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ABSTRACT: The morphology of composite thin films consisting of a conjugated polymer (poly[2-methoxy-
5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene], MDMO-PPV) and methanofullerene ([6,6]-phenyl Ce:
butyric acid methyl ester, PCBM), which are used as the active layer in polymer photovoltaic devices,
has been extensively studied using transmission electron microscopy (TEM) and selected-area electron
diffraction (SAED). Composite MDMO-PPV:PCBM films have been prepared with PCBM concentrations
varying from 20 to 90 wt %. PCBM-rich clusters are clearly observed in TEM bright-field mode when the
PCBM concentration is increased to ca. 75 wt % in the composite film. The SAED analysis shows that
these clusters consist of many PCBM nanocrystals with random crystallographic orientations. Further-
more, we show that these nanocrystals are also present in the homogeneous matrix at PCBM
concentrations below 75 wt %. Annealing of the blend films has been performed at temperatures between
60 and 130 °C for different times. In all cases, but especially when the annealing temperature is above
the glass transition temperature of MDMO-PPV (~80 °C), PCBM molecules show high diffusion mobility,
resulting in accelerated phase segregation and in the formation of large PCBM single crystals in the
film. The observed phase segregation, even at temperatures as low as 60 °C, indicates that the thermal
stability of MDMO-PPV:PCBM films will likely limit the long-term performance of solar cells based on

these materials.

Introduction

A bicontinuous interpenetrating network structure
between electron donor and acceptor materials, or bulk
heterojunction, is one of the most promising morpho-
logical architectures for the active layer in photovoltaic
cells and has provided energy conversion efficiencies as
high as = 2.5—-3.5% in simulated solar light.171° In
contrast to many inorganic semiconductors, in which
photon absorption directly produces free electrons and
holes,!! optical absorption in organic molecular and
polymer semiconductors mainly creates electron—hole
pairs (excitons) that are bound at room temperature.!2
In bulk heterojunction photovoltaic cells the creation of
free electrons and holes is accomplished by the sponta-
neous dissociation of the excitons at the donor/acceptor
interface. Subsequent transport and collection of the
photoinduced charges at the appropriate electrodes then
provides the photovoltaic effect.

For active layers consisting of blends of functional
polymers (or low molecular weight organic molecules),
it is essential to control the morphology and create
interpenetrating networks with nanoscale phase sepa-
ration between electron donor and acceptor materials
to achieve the optimum performance.t=1013-19 |t has
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been established that both the conditions for solution
processing®91516 and thermal treatment of as-prepared
films?10.17719 can strongly influence the performance of
these devices because they affect the morphology of the
bulk heterojunction. The reason for that is twofold. First
of all, the dimension of the phase separation determines
the average distance that excitons have to diffuse to
reach the donor—acceptor interface where they can be
dissociated. Because the exciton diffusion range in the
polymer is typically limited to around 10 nm,20=22 the
amount of photogenerated charges is related to the scale
of phase separation. Second, interpenetrating networks
ensure continuous pathways for both charges to reach
the appropriate electrodes and are a prerequisite for
effective charge collection.

For future application of polymer photovoltaic devices,
both their efficiency and lifetime must be improved. In
this respect the morphology of the active layer and its
long-term and thermal stability are of interest. For the
MDMO-PPV:PCBM blend system, a rapid decrease in
performance of sealed devices has already been observed
even after thermal aging at around 45—50 °C in the
dark.z The most widely used technique to deposit active
layers for polymer photovoltaic devices is spin-coating.
In this technique the solvent rapidly evaporates, and
together with confinement the rapid drying results in
thin films that are far away from their equilibrium
morphological state, particularly for long chain poly-
mers.2425 From a viewpoint of thermodynamics, such a
kinetically determined morphology is prone to further
relaxation and reorganization on a molecular and meso-
scopic scale. This reorganization will always occur with
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time, although maybe not on a short time scale; how-
ever, it is accelerated at elevated temperatures.

