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Improvement of photovoltaic performance by ternary
blending of amorphous and semi-crystalline polymer
analogues with PCBM
C. Kästner,*a S. Rathgeber,b D. A. M. Egbec and H. Hoppea
Ternary blending of amorphous and semi-crystalline anthracene-containing poly(p-phenyleneethynylene)-alt-poly(p-phenylene-vinylene) (PPE-PPV) copolymers (AnE-PVs) with PCBM was investigated
in bulk heterojunction solar cells. In general, a strong impact on all photovoltaic parameters was
observed by increasing the amount of amorphous AnE-PVba-derivative in relation to its semi-crystalline
counterpart AnE-PVab. Interestingly, small additions of the amorphous copolymer were beneﬁcial for
overall solar cell performance. The observed performance increase of the ternary blend could be related
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to an improved open-circuit voltage, despite the fact that the binary blend of the amorphous copolymer
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) did not exhibit a larger photovoltage than the
binary blend based on the semi-crystalline copolymer. These results indicate that a certain amorphous
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fraction of the donor polymer may be required for obtaining optimal bulk heterojunction
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morphologies, yielding maximum photovoltaic performance.

Introduction
Conjugated polymer based organic photovoltaics (P-OPV) has
received increasing research1–3 – and lately commercial4 –
interest, since it oﬀers a exible5–7 and semitransparent8–10
option for harvesting solar radiation at potentially low cost11–13
and low-energy payback time.14–16 The very successful development of OPV17,18 over the last decade is based on the binary
donor/acceptor bulk heterojunction concept,19 where the electron donor (usually conjugated polymers) and electron acceptor
(usually fullerene derivatives) are intimately blended on a
nanometer scale. Furthermore, continued eﬀorts in materials
research, resulting in the development of improved donor
polymers20–22 as well as more suitable fullerene derivative
acceptors,23–25 resulted in a steady increase of device performance of binary donor/acceptor bulk heterojunction solar cells,
approaching 10% power conversion eﬃciency (PCE) to date.26
The morphology of bulk heterojunctions based on polymer
donor and fullerene derivative acceptor materials develops by
self-organization and is inuenced by many parameters that are
not easily and only seldom separately controlled.27,28 The impact
of the bulk heterojunction nanomorphology on the device
performance has already been reported by some early studies. In
a
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the case of amorphous PPV-derivatives the choice of solvent,
from which the active layer was spin cast, determined largely the
resulting PCE.19,29–31 In the case of semi-crystalline poly(3-hexylthiophene) (P3HT), post-production treatments such as
thermal annealing32,33 or slow drying34 improved the solar cell
performance by enhanced structural ordering i.e. crystallization
of P3HT.35 Several approaches for controlling P3HT aggregation
in solutions have already been pursued in order to yield an
improved morphology control over the evolving bulk heterojunction.36–40 For example, the formation of semi-crystalline
P3HT bers was achieved by addition of non-solvents into the
P3HT-solution, resulting in a controlled aggregation of the
polymer.39,41 Interestingly, the best device performances have not
been achieved with bulk heterojunctions containing solely semicrystalline P3HT bers as donor, but rather with a combination
of bers and some less ordered fraction of P3HT.38,42
This behaviour has recently been further investigated in
ternary blends of regio-random and regio-regular P3HT in
conjunction with [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM).43 This ternary blend positively inuenced the
morphology as compared to devices based on binary blends.
Due to the better miscibility of the amorphous regio-random
P3HT with PCBM, long term morphological stability of the
active layer was improved. However, no absolute improvement
in the solar cell device performance was found.43 On the other
side, ternary blends of P3HT, PCBM and ICBA (indene-C60 bisadduct) allowed the open-circuit voltage of the solar cells to be
tuned linearly between the values obtained for the respective
binary P3HT:PCBM and P3HT:ICBA blends.44
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Hence ternary blending seems to be a promising approach
for tuning certain properties of the bulk heterojunction that can
otherwise not be obtained by using only two components.
Further examples for the use of ternary blends were mostly
motivated by a potential extension of the spectral sensitivity of
polymer solar cells.45–47 A rather large compatibility between all
components of the ternary blends appears to be a prerequisite
for the improvement of potential devices. A very systematic
study on the miscibility of P3HT and PCPDTBT with PCBM and
the corresponding solar cell device performances has been
recently reported.48 Again, no improvement over the binary bulk
heterojunctions could be obtained, however, the evaluation of
the ternary phase diagram provided information on the optimal
blending ratio of all three components. Recently a performance
improvement was obtained by ternary blending of P3HT75-coEHT25, P3HTT-DPP-10% and PCBM as compared to the binary
blends.49 The ternary blend yielded a relative performance
increase due to the complementary absorption of both polymers
for small additions of P3HT75-co-EHT25.
Here we report about the use of two copolymers that are –
due to an identical backbone – essentially the same polymer
except for some modication on their side-chain substitution,
leading to either semi-crystalline or amorphous properties. In
contrast to P3HT an increase in structural order is found for the
semi-crystalline version of the copolymer upon blending with
the fullerene derivative acceptor PCBM.40,50–52 Due to the similarity in the chemical structure, this system is particularly suited
for investigating the eﬀects concerned with controlling the
order in ternary bulk heterojunctions.
It is generally proposed that pristine and rather well-ordered
phases of donor polymers and acceptor fullerene derivatives
yield superior charge transport properties in bulk heterojunctions at suﬃcient percolation and domain size.53–55 Very
recently it has been claimed that a disordered and amorphous
donor–acceptor mixing phase may provide superior charge
generation eﬃciencies due to a relative enhancement in the
driving force for exciton dissociation.56 If both, ordered charge
transport “high-ways” and disordered exciton dissociation
phases, can be combined, an additional benet of the resulting
bulk heterojunction morphology follows from an energetically
hindered charge recombination.57–60

