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O
rganic bulk heterojunction photo-
voltaics have receivedmuch atten-
tion in recent years because of

their potential to produce low-cost solar
energy.1 Donor molecules like poly(3-hexyl-
thiophene) (P3HT) and acceptor molecules
like phenyl-C61-butyric acid methyl ester
(PCBM) have been at the forefront of this
field with moderate single-digit power con-
version efficiencies.2�6 Such polymers and
small molecules can be intimately mixed on
the nanoscale in approximately a 50:50
weight ratio and spin-cast onto transparent
conducting electrodes to form bulk hetero-
junction solar cells. In organic solar cells,
light absorption creates excitons (bound
electron�hole pairs) and not free carriers.
Intimate mixing keeps the donor and ac-
ceptor molecules in close proximity, which
assists in the spliting of excitons into elec-
trons and holes before their recombina-
tion.5 Transporting these carriers through
themixture is dependent on the crystallinity
of the two components and their nanoscale
morphology.7 Controlling the phase separa-
tion and crystalline growth depends strongly
on drying conditions, annealing conditions,
the propensity of molecules to crystallize
individually in the mixtures, and the bulki-
ness of side groups.1,8 Some control over
crystallinity and morphology of the mixture
has been be accomplished by selecting
solvents with different vapor pressures. Sol-
vents with lower vapor pressures dry at a
slower rate, and this allows the two com-
ponents of the spin-cast film to crystallize
together while the film dries.9�12 Ideally,
controlling these variables creates inter-
spersed domains of ordered semiconduc-
tors that allow efficient exciton splitting and
charge transport. Recently, small molecules
have been successfully used in place of
donating polymers using very similar stra-
tagies to obtain interspersed domains of

donors and acceptors.13�17 The best of
these linear small molecules reported by
us and others have reached power conver-
sion efficiencies (PCE) over 4%.13,18 Small
molecules have advantages over polymers
such as synthetic versatility, higher carrier
mobilities, straightforward purification
and possibly recycling, and the potential
to create more monodisperse structures.
However, even with small molecules, it
remains difficult to control the phase sepa-
ration or the directionality of the growing
domains.
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ABSTRACT

One of the challenges facing bulk heterojunction organic solar cells is obtaining organized

films during the phase separation of intimately mixed donor and acceptor components. We

report here on the use of hairpin-shaped sexithiophene molecules to generate by self-

assembly grooved nanowires as the donor component in bulk heterojunction solar cells.

Photovoltaic devices were fabricated via spin-casting to produce by solvent evaporation a

percolating network of self-assembled nanowires and fullerene acceptors. Thermal annealing

was found to increase power conversion efficiencies by promoting domain growth while still

maintaining this percolating network of nanostructures. The benefits of self-assembly and

grooved nanowires were examined by building devices from a soluble sexithiophene derivative

that does not form one-dimensional structures. In these systems, excessive phase separation

caused by thermal annealing leads to the formation of defects and lower device efficiencies.

We propose that the unique hairpin shape of the self-assembling molecules allows the

nanowires as they form to interact well with the fullerenes in receptor�ligand type

configurations at the heterojunction of the two domains, thus enhancing device efficiencies

by 23%.

KEYWORDS: self-assembly . organogelator . sexithiophene . nanowire .
photovoltaic . morphology
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Hydrogen bonding, π�π stacking, and evaporation-
induced self-assembly have been used by us and
others to control organization on the molecular level
to construct molecules into larger supramolecular
structures.19�48 The first published example to directly
use a semiconducting organogelator as an active
material in a bulk heterojunction system reached a
power conversion efficiency of 0.04%.49 This example
utilized a linear organogelator to form coarse films of
bundled fibers blended in an amorphous polymer. The
ability to control the specific shapes of 1D supramole-
cular assemblies through molecular design offers the
possibility of fine-tuning their functions. In an earlier
example, we showed the possibility of forming mirror
image helical wires using two different enantiomers,50

