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We have studied organic bulk heterojunction photovoltaic devices based on a bridged-
bithiophene donor–acceptor type low-band gap polymer blended with PCBM and bis-
PCBM. The impact of the molecular arrangement is discussed in terms of the correlation
between the solar-cell performance and the degree of crystallization. Differential scanning
calorimetry (DSC) and grazing-incidence X-ray diffraction (GIXRD) prove that films with
bis-PCBM typically result in more amorphous blends than comparable films with PCBM.
Electron tomography (ET) is used to visualize the three dimensional morphology of photo-
active layers, confirming the presence of nanofibers, formed in different scales through the
thickness in the blended films with mono and bis-fullerenes.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

A tremendous effort was made towards improving the
performance of organic photovoltaics (OPVs) by implement-
ing novel acceptors over the past few years [1–7]. Within
the compass of these appreciable amount of studies, the
need for studying morphological features of the new accep-
tors and particularly their interaction with the donor com-
pound became far more demanding. Fullerenes, which are
among the best sensitizers for photorefractive polymers
and possessing a variety of lowest unoccupied molecular
. All rights reserved.
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orbital (LUMO) levels, are now in the focus for organic pho-
tovoltaic applications. Attempts to raise the open circuit
voltage (Voc) of OPVs by reducing the LUMO–LUMO offset
of polymer and fullerene by investigations on the C60 and
C70 fullerene derivatives, especially the dyads and triads
(bis and tris), spurred the efficiency of organic PVs to more
promising values [8,9]. However, it is still an open question
to what degree raising the acceptor LUMO level changes the
photoinduced charge transfer process with the polymer. The
blend of poly(3-hexylthiophene) (P3HT) and bis-adduct of
[6,6]-phenyl-C61-butyric acid methyl ester (bis-PCBM) is
one of the rare systems that demonstrates an improvement
in power conversion efficiency (PCE) over the mono-adduct
(PCBM) [9]. In this case, the modest reduction in donor/
acceptor LUMOs offset of about 100 meV appears to have
no significant impact on the charge transfer between the
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two species. The lower photocurrent of the system contain-
ing bis-adduct has been instead assigned to the non-ideal
morphology and the microstructural discrepancies with
mono-adducts [10]. In addition, Lenes et al. pointed out
the importance of a reduced electron transport in fullerene
multiadducts due to possible shallow traps in these systems
[11]. The multiplicity of different isomers was suggested as
the main cause for low electron mobility. Apart from the
investigations with P3HT, little attention has been paid to
the use of bis-fullerenes in combination with other higher
performance polymers. One of these polymers is poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithi-
ophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), which
has a band gap of 1.46 eV and can deliver efficiencies in the
range of 5% [12]. Substitution of a carbon atom on the meth-
ylene bridge of the bithiophene unit with a silicon atom
yields the polymer Si-PCPDTBT (poly[(4,40-bis(2-ethyl-
hexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-
thienyl)-2,1,3-benzothiadiazole)-5,50-diyl]). Si-PCPDTBT is
more crystalline than PCPDTBT, has superior charge carrier
mobility and has low bimolecular recombination losses
when blended with PCBM [13,14]. It is shown that the
morphological evolution and higher crystallinity in Si-
PCPDTBT:PCBM blends resulted from a more favorable do-
main size of the donor–acceptor phase which appeared in
a way related to the inactivation of a charge transfer com-
plex without any need of additives like 1,8-octanedithiol
(ODT) [15]. Achieving a higher Voc and an acceptable pho-
tocurrent density by using bis-adducts is therefore a desir-
able concomitant for such low band gap polymers.

Here, we have studied the bulk heterojunction (BHJ)
solar cells made from the blends of Si-PCPDTBT with
mono and bis-fullerene. It is shown that using bis-PCBM
instead of mono-PCBM considerably increases the recom-
bination losses and as a result deteriorates the device per-
formance [16,17]. Our findings show that the major losses
arise from a change in the microstructure rather than
from the reduction of the offset between the lowest unoc-
cupied molecular orbitals of the donor and the acceptor.
The low charge carrier mobilities measured for Si-
PCPDTBT:bis-PCBM was found to be a key factor in
enhancing the charge carrier recombination [17]. Here,
we present morphological results that translate the worse
transport properties of the bis-PCBM solar cells to an
unfavorable microstructure. Conventional differential
scanning calorimetry (DSC) and modulated temperature
DSC (MTDSC) were used to study the physical properties
of PCBM and bis-PCBM. The structural properties of pho-
toactive layers were characterized by using grazing-inci-
dence X-ray diffraction (GIXRD). An overview on the
organization in the nm regime is given by reconstructing
the three-dimensional (3D) morphology via electron
tomography (ET) imaging.
2. Experimental

