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The development of organic semiconducting nanowires that act as charge carrier transport pathways in
flexible and lightweight nanoelectronics is a major scientific challenge. We report on the fabrication of
fullerene nanowires that is universally applicable to its derivatives (pristine C60, methanofullerenes of C61
and C71, and indene C60 bis-adduct), realized by the single particle nanofabrication technique (SPNT).
Nanowires with radii of 8–11 nm were formed via a chain polymerization reaction induced by a high-energy
ion beam. Fabrication of a poly(3-hexylthiophene) (P3HT): [6,6]-phenyl C61 butyric acid methyl ester
(PC61BM) bulk heterojunction organic photovoltaic cell including PC61BM nanowires with
precisely-controlled length and density demonstrates how application of this methodology can improve the
power conversion efficiency of these inverted cells. The proposed technique provides a versatile platform for
the fabrication of continuous and uniform n-type fullerene nanowires towards a wide range of organic
electronics applications.

C
urrently, efforts to construct one-dimensional nanostructures of conjugated polymers1,2 and molecules are
implemented using techniques such as templating3, electrodeposition4, and self-assembly5,6. Fullerenes,
which have spherical shapes, electron accepting and transport capability, have occupied an important

place in photochemistry7 and organic electronics8. They are electron and energy acceptors with rigid spherical p-
conjugation, which provides an attractive avenue to applications in cosmetics, fluid lubrication, lightweight hard
plastics, and organic electronics9–12. Recently, the emerging field of organic semiconductors has cast a prominent
spotlight on fullerene derivatives, because they possess deep-lying lowest unoccupied molecular orbitals
(LUMO), and consequently, a negative (n)-type semiconducting nature13–15. Bulk heterojunction (BHJ) organic
photovoltaic cells (OPV) are a notable application, which consist of positive (p)-type conjugated polymers and n-
type fullerene derivatives that provide a promising framework, allowing the formation of a bi-continuous network
with a large p/n interface, so that high power conversion efficiency (PCE) can be achieved16,17. Although the
soluble fullerenes represent major advances in BHJ architecture, the thermal instability of BHJs, due partly to the
diffusive motion of molecular fullerenes, must be addressed to realize the practical application of OPV18.
Therefore, fullerene nanowires with a robust structure, which secure a large interface of p/n junctions and
electron transport to the cathode, would contribute to the realization of stable BHJs.

The single particle nanofabrication technique (SPNT)19–22 was specifically designed to construct organic
nanowires by irradiating a polymer thin film with high-energy charged particles, where ‘‘one’’ ion particle can
deposit kinetic energy along the nanospace trajectory sufficient for the production of high-density radicals, with
gelation resulting via cross-linking reactions. The subsequent development process dissolves the unexposed area
and isolates the nanowires from the film material. Figure 1a shows a schematic of the procedure for nanowire
formation. It is noteworthy that SPNT has universal applicability to various polymers; not only conventional
polymers such as poly(styrene)20, but also conjugated polymers such as poly(silane), poly(thiophene), and
poly(fluorene)21,22. The prerequisite for nanowire formation is a higher efficiency for cross-linking than main-
chain scission.
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Although most p-type conjugated polymers have been successfully
converted to nanowires by SPNT, the formation of conjugated mole-
cule nanowires has remained elusive, because small molecules
require a large number of cross-linking reactions to ensure insolu-
bility against the developer. Thus, we have examined small n-type
molecules, such as the fullerene derivatives shown in Fig. 1b.

Results
Nanowire formation of fullerene derivatives. SPNT was applied to
films of C60

23, [6,6]-phenyl C61 butyric acid methyl ester (PC61BM)16,
[6,6]-phenyl C71 butyric acid methyl ester (PC71BM), and indene-
C60 bis-adduct (ICBA)24,25, according to the procedure illustrated in
Fig. 1a. The latter three fullerenes are typical, soluble fullerenes used
in BHJs. PC61BM nanowires were successfully formed, as evidenced
by the scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images shown in Fig. 1c and 1d. The density of
the nanowires can be easily scaled up by simply increasing the ion
beam fluence, as shown in Fig. 1e and 1f. The lengths of the
nanowires are almost equivalent to the thickness of the original
film (ca. 1 mm), and are independent of the ion fluence.

