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Organic photovoltaics are very promising as light-weight
devices using solar energy for producing electricity - an

important step toward increasing our utilization of renewable
sources of energy. Of all organic photovoltaics, polymer solar cells
(PSCs) are unrivalled in terms of processing cost, speed, and
simplicity as the active materials can be solution-processed from
most common organic solvents.1�4 The substrates for PSCs range
from flexible thin plastic films5 to fibers andwires,6,7 enabling them
to be catered to myriad uses involving various device architectures.
For high volume and large area production of PSCs, a continuous
low-cost printing process like roll-to-roll (R2R) processing is
required. In this respect, the process of doctor-blading, a coating
technique whereby the active layer in solution is coated over the
substrate with a knife edge, is well-suited. Although the perfor-
mance of PSC is not as good as its inorganic counterparts, the
situation is improving rapidly, and power conversion efficiencies of
8.3% have recently been reported.8

Most PSCs are based on the bulk heterojunction (BHJ) device
structure where the photoactive film is fabricated by blending a
polymeric electron donor with a fullerene-based electron acceptor
in an organic solvent. In the final device the photoactive layer is
sandwiched between two electrodes. The energy conversion
involves two critical steps: the separation of photogenerated
excitons to free charge carriers at the donor/acceptor interface
and the efficient collection of the photogenerated charges at the

electrodes. For a given combination of donor and acceptor
materials, these two processes depend critically on the nanomor-
phology of the blend (e.g., molecular packing, crystallinity, spatial
distribution, and size of the phase separated domains) that develops
dynamically during its solidification. The nanomorphology of the
dried film is strongly determined by the blending ratio and the
material properties such asmutualmiscibility, solubility, and surface
energies.9 The latter is especially important for the vertical gradient
in P3HT-PCBM composition.10�14 Still a major obstacle to
enhance performance is the laborious empirical optimization of
the blend composition and processing protocols. Hence, there is an
imperious need of gaining knowledge about the phase behavior and
crystallization of polymer/fullerene blends as a basis for a rational
search of material combinations and fabrication methods.

The most widely studied BHJ consists of poly(3-hexylthi-
ophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM). Devices made from this blend yield power conversion
efficiencies over 4%9,15�17 commonly due to improved nano-
morphology achieved by slow drying17�19 or upon thermal
annealing.20,21 Previous works have reported that the optimum
P3HT:PCBM weight ratio composition for best device perfor-
mance is close to 1:0.8.22�28 This ratio dependence has recently
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ABSTRACT: We report an in situ X-ray investigation of the
composition dependence on the structural evolution during
drying of doctor-bladed blends of poly-(3-hexylthiophene)
(P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM).
This study enables an observation of the microstructure evolution
in real time during blend crystallization. P3HT:PCBM blends
with ratios of 1:0.5, 1:0.8, and 1:2 exhibit differing structural
evolution during the course of solvent evaporation resulting in a
different microstructure of the blends upon solidification. Large
excess of PCBM over the eutectic composition impedes the
π�π packing of P3HT chains and leads to a not yet observed diffraction feature with an associated spacing of 12.6 Å, which might
originate from a disordered phase of intimate mixed P3HT and PCBMmolecules. This work provides a microscopic understanding
of the composition dependence of the film formation from solution. The structural results are discussed in relation to the
composition dependence of photovoltaic performance previously reported.
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been explained by the eutectic phase behavior of binary organic
blends, proposing that the optimum ratio is at a composition that
is slightly hypoeutectic (i.e., with a slight excess of PCBM
content).25 It has been suggested that the nanomorphology at
this hypoeutectic compositionmight favor a balanced transport of
holes and electrons.25,29 This work aims at providing further under-
standing of the composition dependence of the nanomorphology
developing during blend crystallization in doctor-bladed films. The
structural evolution during film drying is investigated by in situ X-ray
diffraction for P3HT:PCBM blends with different blend ratios. This
study enables the observation of blend crystallization as the solvent
evaporates in real-time. We further perform an extended structural
characterization of the dried films by combination of grazing
incidence and specular X-ray diffraction. The different microstruc-
tures are discussed in the context of the ratio-dependent device
properties reported in previous studies.