The preparation of poly[(4,40-bis(2-ethylhexyl)dithie-
no[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole)-5,50-diyl](Si-PCPDTBT, Mw 30–40 kDa) has
been described in a patent [18]. The organic BHJ photovoltaic
devices were fabricated on indium tin oxide (ITO) coated glass
substrates. Devices were produced with the following layer se-
quence: indium tin oxide (ITO)/poly(3,4-ethylenedioxythio-
phene doped with polylstyrene sulfonate) (PEDOT:PSS)/
active layer/LiF/Al, details described in Refs. [19,20]. All the ac-
tive layers were prepared from o-dichlorobenzene and coated
by a doctor-blade technique at the substrate temperature of
80 �C for the devices comprised of Si-PCPDTBT and 65 �C for
the P3HT based devices. The fullerene concentration of
60 wt% was used for producing the Si-PCPDTBT devices and
50 wt% fullerene concentration for the P3HT devices. The
thickness of Si-PCPDTBT:fullerene and P3HT:fullerene photo-
active layers in solar cell structure were about 100 nm. P3HT
devices were annealed at 140 �C for 5 min. The current–den-
sity–voltage characteristics of the devices were measured un-
der illumination of AM1.5 (100 mW cm�2) using a source
measurement unit SMU 2400 from Keithley under nitrogen
atmosphere.

All DSC and MTDSC measurements were performed on
a TA Instruments DSC Q200 equipped with a Refrigerated
Cooling System (RCS). Samples were prepared by packing
about 11 mg of fullerene powder (Solenne) into a DSC Tze-
ro pan. The pan was hermetically sealed with a small hole
punched into the top of the lid.

XRD analysis was carried out using Bruker D8 DIS-
COVER diffractometer equipped with X-ray tube with
rotating Cu anode operating at 12 kW and a wavelength
of 0.154 nm. All measurements were performed in parallel
beam geometry with parabolic Goebel mirror in the pri-
mary beam. The X-ray diffraction patterns were measured
in grazing incidence set-up with the angle of incidence
1.5�. The scattering plane was perpendicular to the sample
surface. The primary beam was limited to 0.2 mm width.
At these conditions the irradiated area was 7.6 mm wide.
The crystallite size analyses are performed based on the
Scherrer’s approach [21]. In the process of crystallite size
determination the effect of the measuring geometry on
the line broadening has been taken into account via the
instrumental function of the diffractometer. All films were
made by dissolving the polymers and PCBM or bis-PCBM
in o-dichlorobenzene at a 3% (w/w) ratio. Films were doc-
tor bladed on quartz substrates that gave a low back-
ground signal in the XRD measurements. For these
measurements, the thickness of pristine fullerenes and
polymer films was about 250–300 nm and the thickness
of P3HT:fullerene and Si-PCPDTBT:fullerene blend films
was approximately 400 nm and 700 nm, respectively.
Samples comprising P3HT were annealed inside the glove-
box at 140 �C for 5 min.

The Si-PCPDTBT:PCBM and Si-PCPDTBT:bis-PCBM lay-
ers for TEM and ET measurements were floated, by dissolv-
ing the water-soluble PEDOT:PSS layer and bringing the
photoactive layer onto a surface of demineralized water,
and picked up with 200-mesh copper TEM grids. The film
compositions and preparations were consistent with those
generally used in optimized solar cells. Bright-field TEM
morphological observations and acquisition of tilt series
for electron tomography were performed on a Technai G2
20 operated at 200 kV.
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3. Results and discussion

3.1. Photovoltaic devices

Fig. 1a shows the current–density–voltage (J–V) charac-
teristics of devices fabricated from mono and bis-PCBM
blended with Si-PCPDTBT. Despite the 100 mV higher Voc

of Si-PCPDTBT:bis-PCBM devices, the lower fill factor (FF)
and short circuit current density (Jsc) lead to an overall
reduced efficiency of these devices. In contrast, P3HT:
bis-PCBM devices show only a slight reduction in Jsc, no
reduction in FF and at least a 150 mV increase in Voc

(Fig. 1b) resulting in an overall increased PCE as compared
to PCBM.

