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Abstract
We show how carrier recombination through charge transfer excitons between conjugated
polymers and fullerene molecules is mainly controlled by the intrachain conformation of the
polymer, and to a limited extent by the mesoscopic morphology of the blend. This
experimental result is obtained by combining near infrared photoluminescence spectroscopy
and transmission electron microscopy, which are sensitive to charge transfer exciton emission
and morphology, respectively. The photoluminescence intensity of the charge transfer exciton
is correlated to the degree of intrachain order of the polymer, highlighting an important aspect
for understanding and limiting carrier recombination in organic photovoltaics.
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1. Introduction
Heterojunctions are starting to be ubiquitous in organic optoelectronics. In organic light
emitting diodes heterostructures are used to effectively confine charge carriers or excitons to a
specific emitting layer, thus enhancing the electroluminescence efficiency.[1, 2] In photovoltaic
cells heterojunctions are at the basis of operation, in order to obtain photo-induced charge
transfer (CT), i.e. the crucial step for energy conversion.[3, 4] Several studies have highlighted
the advantages of conjugated polymers/fullerene heterojunctions as ideal material systems to
harvest the visible part of the solar spectrum and convert energy into electrons and holes after
exciton dissociation.[4-6] The working principle is based on the light absorption by conjugated
polymer chromophores, charge separation at the interface with the fullerene and charge carrier
collection in the presence of the open circuit voltage of the cell. For this type of solar cells it
was soon recognized that the limited exciton diffusion length (~10 nm) characterizing most
conjugated polymers,[7,

8]

requires interpenetrating networks with the fullerene acceptor

molecules, enabling a larger probability for CT instead of exciton recombination in the
polymer. These blends are commonly termed bulk heterojunctions and consist of intermixed
nanoscale domains of the two components, owing to the phase separation occurring between
the two materials. As an additional feature, such morphology provides preferential percolation
paths for electrons and holes in the fullerene and polymer domains, respectively. While the
electronic structure of the pristine materials has been well characterized, little is known about
the interface states in the blends, though they are necessarily participating to the CT process.[9,
10]

The abundance of these states is expected to be influenced by the blend morphology as

they are bound to the interfacial area of the heterojunction. This is also envisaged by the
substantial progress made in optimizing the mesoscopic morphology in correlation to the solar
cell efficiency.[6, 11, 12] While control over morphology is known to improve charge carrier
mobility, it is not clear a priori what is the effect on carrier recombination,[6] one of the major
3

limits in advancing organic solar cell technology.[13, 14] Unfortunately, a clear identification of
the molecular parameters governing recombination through interface states is still elusive and
experimentally challenging.

CT states are a result of interfacial electronic interactions occurring at the heterojunction
between organic semiconductors.[15-17] These states can be considered as hybrid states
originating from the wavefunction overlap between an acceptor and a donor molecule in close
contact.[18-22] The overlap can involve both highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs), resulting in the formation of hybrid ground[9,
17, 19, 23-25]

and excited states,[26-29] within the optical gap of the two materials. When

considering excited states these are generally named charge transfer excitons (CTE), or
exciplexes in the case of relaxation to unbound ground state.[30] So far it has been proposed
that electronic interactions through charge transfer states have a beneficial role in some
polyfluorene based solar cells.[17,

29]

In particular, an influence on charge separation was

invoked as a positive effect in the above cited works. In contrast to these reports, recent
investigations demonstrate how charge transfer states could be a limiting factor for
maximizing the open circuit voltage of the cell,[31, 32] one of the key parameters affecting the
efficiency, together with short circuit current. The latter parameter is controlled by the charge
carrier mobility in the two materials and limited by recombination of the photogenerated
charge carriers. We infer that CT states should have also a role in the short circuit current of
the cell, for instance leading to a facilitated electron and hole recombination through CTE
photoluminescence (PL). It is important here to distinguish between geminate and nongeminate recombination. The first occurs within the first few nanoseconds after photoinduced
CT, the latter involves separated charge carriers that recombine in the micro- and millisecond
time scale after carrier diffusion in the respective domains. In light of CT states participation
in the crucial steps for photovoltaic action, it is imperative to understand the molecular
4

characteristics which control their formation and the effect of the mesoscopic morphology.
This remained so far an intriguing issue, primarily because of the experimental difficulties in
observing and characterizing CTEs. As a consequence studies attempting to address the role
of morphology and molecular structure on CTE formation are rare, necessitating the
combination of optical spectroscopy with high resolution microscopy for material systems
with well defined modifications in the chemical structure. Such modifications, when applied
to the conjugated polymer, can be very important to test the role of chain conformation in
CTE.

