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S
elf-assembled organic nanostructures
have been a topic under intense
investigation in the past decades,1�5

because of their potential applications in
optoelectronics,6,7 sensors,8�10 and bio-
mimics.11,12 The properties of organic nano-
structures depend sensitively not only
on their inner molecular organization13�15

but also on their outer size, morphology,
and orientation.16�21 For instance, close
π�π stacking of conjugated molecules
along one-dimensional (1D) nanostructures
provides a path for charge transportation,
enabling the realization of high-performance
field-effect transistors (FETs).22�24 The opti-
cally flat end-faces of well-faceted organic
nanowires can function as two reflectors,
forming a Fabry�Pérot optical microcavity
along the nanowire length.25�27 Because of

a strong optical confinement effect in these
structures, active optical waveguides and
optically pumped lasers have been success-
fully demonstrated.25�27 However, although
tailor-made molecules can be obtained by
organic synthesis, ensuring that molecules
assemble into organic nanostructures with a
desirable size, shape, and therefore function
remains elusive.28,29

In many cases, self-assembly of organic
molecules is induced upon mixing a stock
solution of molecular building blocks dis-
solved in a good solvent with a poor solvent
(or reversely).30 Similar to the case of protein
fibrillization,31,32 the solvent conditions play
a key role in the formation of self-assembled
organic nanostructures.33�35 On one hand,
the solvation effect has a significant impact
on the stability of the aggregated structures
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ABSTRACT The size, shape, and crystallinity of organic nanostructures play an

important role in their physical properties and are mainly determined by the self-

assembling kinetics of molecular components often involving the solvent conditions.

Here, we reported a kinetically controlled self-assembly of C60 assisted by the solvent

carbon bisulfide (CS2) into single-crystal ultrathin microribbons of 2C60 3 3CS2, upon

mixing the poor solvent isopropyl alcohol with a C60/CS2 stock solution. Surface energy

calculations reveal that these microribbons represent a kinetically favored high-energy

state as compared with the thermodynamically stable shape of prismatic rods. High-

resolution transmission electron microscopy observations clarify that association of CS2
at the nucleation stage helps to guide and rigidify the formation of π�π stacking 1D

chains of C60 through the surrounding CS2 cage-like structures, which further act as glue,

boosting lateral assembly of as-formed 1D chains into untrathin 2D microribbon single crystals. Precise control over the thickness, width, and length of

2C60 3 3CS2 microribbons was achieved by manipulation of the growth kinetics through adjusting the solvent conditions. Upon heating to 120 �C,
sublimation of CS2 components results in fcc C60 microribbons. We found that both microribbons of solvated monoclinic 2C60 3 3CS2 and pure fcc C60 exhibit

highly sensitive photoconductivity properties with a spectral response range covering UV to visible. The highest on/off ratio of two-terminal photodetectors

based on single ribbons reaches around 250, while the responsitivity is about 75.3 A W�1 in the UV region and 90.4 A W�1 in the visible region.
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that are involved in the nucleation stage of the self-
assembling process.28 On the other hand, the ratio
of good/poor solvent influences the nucleation�
elongation dynamics, which in turn determine the
kinetic pathways toward different complex aggrega-
tions.33�36 It is demonstrated that the internal molec-
ular organization of organic nanostructures might be
engineered by focusing on the molecular recognition
events between constituent molecular building
blocks.37�40 However, the size and shape of organic
nanostructures are mainly controlled by the growth
kinetics through which assembly occurs.18�21,41 There-
fore, understanding of the effect of solvents on molec-
ular aggregation kinetics is of utmost importance
to control the self-assembling process on the way to
obtain well-defined organic nanostructures.
Fullerene (C60) is one of the superstar organic semi-

conductors, which has been employed in various
electronic and photovoltaic devices, such as FETs and
bulk heterojunction solar cells.42�44 The performances
of these devices are sensitively related to the size,
morphology, and crystalline structures of fullerene
and/or its derivatives in the active layer.45,46 Therefore,
for optimizing the device performance great efforts
have beendedicated to understanding themechanism
that controls these parameters.47�49 Here, upon choos-
ing the solvent carbon bisulfide (CS2), we revealed a
kinetically controlled self-assembly of C60 into single-
crystal ultrathin microribbons of 2C60 3 3CS2 by mixing
the poor solvent isopropyl alcohol (IPA) with a stock
solution of C60 dissolved in CS2. Surface energy calcula-
tions demonstrate that thesemicroribbons represent a
kinetically favored high-energy state as comparedwith
the thermodynamically stable shape of prismatic rods.
High-resolution transmission electron microscopy
(HRTEM) observations clarify that association of CS2
at the nucleation stage helps to rigidify and guide the
1D π�π stacking chains of C60 through the formation
of CS2 cage-like structures, which then act as glue,
boosting lateral assembly of 1D chains into 2D ribbons.
We found that the micoribbon width was defined
by the concentration of the C60/CS2 stock solution,
whereas the length and thickness are a function of the
added amount of isopropyl alcohol. Upon heating to
120 �C, sublimation of CS2 components results in
fcc C60 microribbons. Both microribbons of solvated
monoclinic 2C60 3 3CS2 and pure fcc C60 exhibit highly
sensitive photoconductivity properties with a spectral
response range covering UV to visible. The highest
on/off ratio of two-terminal photodetectors based on
single ribbons reaches around 250, while the res-
ponsitivity is about 75.3 A W�1 in the UV region and
90.4 A W�1 in the visible region.