3.2. DSC and MTDSC measurements

Calorimetric techniques are an efficient analytical tool
to characterize the mixing properties of multicomponent
systems. Differential scanning calorimetry (DSC) was re-
cently successfully applied to investigate the phase dia-
gram of polymer–fullerene blends [22–25]. Fig. 2 shows
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Fig. 1. J–V characteristics of solar cells comprising active layer of (a) Si-
PCPDTBT:PCBM versus Si-PCPDTBT:bis-PCBM (b) P3HT:PCBM versus
P3HT:bis-PCBM with a thickness of around 100 nm under simulated 1.5
AM illumination.
the heat flow (HF) trace curves of bis-PCBM measured by
means of standard DSC. Three heat–cool cycles were run
where the second and third cycles looked nearly identical.
The first heat cycle shows transitions due to the thermal
history of the sample and is not shown. The transition ob-
served at 160 �C has the shape of a melting type transition.
However, more careful analysis reveals this peak as a glass
transition (Tg) obscured by enthalpic relaxation. When a
glass transition is weak, and set against a rising baseline
due to the gradual increase in heat capacity of other compo-
nents, the presence of a relaxation endotherm can give the
impression of an endothermic process rather than a glass
transition In such a situation, thermally modulated DSC
measurements can give the correct assignment by subtract-
ing the unwanted background signals [26]. MTDSC was run
on the same samples to bypass thermal history events. The
sample was run at a rate of 2 �C/min from �40 �C to 250 �C
using a modulation of ±1.00 �C/min every 60 s. Once the
signals were separated, it is clear that the transition at
162 �C is a glass transition, as shown in the reversing HF
signal in Fig. 3. A glass transition observed in the reversing
signal provides the enthalpy change that appears in the
non-reversing signal (the signal at 160 �C). For PCBM, the
observation of a glass transition signal is only reported by
few groups [27], however most studies observed melting
peaks at about 285–295 �C [23,28,29] (see appendix our
measurement, Fig. A.1). For the pure bis-PCBM, although
we observe a Tg at 162 �C, but after this transition we could
not detect any melting transitions up to 350 �C, at which
point the sample begins to degrade (see appendix for the
measurement above 300 �C, Fig. A.2). The absence of a crys-
tallization exotherm after the Tg and melting transition for
bis-PCBM, which is normally seen for PCBM, suggests a
higher amorphous portion in bis-PCBM.
3.3. X-ray diffraction

GIXRD measurements were initially performed for pris-
tine films of mono and bis-fullerene (Fig. 4). Two peaks
Fig. 2. DSC thermogram for the bis-PCBM powder at a heating/cooling
rate of 5 �C/min; showing the second heating cycle (lower, red curve) and
second cooling cycle (upper, blue curve). The peak in the cooling curve at
100 �C is an artifact. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



Fig. 3. Thermally-modulated DSC of bis-PCBM powder showing the total
heat flow, reversing heat flow and non-reversing heat flow signals.
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Fig. 5. GIXRD images of films of pristine Si-PCPDTBT (light gray), blend
Si-PCPDTBT:bis-PCBM (dark gray) and Si-PCPDTBT:PCBM (black) depos-
ited on quartz substrates.
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appear in the XRD spectra of neat fullerene films, one at
2h = 19.4� and a less intense one at 10�. Bis-PCBM shows
one strong diffraction peak at 20� with the same broaden-
ing as PCBM, while the peak at 10� appears weaker (as the
inset of Fig. 4 magnifies the corresponding peak), which
may indicate a lower degree of ordering in bis-PCBM, given
that both films have same thickness. This observation is
also in line with the DSC measurements. Similar measure-
ments were performed on Si-PCPDTBT and P3HT blended
with mono and bis-fullerene. Fig. 5 shows the diffraction
characteristics of pristine Si-PCPDTBT together with its
blend with PCBM and bis-PCBM. The intense peak at
2h = 5.04� represents an a-axis distance of ca. 17.5 ÅA

0

be-
tween the polymer backbones, separated via ethylhexyl
groups. The weaker feature at 25.26� represents the p–p
stacking between polymer chains along the b-axis
[14,30]. The p–p stacking of Si-PCPDTBT is estimated at
3.5 ÅA

