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Polymer solar cells have been considered as a promising
alternative for renewable energy because of their poten-
tial for low-cost manufacturing.! Until now, the most
efficient solar cell was based on the bulk-heterojunction
(BHJ) devices composed of a blend of poly(3-hexylthio-
phene) (P3HT) electron donor and [6,6]-phenyl Cg;
butyric acid methyl ester (PCq;BM) electron acceptor
that showed a power conversion efficiency (PCE) of
~5%.% Within the BHJ film, it is critical to control the
morphology of the blend to form an interpenetrating
network with nanoscale phase separation between the
donor and the acceptor at a distance of ~10 nm to maxi-
mize exciton dissociation and provide an effective path-
way for charge transport and collection.” The optimum
morphology can be achieved by controlling the kinetics of
segregation and crystallization of the components
through careful adjustment of the parameters involved
in the fabrication processes, such as solvent, blend ratio,
thermal annealing, and other post treatment conditions.”
However, such a phase-separated morphological struc-
ture is not very thermodynamically stable because small
molecules like PCBM and even polymers like P3HT can
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still have certain freedom to diffuse slowly or recrystallize
over time especially under elevated temperatures.* This
gradual change in the microstructure will lead to reduced
number of interfaces and result in degrading the perfor-
mance of the device. This is detrimental to the long-term
performance of polymer solar cells.”

Recently, several strategies have been developed to
improve thermal and morphological stability of the poly-
mer:fullerene BHJ cells. For example, by modifying
polythiophenes with controlled amount of disorder in
their backbone, it can suppress the crystallization-driven
phase separation between the polymer and fullerene
during thermal annealing.® By introducing diblock copo-
lymer additives in the BHJ film, it can also stabilize the
device structure against destructive thermal phase segre-
gation.” Using a BHJ film in which both polymer and
fullerene are substituted with similar chemical motif is
also an effective way to stabilize the nanophase segrega-
tion between the donor—acceptor pair.®

Herein, we report a simple and effective approach to
improve thermal stability of BHJ solar cells through the
introduction of new amorphous fullerene derivatives as
electron-accepting materials. The newly synthesized full-
erenes are based on the modifications of PCBM by
replacing the planar phenylene ring with a bulky triphe-
nylamine (TPA) or 9,9-dimethylfluorene (MF) aimed at
surpressing the crystallization of the resulting compunds.
In addition, the electron-donating properties of TPA and
MF can increase the LUMO level of the parent fullerene,
which is beneficial for achieving higher open circuit
voltage (V,.) in BHJ cells.” The synthesis, electrochemi-
cal, thermal, and electrical properties of the new PCBM
derivatives and the performance and thermal stability of
the resulting P3HT:new PCBMs BHJ solar cells will be
discussed.

The synthetic route for modified fullerenes is shown in
Scheme 1. Compounds 1 and 3 were synthesized by
Friedel—Crafts acylation between triphenylamine and
9,9-dimethylfluorene using anhydrous AICl; as catalyst.
They were then reacted with p-tosylhydrazide in methanol
under refluxing condition to give compounds 2 and 4,
respectively. Followed by treating with sodium methoxide
in dried pyridine, it afforded diazo compounds, which were
used directly to react with Cg in dried o-dichlorobenzene
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Scheme 1. Synthetic Scheme of TPA-PCBM and MF-PCBM
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without any purification using the reported methods.'®
The resulting PCBMs were purified through silica column
with toluene as eluent to give TPA-PCBM and MF-PCBM
with 30—40% vyields. As previously reported, the [5,6]-
open and [6,6]-closed isomers of [60Jmethanofullerene
could coexist in the cycloaddition reaction of diazo and
[60]fullerene. Therefore, it is necessary to treat these iso-
mers in refluxing o-dichlorobenzene or toluene to form
the more stable [6,6]-closed [60]methanofullerene.'® The
resulting [6,6]-closed [60]methanofullerenes could be easily
dissolved in common organic solvents, such as chloroform,
toluene, chlorobenzene, and o-dichlorobenzene.