’EXPERIMENTAL DETAILS

Film Preparation. Commercially available glass substrates were
cleaned by sonication in acetone, followed by isopropanol for 10 min,
respectively, and subsequently treated with oxygen plasma for 2 min.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) dispersion (VPAI4083) was purchased from H.C. Starck. After
sonication of the dispersion for 10 min, it was filtered (0.45 μm filter)
and then diluted 1:1 by volume with demineralized water. The PEDOT:
PSS layer was doctor-bladed on glass substrates (70 μm slit width and 5
mm/s coating speed). PEDOT:PSS enhances the photoinduced hole
extraction on the anode interfacial layer and promotes planarization of
the indium tin oxide surface. P3HT (molecular weight ∼48 900 g/mol,
polydispersity ∼1.7, regioregularity of 90�94%) was purchased from
Rieke Metals and PCBM was purchased from Solenne. P3HT and
PCBM with weight ratios of 1:0.5, 1:0.8, and 1:2 were dissolved (3 wt %
solid fraction) in ortho-dichlorobenzene (DCB) at 40 �C overnight (for
∼15 h) and doctor-bladed with the same parameters as those for the
PEDOT:PSS layer. For the real-time observation, slow drying condi-
tions were applied (total time for film drying of ∼500 s) by using a
dedicated drying channel that was designed for providing accurate and
reproducible drying conditions.30,31 Without airflow, the ambient sol-
vent vapor pressure increases and reduces the evaporation rate.
Method for Structure Characterization. For in situ character-

ization, a temperature-controlled drying channel with an integrated knife
coater was built with lateral aluminum windows for X-ray scattering
measurements andwith a laser reflectometer on the top for film thickness
measurement.30 The initial thicknesses of the wet-coated films of P3HT:

Figure 2. Two-dimensional X-ray diffraction patterns at different instants of evaporation of the solvent (DCB) for three blend ratios: (a) initial instant
of drying, (b) first observation of the P3HT (100) peak, (c) observation of the P3HT (200) and (300), and (d) observation of PCBM diffraction ring.
The time for complete film drying was ∼500 s.

Figure 1. (a) Scheme of the experimental set up for simultaneous in situ grazing incidence X-ray scattering and optical reflectivity study of doctor-bladed
P3HT:PCBM films during solvent evaporation. (b) Scheme of P3HT packing. For a predominantly edge-on orientation of P3HT crystallites, the P3HT
interchain π�π stacking lies in the sample plane, and hence the (100) and (020) reflections are observed along qz and qxy, respectively.
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PCBM blends with weight ratios of 1:0.5, 1:0.8, and 1:2, respectively,
were 3850, 2730, and 2190 nm, resulting in dried films thicknesses of 200,
135, and 70 nm, respectively. Differences in the thickness of the coated
blend solution due to the decreasing amount of higher viscous polymer
are responsible for variations in the speed of drying.

In situ grazing incidenceX-ray diffractionwas carried out (wavelengthλ=
0.934 Å) at the ID10B beamline in the European Synchrotron Radiation
Facility (ESRF),Grenoble, France, using a 2DMAR-CCDdetector. The 2D
MAR-CCD imageswere corrected and translated into undistorted reciprocal
space maps. As the solvent evaporated from the doctor-bladed wet film, 2D
X-ray scattering patterns were taken for 3 s each in intervals of 50 s. The
component qz of the scattering vector q is defined as the component of q
perpendicular to the sample surface (out-of-plane), whereas qxy is along the
sample surface (in-plane). The angle of grazing incidence was 0.135� for the
1:0.5 ratio, 0.125� for the 1:0.8 ratio, and 0.120� for the 1:2 ratio. At grazing
incidence, the vertical axis in the 2D diffraction pattern does not represent
the intensity of the true Bragg scattering along qz but it contains a
contribution of the in-plane component qy. Therefore, dried films (with
ratios 1:0.5 and 1:2 and for pure P3HT and PCBM films on technologically
relevant glass/ITO/PEDOT:PSS substrates) were investigated by X-ray
diffraction in detail using a point detector in the MPI-MF beamline of the
synchrotron facility Ångstr€omquelle inKarlsruhe (ANKA). The energy used
was 8 keV, and the incident angle was 0.175� (detector angle 0.35�).