0

, which is shorter than the value measured for P3HT.
The diffraction peaks centered at 10� and 19.4� are evi-
dently associated with the fullerene phase. The analysis
of the diffraction peaks showed that the p–p stacking dis-
tance and the a-axis distance between the polymer chains
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Fig. 4. GIXRD of films of pristine bis-PCBM, 250 nm thick (gray color)
versus the pristine PCBM, 250 nm thick (black color) deposited on quartz
substrates. The inset of graph zooms the peak at around 2h = 10�.
is not changed by replacing PCBM with bis-PCBM. How-
ever, the signal attributed to the fullerene phase is differ-
ent for Si-PCPDTBT:PCBM and Si-PCPDTBT:bis-PCBM
films. This can be concluded from the suppression of the
bis-PCBM peak at 19.45� and an even more incomplete
appearance of the diffraction signal at 10�. In addition from
the half width of peak at 17.5 ÅA

0

, a minimum crystallite size
of 16.2 nm is calculated along the a-axis direction of Si-
PCPDTBT:PCBM. This is slightly larger than the 13.8 nm va-
lue found for Si-PCPDTBT:bis-PCBM. It is worth mentioning
that in the GIXRD measurements, we generally study the
crystalline parts of the samples. There are also indeed
some amorphous polymer and fullerene regions that can-
not be directly investigated here.

XRD measurements were also performed on P3HT:PCBM
and P3HT:bis-PCBM for comparison. The diffraction spectra
appear more or less identical (Fig. 6). The spacing between
the main chains of P3HT was calculated with 16.5 ÅA

0

and
the p–p stacking of thiophene rings was measured with
3.8 ÅA

0

. These distances agree with the values previously re-
ported for P3HT [31,32]. In P3HT blend films, the weak dif-
fraction of fullerene at 10� is no longer observed, and the
diffraction signal at 19.4�, corresponding to the second peak
of the fullerene, is weakly visible but has a similar intensity
and shape for both P3HT:PCBM and P3HT:bis-PCBM. In con-
trast to the blends with Si-PCPDTBT, the XRD results do not
give any evidence to support that the overall ordering and
crystallization of P3HT:PCBM films is varied by replacing
PCBM with bis-PCBM. This observation is in excellent agree-
ment with the solar cell findings for P3HT:PCBM versus
P3HT:bis-PCBM devices.

3.4. Electron microscopy and tomography

Fig. 7 shows a conventional bright-field transmission
electron microscopy (BF-TEM) image for Si-PCPDTBT:PCBM
and Si-PCPDTBT:bis-PCBM photoactive layers. Because of
the lower density of the polymer compared with fullerenes,
bright regions typically identify polymer-rich phase, where
the dark regions indicate fullerene-rich domains [33]. The
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140 �C for 5 min.
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blend of polymer Si-PCPDTBT with PCBM is found to form a
highly functional nanomorphology with the domain size of
10–20 nm, which ensures the efficient excitons separation
and collection [15]. TEM images show that bis-PCBM forms
finer network in the blend with the polymer Si-PCPDTBT.
The transport of the hole and electron through each phase
is strongly influenced by the local order and crystallinity
within each phase and in addition to the size of domains.
The current findings agree with the measured low electrons
and holes mobility for Si-PCPDTBT:bis-PCBM devices [17]. A
too fine morphology disturbs the continuous percolation
pathways required for an efficient charge transport. In
P3HT:PCBM based solar cells, the gain in solar cell efficiency
is achieved by improved crystallization as well as optimized
phase segregation after post-thermal annealing [34,35].

Furthermore, TEM images show some elongated bright
features, with characteristic diameter in the few tens of
nanometers, which represent polymer nanofibers. These
are more evident in blends with PCBM (Fig. 7a). In both
images of Fig. 7 some white spots can be seen that repre-
sent thinner areas of the samples under investigation.
Fig. 7. Bright-field TEM images of blend films doctor-bladed from ODCB: (a) Si
The presence of such thinner parts might be an indication
for dewetting of the photoactive layer when deposing it on
the PEDOT:PSS substrate.

