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Modification of PCBM Crystallization via Incorporation

of Cg, in Polymer/Fullerene Solar Cells

Jeffrey J. Richards, Andrew H. Rice, Rainie D. Nelson, Felix S. Kim, Samson A. Jenekhe,

Christine K. Luscombe, and Danilo C. Pozzo*

The morphological effects of the incorporation of Cg into blended thin-films
of poly(3-hexylthiophene) and [6,6]-phenyl C¢; butyric acid methyl ester
(PCBM) are investigated. The results show that addition of Cg, readily alters
the growth-rate and morphology of PCBM crystallites under different environ-
mental conditions. The effect of Cg, on the growth of large PCBM crystallites
is thoroughly characterized using optical microscopy, electron microscopy
and UV-visible absorption spectroscopy. Results show that Cg incorpora-
tion modifies fullerene aggregation and crystallization and greatly reduces
the average crystallite size at C¢, loadings of =50 wt% in the fullerene phase.
Organic field-effect transistors (OFETs) are prepared to evaluate the electron
mobility of PCBM/Cg, films and organic solar cells (OSCs) are fabricated
from mixed-fullerene active layers to evaluate their performance. It is demon-
strated that the use of fullerene mixtures in organic electronic applications is

adsorption to high energy crystal planes,
lattice intercalation, seeding the formation
of new nuclei, and capping crystal size
(e.g., inorganic semiconductor quantum
dots).1

In the production of organic solar cell
(OSC) active layers, highly purified conju-
gated polymers and fullerene derivatives
are often employed. The tendency of these
materials to crystallize is viewed as critical
to achieving the desired bulk-heterojunc-
tion morphology, an extended polymer/
fullerene network with mesoscopic phase
segregation.’”] The most common n-type
semiconductor material used in OSCs,
[6,6]-phenyl C4; butyric acid methyl ester
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a viable approach to produce more stable devices and to control the growth

of micrometer-sized fullerene crystals.

1. Introduction

The morphology of small molecule, polymer, and protein crys-
tals depends on super-saturation conditions, nucleation and
growth kinetics, and on the termination mechanism of growing
crystallites.l] In many cases, it is desirable to form large, fac-
eted crystals in order to obtain structural information using
techniques such as X-ray diffraction. While there are many fac-
tors that influence the structure, size and quality of a crystal,
one key factor to obtaining large crystallites is the purity of the
components.Zl Impurities interfere with crystal growth and
can also drive amorphous aggregation reducing crystal quality
and preventing characterization via diffraction. In some cases,
this effect is exploited to modify the natural habit of a crystal.l3
Examples of how such impurities affect crystal growth include
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(PCBM), frequently forms needle-like
crystallites that have lengths and widths of
tens of micrometers in dimension. These
crystals tend to grow and develop inside
polymer/fullerene thin-films, which are
usually less than 1 um thick, to form micrometer-sized crystals
when they are annealed for extended periods of time or at very
high temperatures.®1% It is now established that these “over-
grown” PCBM crystallites represent an important degradation
pathway that significantly affects the long-term performance
of polymer/fullerene solar cells.''"12I Conversely, the crystalli-
zation of the polymer phase in polymer/fullerene solar cells is
usually beneficial. When some conjugated polymers crystallize,
they form long fibers with nanometer cross-sectional dimen-
sions.'¥ For these polymers, such as poly(3-hexlythiophene)
(P3HT) and poly(3-butylthiophene) (P3BT), the crystalline
phase can have a significantly higher charge carrier mobility
than the amorphous phase. Furthermore, the dimensions of
the fibrillar aggregates are also of the order of the exciton dif-
fusion distance so that charges can be effectively dissociated at
the p/n material interface.'*'8 Crystallization of such conju-
gated polymers, therefore, facilitates the development of a bulk-
heterojunction because pure polymer/fullerene blends sponta-
neously phase segregate during annealing leading to improved
device performance.['’]