Here, we show that CTE PL can be observed in efficient polymer/fullerene combinations such
as poly[2-methoxy-5-(3`,7´-dimethyloctyloxy-1,4-phenylene-vinylene] (MDMO-PPV) and
regioregular poly[3-hexylthiophene] (RE-P3HT) when blended with 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6) C61 (PCBM) (see Fig.1b for chemical structures). We based our results
on near-infrared (NIR) sensitive PL spectroscopy. Moreover, by covering the visible spectral
range, these experiments offer the possibility not only to monitor recombination from the
CTE, but also from the fullerene and polymer excited states, providing a thorough picture of
radiative recombination in polymeric solar cells. CTE PL is likely to be a geminate
recombination process. To correlate the presence of CTE emission with the interfacial area
between the polymer and the fullerene, we have performed transmission electron microscopy
(TEM) on the same blends. We first consider the PL emission of MDMO-PPV/PCBM blends,
focusing on CTE emission and correlate it with the interfacial area between domains of the
two materials varied by changing the components weight ratio. Recombination in the form of
CTE emission is present as a prominent PL band without a strong dependence on morphology
and weight ratios. The P3HT/PCBM blends considered in a second series of experiments
allows for distinguishing between the effect of morphology and chain conformation. The
latter effect has been tested by comparing RE-P3HT with regiorandom P3HT (P3HT), i.e.
5

polymers with the same chemical structure in the backbone, but different chain conformations
due to the side groups. Interestingly, we observe that the CTE emission is influenced by the
intrachain conformation of the polymer, rather than by morphology. The results demonstrate
how by changing the intrachain characteristics of the polymer, it is possible to limit the
recombination through CTE.

2. Results and Discussion
The left panel of figure 1a illustrates the three main recombination processes (straight arrows)
after light absorption in a polymer/fullerene blend. In this excitonic energy scheme the singlet
exciton levels of the conjugated polymer and the fullerene (S1) are located at higher energy
with respect to the CTE.[9] The spectrum on the right hand side provides a snapshot of the
potential of visible/NIR PL spectroscopy in resolving carrier recombination in different sites
making up the bulk heterojunction, in this example MDMO-PPV/PCBM. The dashed lines
assign the emission peaks to the respective electronic states as detailed below. Triplet excited
states are not considered in this scheme, since they are known to be at higher energy with
respect to the CTE.[32, 33] For other material combinations, where the triplet excitonic level of
the donor or acceptor is below the CTE, these are known to play an important role in
recombination.[33,

34]

Figure 2a-d shows the visible/NIR PL spectra of four MDMO-

PPV/PCBM thin films, characterized by different weight ratios of PCBM (20%, 40%, 60%
and 80%, respectively). In the spectra of Fig. 2a, b two main transitions are apparent; the
singlet exciton in MDMO-PPV (2.19 eV) and a red shifted broad emission peaking at 1.35 eV
and extending to the NIR down to 0.9 eV. This second feature is assigned to charge carrier
recombination from the CTE formed at the polymer/fullerene molecular interface. Such
interpretation is supported by our recent measurements on electric field induced quenching of
CTE emission.[28] In agreement with reports dealing with CTE in other blends, this emission
is quenched at relatively low field with respect to the S1 exciton as a consequence of the
6

reduced Coulomb interaction between the hole on the donor and electron on the acceptor.[27,
28]

Since in our experiment light is primarily absorbed by the polymer (excitation at 520 nm),