The respective dependence of the PC61BM nanowire length and
density on the film thickness and ion fluence was examined. The

lengths of the nanowires were always equivalent to the film thickness
for various film thicknesses of 0.1, 0.5 and 4 mm (Supplementary Fig.
S1). Furthermore, the number of nanowires observed in a 232 mm2

AFM image area coincided with the number of incident ions calcu-
lated from the corresponding fluence (1.0, 3.0, and 5.03108 ions
cm22) as shown in Supplementary Fig. S2. These results indicate that
(1) nanowires are formed for each ion trajectory, (2) the terminus of a
substrate-side nanowire is strongly connected to the bottom surface
without separation during the development process, and (3) the full-
erene nanowires do not swell in the longitudinal direction by contact
with the development solvent.

The AFM images shown in Fig. 2a demonstrate that SPNT affords
nanowires for all of the C60, PC61BM, PC71BM, and ICBA fullerene
derivatives. The histogram below each micrograph indicates the dis-
tribution of the nanowire radius, obtained using an ellipsoidal model
and the measurement of one hundred points of height and width (see
supplementary information). The averaged radii are summarized in
Table 1. ICBA, which has a slightly larger radius (11 nm) than the
other fullerenes (8–9 nm) and bears two bulky indene units, has been
extensively utilized in BHJs in combination with regioregular poly(3-
hexylthiophene) (P3HT), because the high LUMO of ICBA achieves
a high open-circuit voltage (Voc) for the OPV24. The bis-adduct full-
erene has many regioisomers, which ensures good solubility, but may
disrupt three-dimensional crystallization25. This could lead to
increased radius and flexibility of the nanowires that reflects the
packing in the fullerene film and its solubility. This presumption is
strongly corroborated by the topography of the 2 mm-length nano-
wires made of bare C60, whereas they are obviously rigid with a com-
plete straight shape, in contrast to substituted fullerenes (Fig. 2b).

The scanning tunneling microscopy (STM) image of a C60 nano-
wire (Fig. 2c) reveals that the surface is covered by closely packed
fullerene molecules. Dimerization and polymerization reactions of
C60 have been reported with light exposure26,27, high temperature and
pressure28, and c-ray irradiation29. The 212 cycloaddition reaction
(Fig. 2d) has been proposed for the photopolymerization reaction, as
studied by Raman spectroscopy27. The STM images of the C60 nano-
wires on a Si substrate were also collected in a variety of bias voltage
applied to the substrate (Supplementary Fig. S3). The optimized bias
voltage was set at 21 , 21.2 V for the clear visualization of the outer
cage of C60 molecules (Fig. S3(d) , (f)), which was the considerably
higher bias voltage required for the visualization of C60 molecules not
polymerized into the nanowires and distributed on the surface (Fig.
S3(a),(c)). This is suggestive that the polymerization reaction at the
surface of the nanowires causes lowering of the energy levels of
LUMO orbital of C60 molecules bound into the nanowires. Taking
account of these reports and the good mechanical strength of the
nanowires, a similar polymerization reaction is also expected to
occur for SPNT, in which nanowire formation is successful, regard-
less of the substituents.

Chain polymerization reaction. To produce a complete picture of
the polymerization reaction, the cross-linking efficiency G(x), was
estimated and is defined by the number of reactions per 100 eV of
absorbed ion dose. From the theoretical model, G(x) is expressed as20:

G xð Þ~ 400prNA
:r2

LET:M
ln

e1=2rp

rc

� �
, ð1Þ

where r is the density of the material, NA is Avogadro’s number, r is
the observed radius of the nanowire, LET is the linear energy transfer
along the ion trajectory30, M is the molecular weight, rc and rp are the
respective radii of the core and penumbra areas given by the
theoretical equation for collisions of charged particles with matter,
and e is the elementary charge. This equation has been proven to be
valid for many types of polymers20–22. G(x) obtained for the fullerene
nanowires are listed in Table 1 and range from 29 to 55 (100 eV)21,
which is approximately two orders of magnitude larger than that of
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Figure 1 | Formation of fullerene derivative nanowires. (a) Schematic

procedure for nanowire formation by SPNT; (left) irradiation of 490 MeV

Os ions perpendicular to fullerene films, (center) development in CB or

oDCB, where the non-irradiated area is dissolved, (right) nanowires

formed are lying on the substrate. (b) Chemical structures of the fullerene

derivatives used in the present study. (c) SEM and (d) AFM images of

PC61BM nanowires (450 MeV Xe ions at 1.03109 ions cm22 fluence).