Experimental
Scheme 1 displays the chemical structure of the AnE-PV copolymers used in this study. AnE-PVab and AnE-PVba were
synthesized as reported earlier61 and used as electron donors
within the bulk heterojunction. The electron acceptor PCBM
was used as obtained from the supplier (Nano-C, USA). From
wide-angle scattering experiments we know that AnE-PVab is
semi-crystalline whereas AnE-PVba is amorphous.62
Thin lms of pristine polymers and polymer:PCBM blends
were spin cast under nitrogen atmosphere on glass substrates
using 1 : 1 mixtures of chloroform–chlorobenzene solutions.
Thin lm absorption spectra were obtained with a Varian
Cary 5000 UV/vis spectrophotometer using a 2-beam VW-setup
for recording transmission and reection. Thin lm
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photoluminescence (PL) spectra were recorded with an Avantes
avaspec 2048 ber spectrometer over a wavelength range
between 500 and 1100 nm, and normalized to the absorption
value at the laser excitation wavelength of 405 nm.
Solar cell device preparation on glass involved etching part of
the ITO-layer for selective contacting of the back electrode, followed by spin coating of PEDOT:PSS (Clevios PH, Heraeus). The
PEDOT:PSS layers were annealed on a hot plate at 170  C for 15
minutes in order to release water moieties. Thereaer the
samples were transferred into a nitrogen (N2) glovebox for further
processing. Photoactive layers were spin cast from AnE-PV:PCBM
solutions with a blend ratio of 2 : 3 by weight (polymer:PCBM)
and a polymer concentration of 0.4 wt% under inert atmosphere.
Spin frequencies were varied between 700 and 1300 rpm to
obtain the optimum active layer thicknesses for each blend. The
top aluminium electrode was deposited by physical vapor deposition in a vacuum chamber attached to the glovebox. Current–
voltage (I–V) measurements of solar cell devices, exhibiting an
active area of 0.5 cm2, were recorded with a Keithley 2400 SourceMeasure-Unit using a class A solar simulator (Solar Light, XPS
400). The external quantum eﬃciency (EQE) spectra were recorded using a bias illumination of an intensity equivalent to one
sun. Neither solar cells nor thin lms have been post-treated.
Film topography was characterized with a Veeco Dimension
atomic force microscope (AFM) in tapping mode, using super
sharp tips (TESP-SS).
Grazing incidence wide-angle X-ray scattering experiments
were performed at the BW4 beam line, at HASYLAB at DESY in
Hamburg, Germany. Experiments were carried out in a pseudograzing incidence conguration at a wavelength of l ¼ 0.138 nm,
a band width of 104 and a spot size of 78 mm  46 mm in the
horizontal and vertical direction, respectively. The incident polar
angle has been set to ai ¼ 0.20 for probing the full lm crosssection. Surface sensitive measurements were taken at an incident angle of ai ¼ 0.10 , which is below the critical angle of the
active layer. Two-dimensional detector patterns were collected
with an exposure time of 900 s on a CCD-detector (MAR165CCD,
pixel size 79.1 mm). The detector to sample distance was determined by means of a silver behenate standard. Data were corrected for background scattering from the quartz glass substrate
and were normalized to the incoming ux and lm thicknesses (ai
¼ 0.20 only) in order to allow for a comparison of peak intensities
between diﬀerent samples. All GiWAXS plots are shown as onedimensional detector cuts, intensity versus q, where q ¼ 2p/d is
the overall momentum transfer which can be directly related to
the distance d of the corresponding scattering planes. Detector
cuts were taken through the interlayer peaks in qz direction
(momentum transfer perpendicular to the surface plane) and for
the detection of the isotropic scattering contributions the twodimensional data were averaged over all angles F between qz and
qp (momentum transfer parallel to the surface plane). For more
details on the experimental setup and data conversion see ref. 52.