and recently, we reported on 1D assemblies of a hair-
pin-shaped oligothiophene with the purpose of form-
ing “grooved” wires for complexation with other
molecules.51 The hairpin molecules were found to
assemble spontaneously into one-dimensional (1D)
nanowires driven by both π�π stacking and hydrogen
bonding.51 At concentrations greater than 0.5 wt %,
long nanowires formed and interpenetrated creating a
self-supporting gel in toluene and chlorocyclohexane.
We found evidence of their grooved nature in their
distinct ability to form both H-aggregated π�π stacks
along the principal axis of the nanowire as well as
J-aggregates, which must originate in bundling due to
edge-to-edge interactions among arms of the hairpin
molecules. The presence of both H- and J-aggregates
was found to broaden light absorption due to blue (H)
and red shifts (J) and should also facilitate charge
transport along the nanowire as well as between
nanowires. We report here the incorporation of the
hairpin-shaped self-assembling semiconducting oligo-
thiophene described above into bulk heterojunction
devices with small molecule fullerene acceptors. In
contrast to linear molecules, the grooved nature of
the wires formed by hairpin-shaped molecules should
enhance interfacial contact between donor and accep-
tor components. Photovoltaic devices were character-
ized by current density�voltage and external quantum
efficiency meausurements, and film morphology was
probed by atomic force microscopy.

RESULTS AND DISCUSSION

Assemblies of the hairpin-shaped sexithiophene
molecule (M1, Figure 1) have been determined to be
p-type semiconducting with HOMO and LUMO levels51

well positioned relative to PCBM (see Figure 1) to be an
efficient electron donor (Figure 2). One characteristic of
energy transfer between donor and acceptor mol-
ecules is fluorescence quenching of the donor chro-
mophores. A fluorescence titration study was per-
formed on M1 in toluene and chlorobenzene in order
to assess the different quenching processes of the
assembled and nonassembled states, respectively.

M1 readily aggregates in toluene but does not form
self-assembled nanostructures in chlorobenzene. Fig-
ure S1 (Supporting Information) shows the fluores-
cence spectra of M1 in toluene in response to the
titration of PCBM. The fluorescence of M1 is signifi-
cantly attenuatedwith increasing PCBMconcentration,
eventually leading to a 78%quenching of the intensity.
This result strengthens our assumption that the fluo-
rescence quenching is the result of efficient energy
transfer from the excited sexithiophene moieties to
ground-state PCBM molecules. A more detailed anal-
ysis can be found in the Supporting Information.
Photovoltaic devices (see Figure 2) were fabricated

from blends of M1 and PCBM in chlorobenzene at
various weight ratios in order to ascertain the optimal
ratio (Figure S2). It was determined that a M1/PCBM
weight ratio of 40:60 gave the highest efficiency,
and all subsequent devices were fabricated from this

Figure 1. Molecular structure of hairpin-shaped sexithio-
phene molecule (M1) used as the hole-transporting p-type
semiconductor in the bulk heterojunction photovoltaic
devices. The n-type semiconductors, PCBM, used as the
acceptor and electron-transporting component.

Figure 2. (a) Schematic representation of the photovoltaic
device and scanning electron microscopy (SEM) image
(right) of a cross section of the device. Scale bar is
100 nm. (b) Energy diagram showing HOMO and LUMO
levels of M1 and PCBM with the work functions of both
electrodes and the route of carrier transport.
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optimized composition. During fabrication of all de-
vices, the active layer dries during spin-coating, which
effectively holds the two components in place. On the
nanoscale, these components are intimately mixed,
which benefits exciton splitting, but fast drying can
lead to partially disordered domains that can compro-
mise charge transport. Large spatial overlap assists
charge hopping by shortening intermolecular dis-
tances, but disorder decreases spatial overlap of
π-orbitals between adjacent molecules, scattering car-
riers as they are transported and leading to lower short-
circuit current densities (Jsc).

52 Current density (J)
versus voltage (V) plots of illuminated devices without
annealing (WA) demonstrated a PCE of 0.14%with a Jsc
of 0.72 mA/cm2 (Figure 3a and Table 1).
Typically, bulk heterojunction solar cells are thermally

annealed after the cast films dry or after metal eva-
poration in order to increase device efficiency.2,53�55

Annealing allows the two components to phase sepa-
rate, crystallize, and form intermixed ordered domains
facilitating charge transport while maintaining a high
exciton splitting efficiency. M1/PCBM devices were
annealed in a glovebox for 2 min at various tempera-
tures up to 100 �C (see Figure 3a and Table 1). Anneal-
ing at 80 �C increased the Jsc to 0.91 mA/cm2 as well as
the open-circuit voltage (Voc) from 0.53 to 0.61 V.