’RESULTS

The structural evolution of P3HT:PCBM dissolved in DCB
was monitored by in situ GIXD instantly after doctor-blading the
solution on a glass/PEDOT:PSS substrate for P3HT:PCBM in
weight ratios of 1:0.5, 1:0.8, and 1:2 (Figure 1a). The thickness of
the wet film was measured simultaneously by an optical reflec-
tometer to have a direct correlation of the 2D diffraction patterns
with the degree of drying.30 Four 2D X-ray scattering frames are
shown in Figure 2, illustrating different stages of drying for each
of the investigated blend weight ratios. In the initial stages of
drying, two broad diffraction rings were visible with associated
spacing of 3.8 and 5.6 Å, which correspond to X-rays scattered
from DCB (a in Figure 2). These diffraction rings progressively
fainted in the course of solvent evaporation and disappeared

completely when the solvent had evaporated. The observation of
the first-order Bragg peak (100) in the early stage of drying was
the first sign of P3HT crystallization (b in Figure 2). Soon, the
second- and third-order diffraction peaks appeared (c in
Figure 2). The average spacing of 16.5 Å associated with the
(h00) peaks arises from the layered stacking of P3HT backbones
separated by their hexyl side chains, adopting the so-called edge-
on configuration (Figure 1b).32�35 Toward the end of film
drying, a broad diffraction ring becomes visible that is associated
with PCBM aggregates randomly oriented in the blend (d in
Figure 2). The described structural evolution occurs in a similar
time scale for the three ratio compositions, although with a slight
shift in the exact time due to differences in the thickness of the
wet solvent-blend film doctor-bladed initially. (See the Experi-
mental Details section.) A further detailed analysis of the
structural evolution is presented in Figure 3. The crystallization
process of P3HT can be estimated by quantifying the integrated
X-ray intensity of the (100) Bragg peak as solvent evaporates.
Note that this reflects the degree of P3HT ordering in a layered
structure but not the quality of the P3HT interchain π�π
packing within the layers. The X-ray intensity was integrated
between two concentric circles containing the (100) Bragg peak
to account for the orientation distribution of P3HT crystallites,
known as mosaicity and plotted as a function of drying time
(Figure 3a and inset in Figure 3b). The integrated X-ray intensity
plotted with respect to the azimuth angle has a Lorentzian
distribution, whose full width at half-maximum (fwhm) gives a
measure of the mosaicity. The plot shows the increase in P3HT
(100) crystallinity, that is, layered lamellar ordering, that takes
place until the evaporation of the solvent is complete (at∼500 s).

Figure 3. Evolution of (a) total integrated intensity of P3HT (100)
Bragg peak and (b) mosaicity for blends with P3HT:PCBM ratios 1:0.5
(circles), 1:0.8 (rectangles), and 1:2 (triangles). The inset in the bottom
right of part b shows the azimuthal integration of the first-order Bragg
peak to calculate the mosaicity. The cartoons in part b show the lamellar
orientation of P3HT for the different observed mosaicity.