(e) SEM and (f) AFM images of PC61BM nanowires (450 MeV Xe ions at

1.031010 ions cm22 fluence).
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synthetic polymers such poly(4-bromostyrene), which has the highest
G(x) of 0.30–1.6 (100 eV)21 among polymers31. Furthermore, G(x)
for the fullerene nanowires exceeds the initial ionization yield (ca. 5
(100 eV)21)32, which reveals that the polymerization reaction proceeds
via a chain reaction.

p/n heterojunction of PC61BM and polyfluorene nanowires.
Nanowire fabrication is facile in the direction perpendicular to the

substrate; therefore, we attempted to form p/n junction nanowires
comprising a p-type poly(9,99-n-dioctylfluorene) (PFO) and n-
type PC61BM bilayer. A bilayer without significant inter-mixing
was successfully prepared by spin-coating a PFO layer from
toluene solution onto a drop-cast PC61BM layer. Figure 3a shows a
schematic of the procedure, where the bilayer is exposed to 450 MeV
Xe ions and developed using toluene. The AFM image in Fig. 3b
indicates nanowire formation, the length of which corresponds to
the bilayer thickness. A magnified image of the nanowire (Fig. 3c)
shows that the nanowire consists of two components; a straight, thick
portion and a thin, winding portion. The size and morphology of the
former portion are consistent with that observed for a PC61BM
nanowire, and the latter portion appears identical to an individual
PFO nanowire (Fig. 3d). There also appears to be an inflection point
at the p/n heterojunction for several nanowires, which results from
the difference in the mechanical strength of the PFO and PC61BM
nanowires, as represented by the bottom right schematic in Fig. 3a.
Furthermore, the rigidity of fullerene nanowires is evident from the
low aspect ratio (width/height) of the PC61BM nanowire cross
section, which is as small as 2.3, while that of PFO nanowires is
7.3. The PFO nanowires are flattened by either their own weight or
by adhesive interaction with the surface. It should be noted that
SPNT can be used to produce any type of semiconducting
heterojunction with two dissimilar materials if a bilayer can be
prepared. This toleration of SPNT towards materials is underlined
by critical requisite for the formation of self-assembled nano-
heterojunctions through synthetic procedure33.

Table 1 | Nanowire radii r, and cross-linking efficiencies, G(x)

Fullerenes r (nm) G(x) ((100 eV)21)

C60 7.961.0 40
PC61BM 8.660.8 36
PC71BM 8.260.8 29
ICBA 10.961.1 55
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Photovoltaic application of PC61BM nanowires. The p/n hetero-
junction demonstrated is expected to be applied for ideal charge
separation and transport in OPV, or as a nanoscale diode for
molecular switching, although integration of the p/n nanowires
into the device still requires considerable development. Therefore,
the hybridization of PC61BM nanowires with BHJ-type OPV was
examined. Figures 4a and 4b show schematics for the fabrication
of PC61BM nanowires on glass/ indium tin oxide (ITO)/ poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
glass/ITO/TiOx substrates for normal and inverted cell structures34.
The PC61BM nanowires were confirmed to be in contact with both
substrate types. The active layer of P3HT:PC61BM 5 151 w/w was
spin-coated from o-dichlorobenzene (oDCB) solution in a nitrogen
glove box, followed by solvent removal in a petri dish and thermal
annealing at 150uC for 10 min. A PEDOT:PSS/Au anode and Ca/Al
cathode layers were formed for the inverted and normal cells,
respectively. The OPV performance was measured under illumi-
nation from an AM 1.5 G solar simulator. Figure 4c shows current
density-voltage (J-V) curves for P3HT:PC61BM devices with and
without PC61BM nanowires. The impact of nanowire length
(LNW 5 40, 120, and 200 nm) and density (rNW 5 109, 1010, and
1011 cm22) on the OPV performance was investigated. The PCE, Voc,
short-circuit current density (Jsc), and fill factor (FF) are listed in
Table 2 (see Supplementary Fig. S4 for all J-V curves). When the
nanowires are integrated with normal cells, the PCE was decreased
from 3.68% without nanowires to 3.06% at rNW 5 109 cm22 and to
1.44% at rNW 5 1011 cm22. The negative effect of the nanowires on
the normal device is due to the connection of the n-type PC61BM
nanowires to the anode ITO/PEDOT:PSS layer, so that electrons in
the nanowires have a higher recombination rate with holes, which
results in a significant drop of Jsc and FF. In contrast, the inverted cell
with LNW 5 120 nm and rNW 5 109 cm22 nanowires exhibited an
approximate 7% improvement of the PCE over that without the
nanowires (from 2.73 to 2.91%), due to an increase of Jsc (from
8.15 to 8.92 mA cm22) despite a slight decrease of the FF (59.3 to
57.7%). The segregation of PC61BM nanowires on the cathode ITO/
TiOx layer is beneficial for electron collection, which leads to an
increase in the overall device performance (Fig. 4b).