Additional annealing at 90 �C had a negative effect
on the Voc, decreasing it to 0.56 V. Annealing at this
temperature also decreased the Jsc to 0.86mA/cm2 but
increased the fill factor (FF) to 35%. This increase in FF
was enough to offset the decreased Jsc and Voc, leading
to a 0.21% efficient device. Further annealing at 100 �C
caused decreases of Jsc to 0.76 mA/cm2, Voc to 0.49 V,
but an increase in FF to 37%. The best annealing
conditions were at 80 �C, yielding an overall efficiency
of 0.22%, which is over 57% higher than the devices
without annealing.
Pure M1 has a solid-state melting transition starting

at approximately 100 �C and peaking at 109 �C as
measured by differential scanning calorimetry (DSC)
(Figure S3). Optical microscopy through crossed polars
of drop-cast films demonstrated birefringence, which
is an indication of anisotropy, most likely from the
1D structures. Birefringence was lost upon heating to

Figure 3. (a) J�V curves from M1/PCBM devices before and after thermal annealing at different temperatures. (b)
Photovoltaic J�V curves from M1/PC71BM blend before and after thermal annealing at different temperatures. (c) UV�vis
spectra of thin-film devices showing additive absorption of the fullerenes and H-aggregated M1. (d) External quantum
efficiency (EQE) of the device.

TABLE 1. Photovoltaic Characteristics of 40:60 Blends of

M1/PCBM Annealed at Various Temperatures

annealing conditions Jsc (mA/cm
2) Voc (V) FF (%) η (%)

without annealing 0.72 0.53 29 0.14
80 �C 0.91 0.61 32 0.22
90 �C 0.86 0.56 35 0.21
100 �C 0.76 0.49 37 0.17
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109 �C and was not regained when cooled, suggesting
that the self-assembled structures melt at this tem-
perature and do not reassemble upon cooling. In bulk
heterojunction solar cells, thermal annealing facilitates
phase separation in the solid state and the crystal-
lization of each component, both of which promote
better charge carrier transport and minimized charge
trapping.56 The peak efficiencies of M1/PCBM devices
were observed for annealing temperatures of 80 and
90 �C, which are both below the observed melting
transition. When we anneal devices to the start of the
melting transition (100 �C), there is a decrease in
efficiency because the M1 partially melts and the
assembly does not re-form upon cooling. Irreversible
loss of the self-assembled nanostructures of M1 is
accompanied by a drop in Jsc and Voc.
Atomic force microscopy (AFM) was performed on

M1/PCBM films before and after annealing to charac-
terize their surface morphologies (Figure 4). AFM topo-
graphic images of the spin-cast films are very smooth,
having an average surface roughness (Ra) of only
1.12 nm. We observed small, dispersed, fiber-like
structures in the topography and phase images, which
suggest that during drying M1 phase separates from
the PCBM and assembles into nanowires (see Figure 4a,c
and Figure S4 for enlarged Figure 4c). These nano-
wires formed by evaporation-induced self-assembly
dry quickly and presumably trap the PCBM in a perco-
lating network based on our observation of photovol-
taic activity in the devices prepared. When the devices
are annealed the surface roughness (Ra) increases to
2.35 nm, which can be an indicator of an increase in
domain sizes.13We believe that the addition of thermal
energy assists further assembly of M1 and the aggre-
gation of the PCBM, causing the growth of nanoscale
domains. When the films are annealed, M1 fibers can

grow longer and interconnect but still allow the PCBM
to crystallize and remain intimately mixed with M1.
Specifically, the hydrogen-bonding groups and π�π
stacking moieties of M1 synergistically guide assembly
and domain growth while maintaining the interpene-
trating network of nanowires in the solid film, which
should facilitate charge transport while maintaining a
high exciton splitting efficiency. These thermally in-
duced morphological changes are not accompanied
by any change in absorbance (Figure S5). Space-
charge-limited current measurements57 were per-
formed in order to determine the effect of thermal
annealing on the hole transporting properties of M1 in
a blended film of M1/PCBM. A detailed description of
these experiments can found in the Supporting Infor-
mation. Upon thermal annealing at 80 �C, holemobility
was found to increase from 4.1� 10�10 to 6.5� 10�10