Here we present a study on the morphology and
thermal stability of a blend of a conjugated polymer
(poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenyl-
enevinylene], MDMO-PPV)% and a methanofullerene
derivative ([6,6]-phenyl Cg1 butyric acid methyl ester,
PCBM)?’ that has become one of the most intensely
studied material combinations after it has been estab-
lished to give 2.5% efficient solar cells.® In a recent study
we have shown that pure PCBM forms thin films
consisting of many randomly oriented nanocrystals
when cast from solution under conditions where the
solvent evaporates quickly.?® Merely in view of the size
effect,242529-32 the morphological stability of nano-
crystalline PCBM films is limited. Indeed, it has been
shown in the same study that pure PCBM films re-
organize to form larger crystallites when being an-
nealed. On the basis of this experience, it is the purpose
of the present study to investigate the effect of the
preparation conditions (such as spin-coating, drop-
casting, different solvents, and PCBM concentrations)
on the film morphology and to determine the changes
in morphology of MDMO-PPV:PCBM composite films
upon annealing by using transmission electron mi-
croscopy (TEM) and selected-area electron diffraction
(SAED).

Experimental Part

Mixed solutions were prepared by dissolving MDMO-PPV
(synthesized via the Gilch route)?® and PCBM?’ in the desired
solvent (chlorobenzene or toluene) and continuously stirring
in the dark overnight. The concentration of the solution and
spin-coating parameters were adjusted to provide homoge-
neous films with thickness around 100 nm. Unless stated
otherwise, spin-coated films were prepared following the same
procedures used in device fabrication. Hence, 1TO-covered
glass substrates were first cleaned by ultrasonic treatment in
acetone, followed by rubbing with soap, rinsing in deminer-
alized water, and refluxing with 2-propanol to remove water.
Finally, the substrates were treated in a UV-ozone oven for
ca. 20 min. Subsequently, poly(ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, Bayer AG, Germany) was
spin-coated from an aqueous dispersion on the cleaned sub-
strates. This layer was dried by heating on a hot plate at 180
°C for ca. 1 min, followed by cooling on a plate at 25 °C during
1 min. In the final step, the active layer was spin-coated on
top of the PEDOT:PSS layer from a solution containing
MDMO-PPV:PCBM.

To prepare specimens for TEM investigation, the spin-coated
MDMO-PPV:PCBM films were floated onto the surface of
deionized water and finally picked up by a 400 mesh copper
grid. For drop-cast films, TEM specimens were obtained by
putting a droplet of the MDMO-PPV:PCBM solution onto a
carbon film supported copper grid. The solvent was evaporated
in ambient environment in the dark.

Annealing of samples was performed under precisely con-
trolled temperature and atmosphere conditions, using a Linkam
apparatus (model TMS94) equipped with THMS600 temper-
ature stage. During the whole annealing process, the sample
was kept in a dark chamber with continuous flow of dry argon
to prevent oxidization induced by light, oxygen, water, and/or
the high temperature. The stability of the temperature was
controlled within 0.1 °C. The annealing experiments were
started by rapidly heating (130 °C/min) the samples from room
temperature (between 20 and 25 °C) to the desired annealing
temperatures. After annealing the samples were cooled to room
temperature at the same rate (130 °C/min).

Bright-field TEM morphology observations and acquisition
of SAED patterns were conducted on a JEOL JEM-2000FX
transmission electron microscope operated at 80 kV. In both
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Figure 1. Bright-field TEM images of MDMO-PPV:PCBM
films (1:4 wt ratio) prepared by spin-coating from toluene (a)
and chlorobenzene (b) and by drop-casting from chlorobenzene
(c). The insets represent the corresponding SAED patterns.

cases for bright-field imaging and SAED recording the expo-
sure time was chosen that neither morphological changes could
be monitored (for BF) nor the crystalline structure of the
samples was destroyed (for SAED). In general, the stability
of PCBM crystals under electron beam illumination is much
better compared to most polymer samples. Traditional negative
plates were used to record all the images. Then, the negatives
were digitized using a high-resolution scanner (Agfa DUO
scanner) working in gray mode with 8 bits/channel of gray
scale. The physical scanning resolution of the negatives was
usually between 800 and 1200 dpi.
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Figure 2. Bright-field TEM images (scale bar: 200 nm) and corresponding SAED patterns of MDMO-PPV:PCBM films prepared
via spin-coating from chlorobenzene with PCBM concentrations of (a) 20, (b) 40, (c) 60, (d) 75, (e) 80, and (f) 90 wt %.

