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ABSTRACT: Poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) blended with poly[oxa-1,4-
phenylene-1,2-(1-cyanovinylene)-2-methoxy,5-(3,7-dimethyl-
octyloxy)-1,4-phenylene-1,2-(2-cyanovinylene)-1,4-phenylene]
(PCNEPV) has been used as the active layer for an all-polymer
photovoltaic cell. The photovoltaic performance of devices is
improved by a thermal treatment, which alters the morphology
of the active layer. The morphology of the MDMO-PPV/
PCNEPYV blend has been studied with conventional transmis-
sion electron microscopy and energy-filtered transmission elec-

tron microscopy based on electron energy loss spectroscopy.
The nitrogen of the cyano group within the PCNEPV has been
be detected, and two-dimensional nitrogen distribution maps
have been acquired. Nitrogen-rich domains have a size of
approximately 20-50 nm and are homogeneously distributed
over the entire film. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci
97: 1001-1007, 2005
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INTRODUCTION

The characteristic structure of polymer photovoltaic
(PV) cells and polymer light-emitting diodes (LEDs)
consists of an approximately 100-nm thin active layer
covered with a transparent front electrode and a metal
back electrode." Additional layers are often intro-
duced to enhance charge transport, promote the injec-
tion or collection of charges, or to control the zone in
which the generation (in solar cells) or recombination
(in LEDs) of charge carriers occurs. For PV applica-
tions, successful examples for the composition of the
active layer are polymer/fullerene blends, >’ poly-
mer/inorganic semiconductor hybrids*® and poly-
mer/polymer blends.®"® One major drawback of the
two first mentioned polymer PV systems is that the
fullerenes (and their derivatives) as well as the con-
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ducting oxides absorb visible light poorly.” In contrast,
polymer/polymer or so-called all-polymer solar cells
have the specific advantage, as long as the combina-
tion of p- and n-type polymers is chosen well, that a
broad absorption band can be achieved with a reason-
able mixing ratio. A few examples of such blends are
known in the literature, including a blend of a poly-
(phenylenevinylene) derivative (MEH-PPV) with the
cyano-substituted variant (CN-PPV) of this polymer®’
and a blend of p- and n-type fluorine derivatives.®
Another advantage of these all-polymer systems is
that the polymers can be altered through a relatively
easy method in such a way that optimum performance
and processability can be attained.

The chemical composition, the applied processing
conditions, which result in a specific thickness and
roughness of the layers, and the interfacial integrity of
the layers have been identified as important parame-
ters for the performance of an organic PV device.
However, the establishment of precise relations be-
tween these parameters and device performance is
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presently limited by the lack of methods for structural,
compositional, and morphological analysis of the ac-
tive layer and as-prepared devices. To control the
organization of the active layer and its interfaces so as
to tailor the functionality of the final device, deep
insight into structure—property relations is imperative.
Thus, state-of-the-art characterization techniques are
required. In this context, transmission electron micros-
copy (TEM) is one of the most powerful tools. With
conventional TEM, the imaging of structures and their
surfaces and interfaces with a lateral resolution down
to the subnanometer scale and the simultaneous anal-
ysis of the internal organization of these structures by
means of electron diffraction and dark-field imaging
are well-established techniques in (condensed) mate-
rials science.

For all-polymer solar cells, obtaining satisfying con-
trast between the two polymer components with TEM
is a major problem, which is caused by the specific
characteristics of the materials: in general, they consist
mainly of carbon and hydrogen, and at least in this
case, they are amorphous. However, there are possi-
bilities of overcoming this limitation of conventional
TEM. Recently, with the development of modern im-
aging filters, energy-filtered transmission electron mi-
croscopy (EFTEM) has emerged as a powerful tool for
materials analysis.'®*" With electrons with an energy
loss characteristic of an atomic core level, quantitative
two-dimensional elemental distribution maps can be
obtained in a fast, parallel fashion with nanometer
resolution and high chemical accuracy.'? In addition
to providing quantitative compositional data, the elec-
tron energy loss spectrum contains chemical and
solid-state information encoded in the shapes of the
ionization edges. As far as macromolecular nanostruc-
tures are concerned, their high sensitivity to the elec-
tron beam requires particular attention to experimen-
tal conditions to obtain the characteristic excitation
spectrum before significant damage occurs. However,
the ability to record efficiently spatially resolved spec-
troscopic information with nanometer resolution rep-
resents the prominent advantage of the EFTEM tech-
nique. Some examples of successful applications of
EFTEM in the analysis of polymer systems can be
found in the work of Varlot and coworkers.'>'*