Crystallization for both the polymer and fullerene com-
ponents in the solid state occurs at temperatures below their
common miscibility point (T = 205-290 °C for P3HT and
PCBM depending on film composition) and above the glass
transition of the polymer phase (Tys = 12 °C).2**!I There are
no evident thermodynamic phase transitions in P3HT/PCBM
blends between these two temperatures.?!] Phase segregation
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is therefore a thermodynamically driven process that will likely
occur at any point within this temperature region. Neverthe-
less, the kinetics of the crystallization process will vary signifi-
cantly with factors such as the environmental temperature, the
concentration of dissolved PCBM, the viscosity of the polymer
matrix and even the film thickness. Therefore, because of the
simultaneous crystallization process, regardless of the specific
thermal treatment, the instantaneous morphology that leads to
a particular device performance is only a transient one and will
likely continue to evolve with time even when the temperature
is lowered. While quenching a film from the annealing tem-
perature to ambient conditions slows the evolution of the film
morphology, the polymer/fullerene films are still inherently
unstable due to the finite solubility and relatively high mobility
of PCBM in the amorphous conjugated polymer domains.[2>23l
Films will continue to slowly evolve over time as the crystalli-
zation of both components proceeds. Under typical annealing
conditions (120 °C < Tpea < 170 °C), this effect manifests
itself as a drop in solar cell performance when longer annealing
times are used and PCBM crystal domains overgrow. Per-
formance decreases once the crystal size exceeds the optimal
size for ideal bulk heterojunctions because the total interface
between p-type and n-type domains decreases with increasing
domain size. However, even at modest operating temperatures
for polymer solar cells (20 °C < T, < 80 °C), slow structural
evolution and performance degradation persists as a result of
PCBM crystal growth.*#? This concept is shown schematically
in Figure 1. This mechanism of degradation is not only a prac-
tical challenge for the optimization of active layer morphology
in polymer solar cells, but also for making devices that have
adequate lifetimes (years) at normal operating conditions.
There is a need to improve the thermal stability of polymer/
fullerene solar cells by controlling the crystallization of the
fullerene phase. Several strategies are currently being pur-
sued. The first approach is the synthesis of compatibilizing
agents that function to stabilize the polymer/fullerene inter-
face.l?67 For example Tsai et al. synthesized a poly(4-vinylt-
riphenylamine)/P3HT copolymer using quasi-living Grignard
metathesis and living anionic polymerization.l?®! These mole-
cules have the potential to improve long-term thermal stability

-0~ 150°C
- 80°C

Efficiency

Time >

Figure 1. Schematic of phase segregation and coarsening occurring
inside active layers (right) and for the changes in device performance
that are expected to occur as a function of time at different temperatures

(left).
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as they function like surfactants that prevent further coarsening
of the polymer and fullerene phases, but more study is needed
to understand the specific effects these materials have on the
morphology of the active layers. A second approach that has
been employed is the synthesis of fullerenes with different sub-
stitution moieties. Using novel chemical routes, it is possible
to synthesize fullerenes that are not capable of packing into
uniform crystals; therefore phase segregation is only driven
by the crystallization of the polymer phase. This approach has
been recently demonstrated with a new PCBM derivative con-
sisting of 1,2-dihydromethano-[60] PCBM by Li et al.??3% This
approach is highly desirable for conjugated polymers that crys-
tallize into nanofibers because the final domain size is defined
by the dimension of the nanofibrils with the fullerene domain
acting like a space-filling glassy matrix. However, in cases where
the polymer has a relatively low crystallinity or does not form
nanofibers, it is also desirable to have the ability to systemati-
cally modify the crystallization of the fullerene phase.*!]