The electrochemical properties of TPA-PCBM and
MF-PCBM were studied by cyclic voltammetry in 1,2-
dichlorobenzene solution with TBAPF as electrolyte. As
shown in Figure S1 of the Supporting Information, all
fullerenes possess four quasireversible one-electron re-
duction waves, which are attributed to the fullerene core.
The first reduction potential (E,"%) corresponding to
the LUMO level of PCBM is shifted to more negative
value compared to parent Cg, (shown in Figure S1 of the
Supporting Information) because of the decrease in the
s-electrons and the release of strain energy after introdu-
cing [6,6] methene substitute in Cgo.'® Moreover, the
reduction waves of TPA-PCBM and MF-PCBM shifted
toward more negative potentials compared to that of
PCBM as a result of the stronger electron-donating
properties of triphenylamine and 9,9-dimethylfluorene
compared to that of benzene.

Differential scanning calorimetry (DSC) trace curves
of PCBM, TPA-PCBM and MF-PCBM are shown in
Figure 1. PCBM shows a crystallization peak at 295 °C
with no other transition found between 20 and 350 °C.
However, there are no crystallization transitions found in
the curves of TPA-PCBM and MF-PCBM, instead, two
glass transitions (7,) were detected at 170 and 180 °C for
TPA-PCBM and MF-PCBM, respectively. From the
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Figure 1. DSC curves of PCBM, TPA-PCBM, and MF-PCBM.

DSC results, it indicates that both TPA-PCBM and
MF-PCBM are amphorous materials.

The electron mobility of n-type acceptor is one of the most
important factors for high-performance BHJ polymer solar
cells. To compare the electron-transporting properties be-
tween PCBM and TPA-/MF-PCBMs, n-channel organic
field-effect transistors (OFETs) were fabricated. All PCBMs
showed typical n-type OFET behavior and the measured
saturation field-effect electron mobilities of PCBM, TPA-
PCBM and MF-PCBM are 1.6 x 107, 1.1 x 1072, and
541072 cm® V' s7!, respectively (shown in Figure S2).
The slight reduction in electron mobilities of TPA-PCBM
and MF-PCBM compared to PCBM are attributed to the
relatively bulky size of triphenylamine and dimethylfluorene.

The performance of the P3HT:PCBMs BHIJ devices
were investigated using an inverted cell structure (ITO/
Zn0O/Cg-SAM/P3HT:PCBMs/PEDOT:PSS/Ag) fabri-
cated according to the literature-reported procedure.''
This inverted structure using more stable and solution-
processed metal as the top electrode can provide better
ambient stability and cost advantage than the conven-
tional structure.''®!'®1? The optimized device perfor-
mance for each P3HT/PCBMs system was achieved at a
blending ratio of 1:0.7 by weight with 10—30 min anneal-
ing at 150 °C. The details of the device fabrication and
characterization are discussed in the Supporting Infor-
mation. Figure 2a shows the J—V characteristics of
P3HT/PCBMs devices under AM 1.5 G illumination with
an intensity of 100 mW cm 2 The power conversion
efficiency for TPA-PCBM and MF-PCBM is 4.0% and
3.8%, respectively, which is comparable to that derived
from PCBM (4.2%). The TPA-PCBM and MF-PCBM
deviceshad a V,.of 0.65V, whereas the PCBM device had
a V. 0f0.63 V. A 20 mV increase in V. was observed,
which is in agreement with the shift of the LUMO levels as
observed in cyclic voltammetry. The current densities
(Jse) of TPA-PCBM and MF-PCBM-based devices are
9.9 and 9.8 mA cm % respectively, which are slightly
lower than that of PCBM device (10.4 mA cm ™ ?) because
of lower electron mobilities of the new PCBMs. These
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Figure 2. (a) The J—V curves of PCBM-, TPA-PCBM-, and MF-PCBM-
based BHJ devices under AM1.5 illumination at 100 mW/cm?. (b) Plot of
PCE vs annealing time of PCBM-, TPA-PCBM-, and MF-PCBM-based
devices annealed at 150 °C.

results show that TPA-PCBM and MF-PCBM are very
promising electron acceptors that give comparable per-
formance to PCBM-derived devices under similar fabri-
cation conditions.