CTE are populated by photoinduced electron transfer from MDMO-PPV to PCBM.
Therefore, the CTE PL band can be used as a sensitive spectroscopic signal to monitor
primarily geminate recombination at the heterojunction after the initial charge transfer. Fig. 2c
reports the results from the same type of experiment performed on a blend with 60% PCBM.
In this case a third PL transition appears at 1.7 eV. The inset of this figure shows the reference
PL spectra of thin films obtained from the pure materials and the peak at 1.7 eV is assigned to
the PL from PCBM (thick line in the inset).[35] Here, it is important to note that the intensity
of the PL originating from S1 excitons in the MDMO-PPV and PCBM are not only dependent
on the amount of the respective component in the blend film, but also on the probability of the
exciton to be quenched. Quenching essentially depends on exciton diffusion to the common
interface and charge transfer. By increasing further the PCBM weight ratio (80% panel d), we
note a more intense and resolved PCBM emission, consistent with more fullerene molecules
present in the sample, but also with a morphology which promotes recombination in the
PCBM domains, instead of diffusion to the interface (see below).

We have complemented these spectroscopic fingerprints with TEM images of the films (Fig.
2e-h). TEM has proven to be a powerful tool for studies on morphology in polymer/fullerene
bulk heterojunction solar cells.[36, 37] As a consequence of differences in the electron density
between fullerenes and conjugated polymers, it is widely recognized that darker regions
correspond to fullerene rich domains.[27, 35, 37, 38] For the 20% sample (Fig. 2e) a bright contrast
dominates the image with a few dark spots. This demonstrates the presence of a continuous
film of MDMO-PPV as the major constituent, in the presence of a few PCBM regions. For
higher PCBM concentrations (panel f-h), the PCBM domains appear as circularly shaped
regions, that span diameter sizes from 30 to 200 nm. We do not exclude the presence of
7

MDMO-PPV also in the dark domains (and vice versa), as discussed in previous
investigations on morphology.[35,

39]

In the 80%, the very high concentration of fullerene

derivative results in the coalescence of the dark domains. Correspondingly, regions rich in
MDMO-PPV have now reached small sizes of the order of a few tenths of nanometers.

We now focus on the comparison between the TEM pictures and the corresponding PL
spectra looking primarily at CTE emission. To effectively quantify the intensity of the
different bands and facilitate our discussion, we have plotted in Figure 3 the integrated PL
intensity of the transitions as a function of MDMO-PPV/PCBM weight ratio (wt %). For
completeness a 0% sample (pure polymer) has been included (not shown in Fig.2). Upon
addition of the fullerene the MDMO-PPV PL (empty squares in Fig.3) is quenched by an
order of magnitude, in accordance with previous studies[39] (note the break in the PL intensity
scale). The decrease in intensity of MDMO-PPV PL, when increasing PCBM content from
20% to 40%, is a consequence of more effective exciton dissociation. This behaviour is
correlated with the decreasing trend in domain size of the polymer as seen in the
corresponding TEM pictures (Fig.2e,f). Indeed, when the domain size approaches dimensions
comparable to the singlet exciton diffusion length of PPV-based polymers (~20 nm),[40] a
larger number of excitons reaches the interface and charge transfer occurs. Therefore, as
expected the fluorescent emission of MDMO-PPV is much more efficiently quenched in
blends with small polymer domains (60% and 80%) than large ones (20% and 40%). An
increasing amount of PCBM molecules (Fig. 2g and 2h) results in the appearance of the
transition at 1.7 eV, which is the result of exciton recombination in PCBM. Similar to the case
discussed for the polymer excitons, emission from PCBM is influenced by domains size and
the exciton diffusion length. This is clearly demonstrated by observing an increase in intensity
when going from 60% to 80% (black dots in Fig.3). In the 80% sample a larger quantity of

8

excitons in PCBM can recombine without reaching the interface with the polymer, where hole
transfer occurs.[41]