In this work we introduce Cg, into the fullerene phase of
P3HT/PCBM solar cells in order to systematically modify the
crystal habit of PCBM. The solubility of Cg, in chlorobenzene
is only 6-7 mg/mL and this has limited its use in OSCs. Nev-
ertheless, its use has been demonstrated as a pure n-type mate-
rial for the fabrication of polymer solar cells via optimization of
solvent conditions.[®?l Because Cg is a precursor to PCBM and
many other fullerene derivatives, it also has a lower associated
cost and no additional synthesis requirements. We show using
optical microscopy and UV-visible absorption spectroscopy
that this approach alters the crystal morphology and greatly
reduces the size of fullerene crystallites observed after very
long annealing times and under aggressive aging conditions.
We also show by fabricating organic field-effect transistors
(OFETs) from PCBM/Cq, blends that the incorporation of Cg
does not significantly reduce electron mobility in bulk fullerene
films. Finally, we show that when Cg is incorporated into the
fullerene phase of P3HT/PCBM OSCs, devices are more stable
to thermal degradation under annealing temperatures and
aggressive aging conditions.

2. Results and Discussion
2.1. P3HT/PCBM/Cq, Film Characterization

Optical microscopy images and UV-visible absorption spectra
(Figure 2) of P3HT/PCBM blends spin-coated on glass and
annealed at 150 °C are shown in Figure 2A and Figure 2B
respectively. We used these two techniques to monitor the
extent of large-scale crystal overgrowth in the films. Image
analysis applied to the microscopy images provided a means
to quantify the total area occupied by visible crystallites, their
number, and their average size, which is equivalent to the
side length of a square with the same area as each crystallite.
Specific signatures of PCBM overgrowth can also be observed
in the UV-visible absorption spectra in Figure 2B. After the
spectra are normalized to account for differences in film thick-
ness, there is a clear decrease in absorbance at a wavelength of
336 nm. This peak is the lowest energy absorption feature for
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Figure 2. A) Optical microscopy images of P3HT/PCBM blends annealed at 150 °C at different times. Scale bar is 100 um. B) UV-visible absorption
spectroscopy of the films after annealing for different times—inset is the P3HT Ago/Ag ratio vs. time (min). C) Summary of UV-visible absorption and
optical microscopy data showing crystallite density, crystallite size, fractional area occupied by the crystallites on the film’s surface, and the value of
absorbance at A = 336 nm. The dashed red line signifies the formation of visible PCBM aggregates on the film’s surface.

PCBM and its decrease indicates migration of isolated PCBM
molecules to join large PCBM crystallites. As seen in Figure 2C,
the decrease in the peak at 336 nm that begins around 5 min
(marked by the dotted red line) corresponds almost exactly with
a slight increase in the absorbance background at higher wave-
lengths (<650 nm). This is expected as large PCBM aggregates
will block or scatter a larger fraction of the incident light at all
wavelengths.

Figure 2 shows that growth of micrometer-sized crystallites
began after only 5 min of annealing. At this point, the P3HT
achieved its maximum crystallinity as indicated by the Aq.o/
Ag., ratio (inset, Figure 2B where Ay, = 605 nm and Ay, =
538 nm).1**l At this point, the number density and average size
of visible crystallites increased rapidly. This also corresponded
to a decrease in the PCBM absorption peak at 336 nm. After
one hour of annealing, the PCBM absorption peak at 336 nm
stopped decreasing, and a large number of 12 um crystal-
lites occupied 15% of the visible film area. The appearance of
new micrometer-sized crystallites slowed at longer annealing
times. This is likely a result of the depletion of all of the free
PCBM within the film. Because optical microscopy is only
sensitive to crystals larger than ~1 pm, this analysis does
not account for nano-scale PCBM aggregates that are known
to form during the early periods of annealing and could still
be present even after long periods of annealing.’l There-
fore, these techniques can only quantify a limited region of
the kinetics of growth of PCBM crystallites. Grazing inci-
dence small angle X-Ray scattering (GISAXS) measurements
were also performed on films to characterize morphological
changes occurring at smaller length scales. Typical profiles

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for bulk heterojunctions containing pure PCBM and mixtures
with Cg are included in the Supporting Information
(Figures S.1 and S.2). These results support the existence of
a morphological instability occurring in P3HT/PCBM films
upon annealing and long term aging. Unfortunately, the exact
mechanism of PCBM crystal growth is still a subject of debate
and not fully understood. Nevertheless, microscopy and
GISAXS data clearly demonstrate the importance of this crys-
tallization process and provide valuable insight regarding the
growth of large crystallites in bulk heterojunctions composed
of P3HT/PCBM.