m2/V 3 s and Jsc was found to increase as well (Figure S6
and Table S1). Further annealing at 90 �C significantly
decreased the hole mobility to 2.7 � 10�10 m2/V 3 s,
while the Jsc was observed to be higher than that in
devices that were not annealed. These observed
changes in Jsc are not caused by an increase in light
absorption and cannot be entirely explained by an
increase in hole mobility. The observed increase in
Jsc could also be caused by an increase in exciton
splitting efficiency.
It is clear that evaporation-induced self-assembly in

films cast from chlorobenzene generates an efficient
nanoscale morphology, but it may be possible to
improve this morphology without assistance from
annealing. Utilizing solvents to preform nanowires in
solution could improve charge transport by extending
the length of nanowires while still maintaining inti-
mate mixing with PCBM. M1 assembles in toluene but
not in chlorobenzene, and by changing the solvent to
toluene, M1 is known to form aggregates in solution.51

When M1/PCBM blends are spin-cast from toluene,
the dried film should exhibit the same interpenetrat-
ing network of nanostructures observed in films cast
from chlorobenzene but with longer and more inter-
connected domains of assembled M1. The resulting
films cast from toluene had a high surface roughness
and some gaps leading to photovoltaic devices with
low Jsc and low Voc (Figure S7). During drying, the
preassembled M1 structures extended and interpene-
trated to the point that weak gelation occurred. This
limits the amount of interfacial contact between M1
and PCBM and creates coarse areas of macroscopic
aggregates. Exciton splitting efficiencies in these films
are suspected to be low, and devices made from
these preaggreagated blends exhibited lower Jsc.
Coarse films lead to a significant number of gaps
creating areas for potential shorting between the Al
and PEDOT:PSS contacts during thermal evapo-
ration, which can lower the Voc. This aggregation
has been observed with other organogelator bulk

Figure 4. AFM topography (top) and phase (bottom)
images of a M1/PCBM film. (a,c) Before thermal annealing
and (b,d) after thermal annealing. The nonannealed film has
a roughness of Ra = 1.12 nm, whereas the annealed film has
a Ra of 2.35 nmdue to domain growth. Each graph is 2 μm�
2 μm.
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heterojunction systems.49 By comparing assem-
bling and nonassembling solvents, we conclude that
evaporation-induced self-assembly is more effective
than utilizing preassembled nanostructures at pro-
ducing the smoothest and most efficient nanoscale
morphology.
Exciton splitting and charge transport can be tuned

by the nanoscale morphology but only contribute to
part of the total PCE; light absorption is also key to
higher efficiencies. PCBM has limited light absorption
in the visible spectrum because symmetry of the
spherical C60 forbids low-energy transitions. The less
symmetric andmore ellipsoidal-shaped C70 allows low-
energy transitions and consequently greater absorp-
tion of visible light. Thus, we fabricated M1 devices
with phenyl-C71-butyric acid methyl ester (PC71BM) in
place of the PCBM following the same processing
procedures described above.M1/PC71BMdevicesmea-
sured without annealing have J�V curves with iden-
tical shapes to the M1/PCBM devices but have a larger
Jsc of 1.54 mA/cm2 leading to an efficiency of 0.33%
(see Figure 3b and Table 2). Annealing studies were
also performed on this blend, and the devices demon-
strated the same trend of increased device efficiency
with thermal annealing. A maximum PCE of 0.48% was
reached when devices were annealed at 90 �C. This is
more than twice the efficiency of devices fabricated
with PCBM and 45% higher than the efficiency of
unannealed devices. The larger 0.48% efficiency origi-
nates from an increase in Jsc to 1.79 mA/cm2 and FF to
35%while maintaining a Voc at 0.62 V. Devices demon-
strated a drop in Voc and efficiency when annealed at
100 �C, consistent with the PCBM devices except that
the optimal annealing temperature is higher. Films
before and after annealing demonstrate similar topo-
graphy as those containing PCBM (Figure S8). The
melting point of PC71BM (321 �C) is significantly higher
than for PCBM (290 �C);58 this melting point difference
may explain the lower impact of thermal annealing and
the higher maximum annealing temperature. The ob-
served efficiency of 0.48% is over an order of magni-
tude higher than previously published organogelator-
based bulk heterojunction devices (note: devices re-
ported by Wicklein et al. were measured under an
intensity of 100 mW/cm2).49