Remarkably, all the PL spectra of the blends in Fig. 2 show a CTE PL band. According to Fig.
3 the intensity of the CTE transition (diamonds) has a maximum intensity at 20% and is
constant for weight ratios larger than 40%. As discussed above, such emission should
originate exclusively from the interfacial area between the two materials. We have performed
a quantitative analysis of the TEM images by counting the number of pixels at the interface
between fullerene and polymer domains and normalizing it to the total number of pixels in the
image. Such analysis was performed by considering a total of 80 TEM pictures taken at
different positions in the three films at 20%, 60% and 80% weight ratio (see experimental part
for details). The relative abundance of interfaces with the increasing weight ratio of PCBM in
the samples of Fig.2e,g,h is (4 ± 1.7)%, (21 ± 3.3)% and (10 ± 3.2)%, respectively. Therefore,
as apparent in Fig. 2g at 60% PCBM there is more interfacial area between domains.
Considering this analysis the most intense CTE emission should be recorded for the 60 %
sample and not for the 20% as the optical experiments indicate. The high intensity of the CTE
in the 20% sample is surprising and does not correlate with the low (4%) abundance of
interfaces (Fig.2e). To explain this result we assume the presence of molecularly dispersed
PCBM in films with a PCBM content <40%, which is not evident in the TEM images at such
a resolution. These isolated molecules are likely to be preferential CTE recombination
centres, which do not contribute to photocurrent when present in devices. From a
morphological point of view, we can consider this observation as a proof for incomplete phase
segregation, i.e. the domains observed in TEM are not always pure, but more likely rich in
one of the two materials. Above 40% PCBM content, we infer that phase segregation has
started to occur in accordance with previous reports.[35,

42]

Beyond 40% the CTE intensity

appears to be rather insensitive to changes in the interfacial area and is likely to be a more
9

intrinsic characteristic, probably due to the molecular properties of these two materials rather
than being controlled by changes in interface area (morphology). Summarizing the results for
MDMO-PPV/PCBM, we have attempted to correlate the morphology and the charge carrier
recombination occurring in the domains of the components and at the interface. NIR PL
spectroscopy can provide unique information on CTE emission, which has been observed for
all the different concentrations with a weak dependence on morphology. Therefore, it appears
to be an intrinsic characteristic of MDMO-PPV when mixed with the fullerene acceptor
PCBM, probably linked to the chain or chromophore conformation of MDMO-PPV at the
interface with fullerene.

A material combination which is suitable to test effects of the polymer chain conformation is
P3HT/PCBM. Indeed, P3HT offers the possibility to have changes in the polymer
conformation by having the hexyl side-groups in a regio-random (ra-P3HT) or regio-regular
arrangement (RE-P3HT). Besides this important possibility, RE-P3HT shows photovoltaic
efficiencies of up to 5% when blended with PCBM at about 50% weight ratio[43] (see Fig. 1b
for chemical structures). This makes it an even more interesting material combination for
solar cells compared to MDMO-PPV/PCBM, where efficiencies of about 2.5% were
reported.[11] The high hole mobilities observed in RE-P3HT have been considered to be one of
the reasons for better performances.[6] In RE-P3HT/PCBM blends it is however crucial to
control the interchain order in the polymer domains, to achieve crystalline regions (lamellae).
The lamellae structure leads to increased carrier mobility as discussed in several reports.[44, 45]
While it is known that the intrachain order provided by the regioregularity is a necessary
condition for lamellae formation, it has not been addressed if the order has an effect on CTE
formation and therefore on recombination. CTE emission in polythiophene/fullerene
combinations remained elusive so far.[33] With the idea of probing the effect of polymer chain
conformation, we have first attempted to observe CTE in the visible/NIR PL spectrum of ra10

P3HT/PCBM, where intrachain order is disrupted by the randomness of the side group
position on the thiophene ring. The normalized spectrum of the blend (50% wt ratio), thick
solid line in Fig.4a, shows a modified PL emission from the S1 exciton with respect to the
pristine polymer (thin line), peaking around 2.0 eV. The shift of the S1 emission to higher
energies might be due to a change in the conformation of the polymer chromophores in the
blend. The most important feature is the additional prominent emission at 1.2 eV in the blend.
Very similarly to what is observed above for MDMO-PPV/PCBM, we assign this emission,
appearing exclusively in the blend, to the CTE between ra-P3HT and the fullerene. The
difference in the energetic position with respect to the MDMO-PPV/PCBM CTE can be
nicely traced back to a change of ~0.1 eV in the HOMO position between the two polymers
(see table 1 in Ref.