Figure 2 also shows that, after an initial nucleation period,
visible PCBM crystallites grow larger and become more abun-
dant. This growth must occur through the migration of dis-
solved PCBM from disordered regions of the polymer matrix
until the chemical potential of PCBM in the amorphous P3HT
is balanced with the chemical potential of PCBM in the crys-
talline phase. Therefore, the ultimate size and number of
micrometer-sized crystallites observed in these films is a com-
plex function of the solubility and mobility of PCBM in the
polymer matrix, the number of nucleation sites, the crystal-
linity of the polymer within the film, and the film composi-
tion. Therefore, for the addition of Cgy to the fullerene phase
of polymer/fullerene blends to be effective, it must modify the
growth kinetics of the fullerene crystallites such that the extent
of fullerene overgrowth is reduced.

In order to quantify the extent of overgrowth that occurs
when Cg, is incorporated into the fullerene phase of P3HT/
PCBM blends, we also fabricated P3HT/PCBM/Cg blends while
maintaining a constant P3HT:fullerene weight ratio but varying

Adv. Funct. Mater. 2013, 23, 514-522
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Figure 3. A) Optical microscopy images of films with varying PCBM/Cg, content in the fullerene phase of a P3HT:fullerene film annealed for 2 h at
150 °C. Scale bar is 50 um. B) Summary of the average crystal size and number of visible “overgrown” crystals at 2 h annealing. C) Scanning electron
microscopy images of PCBM/Cg films after 1 h annealing at 150 °C on silicon wafers.

the PCBM/Cg content in the fullerene phase. Figure 3A shows
the optical microscopy images of P3HT:fullerene films with
increasing Cgy content in the fullerene phase. These films were
annealed at 150 °C for 2 h. After applying the same analysis
to these images as with pure P3HT/PCBM blends, Figure 3B
shows the number density and the average size of visible
micrometer-sized crystals as a function of PCBM/Cg, content
in the fullerene phase. Scanning electron microscopy images
of PCBM/Fullerene films annealed at 150 °C for 1 h are also
shown in Figure 3C to access smaller length scales. The extent
of overgrowth is strongly dependent on the Cgy composition in
these films. From the optical microscopy images, it is clear that
the presence of Cgy, causes a significant increase in the number
density of crystallites while also simultaneously decreasing the
average size of the visible overgrown crystals. The SEM images
in Figure 3C also show that the morphology of the individual
crystallites was significantly affected by the incorporation of
Cyp in the fullerene phase. As the Cg, content is increased to
25 wt% in the fullerene phase, the crystallites are clearly much
less needle-like and instead form disc-like or flower-like struc-
tures. As the Cg, content in the fullerene phase increases to
50 wt%, the apparent crystal size decreases and the morphology
becomes increasingly faceted. The degree to which crystals
overgrow also appears to decrease but they tend to form faster

Adv. Funct. Mater. 2013, 23, 514-522
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during annealing (Figure S.3 in the Supporting Information).
While the 100% PCBM films took more than 1 h at 150 °C to
reach a fully stabilized morphology, very small quantities of
Cgo in the fullerene phase resulted in extensive crystallization
within 5-10 min of annealing at 150 °C. However, once this
initial growth ceased, the crystals maintained their smaller size
even after very long annealing periods at 150 °C.