In this study, we have applied EFTEM and electron
energy loss spectroscopy (EELS) for the morphology
determination of a blend of poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-
PPV) and poly[oxa-1,4-phenylene-1,2-(1-cyanovi-
nylene)-2-methoxy,5-(3,7-dimethyloctyloxy)-1,4-phe-
nylene-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV),
as it is used for all-polymer solar cells. The samples for
the EFTEM and EELS investigations have been prepared
similarly to the route used for working PV device fabri-
cation, and so the obtained morphology can be related to
the performance of all-polymer solar cells.
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EXPERIMENTAL

As a p-type material, we used MDMO-PPV synthe-
sized by TNO Industrial Technology (Eindhoven, The
Netherlands) via a sulfoxy route.'”> The n-type mate-
rial was PCNEPV. More details on the preparation of
the material can be found in ref. 16.

Glass substrates with patterned indium tin oxide
electrodes were obtained from Philips Research (Eind-
hoven, The Netherlands). The substrates were care-
fully cleaned and treated with O; before use. On the
substrates, an approximately 60-nm layer of PEDOT:
PSS (Baytron-P, Bayer, Leverkusen, Germany) was
spin-coated. The active layer was spun from a 0.4 wt %
solution in chlorobenzene (Aldrich; high-perfor-
mance-liquid-chromatography-grade) with a 1:1 ratio
of the active materials. The concentration and spin-
coating conditions were adjusted to form an active
layer 30-40 nm thick. As known from other studies,
PV devices based on the materials show good perfor-
mance only after annealing; possible reasons are dis-
cussed elsewhere.'®'” Thus, an additional heat treat-
ment was performed; the samples were annealed in a
nitrogen atmosphere on a hot plate at 80°C for 30 min.
For the TEM investigation of the morphology, the
active blend layer was removed from the substrate by
selective floating on water and subsequently depos-
ited onto a 400-mesh copper grid.

TEM measurements were conducted with a JEOL
JEM-2000EX transmission electron microscope (Tokyo,
Japan) operated at 80 kV and a Philips CM20 (Eind-
hoven, The Netherlands) operated at 200 kV; both had
an LaBg electron gun. EFTEM and EELS were per-
formed with a Philips CM20 TEM instrument
equipped with a Gatan image filter (GIF 200); a 3-mm
aperture was used for imaging, and the energy reso-
lution was better than 1 eV in the spectroscopy mode.
Comprehensive surveys on EFTEM and EELS can be
found in the books of Ludwig'® and Egerton,' respec-
tively.

RESULTS AND DISCUSSION

Theoretical calculations in the maximum exciton diffu-
sion range indicate that the ideal domain size of the
donor material is on the order of tens of nanometers for
the best performance of all-polymer PV devices.* >
Thus, besides the use of molecules having promising
physical properties, the control of their organization on a
local length scale via the applied processing route is
essential.** It is known from the literature that already
the solvent used may force the formation of agglomera-
tion in solution, which results in fine and homogeneous
phase separation in the case of a good solvent, whereas
a less preferred or bad solvent forces a large phase sep-
aration with a broad size distribution.®

A similar strong dependence of the resulting mor-
phology under the applied preparation conditions is
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Figure 1 Bright-field TEM micrograph of the MDMO-
PPV /PCNEPV blend after spin coating and before anneal-
ing.

anticipated for the MDMO-PPV /PCNEPV blend used
as the active layer in an all-polymer solar cell. Figure
1 shows a TEM micrograph of the MDMO-PPV/
PCNEPYV blend after spin coating onto the glass sub-
strate. With bright-field conditions, the appearance of
the film is rather heterogeneous, and large regions
with different contrast can be distinguished. As re-
vealed by atomic force microscopy (AFM) investiga-
tions of the topography of the blend layer and by
corresponding thickness maps with EFTEM (the ac-
quisition and interpretation of the thickness maps are
discussed later), the observed contrast in the TEM
bright-field image results from thickness variations
rather than from phases of different compositions.
Dewetting of PCNEPV with the substrate might cause
these thickness variations. A discussion of the specific
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dewetting and film formation characteristics of
MDMO-PPV /PCNEPV blends can be found in ref. 16.