[46]

). In Fig. 4d we report the intensity of the different transitions as a

function of the PCBM concentration, in a similar way to Fig.3 for MDMO-PPV based blends.
The trend is very similar to what is observed for the above described blend, with a quenching
of more than an order of magnitude upon blending. It is also important to note the small
variations in the CTE emission above 50%, suggesting a little effect of PCBM weight ratio
like in MDMO-PPV/PCBM.

If we now consider the same polymer backbone with an ordered intrachain conformation such
as RE-P3HT (thin solid line in Fig.4b), we note almost no differences in the spectral shape
upon PCBM blending (thick solid line), i.e. no additional transitions seem to appear in the
spectrum. Differences become evident only when enlarging the scale on the red tail of the
spectrum, in which the intensity was multiplied by a factor of ten. Here, we distinguish a
shoulder at about 1.2 eV only present in the blend film, which we assign to the CTE in REP3HT/PCBM. The most striking result for this blend is the relatively low intensity of CTE
PL, when compared to the results for MDMO-PPV/PCBM (Fig.2) and ra-P3HT/PCBM
(Fig.4a). Such a low intensity does not allow us to perform any quantitative analysis on CTE
11

intensity, as carried out for the other blends. We report in Fig. 4e only the quenching of the
polymer PL upon blending the PCBM. The trend indicates efficient photoinduced charge
transfer as confirmed in studies combining quenching of PL and transient absorption
spectroscopy.[33] The observation of a very weak CTE emission is symptomatic of a reduced
recombination through CTE and correlates with the large short circuit currents and
efficiencies reported for such a material combination. By looking at the morphologies of the
two P3HT/PCBM blends introduced so far (Fig. 4f and 4g), we observe different structures,
but with an equally abundant amount of interfaces (24% for RE-P3HT and 21% for ra-P3HT)
between the two materials. Interestingly, the CTE emission, which is assumed to depend on
the interface area, is changing by almost an order of magnitude apparently only as a function
of chain conformation. To gain insights about the interplay between molecular intrachain and
mesoscopic morphological effects on CTE emission, we have also studied annealed films and
made a comparison with the mesoscopic morphology. While the annealing leads to the
expected modifications in morphology (compare Fig.4g and 4h)[36], only a little difference in
the CTE emission is observed (dashed line in Fig.4c). We conclude that in P3HT/PCBM the
mesoscopic morphology plays a limited role in governing geminate carrier recombination
through CTE excitons, this appears to be more influenced by the polymer chain conformation.
Annealing of this blend remains important in creating lamellae structures necessary for high
carrier mobility and preferential percolation paths.[6]

Considering all the results reported for the different material combinations, it appears that
differences in CTE recombination can originate at the molecular level and only partially in the
mesoscopic structure of the film. It remains however unclear, which molecular parameters are
controlling the wavefunction overlap between the polymer and the fullerene and thus CTE
emission. In polythiophenes small modifications in the side groups are expected to impact
directly on the chain rigidity and the electronic structure. This is readily seen in the PL spectra
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of the pristine material (thin line in Fig.4a), which shows a shift towards higher energy when
compared to pure RE-P3HT (Fig.4b). This has been interpreted as a reduced conjugation
length, due to a larger number of torsional degrees of freedom in ra-P3HT[47]. At first sight it
is not straightforward how the intrachain conformation could influence the formation of
hybrid intermolecular states such as CTE. The surprising and apparently complicated
behaviour of P3HT can be interpreted according to recent molecular modelling results, that
show how formation of a CT interaction between conjugated polymers and molecular
acceptors is accompanied by a modification in the polymer chain geometry.[18] Regio-regular
polythiophenes having a rigid molecular backbone have a limited number of degrees of
freedom. Therefore, RE-P3HT should present a decreased tendency in achieving
modifications for wavefunction overlap with spherical molecules such as PCBM. PPV based
polymers or ra-P3HT are known to have a less rigid backbone, due to the large number of
torsional degrees of freedom between the repeat units.[48, 49] As our results indicate this should
be favourable for CTE formation due to a closer contact with PCBM. We note in addition that
localized modifications in the chain conformation should influence the intrachain hole
mobility,[14, 48] decreasing the probability for hole escape from the Coulomb potential of the
electron localized on the fullerene. This effect should promote recombination through the
CTE. While values for the intrachain mobility of holes in P3HT and MDMO-PPV in a single
conjugated unit are difficult to estimate with high accuracy, here we limit to report values for
the hole mobility, µh, in blends from time of flight experiments. For RE-P3HT/PCBM blends
µh = 10-4 cm2/Vs, for MDMO-PPV/PCBM µh ~10-6 cm2/Vs (ref. [6, 50]). Although these values
are for thick films (> 1 µm) and consider both the intrachain and interchain hopping
contributions to mobility, they are consistent with the hypothesis of a role of charge carrier
mobility in CTE emission.
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More in general our results suggest a clear anti-correlation between the intensity of the CTE
emission measured in this work and the efficiencies reported in the literature for the same
systems. For example, recent experiments by Kim et al. on P3HT/PCBM suggest that the
efficiency depends on regioregularity[6]. It is worth mentioning here that preliminary NIR PL
experiments performed on blends sandwiched between indium tin oxide and aluminium
electrodes have shown the same intensity of the transitions as for the electrode less films. This
result implies that the typical built in voltages of organic solar cells are not effective in
preventing CTE recombination. We remind, however, that the photocurrent conversion
efficiency involves not only the geminate recombination processes illustrated in the present
paper, but also transport through percolation paths and the light harvesting characteristics of
the polymer. As demonstrated in experiments based on TEM cross-sectioning, percolation
paths can be effectively constructed by carefully designed processing.[51] Charge
recombination and interface states remain connected to the intrachain physico-chemical
properties of the polymer as our results demonstrate. Further work in the direction of chemical
tailoring of intrachain order is expected to decrease further recombination losses.