Results and Discussion

Influence of the Solvent and Evaporation Rate
on the Film Morphology. Bright-field TEM images
clearly reveal that phase segregation occurs in compos-
ite MDMO-PPV:PCBM (1:4 weight ratio) films, spin-
coated from toluene (Figure la) and chlorobenzene
(Figure 1b). In the TEM images, the dark areas are
attributed to PCBM-rich domains because the electron
scattering density of PCBM is much higher than that
of MDMO-PPV,23 and the thickness is rather homoge-
neous (rms roughness of ~4 nm, as verified by atomic
force microscopy) for the film prepared from chloro-
benzene. The TEM images demonstrate a morphology
in which PCBM-rich domains are dispersed in an
MDMO-PPV-rich matrix.1® The size of the PCBM-rich
domains in the blend films, however, changes tremen-

dously with the choice of solvent.>13 Using toluene
(Figure 1a), the average size of the PCBM-rich domains
is around 600 nm with a broad size distribution (roughly
350—1300 nm). In contrast, the size of PCBM clusters
is quite small with about 80 nm when prepared from
chlorobenzene solution. The solubility of both MDMO-
PPV and PCBM in toluene is somewhat less than in
chlorobenzene. This difference may explain the forma-
tion of different domain sizes. Despite the difference in
the length scale of phase separation, the Debye—
Scherrer rings observed in the SAED patterns (insets
in the micrographs of Figure 1) indicate that the
crystalline structure of PCBM is identical in both films.
The broad Debye—Scherrer rings with average d-spac-
ings of 0.46, 0.31, and 0.21 nm result from the super-
position of many single-crystal diffraction patterns
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Figure 3. Plot of the average size of PCBM-rich domains in
MDMO-PPV:PCBM films spin-coated from chlorobenzene
solution vs the PCBM concentration in wt % and in vol %. The
specific densities of MDMO-PPV (p = 910 kg/m®) and PCBM
(p = 1500 kg/m?3)% films were used to convert weight into
volume. The solid lines are guides to the eye.

originating from PCBM nanocrystals that are randomly
distributed in the PCBM-rich domains. A more detailed
discussion of the interpretation of the diffraction pat-
terns of PCBM can be found in ref 28.

The dramatically different morphologies observed in
Figures 1 rationalize the strongly different performance
of photovoltaic devices fabricated using these sol-
vents.>13 The energy conversion efficiency of photo-
voltaic devices prepared from toluene is approximately
n = 0.9%, while devices prepared using chlorobenzene
give n = 2.5%.5% Apart from possible changes in charge
carrier mobility with the change of solvent, the fine
phase separation obtained from chlorobenzene provides
a larger interfacial area for excitons to dissociate and
thereby (at least in part) explains the increased ef-
ficiency.

Thin polymer films prepared by spin-coating are
usually not in a thermodynamic equilibrium state due
to the high rate of solvent evaporation associated with
this method. Hence, changing the kinetics of solvent
evaporation can influence the film morphology. Drop-
casting, for example, reduces the rate of solvent evapo-
ration compared to spin-coating and thereby favors
phase separation. Accordingly, the size of the PCBM-
rich domains is dramatically increased when the MDMO-
PPV:PCBM film is prepared by drop-casting from (the
same) chlorobenzene solution rather than by spin-
coating (Figure 1c). Drop-casting also results in PCBM-
rich domains that are composed of a substantial number
of nanocrystals as shown by the SAED (inset in Figure
1c). Therefore, both the nature of the solvent and its
evaporation rate are important parameters in determin-
ing the morphology of the active layer and thereby the
performance of the devices.

Influence of the PCBM Concentration on the
Phase Separation. On the basis of the classical theory
for describing multicomponent blend (or composite)
systems, phase separation should be strongly dependent
on the concentration of the components. For this reason,
MDMO-PPV:PCBM films were prepared with PCBM
concentrations varying from 20 to 90 wt % with respect
to the composite film by spin-coating the appropriate

Macromolecules, Vol. 37, No. 6, 2004

Figure 4. Schematic representation of the MDMO-PPV:
PCBM film morphology, in which PCBM-rich domains are
composed of PCBM nanocrystals; some PCBM nanocrystals
can also be found in the PCBM-poor regions of the films.

mixtures from chlorobenzene solutions. The correspond-
ing bright-field TEM micrographs and SAED patterns
are shown in Figure 2. Films with PCBM concentrations
up to 60 wt % demonstrate a very homogeneous mor-
phology, and almost no phase separation can be resolved
with TEM (Figure 2a—c). However, when the PCBM
concentration is increased to around 75 wt %, phase
separation between the two components becomes clearly
visible, and PCBM-rich domains having a size of about
45 nm can be found (Figure 2d). For higher PCBM
concentrations, phase separation becomes more and
more pronounced (Figure 2e,f). A plot of the average
PCBM cluster size vs its concentration in the blend films
is given in Figure 3. It should be pointed out, however,
that the data shown in Figure 3 are based on the lateral
size of domains inferred from the TEM images. Figure
3 also shows that the development of large PCBM-rich
domains starts with PCBM concentration of about 70
wt %.