Conventional BF-TEM images are two-dimensional (2D)
projections of the actual 3D sample; therefore they cannot
clearly represent bulk features with size much smaller
than the sample thickness, due to the overlapping of indi-
vidual projections. In order to overcome this limitation,
electron tomography (ET) was used to perform 3D imaging
of nanostructure of the polymer:fullerene composites [36–
38]. This method has been recently utilized in OPVs with a
resolution in the range of 5–20 nm, which matches well
with the dimension of the phase separated domains
[39–42]. Fig. 8 shows a few images extracted from
reconstructed tomograms (using the SIRT algorithm) of
Si-PCPDBT:PCBM and Si-PCPDBT:bis-PCBM photoactive
layers at different locations across the film thickness. For
the samples we assign bottom, middle and top part of
the film as referring to the interface of the sample in con-
tact with the bottom PEDOT:PSS/ITO electrode, the central
part of the photoactive layer and the top surface, respec-
tively. The bottom images of both samples show indica-
tions of an originally rough interface with PEDOT:PSS. In
particularly the white areas in the image of the Si-
PCPDTBT:bis-PCBM sample may point to dewetting as al-
ready introduced when discussing the conventional BF-
TEM images. The fuzzy areas of both images are recon-
struction artifacts resulting mainly from the missing
wedge; i.e. the limited tilting angle during tomographic
tilt-series acquisition.

Approaching the middle region of the Si-PCPDTBT:PCBM
layer, a considerable number of uniformly distributed poly-
mer nanofibers are observed, extending all through the film
up to the upper region. Similarly, fibers can be observed also
across significant parts of the Si-PCPDBT:bis-PCBM film,
with an increase in density in the upper part of the bis-ful-
lerene blend film. In case of bis-PCBM, one can see slightly
higher densification of polymer fibers at the top of the film.
The polymer enrichment near top of the film, i.e. at the elec-
tron extracting interface, is of course unfavorable. The origin
of fiber formation has been previously discussed in other
systems and relates in part to the drying kinetics of the film
-PCPDTBT:PCBM and (b) Si-PCPDTBT:bis-PCBM. The scale bar is 100 nm.



Fig. 8. Electron tomography images for the active layers of Si-PCPDTBT:PCBM (top three images) and Si-PCPDTBT:bis-PCBM (bottom image raw).The image
size is in either case around 1.08 lm. The captured slices lie in the horizontal (X,Y) plane of the film at a different depths (Z location): one slice close to the
top of the film (the free surface of the film), another one in the middle of the film, and the third one close to the bottom of the film (the one on the copper
grid substrate side).
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[40]. For films prepared in a similar way, the most relevant
difference between the two systems is the significant gap in
solubility between bis-PCBM over PCBM that we have ob-
served. In ortho-dichlorobenzene (ODCB), here used for
the device and sample preparation, we found the average
solubility of 13.68 wt% for bis-PCBM and about 4.58 wt%
for PCBM (see the appendix for details of the solubility test).
The solubility of fullerene is an important factor that influ-
ences the domain formation and crystallization. The small
phase segregated domains of Si-PCPDTBT:bis-PCBM corre-
lates with the higher solubility of bis-fullerene that allows
the composite to self-organize in a more intimate mixture.
The presented results show the close correlation between
the thin film microstructure and device performance of
oBHJ solar cells.

4. Conclusions

In conclusion, the microstructure of Si-PCPDTBT:PCBM
versus Si-PCPDTBT:bis-PCBM thin films and solar cell de-
vices was investigated by various experimental methods.
The observation of a glass transition and absence of a
melting peak suggest that bis-PCBM is more amorphous
than PCBM. This conclusion is also supported by XRD
measurements. The morphological differences between
PCBM and bis-PCBM are however dependent on the host
polymer. In RR-P3HT blends, XRD studies show no evident
differences in the fullerene arrangement by exchanging
PCBM with bis-PCBM. This is different for Si-PCPDTBT
where films with bis-PCBM showed lower crystallinity
compared to those with PCBM. As a consequence of better
intermixing, TEM results show the fine phase-separated
domain sizes of Si-PCPDTBT:bis-PCBM film. Overall, we
conclude that the replacement of mono-PCBM by bis-
PCBM leads to more disturbed microstructure between
the polymer and the fullerene. This more unfavorable
microstructure is responsible for the worse transport prop-
erties of the blends. The results presented here on the
nano-structure of blends offer fundamental information
to interpret the peculiar behavior of solar cells based on
Si-PCPDTBT:bis-PCBM.
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