Discussion
In the OPV devices, calculating the area that the nanowires with LNW

5 120 nm and rNW 5 109 cm22 can cover gives a small value of only
2%. This may be an unprecedented finding that the nanowires act as
seeds to promote the vertical segregation of PC61BM during the
formation of active layer. The TEM images of BHJ with PC61BM
nanowires reveals that the nanowire structures are preserved,
although they seem larger than those before formation of the BHJ
layer (Fig. 4e and 4f), which suggests the selective aggregation of
PC61BM onto the seed nanowires. However, a high density of nano-
wires (rNW . 1011 cm22) caused an abrupt decease in PCE, even for
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Table 2 | Performance characteristics of P3HT:PC61BM 5 151 OPV, with and without PC61BM nanowires

Cell
NW length

(nm)

NW density 5 109 cm22 NW density 5 1010 cm22 NW density 5 1011 cm22

PCE
(%)

Jsc

(mA cm22)
Voc

(V)
FF
(%)

PCE
(%)

Jsc

(mA cm22)
Voc

(V)
FF
(%)

PCE
(%)

Jsc

(mA cm22)
Voc

(V)
FF
(%)

Normal 0 3.68 9.69 0.575 66.2 3.68 9.69 0.575 66.2 3.68 9.69 0.575 66.2
Normal 40 3.46 9.60 0.562 64.1 3.47 9.25 0.567 66.2 2.27 7.31 0.554 56.1
Normal 120 3.44 9.38 0.564 65.1 3.25 8.94 0.563 64.5 1.96 5.98 0.550 59.5
Normal 200 3.06 8.63 0.553 64.1 3.14 8.68 0.550 65.6 1.44 4.66 0.556 55.7
Inverted 0 2.73 8.15 0.573 59.3 2.73 8.15 0.573 59.3 2.73 8.15 0.573 59.3
Inverted 40 2.45 8.34 0.547 53.7 1.55 7.78 0.489 40.8 0.80 4.92 0.445 36.6
Inverted 120 2.91 8.92 0.567 57.7 2.09 8.71 0.528 45.5 0.49 3.59 0.398 33.9
Inverted 200 2.48 8.27 0.557 53.9 1.66 7.67 0.509 42.5 0.29 1.85 0.447 34.9
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the inverted cells (Fig. 4d), which suggests the nanowires have a
negative effect.

The LUMO of PC61BM is considered slightly lowered in compar-
ison with normal PC61BM along with narrowing of the band gap,
on the basis of density functional theory results of C60 dimer35,36.
In the characterization of photovoltaic devices (Table 2), Voc

is decreased with increasing the number density and length of
PC61BM nanowires in the inverted cells, while it does not change
significantly in the normal cells. This is the case giving that LUMO of
PC61BM nanowires is also shifted downward as observed in C60

nanowires, because the electron energy level drops from the upper-
lying LUMO of normal PC61BM domain to the lower-lying LUMO
of PC61BM nanowires which are concentrated on the anode in the
inverted cells.