3. Conclusions
We have correlated the observation of CTE in polymer/fullerene blends with morphology and
polymer chain conformation. These results were obtained by the combination of NIR PL
spectroscopy and TEM microscopy. For MDMO-PPV/PCBM the CTE PL intensity shows a
weak dependence on the extension of interfacial area between the two materials and provides
a signature for the transition from solid solutions to phase segregated blends. For this system
we provide evidence for the presence of molecularly dispersed PCBM in apparently pure
MDMO-PPV domains, which form preferential recombination centres. In phase segregated
blends the CTE is almost independent of the film morphology, suggesting the role of polymer
chain conformation in controlling the CTE emission. Such hypothesis has been verified in
14

P3HT/PCBM blends, where we have reported the first observation of CTE PL and shown that
this emission is very sensitive to the regio-regularity of the chain side groups. Thus, the
rigidity of the chain influences the wavefunction overlap between the polymer and the
fullerene or the intrachain mobility modulating the CTE PL intensity. Our study provides
valuable information on the influence of charge transfer states in charge recombination losses
of bulk heterojunction solar cells. New strategies considering a clever design of the intrachain
properties of the polymer are expected to bring improved performances by limiting CTE
recombination. In addition, we stress that the NIR PL measurements presented in this work
demonstrate a facile, fast and non-destructive method for estimating recombination paths in
organic solar cells.

4. Experimental
Materials: MDMO-PPV, RE-P3HT, ra-P3HT and PCBM were purchased from Aldrich and
used as received. RE-P3HT has a regioregularity of 98.5%. ra-P3HT has a 50% content of
head to head side groups. Thin films of the pure materials and the blends were obtained by
spin-coating on pre-cleaned quartz substrates in a nitrogen glove-box. The substrates were
rotated at 3000 rpm for 60 s during deposition of the solutions to guarantee homogeneous
films and complete solvent evaporation. Film thicknesses were in the range (380 ± 20) nm.
For all the blends, solutions of the polymer and fullerene were prepared in chlorobenzene.
Only spectroscopic grade solvents were used. The different weight percentages of PCBM
were obtained by varying the PCBM content, while keeping the mass of polymer constant.
This ensured spin coated films with comparable thicknesses. For the annealing of REP3HT/PCBM blends, the thin films were placed in an oven integrated in the glove box.
Annealing temperatures were set to 140 °C for 10 minutes in vacuum.
For TEM measurements the floatation technique in deionized water was used to obtain freestanding films. In brief, the thin films deposited on quartz were left in the upright position
15

inside a Petri lab dish filled with deionized water (resistivity 18.2 MΩ*cm). After 10 minutes
parts of the film, or the entire film were found floating in water completely detached from the
substrate. These were collected with copper grids for TEM and dried in air. All measurements
were performed on a JEOL transmission electron microscope operated at 100 kV. Image
analysis was performed with the software ImageJ. The original images where subjected to
Gaussian blur with a 2 nm radius and converted to black and white binary images considering
the volume ratio of the components, with a similar procedure to ref.