Figure 4. Two-dimensional diffraction pattern of dried blend films with
P3HT:PCBM ratios of (a) 1:0.5 and (b) 1:2. Radial profiles (marked in
the images) are shown in parts c and d. The diffraction ring correspond-
ing to the P3HT: PCBMmixed structure, labeled in profile d, is observed
for the blend with a P3HT:PCBM ratio of 1:2 at q = 0.498 Å�1. The
cartoon depicts the P3HT:PCBM blend structure in ratios of
(e) 1:0.5 and (f) 1:2 on PEDOT:PSS-covered substrates.
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The impact of the blend ratio on the layer formation can be seen
in the shape of the P3HT (h00) peaks (Figure 2). The larger
mosaic spread of intensity observed for P3HT:PCBM ratios of
1:0.5 and of 1:0.8 reflects a relatively large orientation distribu-
tion of P3HT crystallites relative to the substrate plane. In
contrast, the spot-like shape of the (h00) peaks for the 1:2 ratio
indicates a stronger preference of edge-on orientation. Figure 3b
shows the time evolution of mosaicity. The low mosaicity
measured in the early stages of drying revealed a relatively
narrow distribution of orientations for the three blend composi-
tions. With drying time, the evolution was remarkably different
for the blends with P3HT:PCBM ratios of 1:0.8 and 1:0.5, that is,
for larger amount of P3HT. For these two compositions, the
mosaicity increased considerably during the evaporation of the
solvent to a maximum of 15.5� for the ratio of 1:0.8 and to 21� for
the ratio 1:0.5 for the dried films. Beyond this time, a gradual
decrease in mosaicity accompanied by a slight increase in crystal-
lization occurs, which is attributed to slow reorganization of
P3HT in the blend, most likely due to slow removal of remaining
solvent molecules and interaction of remaining solvent in the
channel (similar to solvent annealing effects).11 For the blend
with a ratio of 1:2, the situation is different as the mosaicity
remained constant during the drying process. An additional
structural feature was observed for this ratio: a broad diffraction
ring with an associated spacing of 12.6 Å (Figure 4b,d). It is not a
priori clear whether this diffraction ring originates from X-ray
scattering of P3HT or PCBM molecules. We discard the
hypothesis of it being a scattering feature of P3HT because the
spacing observed differs considerably from the lattice spacing
reported for crystalline34�37 and disordered phases34�37 of pure
P3HT. Such spacing has not been reported for PCBM yet.38�42

The center-to-center distance between neighboring PCBMmole-
cules has been reported to be ∼10 Å.38,39 However, it is
worthwhile to mention that the crystalline structure of PCBM
has not fully been characterized. Differences in experimental
reported values suggest that the choice of solvent or crystal-
lization conditions may affect the crystallization of PCBM.38�42

Therefore, we cannot exclude that this broad scattering ring
originates from amorphous PCBM formed for this blend ratio.
There is still a third possibility to consider: the formation of a
mixed structure consisting of the intercalation of PCBM mole-
cules within the polythiophene backbones of P3HT, that is,
breaking the P3HTπ�π stacking. This is schematically shown in

Figure 4f along with the structural scheme for the blend with low
PCBM content in Figure 4e but with P3HT interlayer π�π
stacking. The formation of disordered domains resulting from
intimate mixing of P3HT and PCBM would agree with the large
broadness of the diffraction ring, thereby indicating a short
correlation length (calculated from the fwhm of the peak) and
with the observed spacing of 12.6 Å. These issues will be further
analyzed in the Discussion section.