UV�vis absorption spectra were collected for films
of M1/PCBM and M1/PC71BM after annealing (see
Figure 3c). The larger light absorption of PC71BM-based

films versus PCBM was evident and is likely the largest
source of the increase in Jsc. The absorption of M1
combined with the absorption of the PCBM and
PC71BM leads to a λmax of 430 and 439 nm, respectively.
The UV�visible spectroscopy (UV�vis) spectra are
compared in Figure 3c,d to external quantum effi-
ciency (EQE) data collected for the devices at their best
annealing conditions. In the PC71BM devices, a
shoulder peak was observed at 471 nm that is attrib-
uted to the absorption of PC71BM. The EQE of the
blended films is broad between 400 and 600 nm and
extends into the UV region.
In order to better understand the role of self-assem-

bly in this system, we fabricated devices based on a
dihexylsexithiophene (M2, Figure 5), which has the
same oligothiophene moiety but with linear rather
than hairpin architecture and also lacks hydrogen-
bonding motifs. Devices were fabricated from identi-
cal conditions to those described previously for the
M1/PC71BM devices processed from chlorobenzene.
Photovoltaic curves from these devices before and after

TABLE 2. Photovoltaic Characteristics of 40:60 Blends of

M1/PC71BM Annealed at Various Temperatures

annealing conditions Jsc (mA/cm
2) Voc (V) FF (%) η (%)

without annealing 1.54 0.55 31 0.33
80 �C 1.66 0.62 32 0.41
90 �C 1.79 0.62 35 0.48
100 �C 1.78 0.55 33 0.40

Figure 5. (a) Dihexylsexithiophene (M2) used as a control.
(b) Photovoltaic J�V curves of a ratio of 40:60 M2/PC71BM
annealed at different temperatures.

TABLE 3. Photovoltaic Characteristics of 40:60 Blends of

M2/PC71BM Annealed at Various Temperatures

annealing conditions Jsc (mA/cm
2) Voc (V) FF (%) η (%)

without annealing 1.23 0.75 26 0.32
80 �C 1.55 0.71 28 0.39
90 �C 0.70 0.30 35 0.09
90 �C again 0.54 0.21 36 0.05
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annealing are shown in Figure 5, and the results are
summarized in Table 3. The efficiency of the devices
measured before annealing was 0.32%, which is nearly
identical to the M1/PC71BM devices. Annealing the de-
vices at 80 �C increased the Jsc from 1.23 to 1.55mA/cm2

but decreased the Voc from 0.75 to 0.71 V, resulting in a
PCE of 0.39%. This observed Jsc is identical to the Jsc of
M1/PC71BM devices without annealing (see Table 2).
Annealing these devices at 90 �C dramatically decreased
the PCE to 0.09% because of a large drop in both Jsc and
Voc; additional annealing at 90 �C caused the device to
degrade further to 0.05%.
UV�vis absorption spectra of the M2 devices were

collected before and after annealing (Figure S9). The
λmax of the film without annealing is observed at
approximately 450 nm with a blue shift to 430 nm
upon annealing at 80 �C. There was little change in the
spectrum after annealing at higher temperatures. This
blue shift observed after annealing is an indication of
H-aggregation among M2 molecules. Optical changes
have been observed in bulk heterojunction systems as
a result of increased organization and improved nano-
scale morphology usually accompanied by an increase
in efficiency.53 On the other hand, films of the M2/
PC71BM blend show no discernible nanostructure by
AFM (Figure 6). Even upon annealing when optical
changes were observed, there is no discernible nano-
structure observed. However, annealing does cause
the appearance of nanoscale defects in the film. We
attribute these holes to extensive phase separation of
the two components, which explains the drastic effi-
ciency decrease observed when films are annealed
above 80 �C.
When M1 gels in toluene, it is an indication that

toluene is trapped within a three-dimensional scaffold
of nanowires. We believe the same structure can
develop from evaporation-induced self-assembly of

blends of M1 and PCBM from chlorobenzene, as the
solvent evaporates and the PCBM is trapped in a network
of nanostructures, as seen in the AFM topography and
phase images of M1/PCBM blends (see Figure 4c). Even
though there may not be long nanowires on the sur-
face, the aggregation of M1 prevents extensive phase
separation and aggregation of the PCBM. M2 does not
form nanowires and thus does not have the capacity to
trap PCBM in this manner, allowing large phase separa-
tion and heterogeneous aggregation that leads to
defect formation in device films.
M1was designed to pack in a specificway controlled