[51]

. For estimating the

amount of interface between the domains, the number of pixels at the interface between a
white and a black domain was counted and normalized to the total number of pixels in the
image.
PL spectra were obtained with a double monochromator fluorometer (Jobin-Yvon) equipped
with a Peltier and a water cooled detectors sensitive in the NIR spectral range down to 0.8 eV.
Measurements were performed exciting at 520 nm by a monochromated Xe-lamp, with the
sample kept in vacuum at 10-6 mbar. No significant differences were observed for samples
measured in air on a time scale of a few days.
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Figures

Figure 1. Schematic energy level diagram for electronic excitations in conjugated
polymer/fullerene blends and PL spectrum. a) The diagram illustrates the electronic relaxation
processes after light absorption by the polymer or the fullerene. S1 indicates the respective
singlet energy levels for Frenkel excitons localized on conjugated polymer chromophores or
on the fullerene molecules. CTE indicates the energy level of charge transfer excitons, which
are localized at the molecular heterojunction between the two materials. Straight arrows
indicate relaxation to the ground state by exciton recombination and light emission in the
different states. Curved arrows indicate the population of the CTE by exciton diffusion and
charge transfer at the interface. The resulting PL spectrum shown on the side of the energetic
scheme illustrates the possibility to monitor these transitions in a MDMO-PPV/PCBM blend.
b) Chemical structures of MDMO-PPV, P3HT and PCBM.
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Figure 2. Correlation between PL spectra and morphology for MDMO-PPV/PCBM at
different weight ratios. a) Visible/ NIR PL spectrum of a MDMO-PPV/PCBM blend film
containing a 20% wt ratio of fullerene. b) ,c), d) PL spectra for samples with 40%, 60% and
80% PCBM content, respectively. The transitions at 2.19 and 1.35 eV are assigned to the
MDMO-PPV exciton and CTE, respectively. The peak at 1.7 eV appearing in panel c) and d)
is due to exciton recombination in the pure PCBM domains. The inset shows the PL spectra
for the pristine materials: PCBM (thick line), MDMO-PPV (thin line). Excitation was
performed at 520 nm and the spectra were rescaled to normalize for the amount of absorbed
photons. e-h) TEM pictures obtained preparing thin films with the same weight ratio used for
the optical experiments. The bright regions are representative of MDMO-PPV rich domains,
while the dark ones belong to PCBM molecules. The scale bar for all the TEM images is 100
nm.
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the blends. The integrated PL of MDMO-PPV excitons is represented by empty squares, of
PCBM by black dots and of CTE by diamonds.
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Figure 4. Interplay between morphology and intrachain regioregularity on CTE
recombination in P3HT/PCBM blends. a) Visible/NIR PL spectra of pristine ra-P3HT (thin
solid line) and ra-P3HT/PCBM blend film (thick solid line). b) PL spectra of pristine REP3HT (thin solid line) and RE-P3HT/PCBM blend film (thick solid line). c) PL spectra of REP3HT/PCBM (thick solid line) and the same sample annealed (thin dashed line). For the sake
of clarity the spectra below 1.4 eV in b) and c) are plotted after multiplication by a factor of
10. The blends presented in panel a), b) and c) contain a 50% wt ratio of fullerene. d-e)
Integrated PL intensity for the different recombination channels as a function of the PCBM
weight ratio in the blends. For the RE-P3HT/PCBM blends only the P3HT S1 emission is
plotted. f-h) TEM pictures of ra-P3HT/PCBM, RE-P3HT/PCBM and RE-P3HT/PCBM
annealed, respectively. The bright regions are representative of P3HT rich domains, while the
dark ones are due to PCBM molecules. The scale bar is 100 nm.
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