Results and discussion
Fig. 1 displays the optical properties, absorption and photoluminescence spectra of the binary AnE-PV (a and b) and ternary
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Scheme 1
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The molecular structure of the AnE-PV copolymers: on the left, AnE-PVab, the semi-crystalline version, and on the right, AnE-PVba, the amorphous one.

AnE-PV:PCBM (c and d) lms. Spectra were taken for diﬀerent
blend ratios of semi-crystalline AnE-PVab and amorphous AnEPVba. The polymer ratio was varied in steps of 10 wt% between
pristine AnE-PVab (0% ba) and pristine AnE-PVba (100% ba).
The absorption spectra of the polymer lms appear to be
almost additive according to the diﬀerent composition ratios
between semi-crystalline AnE-PVab and amorphous AnE-PVba
in the binary polymer blends, thus indicating energetically
undisturbed mixing and – if any – only weak intermolecular
interactions. The higher order of the semi-crystalline version,
AnE-PVab, is reected by the relative proportion of the two
lowest absorption peaks located at 580 nm and 550 nm (ref. 63
and 64) whereas the disorder of amorphous AnE-PVba is

reected by a single broad and blue-shied absorption peak
centered around 520 nm. In agreement with the absorption
spectra, the photoluminescence of the pristine AnE-PVba is
blue-shied relative to the one observed for the AnE-PVab and
binary blends of the two. In addition, the luminescent emission
of the binary polymer blends is smoothly varying between the
limiting values of pristine AnE-PVba and -ab. Interestingly, the
normalized PL intensity is larger for all binary polymer blends
as compared to the pristine single-component polymer lms.
Similarly, the absorption of the ternary AnE-PV:PCBM blends
smoothly varied between the spectra of the binary AnE-PV:PCBM
blends, indicating again undisturbed mixing. However, in
contrast to the polymer lms, the order – corresponding to the

Fig. 1 Thin ﬁlm absorption and normalized PL spectra of binary AnE-PV (a and b) and ternary AnE-PV:PCBM (2 : 3) (c and d) blends. Polymer compositions are
indicated by the weight fraction of AnE-PVba (% ba) within the binary polymer part of the ternary blend system.
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Fig. 2 J–V characteristics and compositional dependence of photovoltaic parameters (JSC, VOC, FF, PCE, RS, RP) of devices prepared from binary and ternary AnEPV:PCBM blends. The parameters are plotted versus the concentration of the amorphous polymer within the donor-phase of the bulk heterojunction. The total AnEPV:PCBM blend ratio was 2 : 3 by weight.

two low-energy absorption peaks of AnE-PVab – is increased
within the blends with PCBM. This observation implies that the
addition of the fullerene derivative did not disturb the order – as
in the case of regio-regular P3HT40,50,51 – but rather promotes
aggregation and crystallization of the semi-crystalline AnE-PVab.
The exact reason for the enhanced crystallization is currently
unresolved, however, it can be hypothesized that the relative or