It is difficult to yield bulk materials of PC61BM nanowires on the
scale of a few milligrams for characterization of the electrical prop-
erties for devices such as field-effect transistors; therefore, electrode-
less flash-photolysis time-resolved microwave conductivity (FP-
TRMC)37 was employed. The photoconductivity maxima of films
exposed to fluences of 1010 and 1011 cm22 were decreased by approxi-
mately 14 and 30%, respectively (Supplementary Fig. S5). Thus, the
electron transport capability of the nanowires is worse than that of
the pristine film due to the randomly-polymerized network, which is
consistent with the results for the OPV, where too many nanowires
resulted in degradation of the PCE. This result is, nonetheless, con-
tradictory to that reported for a C60 film irradiated with 55–120 MeV
ions and the formation of conductive pathways perpendicular to the
substrate measured by conducting AFM38. However, the conditions
used were different from the present study (conductive direction,
method, ion beam energy, material, and development process),
and thus more detailed investigations are highly anticipated. The
negative effect on the OPV was found to manifest more in the normal
P3HT:PC61BM cell with P3HT nanowires (LNW 5 200 nm, rNW 5

1011 cm22), of which the PCE was 0.53% with an extremely low FF of
27.1% (Supplementary Fig. S6), despite the preservation of the P3HT
backbone and cross-linking of the side-chain, which are mainly
responsible for the gelation.

The advantage of rigid fullerene nanowires over the bulk state is
the thermal stability. The surface morphologies of PC61BM nano-
wires before and after thermal annealing at 160uC for 10 min were
compared (Supplementary Figs. S7 and S8). The almost perfect con-
servation of the nanowire structure demonstrates the feasibility and
stability of these organic electronics. State-of-the-art low bandgap
copolymers comprising donor and acceptor units sometimes require
fine-tuning of the side-chains and the incorporation of solvent addi-
tives such as 1,8-diiodeoctane to form an ideal BHJ network39,
whereas the present fullerene nanowires could pave the way towards
the facile construction of BHJs with high thermal stability.

In spite of the relatively high mechanical strength of fullerene
nanowires, they still lay down on the surface in the development
process. Some uprisings are expected during the active layer coating;
however, excessive long nanowires result in their bending and
knocking down, which might be one of the reasons for the decrease
of OPV performance observed in the long nanowires. Further
investigations are on the way to making the nanowires stand on
the surface by performing dry development process instead of the
present wet process.

The simple concept of the present approach (a particle pro-
duces a corresponding nanowire) provides control of the number
density of nanowires on a substrate, and the nanowires can be
successfully applied as a versatile platform of continuous and
uniform organic n-type semiconducting nanowires. The extremely
high efficiency of the polycondensation reactions in fullerene deri-
vatives may launch the single particle nanofabrication technique
onto the industrial stage for application in the fabrication of elec-
tronic nanomaterials.

Methods
Formation of nanowires by SPNT. All reagents and chemicals were purchased from
Nacalai Tesque, Inc. and Aldrich Chemical Co., Ltd. unless otherwise stated. The Si
substrates were subjected to UV-ozone treatment. C60 was deposited on Si substrates
by thermal evaporation in a vacuum chamber. PC61BM, PC71BM, and ICBA were
dissolved in chlorobenzene (CB) and drop-cast on the Si substrate. Film thickness was
measured using a stylus surface profiler (Ulvac, Dektak 150). Films were irradiated
using 450 MeV Xe or 490 MeV Os particles from the cyclotron accelerator at the
Takasaki Advanced Radiation Research Institute (TIARA) of the Japan Atomic
Energy Agency. The number density of incident particles was controlled from
1.03108 to 1.031011 ions cm22. The irradiated C60 and fullerene derivative films were
developed in oDCB and CB for 10 min, respectively. The loss of kinetic energy of
particles due to penetration through the fullerene films was estimated using the SRIM
2010 calculation code30.