by π�π stacking and hydrogen bonding to form 1D
nanostructures. We propose here that the unique hair-
pin-shaped structure of M1 leads to supramolecular
nanowires that can contain grooves along their princi-
pal axes (Figure 7). It has been observed previously that
M1 nanowires can bundle and their π�π stacked
sexithiophene arms can interdigitate and interact
edge-to-edge within these grooves forming J-aggre-
gates. Packing of hairpin-shaped structures into J-ag-
gregates in solution was only observed after several
days.51 The hairpin shape hinders the packing of M1,
and when a solution of M1 is dried rapidly during spin-
casting, J-aggregation is not observed (Figure S10).
This frustrated packing leaves a film with void space in
the grooves of the nanostructure. At the molecular
level, the arms of the hairpin structure are sufficiently
flexible to allow the inclusion of small molecules like
PCBM. Small molecules with similar shapes and non-
covalent interactions have been shown to complex
with fullerenes in a similar way.59,60 We believe that, at
the interface between the assembled M1 phase and
the PCBM phase, some PCBM molecules can fill the
grooves of M1 upon drying. M1 can then effectively
form cavities in the aggregated state to host PCBM
molecules at the interfacial heterojunction while the
film is drying, and this interfacial organization can be
preserved during the annealing process. We explained
above that the increases in efficiency cannot be fully
explained by changes in hole mobility and or light
absorption. A thermally induced increase in Jsc could
be caused by an improvement of the quality of the
interface between assembled M1 and aggregated
PCBM, resulting in more efficient exciton splitting. We
hypothesize here that the grooved shape of M1 nano-
wires allows for better complexation with PCBM, thus
preventing excessive phase separation and promoting
higher quality interfaces for exciton splitting. The linear
M2 lacks this shape-based complexation provided by a
hairpin cross section of the nanowires, thus preventing
formation of nanoscale structures upon annealing that
aremore suited for charge separation. ThemeanPCE of
M1was 0.42%with a standard deviation (SD) of 0.03 for
12 devices, whereas the mean PCE of M2 was 0.36%
with a SD of 0.05 for 11 devices. We performed a
Welch's unpaired t test at the 1% significance level in

Figure 6. AFM topography (top) and phase (bottom)
images of M2/PC71BM films (a,c) before thermal annealing
and (b,d) after thermal annealing. The nonannealed film has
a Ra of 0.426 nm, whereas the annealed film has an average
Ra of 0.377 nm. The scan size for all images is 2 μm � 2 μm.
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order to determine if the difference in mean between
M1 andM2 was significant. A two-tail p value of 0.0007
was obtained, and at the 1% significance level, the data
do provide sufficient evidence to conclude that the
difference in power conversion efficiencies of M1 and
M2 is statistically significant.

CONCLUSIONS

We have investigated the use of self-assembly hair-
pin molecules as the donor component of solar cell

devices. These molecules were found to make nano-
wires in the presence of PCBM and gave more efficient
devices than those made with linear molecules. The
unique hairpin shape was designed to create grooved
nanowires that could enhance interfacial interaction
with fullerene acceptor molecules. This grooved struc-
ture could promote receptor�ligand type configura-
tions in bulk heterojunctions and improve device
efficiency after annealing creates percolating domains
for charge transport.

EXPERIMENTAL METHODS

General. All chemicals were purchased from commercial
sources (Sigma-Aldrich, Nano-C, or H.C. Starck) and used with-
out further purification unless otherwise noted. Solvents
(chlorobenzene and toluene) were distilled over P2O5 and
stored over activated molecular sieves in a N2 glovebox.

Differential Scanning Calorimetry (DSC). DSC was performed on
3.96 mg of M1 solid using instrument model DSC 822e from
Mettler-Toledo GmbH Analytical. Samples were sealed in a
standard aluminum crucible (ME-00027331) and underwent
heating and cooling cycles between 25 and 140 �C. The first
cycle started at 25 �C, heated from 25�140 at 2 �C/min, stayed
at 140 �C for 5 min, cooled from 140�25 at 2 �C/min, stayed at
25 �C for 5 min, and then the cycle was repeated. Four total
cycles were recorded.