Table 1 Compositional dependence of photovoltaic parameters for binary and
ternary AnE-PV:PCBM blends. The AnE-PV:PCBM blend ratio was 2 : 3 by weight,
independent of the polymer composition. The fraction of amorphous AnE-PVba
(wt%) within the polymer donor-phase is listed in the left column

ba
(%)

JSC
(mA cm2)

VOC
(mV)

FF
(%)

PCE
(%)

RS
(U)

RP
(kU)

0
10
20
30
40
50
60
70
80
90
100

7.24
7.23
6.80
6.23
5.98
5.72
4.51
4.55
3.88
2.95
2.19

768
802
824
826
854
865
843
818
761
645
612

69.26
69.60
65.63
63.16
60.64
55.44
53.52
40.16
34.50
30.41
28.97

3.85
4.03
3.68
3.25
3.09
2.75
2.02
1.49
1.02
0.58
0.39

6.8
6.8
8.4
8.7
10.0
12.4
7.1
13.5
16.6
22.5
29.9

5.04
3.24
4.00
2.99
2.06
2.16
1.88
0.96
0.79
0.64
0.76
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partial solution concentration of the copolymer is increased
upon addition of PCBM within the common solvent. Indeed, for
higher concentrated solutions the free energy can be better
minimized under formation of aggregates – or in other words,
semi-crystalline polymers are more prone to aggregation in
more concentrated solutions.37,65
Also the photoluminescence spectra of the ternary AnEPV:PCBM bulk heterojunctions seem to be, by large extent,
almost a linear superposition of the corresponding binary AnEPV:PCBM blends. Deviations from that linearity are found for
very small or large AnE-PVba concentrations. The bulk heterojunction based on semi-crystalline AnE-PVab exhibits a reduced
PL-spectrum by about 3 orders of magnitude, closely corresponding to the one obtained for the pristine polymer lm.
However, the amorphous AnE-PVba:PCBM PL-spectrum
exhibits new features at considerably longer wavelengths, but
no photoluminescence originating from the pristine polymer.
These red-shied emissions can be attributed to a charge
transfer (CT) recombination between electrons located at a
PCBM molecule and holes located on the polymer.66–68 The
occurrence of this CT-state photoluminescence has already
been attributed to constitute a loss-channel for otherwise
potentially current contributing charge carriers in P3HT-based
bulk heterojunctions.68 It should be noted that this CT-peak
starts to become noticeable for AnE-PVba concentrations

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 EQE spectra of solar cell devices prepared from binary and ternary AnEPV:PCBM (2 : 3) blends with various compositions of the polymer donor-phase,
recorded under bias illumination with an intensity corresponding to one sun.

between 30–40%. Since a non-negligible photoluminescence
contribution of AnE-PVab is observed for all blends containing
the semi-crystalline polymer, the semi-crystalline phase appears
to develop nearly undisturbed by the presence of the amorphous polymer, always resulting in a certain domain size in
which not all excitons can reach the heterojunction and get
dissociated. The photoluminescence spectra of the donor–
acceptor bulk heterojunctions thus indicate clearly that semicrystalline AnE-PVab is signicantly phase-separating from
PCBM, whereas amorphous AnE-PVba shows a comparably
larger tendency of intimately mixing with PCBM. For the binary
or ternary bulk heterojunctions containing no or little AnEPVba, another PL-peak above 700 nm was detected. This PLfeature has to be attributed to radiative recombination of excitons within a pristine PCBM phase that were not able to reach
the heterojunction interface. In summary, the presence of
photoluminescence signals from pristine AnE-PVab and PCBM
phases provides a clear indication for signicant phase separation between AnE-PVab and PCBM.30,69 Increasing amounts of