Another structural issue of importance is the interlayer π�π
stacking of P3HT backbones because this is one of the crystalline
directions of highest hole mobility.44 Crystalline π�π packing is
associated with the (020) reflection (Figure 1b). In the 2D X-ray
diffraction images, the (020) peak was observed only in the
blends with P3HT:PCBM ratios 1:0.5 and 1:0.8. However,
because signal-to-background ratio for the (020) peak was low,
we performed additional GIXD measurements with a point
detector. The in-plane scans are shown in Figure 5 for films of
pure P3HT and PCBM and for blends with P3HT:PCBM ratios
of 1:0.5 and 1:2. The (020) peak is observed only for the pure
P3HT film, for the blend with 1:0.5, and for the blend 1:0.8 (not
shown in Figure 5). The associated spacing of 3.8 Å is in
agreement with previous reports.42,45 The blending of P3HT
with PCBM at this ratio does not influence significantly the
correlation length of the π�π stacking estimated from the full
width at half-maximum (fwhm) of the (020) peak. The data
confirms that the (020) peak is absent for the blend with highest
PCBM content, that is, the 1:2 ratio, evidencing that PCBM
hampers the development of interlayer π�π stacking within the
P3HT domains. No apparent differences are observed for the
diffraction peak of PCBM, which shows a similar position (with
an associated spacing of∼4.5 Å) and width (coherence length of
∼30 Å for the pure and the blend films). The correlation length
of the P3HT π�π stacking and PCBM estimated from the fwhm
of the P3HT (020) and PCBM peaks are listed in Table 1.

Figure 5. In-plane data obtained by GIXD using a point detector of
films consisting of pure P3HT (black squares), P3HT:PCBMblend with
1:0.5 ratio (red circles), P3HT:PCBM blend with 1:2 ratio (blue
triangles), and pure PCBM (green inverted triangles).

Table 1. Correlation Lengths for P3HT π�π Stacking and
PCBM for the Different Blend Compositions

in-plane peak P3HT P3HT:PCBM 1:0.5 P3HT:PCBM 1:2 PCBM

P3HT (020) 86.9 Å 84 Å absent

PCBM 28Å 32.5 Å 28.9 Å

Figure 6. Absorption spectra of the at room-temperature doctor-bladed
P3HT:PCBM films for different blending ratios.
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Additionally, absorption spectra (Figure 6) have been mea-
sured for the investigated blending ratios showing prominent
vibronic shoulders at 560 and 605 nm for the 1:05 and 1:0.8
ratios associated with the π�π stacking due to good interchain
interaction. For the 1:2 ratio, the suppressed π�π stacking of
P3HT, which can be recognized by the disappearance of the
vibronic shoulders, results in a strong overall blue shift of light
absorption. In a previous work,40 it could be shown that the
height of the vibronic shoulders is correlated with the amount of
π�π stacked P3HT polymers, whereas the spacing and correla-
tion length are not associated systematically.

’DISCUSSION

We are going to discuss the observed structural differences in
relation to previous studies regarding the ratio�dependence of
the device properties. Optimum photocurrent generation is
obtained from the optimum compromise between (i) high light
absorption, achieved by maximizing the ordering of P3HT for a
fixed thickness, (ii) efficient charge separation, realized by
maximizing the donor�acceptor interface area, and (iii) ba-
lanced charge transport, accomplished by a balanced hole and
electron transport and providing that both components form
percolating paths toward the electrodes. Previous works reported
that the optimum P3HT:PCBM ratio for best device perfor-
mance is close to 1:0.8.23�28 This has been explained by
simultaneous increase in short�circuit current and fill factor,
which are indeed drastically reduced with larger content of
PCBM.24,25,27,46,19 Optical UV�vis absorption studies showed
that the spectral shape of pristine P3HT was preserved up to the
1:1 composition. For P3HT:PCBM ratios equal or larger than
1:2, a strong blue shift in the absorption was observed along with
the disappearance of the two long�wavelength vibronic features,
suggesting a disruption of the intermolecular P3HT π�π
packing for PCBM concentration larger than 50%.46,19,47 There-
fore, poor light harvesting at longer wavelengths and unbalanced
charge transport were suggested as causes for reduction of
short�circuit current. It has been shown that slowly spincast
films, which are transferred in a wet state after spin-coating into a
confined volume to allow slow drying of the solvent (solvent
annealing), result in an optimized film morphology with higher
power conversion efficiency.17�19 We assume the slow-drying
conditions of the doctor-bladed films here (Experimental Details
section) to be comparable to the slow-drying conditions in spin-
coated films because no external forces are applied to the drying
film, as it is equally the case for doctor-bladed films. This is
indeed suggested by the absorption spectra as a function of the
PCBM content (Figure 6), which compare well with the results
reported for slow-drying spin-coated films.19

