over-
come their Coulomb attraction is relatively
slow, and can take 5–30 ps depending on
the phase morphology (Fig. 5c). This is
because the transport is very dispersive in
all the blends (slows down with increasing
distance as charges become increasingly
trapped).[29] In spite of revealing high local
mobilityandpositiveimpactofcertainphase
morphologies on the transport, our results
therefore also agree with previously re-
ported slow dissociation to free charges.[22]

4. Conclusion

By using a complementary palette of
femtosecond-resolved spectroscopic ex-
periments, including Stark effect spec-
troscopies in the absence and presence
of externally applied electric fields, we
have clearly established how the phase
morphology of polymer:fullerene blends
affects the different steps involved in pho-

ton-to-current conversion, exciton disso-
ciation, free charge generation and charge
transport. Our studies were focussed on the
pBTTT:PCBM model system, where the
phase morphology can be precisely con-
trolled and characterized. Nevertheless,
our conclusions are generally relevant and
important, because the interplay of neat
and intermixed phases in donor:acceptor
blends has been identified as a key factor
for optimized solar cell efficiency. We are
currently investigating other more amor-
phous polymer:fullerene blends with high
solar cell efficiency and find similar re-
sults.
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