Journal of Materials Chemistry A
amorphous AnE-PVba result in an intimate mixture with the
PCBM, thus eliminating pristine PCBM phases by improved
miscibility and provoking massive CT-recombination across the
heterojunction.
Complementary, combined electro-optical investigations
were performed by fabrication and characterization of solar cell
devices based on bulk heterojunctions prepared from the same
blends.
Table 1 depicts the photovoltaic parameters of thickness
optimized devices obtained from binary and ternary AnEPV:PCBM blends. Fig. 2 visualizes these photovoltaic parameters
as a function of the relative AnE-PVba concentration with respect
to AnE-PVab. Indeed, changing the blend ratio between the semicrystalline and the amorphous polymer in the ternary bulk heterojunctions resulted in a steady and systematic variation of all
photovoltaic parameters. A relatively large power conversion
eﬃciency was found for the active layer containing no amorphous polymer, whereas the smallest was obtained, if solely
amorphous polymer was used. This is in good agreement with
earlier studies conducted on regio-regular and regio-random
P3HT, accordingly.61,70 Both polymers exhibit comparably low
open-circuit voltages (VOC) in the binary blends. The open-circuit
voltage of the ternary blends increased progressively with the
concentration of amorphous AnE-PVba up to 50 wt% and
decreased thereaer again for higher concentrations, indicating
losses due to increased charge recombination.71
Intriguingly, the largest ll factor (FF) and overall device
eﬃciency were obtained for blending AnE-PVab with 10 wt% of
amorphous AnE-PVba. This performance increase for the
ternary blend was due to a similar photocurrent, but slightly
increased the open-circuit voltage and ll factor as compared to
the binary bulk heterojunction based solely on semi-crystalline
AnE-PVab and PCBM. At larger concentrations of AnE-PVba,
both, ll factor and photocurrent, decreased steadily. The

Fig. 4 AFM tapping mode topography images of thin ﬁlms spin cast from binary and ternary AnE-PV:PCBM blend solutions with varying composition of the polymer
donor-fraction.
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Fig. 5 RMS surface roughness determined by AFM on thin binary and ternary
AnE-PV:PCBM blend ﬁlms. Three regimes of phase separation can be identiﬁed: (I)
large scale, (II) constant and (III) diminishing roughness.

reduced ll factor, eﬃciency and short-circuit current density
(JSC) at AnE-PVba concentrations above 10 wt% are in accordance with increasing recombination losses as detected via the
pronounced CT loss signal (750 nm to 1050 nm) of the AnEPV:PCBM blend PL spectra.68 Furthermore, the decreasing
volume fraction of the coarse-grained (well phase-separated)
semi-crystalline polymer as deduced from the PL spectra
implies reduced hole percolation and consequently larger
recombination rates.69 The reduction in charge conductivity
with increasing fraction of amorphous AnE-PVba is also
strongly reected by the steady increase of the series resistance
(RS) over the whole concentration range. On the other hand, the
parallel resistance (RP) decreased severely with increasing AnEPVba concentration. For very high AnE-PVba concentrations,
the optimization yielded relatively thin active layers due to the
large series resistance, and therefore the parallel resistance was
so low that partial shunting of the devices could not fully be
excluded.
All EQE spectra of the investigated binary and ternary AnEPV:PCBM blend systems were recorded under bias illumination
with an intensity corresponding to one sun and are presented in
Fig. 3. The EQE spectra are in good quantitative agreement with
the observed short-circuit current densities.
The pristine AnE-PVab blended with PCBM exhibited the
largest EQE for both, the polymer and the PCBM fraction.
Admixture of amorphous AnE-PVba decreased the EQE, but an
additional contribution between 420 nm and 480 nm is
observed. This could at least in part be attributed to the blue-

Fig. 6 Surface sensitive GiWAXS results (ai ¼ 0.10 ) for various concentrations of
AnE-PVba in the binary and ternary AnE-PV:PCBM blend ﬁlms: detector cuts taken
through the interlayer peak (left) and averaged over the full F-range (right).
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Fig. 7 GiWAXS results probing the full ﬁlm cross-sections (ai ¼ 0.20 ) for various
concentrations of AnE-PVba in the binary and ternary AnE-PV:PCBM blend ﬁlms:
detector cuts taken through the interlayer peak (left) and averaged over the full
F-range (right).