The GIXD real-time study presented here reveals a remark-
able effect of the PCBM content in the development and
evolution of P3HT ordering during blend drying. It is found
that the increase in PCBM content in the blend leads to a smaller
angular distribution of P3HT crystallites, that is, with higher
proportion of edge-on configuration. Interestingly, for the blend
with highest PCBM content studied here, that is, of the P3HT:
PCBM blend with ratio 1:2, the small angular distribution
(mosaicity) of the initially nucleated P3HT crystallites remains
constant during P3HT crystallization until the final film drying.
This alignment effect favoring the edge-on orientation of P3HT
with the increase in PCBM content is not well-understood.
Presumably, the earlier solidification of PCBM crystals at this

hypoeutectic composition limits the lateral growth of the ini-
tially nucleated P3HT crystallites, promoting its vertical growth.
The larger percentage of edge-on crystallites is expected to be a
hindering factor for charge carrier transport perpendicular to the
substrate, as required for BHJ solar cells, given that the interlayer
π�π stacking direction is predominantly parallel to the surface.

Although for all blend compositions P3HT lamellae exhibit a
layered structure (responsible for the observation of (h00) Bragg
peaks in the out-of-plane direction), it is observed that PCBM
hinders the development of P3HT interlayer π�π stacking
for the P3HT:PCBM blend with 1:2 ratio. This observation is
thus in correlation with the disappearance of the two long
wavelength features in the optical absorption spectra, as reported
in the literature. Because the ordering of P3HT with π�π
stacking is considered an important structural factor for deloca-
lization of charge carriers and polaron excitations over neighbor-
ing chains, the lack of π�π packing is identified here as a cause
for the observed poorer power conversion efficiency for 1:2
blends.

Finally, we retake the discussion of the broad diffraction ring
observed for the 1:2 blend with an associated spacing of 12.6 Å. As
commented before, this structural feature might be due to regions
of pure PCBM in a disordered structure. Another reasonable
hypothesis is the formation of a disordered mixed structure with
PCBM intercalated between P3HT main-chain polythiophene
polymer backbones, that is, along the sample surface in the qxy
direction. This would be consistent with the observed disruption
of the P3HT interlayer π�π packing for this composition, as
revealed by GIXD and absorption spectra. In the case of intimate
mixing of donor and acceptor at molecular level, charge recombi-
nation is expected to increase, reducing the overall conversion
efficiency. An extended investigation of charge-transfer absorp-
tion in dependence with PCBM concentration would be neces-
sary to give more insight into this issue.

’CONCLUSIONS

In this work, it has been demonstrated that P3HT:PCBM
blends with ratios 1:0.5, 1:0.8, and 1:2 exhibit a differing
structural evolution during the course of solvent evaporation,
resulting in a different microstructure of the blends upon
solidification. Specifically, we have shown
(i) With increasing PCBM content, a larger portion of edge-

on P3HT crystallites develop during drying.
(ii) Large excess of PCBM over the eutectic composition

impedes the interlayer π�π packing of P3HT chains, as
proved here for the blend with P3HT:PCBM ratio of 1:2.

(iii) For the blend with P3HT:PCBM ratio of 1:2, a different
diffraction feature emerges with an associated spacing of
12.6 Å, which might originate from a disordered phase of
highly intermixed P3HT and PCBM molecules.

The differences inmicrostructure resulting for increasing PCBM
content are expected to decrease light absorption and to contribute
to a less efficient charge separation and transport. This work
increases the microscopic understanding of the blend ratio-de-
pendent film formation in relation to the structure�property
relationships.
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