In order to test the stability of polymer/fullerene blends
that incorporate Cg, against accelerated aging conditions,
P3HT:fullerene films with varying PCBM/Cgq, content were
annealed at 150 °C and then aged at 90 °C. This temperature
is somewhat higher than what is expected for typical solar-cell
operating conditions but it is also lower than typical annealing
temperatures. This experiment was also designed to test
whether high-temperature annealing alone provided enhanced
thermal stability for devices during operation since it had been
previously proposed that annealing at higher temperatures sta-
bilized P3HT/PCBM blends.'!l These films were again moni-
tored using optical microscopy as shown in Figure 4. In order
to better resolve small crystallites, SEM images were also taken
for samples corresponding to the optical microscopy images
of films annealed for 5 min at 150 °C and then aged at 90 °C.
UV-visible absorption spectra were also obtained for these
films and are presented in Figure 5 along with the analysis of
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0 days

Aged at 90°C
1 day
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Figure 4. Optical microscopy images of films with varying PCBM/Cg that have been annealed at 150 °C and aged at 90 °C. Right column are scanning
electron microscopy images of the 50/50 films annealed for 5 min and aged for varying times.

crystal size for each film. After 6 days of aging at 90 °C, the
P3HT:fullerene films with 100/0 PCBM/Cy, composition in
the fullerene phase resulted in the same final aggregate size
of =10 um regardless of the annealing condition. This observa-
tion is contrary to some reports claiming that high temperature
annealing stabilizes P3HT/PCBM blends to crystal over-
growth.l'! Interestingly, annealing the 50/50 PCBM/Cg, blend
did make the films significantly more stable to overgrowth
when compared to films that were not annealed before aging.
Aging the P3HT:fullerene blends with 50/50 PCBM/Cq, ratio
for 6 days resulted in crystals with an average size of 3 um if
they were not annealed first. However, identical films subjected
to just 5 min of annealing at 150 °C resulted in =300 nm crys-
tals after 6 days of aging. This represents an order of magnitude
difference in crystal size with and without annealing.

The UV-Vis absorption spectra shown in Figure 5 provide fur-
ther insight into the crystal overgrowth in Figure 4. Regardless
of the composition of the fullerene phase, the absorption peak at
336 nm decreased and the average crystal size increased as a func-
tion of aging time when the films were not annealed. Therefore,

Aged at 90°C - Unannealed

aggregates large enough to be fully opaque to the spectrometer
were forming throughout the films. For the annealed 100/0
PCBM/Cq film, the absorbance behavior was very similar to
when it was not annealed. This is not surprising considering
the long-time scale of PCBM overgrowth leaves plenty of free
PCBM to continue to diffuse to growing crystallites when no Cg,
is present. For the annealed 75/25 PCBM/Cq film, after 5 min of
annealing, large aggregates have already formed on the surface
and the absorbance at 336 nm has already decreased. Therefore,
aging the film at 90 °C had very little effect on the crystal size
and absorbance at 336 nm. This was also the case for the 50/50
PCBM/Cy films. Interestingly, the absorbance at 336 nm stayed
relatively constant even when compared when the film was not
annealed. This verifies that the crystallites formed in this film
are sufficiently small so that they are still transparent to the spec-
trometer and they are also more stable to further growth than
films that do not incorporate Cg. The intermediate compositions
shown in Figure 3b were also evaluated using this methodology
and found to be consistent with the general trend that smaller,
more numerous aggregates exhibit improved thermal stability.

Aged at 90°C — Annealed for 5 minutes at 150°C
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Figure 5. A) P3HT:fullerene films with varying PCBM/Cq, content aged at 90 °C without annealing. B) P3HT:fullerene films with varying PCBM/Cq
content annealed for 5 min at 150 °C and then subsequently aged at 90 °C.
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PCBM/Cg blends of different composition.