shied absorption of the amorphous polymer fraction. For an
AnE-PVba fraction of only 10 wt% this additional contribution
balances almost quantitatively the relative 10% loss at the corresponding maxima of the polymer and PCBM contribution to
the EQE. Further increase of AnE-PVba concentration lead to
steady decrease in the overall EQE in accordance with the shortcircuit photocurrent obtained from the J–V characteristics.
Interestingly, an addition of only 10% of the amorphous and
disordered AnE-PVba resulted in an overall power conversion
eﬃciency increase. The thereby increased volume fraction of
the amorphous and intimately mixed AnE-PV:PCBM phase is
most likely located between the pristine semi-crystalline phases
of the ordered AnE-PVab and PCBM. Thus the separation
between the molecular energy levels within the amorphous
phase increases due to disorder,60 which potentially yields an
improvement in the open-circuit voltage and also in the ll
factor, as it may act as a barrier for charge recombination.57
To gain deeper insight into the nanomorphology of AnEPVab:AnE-PVba:PCBM blend lms, structural information was
obtained by AFM topography and GiWAXS measurements.
Fig. 4 depicts the AFM tapping mode images of thin lms spin
cast from binary and ternary AnE-PV:PCBM blend solutions
with varying donor composition.
The composition of the ternary AnE-PVab:AnE-PVba:PCBM
blends had a strong impact on the evolution of the topography.
The roughest topography, indicating pronounced self-organization of the polymer as well as the formation of larger PCBM

Fig. 8 Relative peak intensities of the AnE-PVab interlayer peaks as a function of
the AnE-PVba concentration: surface sensitive measurements (ai ¼ 0.10 , Fig. 6
left) (red circles) and those obtained from the full ﬁlm cross-section (ai ¼ 0.20 ,
Fig. 7 left) (black squares). Peak intensities are normalized to those obtained for
the binary AnE-PVab:PCBM ﬁlm.
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aggregates, was found for the binary blend based on the pristine
AnE-PVab. By addition of amorphous AnE-PVba the surface
roughness decreased considerably. Further increase of the AnEPVba concentration resulted in a coarse-grained structure,
which indicates certain domain size of a single phase. Interestingly, this topography appears to be widely independent of
the composition of semi-crystalline and amorphous AnE-PV up
to about 70% of AnE-PVba. For higher concentrations of
amorphous AnE-PVba the surface morphology became
smoother and the grainy structures disappeared. The featureless surface morphology of AnE-PVba reects strong intermixing of AnE-PVba and PCBM. The root mean square (RMS)
surface roughness of all characterized lms is plotted in Fig. 5
and provides a rough measure of the phase separation between
both AnE-PVs and PCBM.
The graph illustrates the three regimes of phase separation
discussed above: (I) strong phase separation between AnE-PVab
and PCBM controlled by self-aggregation of the nearly pristine
semi-crystalline AnE-PVab and large PCBM aggregates, (II)
intermediate phase separation widely independent of the AnEPVba concentration, and (III) smooth blending controlled by
intimate mixing of AnE-PVba and PCBM. These ndings are in
good agreement with the absorption and luminescence spectroscopy results: semi-crystalline AnE-PVab promotes phase
separation, whilst amorphous AnE-PVba tends to intimately mix
with PCBM. The three regimes deduced from the topography
measurements can be roughly correlated with the results
obtained from optical spectroscopy: The rst regime of strong
phase separation is in accordance with the observation of the
two photoluminescence signals of pristine AnE-PVab and
PCBM. The principal agreement for the second regime is less
obvious, as in the optical properties a smooth variation in the
order (absorption) and volume fraction of larger domains
(photoluminescence) is detected, whereas the topography
shows little or no variations. The last regime, corresponding to
intimate mixing of AnE-PVba and PCBM, is well reected by the
loss of any detectable order in the absorption and by the strong
appearance of CT-photoluminescence. The diﬀerences between
topography and optical spectroscopy for the intermediate
regime (II) are to be related to diﬀerences in the bulk (spectroscopy) and surface (topography) properties of the blend
lms.
In order to analyze whether there is a diﬀerence in
morphology evolution at the surface and in the bulk of the
blend lms, we further studied the structure of binary and
ternary AnE-PV:PCBM based bulk heterojunctions by GiWAXS
close to the free surface (ai ¼ 0.10 , Fig. 6) as well as averaged
over the full lm cross-section (ai ¼ 0.20 , Fig. 7). Fig. 8
compares the intensities of the interlayer peaks originating
from the semi-crystalline AnE-PVab obtained for the free
surface to those obtained for the lm “bulk” as a function of the
AnE-PVba concentration. Indeed, the scattering results depict