Within the range of PCBM concentrations investi-
gated, the samples exhibit similar SAED patterns,
indicating that the films always contain randomly
oriented PCBM nanocrystals. The intensity variations
of the SAED patterns inserted in Figure 2 are a result
of the different PCBM concentrations used and thus the
richness of PCBM crystals. The signal-to-noise ratio of
the SAED patterns decreases with decreasing PCBM
concentration, but the relative intensities of the three
main rings seem to be identical and independent of the
PCBM concentration. For the samples with low PCBM
concentrations that do not exhibit any resolvable phase
separation in the bright-field TEM, we envisage that
small nanocrystals are homogeneously dispersed in the
polymer matrix. For high PCBM concentrations, these
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Figure 5. Formation of PCBM single crystals in MDMO-PPV:PCBM thin films upon annealing at 130 °C for PCBM concentrations
of 20 wt % (a, b, c), 50 wt % (d, e, f), and 80 wt % (g, h, i). The annealing times are 10 min (a, d, g), 20 min (b, e, h), and 60 min
(e, f, i), i.e. increasing from left to right. The dark features in the images are PCBM single crystals (scale bar: 1 um). The SAED
pattern inserted in Figure 5b representatively shows diffraction pattern of the PCBM single crystals obtained.

nanocrystals aggregate into larger almost pure PCBM
domains, causing the phase separation observed in
Figure 2d—f. Also in these almost pure PCBM domains,
many crystallographic orientations are simultaneously
present, indicating that nanocrystals are homogeneously
distributed in the domains. From these results we
conclude that at concentrations above 60 wt % phase
separation occurs into a phase that consist of almost
pure PCBM and a homogeneous phase that contains
MDMO-PPV and PCBM nanocrystals. Figure 4 presents
a schematic representation of the MDMO-PPV:PCBM
film morphology at high PCBM concentrations.

Thermal Stability of the Morphology of MDMO-
PPV:PCBM Films. As shown above, spin-coating pro-
vides a simple and successful way to prepare films
possessing homogeneous morphology within a relative
large area. However, the high rate of solvent evapora-
tion suppresses phase separation, even for a blend that
typically would give large-scale phase separation via an
equilibrium preparation method. Hence, the spin-coated
films are probably not in their equilibrium state, and
likely there is a strong thermodynamic driving force for
the samples to reorganize toward the stable equilibrium
state. This process will be accelerated at elevated
temperatures. For solar-cell devices, the morphological
reorganization of the active layer with time or temper-
ature may seriously affect the performance and long-
term stability.

TEM was used to investigate the changes in phase
separation upon annealing of MDMO-PPV:PCBM films
at 130 °C for samples with different PCBM concentra-

tions (20, 50, and 80 wt %, Figure 5). Within this
concentration range PCBM clusters are formed upon
annealing that can be identified in the TEM image as
dark areas in a gray MDMO-PPV:PCBM matrix. No-
tably, the brighter areas initially surrounding the
PCBM clusters reflect thinner regions of the film, being
composed of almost pure MDMO-PPV (i.e., depleted
from PCBM). A detailed discussion related to this
feature and the PCBM mobility within the composite
film will be the topic of a following study. We note that
the dark PCBM clusters visualized in these images are
single crystals, as evidenced from the corresponding
SAED pattern (inset in Figure 5b).