Thermal stability of the photovoltaic devices using
these acceptors were examined by annealing the BHJ
films at 150 °C for a time period from 10 min to 10 h.
This is a typical temperature for the post-treatment of
P3HT:PCBM system.> Figure 2b shows the dependence
of PCE on the annealing time of different systems. The
highest PCE for the PSHT:PCBM BHJ cell was obtained
from the device that was annealed for 10 min. Prolonged
annealing results in gradual degradation in device perfor-
mance with the PCE dropping from 4.2 to 1.8% after
annealing for 10 h (Figure 2b). The short circuit current
and fill factor also show a gradual decrease with the
increase of annealing time (see Figure S3a in the Support-
ing Information). Thermal stability of both TPA-PCBM
and MF-PCBM based devices is significantly better than
that of PCBM-based device. Even after extended time of
annealing (10 h), there is no obvious loss in device
performance (PCE, Jy., and FF), with PCE remaining
at ~4% for both types of devices.

To understand the origin of the improved thermal
stability in the amorphous PCBMs-based devices, we
studied the effect of thermal annealing on phase segrega-
tion in the BHJ films. Figure 3 shows the optical micro-
graph of different BHJ films after being annealed at
150 °C for 10 h. In the case of P3SHT:PCBM films, PCBM
aggregated and formed microcrystallites that became
larger with longer annealing time. This results in a crystal
with size up to hundreds of micrometers in length, tens of
micrometers in width, and several hundred nanometers in
height as revealed by both optical microscopy and atomic
force microscopy (AFM) (see Figures S4 and S5 in the
Supporting Information). As reported earlier,®’ the mi-
crometer-size crystallization of PCBM causes the reduc-
tion of interfacial density between the donor and the
acceptor, resulting in decreased excition dissociation
efficiency and magnitude of photocurrent. On the con-
trary, both TPA-PCBM- and MF-PCBM-based BHJ
films show no sign of destructive phase segregation even
after being annealed for 10 h. A homogeneous and smooth
surface topology was observed by AFM for both blend films
with the surface rms roughness in the range of 1.3—1.5 nm.
(Figure S5b and c¢ in the Supporting Information).

Zhang et al.

Figure 3. Optical images of (a) P3HT:PCBM, (b) P3HT:TPA-PCBM,
and (c¢) P3HT: MF-PCBM films after annealing at 150 °C for 600 min.

Furthermore, the absorption spectra of the blend films
annealed at different time lengths (0, 30, and 600 min)
were also studied (see Figure S6 in the Supporting In-
formation). After being annealed for 30 min, three vi-
bronic peaks from the absorption of P3HT (510, 550, and
600 nm) became more pronounced for all the blend films,
indicating a higher degree of m—m stacking of P3HT
chains. Further annecaling of TPA-PCBM- and MF-
PCBM-based films to 600 min did not result in any
further change in shape and intensity of the absorption
spectrum, which can be correlated to the enhanced ther-
mal stability of devices. However, the P3HT:PCBM film
showed a dramatic decrease in PCBM absorption peak
at 335 nm because of the severe segregation of PCBM and
a further increase in P3HT vibronic peaks that may be due
to improved packing in the P3HT-rich phase.

In conclusion, we have reported the synthesis and
application of triphenylamine and dimethylfluorene-sub-
stituted PCBMs as new acceptor materials for BHJ poly-
mer solar cells. These new compounds show comparable
electron mobility to PCBM in OFETs and high power
conversion efficiency (~4%) in polymer solar cells. More
significantly, thermal stability of the polymer solar cells
are remarkably enhanced by suppressing the destructive
phase segregation between the polymer and fullerene due
to the amorphous nature and high glass-transition tem-
perature of the new PCBMs. For these new amorphous
PCBMs, we found no significant degradation in mor-
phology or solar cell performance even after 10 h anneal-
ing at 150 °C, whereas a device based on conventional
PCBM degraded dramatically against long-time anneal-
ing. These results suggest that these new acceptors are
very attractive candidates for improving the long-term
stability of BHJ polymer solar cells.
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