that the addition of a small amount of amorphous polymer AnEPVba aﬀects the order of the polymer -ab much stronger in the
“bulk” of the bulk heterojunction than on its free surface.
At the free surface the peak intensities of the interlayer peaks
decreased up to an AnE-PVba concentration of 40% almost
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according to the dependence expected for a decreasing AnEPVab fraction (see solid black line in Fig. 8). Above this
concentration there is a signicant drop in the peak intensities
and from an AnE-PVba fraction of about 80% no residual scattering from the AnE-PVab interlayer ordering is detectable. The
intensity of the main PCBM peak at q ¼ 14 nm1, detecting
nearest neighbour correlations (solid black line in Fig. 7), is
taken as a measure for the degree of phase separation. The
degree of phase separation is generally low. The dashed solid
lines mark the location where typically higher order scattering
contributions from PCBM show up. Those were not detectable.
The signal intensity of the main PCBM peak decreased from an
AnE-PVba concentration of 0% to 20% and then remained
constant, which is in accordance with the general development
of the lm roughness (AFM) and the trend of the PCBM PLsignal. The additional scattering feature at around 6 nm1 (0%
AnE-PVba) and 5 nm1 (100% AnE-PVba) cannot be assigned to
a known PCBM peak. Its intensity is indeed comparable to that
of the main PCBM peak at q ¼ 14 nm1, which should be the
most prominent scattering feature of PCBM. Since the corresponding dimensions in real space are smaller than the polymer interlayer stacking distance but larger than the interPCBM-distances, we suggest that this peak originates from an
AnE-PV:PCBM mixed phase with short-range order only, where
the PCBM is preferably intercalated between virtual p-p-stacks.
For the lm “bulk” spectra we observed a signicant drop in
the interlayer peak intensities upon addition of a small amount
of only 10% AnE-PVba. Further increase of the AnE-PVba
concentration lead to an almost linear dependence of the peak
intensities as expected for a decreasing AnE-PVab fraction. As
for the surface sensitive measurements at AnE-PVba concentrations above 80% no interlayer stacking order from the AnEPVab polymer was detected anymore.
The degree of phase separation and order are high in the
binary mixture of AnE-PVab:PCBM. The intensity of the main
PCBM peak drops signicantly upon addition of a small
amount (10%) of amorphous AnE-PVba. This is in accordance
with the signicant drop in the interlayer peak intensity which
is most likely due to the formation of an intercalated, amorphous AnE-PV:PCBM phase. Typical higher order PCBM scattering features are detectable up to about 40% concentration of
AnE-PVba. At higher AnE-PVab concentrations the main PCBM
peak does not further decrease, indicating a certain remaining
fraction of pristine PCBM phase at all AnE-PV compositions.
Similar to the results obtained from the surface sensitive
measurements at higher AnE-PVba concentrations a peak at
about 5 nm1 appears which can be most likely attributed to a
new intercalated phase with short-range order only, where the
PCBM is preferably intercalated between virtual p-p-stacks.
Thus, in sum the intercalated phase becomes more pronounced
with increasing amorphous polymer fraction. The development
of the new intercalated phase might be responsible for the
massive CT-recombination losses at high AnE-PVba concentrations as deduced from the PL spectra.
In summary, the presence of neat crystalline polymer and
PCBM phases in combination with a small amount of the intimately intermixed, amorphous polymer:PCBM phase seem to
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be a requirement in the design of active layer nanomorphologies providing highly eﬃcient charge generation and
extraction.57

Conclusion
We demonstrate an absolute improvement in photovoltaic
performance of bulk heterojunction solar cells based on ternary
blending of semi-crystalline and amorphous PPE-PPV copolymers, which are just bearing diﬀerent side-chains, with PCBM.
Blends of highly ordered AnE-PVab and small amounts of
amorphous AnE-PVba lead to a benecial bulk heterojunction
morphology containing an ordered hole and electron conducting phase as well as an intimately mixed, amorphous AnEPV:PCBM phase. In general a strong dependence of photovoltaic parameters on the ratio of ordered and amorphous polymers was found. We assign the local maximum at small
amorphous polymer fraction to modications of the AnEPV:PCBM interface, in which the mixed amorphous blend most
likely is located in between pristine ordered AnE-PV and PCBM
phases. Further structural, electrical and optical investigations
are required for a deeper understanding of the impact of
nanomorphology onto charge carrier generation, recombination and transport in such ternary polymer:polymer:fullerene
systems and will be addressed in the near future.
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