Annealing the sample changes the performance and
appearance of the active layer significantly; the effi-
ciency is doubled to 0.52%, and a homogeneous film
morphology can be observed with TEM under bright-
field conditions [Fig. 2(a)]. In this case, the MDMO-
PPV/PCNEPV layer is removed from its substrate
after annealing. Performing the annealing of the film
on the TEM grid after its removal from the substrate
results in a similar morphology. Imaging at a higher
resolution reveals some morphological features,
which can be attributed to some heterogeneity (e.g.,
thickness variations) of the film [Fig. 2(b)]. However,
monitoring of the distinct details of the phase separa-
tion and the local organization on the nanometer scale
of the functional blend is difficult with bright-field
conditions. Because both components consist mainly
of carbon, amplitude contrast does not exist. Phase
contrast also cannot be produced, both materials have
a similar electron density, and both are amorphous.
Finally, in contrast to MEH-PPV/CN-PPV active
blends,® staining with heavy elements (e.g., uranium,
osmium, ruthenium, iodine, and iron) does not result
in any improvement of the contrast between the two
components of the blend; both are similarly sensitive
to the applied staining procedures.

However, looking to the chemical structure of the
two components of the blend under investigation, we
find that the PCNEPV component has two nitrogen
atoms in each repeat unit of its backbone. Thus, it is
possible to apply EELS and EFTEM to detect the
chemical compositions of the materials and to visual-
ize their distribution within thin films.

Figure 3(a) presents a characteristic EELS spectrum
of the MDMO-PPV /PCNEPYV blend sample. The zero-
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Figure 2 Bright-field TEM micrographs of the MDMO-PPV/PCNEPV blend after annealing: (a) overview and (b) higher

magnification.
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Figure 3 (a) Characteristic EELS spectrum of the MDMO-PPV/PCNEPV blend and (b) spectra acquired without any
pre-exposure of the sample to the electron beam (light gray) and for a second acquisition in the same area (dark gray). The

acquisition time was 30 s.

loss peak and the broad plasmon region are shown at
a low energy loss. At energy losses of 401 and 532 eV,
the presence of nitrogen and oxygen, respectively, can
be detected. The high energy loss part of the spectrum
is enlarged by a factor of 10°. The nitrogen signal is
very weak, and with exposure time, the intensity of
the signal diminishes. Figure 3(b) shows the overlay of
two EELS spectra acquired in 30 s without any pre-
exposure of the sample to the electron beam and for a
second acquisition in the same area. It is known that
halogens, as well as nitrogen, fade away under the
irradiation of an electron beam in vacuo (knock-on
damage).26 However, in this case, we were able to use
the electron energy loss signal of nitrogen for the
successful detection of its distribution within the sam-
ple by applying EFTEM.

Figure 4 shows a region similar to that shown in
Figure 2(b) but after energy filtration with an energy
slit width of 10 eV: Figure 4(a) is an unfiltered image,
whereas the image of Figure 4(b) has been zero-loss-
filtered. Especially in the latter case, the contrast be-
tween the phases is increased; dark gray domains

10-50 nm in size are visible. This contrast increase can
be attributed to the fact that inelastic cross sections for
the elements up to atomic number (Z) = 12 are larger
than the elastic ones; hence, filtering the inelastically
scattered electrons largely reduces chromatic blurring
and diffuse background intensity.

In this case, the contrast is not a result of thickness
variations within the film sample; this can be seen
from the thickness map in Figure 5(a). From an elec-
tron energy loss spectrum and from EFTEM, the thick-
ness from both crystalline and amorphous materials in
terms of the total inelastic mean free path (A) can be
conveniently estimated. The probability of plural scat-
tering in EELS can be described by Poisson statistics,
and as a result, the ratio of the specimen thickness (t)
to A is given by ref. 27:

t (L
=il W

where I, is the total integrated spectral intensity and I,
is the zero-loss integral. If the mean free path for
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Figure 4 (a) Unfiltered and (b) zero-loss-filtered TEM images of the same region shown in Figure 2(b).

inelastically scattered electrons is identical within the
whole sample (i.e., the sample is composed mainly of
the same atoms), even a somewhat quantitative thick-
ness map can be calculated. Looking in more detail at
the thickness map, we can see slight variations of the
contrast; however, the gray scale or intensity histo-
gram of Figure 5(a) [Fig. 5(b)] tells us that because of
its narrow distribution, the film is homogeneous in
thickness. With A = 138 nm for carbon, an applied
acceleration voltage of 200 kV, and a collection angle
of 7.6 mrad,” the film thickness is approximately 30
nm. This result is also supported by additional AFM
measurements.