Device Fabrication. Experimental conditions such as film thick-
ness, annealing times,M1 concentration, M2 concentration, and
solvent composition were optimized. Prepatterned indium-
doped tin oxide (ITO) on glass was used as the transparent
bottom electrode. The ITO was scrubbed with soapy water and
cleaned by ultrasonicating sequentially in hexanes, soapy
water, water, and a 1:1:1 solution of acetone/methanol/2-pro-
panol. The electrode was then blown dry in a N2 stream. The ITO
surface was cleaned by UV-ozone treatment, and a thin film of
PEDOT:PSS (Clevios P VP Al 4083) was immediately spin-cast on
top. The PEDOT:PSS film was dried at 120 �C for 20 min and
transferred into a N2 glovebox (O2 and H2O < 0.1 ppm). Bulk
heterojunction photovoltaic devices were fabricated from a
blend of a hairpin-shaped sexithiophene organogelator (M1)
and either phenyl-C61-butyric acid methyl ester (PCBM) or
phenyl-C71-butyric acid methyl ester (PC71BM). Solutions of 5
mg/mL M1 and 27 mg/mL PCBM were filtered separately
through 0.22 μm porous polytetrafluoroethylene filters and
then mixed together in different ratios in either chlorobenzene
or toluene. The blends were stirred at 60 �C in the glovebox for
12 h to ensure sufficient mixing. Films were cast by spin-coating
at various speeds in the glovebox for 60 s. Total organic layer
thicknesses ranged from 70 to 80 nm as determined by cross-
sectional scanning electron microscopy. Devices were completed

by thermally evaporating 6 Å of LiF then 100 nm of Al through a
shadow mask at 1 � 10�6 mbar to yield devices 4 mm2 in area
and sealed with a UV-curable epoxy. Fabricated and sealed
devices were thermally annealed on a hot plate at various
temperatures for 2 min and cooled to room temperature within
a glovebox.

Device Measurements. Two-terminal measurements were per-
formed using a Keithley 2400 source meter. Photovoltaic mea-
surements were done while the devices were illuminated by an
Oriel Xe solar simulator equipped with an Oriel 130 monochro-
mator. Filters were used to cut off grating overtones. The solar
spectrum was simulated using an AM1.5 filter with 80 mW/cm2

power density. A calibrated silicon reference solar cell with a
KG5 filter certified by the National Renewable Energy Labora-
tory was used to confirm the measurement conditions.

Scanning Electron Microscopy (SEM). Cross-sectional SEM micro-
graphs were collected on a Hitachi field emission scanning
electronmicroscope S4800 and LEO 1525 field emission scanning
electron microscope. A 3 kV accelerating voltage was used with a
secondaryelectrondetector.Deviceswere scoredon thebackwith
a diamond-tipped scribe and fractured. Cross sections of fractured
films were imaged without additional metal coatings.

Atomic Force Microscopy (AFM). Glass slides were cleaned and
coated with PEDOT:PSS as described for device fabrication
above. Blends of oligothiophene and fullerenes were spin-cast
at various speeds in the glovebox for 60 s. AFM experiments
were performed immediately following sample preparation and
were recorded under ambient conditions on a multimode
scanning probe microscope from Digital Instruments. The pre-
pared films were also thermally annealed at the temperature
that led to the highest device efficiency and imaged by AFM.
Tapping-mode AFM was chosen to determine the morphology
in order to minimize shear forces that cause distortion of the
nanostructures and inaccuracy of the topology. Silicon cantile-
vers purchased from Asylum Research (AC240TS) were used in
all AFM experiments.

UV�Visible Spectroscopy (UV�Vis). Transmission spectroscopy
was collected on a PerkinElmer Lambda 1050 spectrophoto-
meter on sealed devices before and after annealing using
sealed substrates without active layers as a background.

Figure 7. Proposed nanostructural organization of M1 and PCBM molecules. The hairpin-shaped molecular geometry
harbors PCBM within the self-assembled cavity of M1 and facilitates efficient exciton splitting by preventing an excessive
amount of PCBM aggregation while maintaining great electron transport ability through alignment.
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Fluorescence Titration Experiments. Fluorescence spectroscopy
was performed on an ISS PC1 photon counting fluorometer. All
emission spectra were collected at a 90� angle. A quartz cell of
1 cm � 1 cm was used to hold 250 μL of 0.2 wt % (∼1 mM) M1
solution in toluene. Small amounts of PCBM solution (30 mM)
were added in 1 or 5 μL increments into theM1 solution, stirred,
and equilibrated for 10 min before each measurement.
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