To investigate the effect of the annealing temperature
on the phase separation, we annealed MDMO-PPV:
PCBM films with 80 wt % PCBM at temperatures
ranging from 60 to 120 °C. Figure 6 shows the corre-
sponding bright-field TEM micrographs and electron
diffraction patterns of PCBM single crystals grown
under these conditions. Clearly, these PCBM crystals
can be classified into two groups by their characteristic
appearance. The crystals obtained from the annealing
temperatures higher than 80 °C exhibit prominent
contrast to their background. However, the crystals
obtained from lower annealing temperatures have large
sizes in the lateral dimensions but seem to be very thin.
Since MDMO-PPV possesses a glass transition temper-
ature (Tg) of around 80 °C, diffusion of PCBM can
benefit from the higher conformational dynamics of the
polymer chains when the annealing temperatures are
above this value. Contrary, for annealing temperatures
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Figure 6. TEM bright-field images of MDMO-PPV:PCBM films (1:4 wt ratio) annealed at temperatures of (a) 120 °C for 50 min,
(b) 100 °C for 8 h, (c) 80 °C for 25 h, (d) 70 °C for 80 h, and (e) 60 °C for 120 h. The SAED patterns in Figure 6b,d show typical

diffraction patterns of PCBM single crystals.

below the Ty of the polymer matrix, the diffusion
mobility of the PCBM molecules is hampered since the
polymer matrix is approaching to a chain frozen state.
Nevertheless, the diffusion of PCBM does happen at a
temperature as low as 60 °C, although the mobility has
drastically decreased and annealing times on the order
of 1 week have to be applied before changes in the
morphology could be detected.

The lifetime of plastic solar cells is one of the problems
that must be solved before these devices can compete
with traditional photovoltaic technologies. Various mech-
anisms may cause failure of the active layers in these
devices. Both intrinsic processes, such as photochemical
reactions or diffusion of species between the various
layers during operation, and external factors, such as

oxygen or water, may result in chemical change of the
active layer,343> the electrode materials, and their
interfaces. Some of these processes are accelerated by
light and temperature. The results in Figure 6 show
that, in addition to these effects, continued phase
segregation of the MDMO-PPV:PCBM composite blend
with time and temperature may also negatively affect
the long-term stability of the active layer.

Conclusion

For bulk heterojunction solar cells, an interpenetrat-
ing network structure with nanoscale phase separation
is the ideal morphology for high performance. Hence,
insights into the parameters that control the morphol-
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ogy of the active layer during film formation are
required to improve the performance of these devices.
In the present study we have demonstrated that both
the type of solvent used and its evaporation kinetics
have a significant effect on the morphology of MDMO-
PPV:PCBM films. Spin-coating from chlorobenzene,
which is a good solvent for both components, results in
a nanosized phase separation into almost pure PCBM
domains that can be visualized with TEM when the
PCBM concentration is above 60 wt %. For lower PCBM
concentrations, the film morphology appears to be
virtually homogeneous from the TEM images. However,
all films contain PCBM nanocrystals, independent of the
PCBM concentration, as evidenced from SAED. Appar-
ently these nanocrystals are almost homogeneously
distributed in the film, while they aggregate and form
larger almost pure PCBM domains above the concentra-
tion of 60 wt %.

At elevated temperatures, the PCBM molecules can
diffuse through the MDMO-PPV matrix and form large
single crystals, thereby increasing the dimension and
extent of phase segregation. This behavior has been
observed for PCBM concentrations as low as 20 wt %
in the MDMO-PPV:PCBM films and for annealing
temperatures as low as 60 °C, which is ~20 °C below
the Ty of the bulk polymer. Clearly, the limited thermal
stability of the morphology of the active MDMO-PPV:
PCBM layer will limit the performance and long-term
stability of this type of solar cell, even though the
kinetics of these processes will likely be reduced when
a metal back contact further confines the volume
available to the phase separation.1©

Fortunately, several strategies can be envisaged that
may alleviate the limited thermal stability of the
morphology. In general, high-T4 polymers will increase
the stability of as-prepared morphologies. An elegant
example has already been established for the combina-
tion of poly(3-hexylthiophene) and fullerene derivatives,
where thermal annealing (up to 75 °C) was used to
improve the performance.”'® Upon cooling to room
temperature or normal operating temperatures (possibly
up to 75 °C in full sun light), it may be expected that
no further changes in the morphology occur as the
device has already been annealed at that temperature.
Another appealing method to preserve an as-prepared
morphology in these blends is by chemical- or radiation-
induced cross-linking, analogous to methods recently
employed for polymer light-emitting diodes.3637 Fi-
nally, the use of p—n block copolymers seems an
interesting option383° because here phase separa-
tion will be dictated by the covalent bonds between the
two blocks. Nevertheless, creation of nanoscale bulk
heterojunction morphologies that are stable in time and
with temperature is one of the challenges that must be
met before polymer photovolatics can be applied suc-
cessfully.
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