2.2. PCBM/Cg Organic Field-Effect Transistors (OFETs)

To this point, this work has focused primarily on the char-
acterization of the extent of overgrowth of PCBM crystallites
from P3HT:fullerene films after different thermal treatments
with varying PCBM/Cg, composition in the fullerene phase.
This characterization showed that, at relatively high Cg, load-
ings, PCBM crystal overgrowth is reduced and the morphology
is modified. Results also suggest that this approach could lead
to more thermally stable OPVs. However, for this approach to
be viable, the modification of the morphology of the fullerene
phase must occur without a significant reduction of the electron
transport properties in the fullerene phase. To test the effect of
addition of Cg on the electron mobility of the PCBM phase, we
fabricated organic field-effect transistors (OFETs) from PCBM/
Cgo solutions with varying Cg, content (no P3HT). Figure 6A
shows the measured field-effect mobility and threshold voltage
from these devices and Figure 6B, the current-voltage (I-V)
characteristic of representative devices. Overall, the electron
mobility decreases slightly with the addition of Cgy to PCBM with
values of 0.05 cm?/V s in pure PCBM and 0.03-0.04 cm?/V s
in the PCBM/Cgy, mixtures. This observation is not surprising
given that prior theoretical work has also shown little effect
of different polycrystalline structures on the electron mobility
of pure Cg, transistors.’® The poor performance of the
0/100 Cg devices is a result of poor film adhesion to the sub-
strate. In fact, films prepared with PCBM content below =75 wt%
did not form films of sufficient quality to be tested using this
approach. These measurements reveal small variations in the
electron mobility values of a pure PCBM/C¢, phase. However,
it must be noted that, within a P3HT/fullerene bulk hetero-
junction, the electron mobility is also a complex function of
the interconnectivity that exists between different fullerene
domains, their orientation, size and shape. This is also equally
true for the hole mobility corresponding to P3HT domains
within bulk heterojunction devices. Generally, mobility meas-
urements on P3HT/PCBM blends result in one order of mag-
nitude reductions in the electron and hole mobility values with
respect to measurements in the pure materials.® Therefore,
the OFET measurements that we present here are only meant

Adv. Funct. Mater. 2013, 23, 514-522
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to characterize potential reductions in mobility that could occur
within pure fullerene domains but these values are not really
representative of the effective mobility that is measured in a
bulk heterojunction device. The charge carrier mobility values
in solar cells are affected by many other parameters and this
makes it very difficult to isolate and characterize each contribu-
tion independently.

2.3. P3HT/PCBM/Cg Organic Solar Cells (OSCs)

The morphological studies of the effects of addition of Cg into
the fullerene phase of P3HT/PCBM solar cells have, to this
point, been based on experiments conducted on ‘free’ films
coated on glass. There are a number of studies that show that
the presence of a top electrode on P3HT/PCBM active layers
can significantly affect the kinetics of PCBM diffusion and
also modify the extent of vertical phase segregation.?”:3% It is
therefore, difficult to directly infer device performance from
only the observations of morphology in P3HT/PCBM active
layers annealed without a confining top electrode. In order to
test whether the incorporation of Cg, into the fullerene phase
of P3HT:fullerene films leads to more thermally stable OSCs,
we have fabricated devices with an aluminum electrode evapo-
rated onto the active layer before applying the thermal treat-
ment (post-annealing). The performance of the OSCs was then
tested after different thermal treatments. The first treatment
consisted of an annealing time study at 150 °C. As shown in
Figure 7A, the 100/0 PCBM/Cg, devices show the best peak
power conversion efficiency, 3.3% + 0.3%, after 10 min of
annealing. The 75/25 PCBM/Cg, and 50/50 PCBM/Cg, devices’
peak efficiencies occurred after only 5 min of annealing and
had values of 2.5% + 0.4% and 2.2% * 0.3% respectively.
However, the performance achieved for the 50/50 PCBM/Cqy,
devices after annealing for 120 min was still 91% of its original
value whereas the performance of the 100/0 PCBM/Cg, devices
were already at 68% of their peak performance. We also per-
formed an aging study where devices annealed for 5 min at
150 °C were subsequently placed at an elevated temperature
(90 °C) for a longer time and tested periodically to evaluate
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Figure 7. A) Efficiency and normalized efficiency of P3HT:fullerene devices with varying C¢, content as a function of annealing time. B) Schematic of
layers of OSCs fabricated for this study. C) Efficiency of P3HT:fullerene devices with varying C¢, content as a function of aging time after being annealed

for 5 min at 150 °C.

performance. The results of this test are shown in Figure 7D.
After 80 h of aging, significant degradation of performance
of all devices in the study was observed. The 100/0 PCBM/
Cyo devices’ performance degraded 90% from 3.2% + 0.2% to
0.3% £ 0.2%. Comparing these results to the devices incorpo-
rating Cgp, the 72/25 PCBM/Cg, devices degraded 78% from
2.4% £ 0.4% 10 0.6% + 0.2%, and the 50/50 PCBM/Cg, devices
degraded 71% from 2.2% * 0.3% to 0.7% + 0.2%. There-
fore, under accelerated aging conditions, the 50/50 PCBM/
Cgo devices showed significant improvement over the 100/0
PCBM/Cq devices both in terms of relative performance to its
peak efficiency and also in final efficiency.