Morphology observations. The size and shape of the nanowires were observed by
atomic force microscopy (AFM; Seiko Instruments Inc., Nanocute OP and Nanonavi
II) and scanning electron microscopy (SEM; Jeol Ltd., JSM-7001F). The surface
structures of the C60 nanowires were measured using a scanning tunneling
microscope (STM; Jeol Ltd., JSPM-5200). Transmission electron microscopy (TEM)
observation was carried out using a Jeol Ltd. JEM-1400 microscope. The BHJ samples
for TEM were prepared by exfoliation of a thin film layer after ultrasonication of a
normal cell in water, which dissolves the bottom PEDOT:PSS layer and allows lift-off
of the active layer with the nanowires.

OPV devices. Materials: Poly(3-hexylthiophene) (P3HT; .98% head-to-tail
regioregularity, 99.995% trace metals basis, Mn 5 3263104 g mol21, Mw/Mn , 2.5)
and PC61BM (purity .99.5%) were purchased from Aldrich and Frontier Carbon,
Inc., respectively. Solvents were purchased from Kishida Kagaku Corp. unless
otherwise noted and were used as-received without further purification. PEDOT:PSS
(Baytron P VP AI 4083) and ITO-coated glass substrates (,15 V square21) were
purchased from H. C. Stark and Sanyo Shinku Corp., respectively. The ITO glass
substrates were successively cleaned in tetrahydrofuran, detergent, de-ionized water,
acetone, and isopropyl alcohol for 10 min each with ultrasonication. The dried ITO
glass substrates were subjected to UV-ozone treatment.

Normal OPV: A PEDOT:PSS layer was cast onto the ITO layer by spin-coating after
passing through a 0.2 mm filter. The substrate was annealed on a hot plate at 150uC for
30 min. A 2 wt% chloroform (CF) solution of PC61BM or 1.5 wt% CB solution of
P3HT were cast on top of the PEDOT:PSS buffer layer in a nitrogen glove box by spin-
coating or drop-casting after passing through a 0.2 mm filter. The films were then
irradiated with 490 MeV Os particles. The number density of incident particles was
controlled from 1.03109 to 1.031011 ions cm22. The irradiated films were developed
in CB for 15 min in a nitrogen glove box. A 1.5 wt% oDCB solution of P3HT: PC61BM
5 151 (w/w) was heated at 60uC with stirring for at least 4 h to achieve complete
dissolution. The active layer was cast, immediately after development, on top of the
PEDOT:PSS buffer layer in a nitrogen glove box by spin-coating at an optimized
rotation speed and time after passing through a 0.2 mm filter. The films were annealed
on a hot plate at 150uC for 10 min. A cathode consisting of 20 nm Ca and 100 nm Al
layers was sequentially deposited through a shadow mask on top of the active layers by
thermal evaporation in a vacuum chamber. The resulting device configuration was
ITO (120–160 nm)/PEDOT:PSS (45–60 nm)/active layer (ca. 220 nm)/Ca (20 nm)/
Al (100 nm) with an active area of 7.1 mm2. Current-voltage (J-V) curves were
measured using a source-measure unit (ADCMT Corp., 6241A) under AM 1.5 G
solar illumination at 100 mW cm22 (1 sun) using a 300 W solar simulator (SAN-EI
Corp., XES-301S).

Inverted OPV: The TiOx precursor (Koujundo Kagaku Corp.) was cast on the ITO
layer by spin-coating after passing through a 0.2 mm filter. The layers were annealed
on a hot plate at 150uC for 10 min. A 2 wt% CF solution of PC61BM was cast onto the
TiOx layer in a nitrogen glove box by spin-coating after passing through a 0.2 mm
filter. The films were irradiated with 490 MeV Os particles, developed with CB, and
the P3HT:PC61BM active layer was cast in a similar fashion to that for the normal
OPV. An aqueous solution of PEDOT:PSS with 1 wt% poly(ethylene)glycol as a
surfactant was dropped onto the active layer after passing through a 0.2 mm filter and
immediately spin-coated. The layers were annealed on a hot plate at 150uC for
10 min. The anode consisted of a 50 nm Au layer that was deposited through a
shadow mask on top of the active layers by thermal evaporation in a vacuum chamber.
The resulting device configuration was ITO (120–160 nm)/TiOx (ca. 10 nm)/active
layer (ca. 220 nm)/PEDOT:PSS (50–100 nm)/Au (50 nm) with an active area of
7.1 mm2. The J-V curves were measured in the same way as that for the normal OPV.
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