Figure 6 shows a bright-field TEM image and the
corresponding N-K elemental distribution image of
the same area. The latter visualizes the nitrogen dis-
tribution within the thin MDMO-PPV /PCNEPV film

()

sample. In the bright-field image, some darker regions
can be clearly distinguished [Fig. 6(a)]. With EFTEM,
an electron spectroscopy image may be acquired at or
beyond an ionization-edge absorption energy corre-
sponding to a specific elemental species. Such a post-
edge image contains information regarding the spatial
distribution and concentration of the chosen element,
with an additional underlying background contribu-
tion corresponding to a variety of inelastic events oc-
curring at lower energy losses. Therefore, to obtain an
elemental distribution map from a core-loss image, the
spectral background contribution must be taken into
consideration. For the nitrogen mapping, the three-
window technique has been applied;* that is, mea-
surements in the pre-edge and postedge regions of the
nitrogen peak have been made for the calculation of
the signal’s background with the power-law fit. The

T

counts x '

0.20
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b

Figure 5 (a) Thickness map and (b) corresponding intensity histogram of the same region shown in Figure 4.
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Figure 6 (a) Zero-loss-filtered TEM and (b) corresponding
N-K elemental map of the same area. The latter visualizes
the nitrogen distribution within the MDMO-PPV /PCNEPV
film sample.

signal-to-noise ratio is rather low, but distinct regions
showing higher nitrogen intensity can be identified
[Fig. 6(b)]. In particular, the central bright domain,
which has a size of approximately 50 nm, can be easily
correlated with the central dark gray domain of the
corresponding bright-field TEM image of Figure 6(a).
Keeping in mind that the nitrogen concentration in
PCNEPV is only approximately 5.3 wt %, we find the
result of the elemental mapping to be very satisfying.

Through the combination of these results, the cor-
relation of nitrogen-rich domains with the presence of
PCNEPV phases within the MDMO-PPV matrix can
be executed. However, on the basis of the overview
images, it seems that the PCNEPV domains do not fill
50% of the sample, as they should in a 1:1 MDMO-
PPV /PCNEPV blend. Thus, the term nitrogen-rich has
to be interpreted in such a way that only the enrich-

LOOS ET AL.

ment of nitrogen can be detected; PCNEPV molecules
can still also be present in the less rich nitrogen re-
gions of the sample. Additional model systems with,
for example, various component concentrations are
currently being used for a more detailed investigation
of the phase separation and its relation with the ap-
plied preparation conditions, and this may improve
our understanding of the phase separation and its
mechanism for MDMO-PPV /PCNEPV blends as used
as active layers in all-polymer PV devices.

CONCLUSIONS

The relationship of the local organization and the
overall morphology with the functionality of active
layers as used for all-polymer solar cells is essential for
optimizing the performance of such devices. For all-
polymer devices, the contrast between the compo-
nents of the active layer is limited when conventional
TEM is used, and this prevents detailed investigations
of the phase demixing behavior on the nanometer
scale.

In this study, we have presented first results related
to morphology visualization in thin films of a func-
tional MDMO-PPV/PCNEPV blend with EELS,
EFTEM, and conventional TEM. The as-prepared sam-
ples had large thickness variations; however, after
annealing, the samples showed enhanced efficiency
and homogeneous thickness. The latter was measured
with thickness maps, and an average thickness of 30
nm was calculated. With the help of EELS, the nitro-
gen of PCNEPV was detected, and nitrogen maps
were successfully calculated. Nitrogen-rich domains
approximately 20-50 nm in size were homogeneously
distributed over the entire film sample. The correla-
tion of the EFTEM results (elastic and inelastic scat-
tered electron imaging) with conventional bright-field
TEM of the same region showed that even with con-
ventional TEM, a slight contrast between the phases
was present; however, applying zero-loss filtering re-
sulted in a more distinct differentiation of the phase
distribution and size throughout the sample.

With the presented investigation route, a systematic
study of the influence of the molecular architecture of
PCNEPV derivatives, such as variations of the molec-
ular weight and side-chain branching, on the perfor-
mance of the introduced all-polymer PV devices is
currently in progress. In addition, using EELS and
EFTEM at the temperature of liquid nitrogen or liquid
helium may enhance the signal-to-noise ratio signifi-
cantly, and this may aid in the detection of PCNEPV
even in less nitrogen-enriched regions.
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