The performance data shown in Figure 7 reveal that Cg,
incorporation into the fullerene phase of P3HT/PCBM solar
cells can be used to improve the thermal stability of devices
under accelerated aging conditions. The performance char-
acteristics of P3HT/PCBM/Cqy, devices are also consistent
with the observations made of open-faced films that were
annealed and aged under similar thermal conditions. Particu-
larly relevant is the absorbance of the PCBM peak at 336 nm.
The 50/50 PCBM/Cg4, blend maintained a relatively constant
absorbance that was greater than 100/0 PCBM/Cg, films after
extended periods of annealing and aging. In both cases, the
maintenance of this peak is correlated to improved relative per-
formance and in the case of aging, an overall better absolute
efficiency. This suggests that the smaller crystal size formed
in the 50/50 PCBM/Cg, films observed with microscopy is
also maintained in devices with confining electrodes that were
made with the same composition. The improvement relative
to the 100/0 PCBM/Cg, films therefore likely results from an
increased interface between P3HT/PCBM and possibly a pre-
vention of mechanical damage to the devices as a result of very
large aggregate growth. It is important to note that the devices
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fabricated here were prepared using the same optimized con-
ditions for P3HT/PCBM solar cells without Cg4 incorporation.
Therefore, the efficiency of devices incorporating PCBM/Cg
devices could still be optimized to further improve the peak effi-
ciencies achieved in these studies. Furthermore, it may be pos-
sible to also utilize other fullerene mixtures (Cqy, C79, PCs;BM,
PC;;BM and others) to further reduce the driving force to form
crystals without affecting the electron mobility of the fullerene
phase. This is the subject of ongoing research. In this work we
highlight the modification of the P3HT/PCBM active layer by
addition of Cg, using the processing conditions that have been
optimized for traditional devices.

3. Conclusions

In this work, we characterize the effects of Cg, incorporation
into the fullerene phase of P3HT/PCBM active layers as a simple
approach to modify the growth of micrometer-sized PCBM
crystallites. We find that incorporation of even small amounts
of Cgp had a dramatic effect on the nucleation and growth of
PCBM crystallites. Increasing amounts of Cg in the bulk het-
erojunction films was also found to systematically modify the
fullerene crystal size and morphology. We also showed that the
P3HT:fullerene active layers that incorporated 50/50 PCBM/
Ce in the fullerene phase had a greater thermal stability under
aggressive aging conditions if they were annealed for a short
time at 150 °C. We also fabricated OSCs that incorporate dif-
ferent amounts of Cgy, in their active layers and found that,
under aggressive aging conditions, Cg, offered improvements
on the stability of devices when compared to devices fabricated
without Cg, incorporation. From open-film studies of P3HT/
PCBM/Cg blends it appeared that the improved stability was
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a result of a faster nucleation process that resulted in a larger
number of much smaller fullerene crystallites. The size of
fullerene crystallites ranged from 200 nm to 10 um depending
on the Cg loading and the crystallization conditions. Based on
this work, we demonstrated that using mixtures of fullerenes in
OSCs is a simple approach to improving the thermal stability of
organic solar cells.

4. Experimental Section

Materials: Poly(3-hexylthiophene) (Sepiloid P100) used in this study
was purchased from Rieke Metals (Lincoln, NE). [6,6]-Phenyl Cg; butyric
acid methyl ester was purchased from SES Research (Houston, TX) for
the open films studies and American Dye Source for OSCs (Quebec,
Canada). PEDOT:PSS (PVP AL 4083) was supplied by Clevios (Germany).
The ITO used for solar cells was supplied by Colorado Concept Coatings
(15 Q m2) and was cut into 1.5 cm X 1.5 cm squares. Chlorobenzene,
anhydrous, 99.8% was supplied by Sigma Aldrich (St. Louis, MO).

Fabrication and Characterization of Films: Two active layer solutions
were prepared with identical P3HT:fullerene weight ratios. The first
consisted of P3HT (18 mg) and PCBM (12 mg) in chlorobenzene (1 mL).
The second consisted of P3HT (18 mg), PCBM (6 mg), and Cg, (6 mg)
in chlorobenzene (1 mL). Intermediate compositions were prepared by
mixing different ratios of these two stock solutions. Therefore all films
possess the same P3HT content, but varying PCBM/Cg content. These
differences are reflected by labeling the relative weight fraction of the
fullerene phase comprised of PCBM (e.g., 75/25 PCBM/Cq, refers to
75 wt% PCBM and 25 wt% Cg in the fullerene phase). Films were spun-
cast onto clean and dried glass slides at 1100 rpm for 60 s. Thermal
treatments were applied in vacuo (<1 torr). Absorption spectroscopy
measurements were made over a wavelength range of 300 nm to 1000 nm
using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer.
Scanning electron microscopy (SEM) was performed using an FEI Sirion
SEM. Optical microscopy images were obtained with using a Zeiss
Axiovert 40 CFL Inverted Microscope.

Fabrication and Characterization of Organic Field-Effect Transistors
(OFETs): Coating solutions were prepared by adding a mixture
(10 mg total fullerene mass) of PCBM and Cg in chlorobenzene (1 mL)
with different PCBM/Cg ratios except for a 0/100 PCBM/Cgq solution
which had a concentration of Cgy (5 mg) in chlorobenzene (1 mL).
Heavily n-doped silicon wafer was used as a substrate as well as a gate
electrode. Thermally grown SiO, (200 nm) on the wafer acted as a gate
dielectric layer. Surface of the oxide was cleaned by plasma for 4 min,
coated with dilute benzocyclobutene (BCB; 1:20 vol/vol in mesitylene)
by spin-coating (3 krpm for 60 s) in air, and thermally cured at 250 °C
on a hotplate for 2 h under argon environment. PCBM/Cgq solution was
then spun onto the substrate (2 krpm for 60 s). OFETs were finished by
depositing 35 nm thick gold electrodes through a shadow mask defining
a transistor channel with a width of 1000 um and a length of 100 pm.
Electrical characteristics of OFETs were measured by using an HP4145B
semiconductor parameter analyzer under nitrogen conditions.

Fabrication and Characterization of Polymer Solar Cells (PSCs): ITO
coated glass substrates were cleaned via a series of ultrasonic baths
in a mild detergent, deionized water, acetone, and isopropyl alcohol.
The substrates were removed from the last bath and dried using
N,. They were then treated with air plasma for 10 min under vacuum
(200 mTorr). Once clean, substrates were coated with filtered
PEDOT:PSS. The PEDOT:PSS was spin-coated, in air, on top of the ITO
surface from solution to obtain a layer roughly 40 nm thick. All solar
cells maintained the same P3HT:fullerene weight ratio as was used for
the open film microscopy studies. Cgo content was varied on a wt% basis
and the ratios refer to the PCBM/Cqg ratio in the fullerene phase. Active
layer solutions were stirred at 60 °C overnight in an inert atmosphere
and filtered before use through a 250 nm PTFE syringe filter. These
solutions were spin-coated at 1000 rpm for 60 s onto the PEDOT:PSS
layer. 100 nm of aluminum was deposited via thermal evaporation under
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high vacuum (=2 x 107 torr). The devices were then annealed at 150 °C
for varying times under nitrogen. Aging at 90 °C was also carried out
under nitrogen. The completed devices were immediately tested in air
upon their completion using 100 W m~2 calibrated AM 1.5 light source.
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Supporting Information is available from the Wiley Online library or
from the author.
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