RESULTS AND DISCUSSION

Preparation and Characterization of 2C60 3 3CS2 Microribbons.
In our experiment, ultrathin microribbons of C60 were

prepared by a solution self-assemblymethod. Typically,
a varying volume of IPA (VIPA), which serves as the poor
solvent, was dropwisely added into 0.5 mL of a stock
solution of C60 molecularly dissolved in CS2 with differ-
ent concentrations (CFULL). The turbulent mixing of
IPA with the C60/CS2 solution changes the solvent
surroundings, thus initiating the nucleating and assem-
bling processes.18,19 Upon addition of IPA into the
C60/CS2 stock solution, the color of themixture changed
instantly from mauve to turbid yellow. After 30 min,
brown-dark precipitates were formed, centrifugally
separated from the suspension, and washed using a
mixture of IPA/CS2 (v/v = 1/3) twice prior to vacuum
drying.

Scanning electron microscopy (SEM) images in
Figure 1A, C, E, and F depict that all samples prepared
under different experimental conditions are microrib-
bons, which present a width distributed evenly along
the entire length. Transmission electronic microscopy
(TEM) images (insets of Figure 1A and C) show that
these microribbons are almost transparent under elec-
tron beam, indicating that they are ultrathin in nature.
Individualmicroribbons were further imaged by atomic
force microscopy (AFM). It can be seen from Figure 1B
and D that microribbons have perfectly smooth sur-
faces and sharp edges. According to the height profiles
in the insets of Figure 1B and D, the thickness of
corresponding ribbons is also calculated. We found
that the length (L), width (W), and thickness (T) of C60
microribbons can be readily adjusted by tuning the
growth parameters, such as VIPA and/or CFULL.

Table 1 summarizes the sizes of C60 microribbons
prepared under different preparation conditions. First,
we found that the microribbon width is only related
to the value of CFULL and decreases with increasing
the value of CFULL; for example, W = 5, 4, 3, and 1 μm
at CFULL = 0.125 (Figure 1A�D), 0.14 (Figure S1), 0.25
(Figure 1E and F), and 0.32 mg mL�1 (Figure S2),
respectively. Second, if CFULL is fixed at a certain value
that gives a defined ribbon width, the length and
thickness of the microribbons could be tuned by
adjusting the value of VIPA. Taking CFULL = 0.125
mgmL�1 as an example, the width of C60 microribbons
is constant at W = 5 μm; however, microribbons with
L = 30 μm and T = 250 nm were obtained at VIPA =
1.25mL (Figure 1A and B), and increasing VIPA to 2.0mL
results in shorter and thinner microribbons with L =
20 μm and T = 80 nm (Figure 1C and D). Furthermore,
a similar trendwas also observed in the cases of CFULL =
0.25 mg/mL and CFULL = 0.32 mg/mL, respectively, at
different values of VIPA (Table 1).

Figure 2B displays the selected area electron dif-
fraction (SAED) pattern, recorded by directing the
electron beam perpendicular to the top-flat surface
of a single ribbon (inset). The monoclinic crystal of
2C60 3 3CS2 (CCDC No.: 182/1546) belongs to the space
group P21/a, with cell parameters of a = 9.87 Å,
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b = 25.46 Å, c = 24.67 Å, R = γ = 90�, β = 90.05�.50

Therefore, the square symmetry of the SAED pattern in
Figure 2B shows the single-crystal structure of micro-
ribbons. The yellow-line-circled set of spots with a
short d-spacing value of 4.9 Å is due to (200) Bragg
reflection, and the red-line-triangled one with a large

d-spacing value of 12.5 Å is due to (002) Bragg reflection.
Correlation of Bragg reflections identified in Figure 2B
with the orientation of the ribbon shown in the inset
makes it clear that the ribbon is preferentially grown
along the crystal a-axis with the side surfaces bound
by (001) crystal facets and therefore the top/bottom
surfaces by (020) facets. This is consistent with X-ray dif-
fraction (XRD) measurements, whichmeasure the crystal
planes parallel to the supporting substrate. Indeed, the
XRD spectrum of microribbons presents a sequence of
peaks corresponding to (020) crystal planes, and other
peaks of (hkl) with h, l 6¼ 0, which are observable in
the powder pattern, are either weak or not detectable
(Figure S3). Combining SAED and XRD results together,
we drew a schematic model of microribbons in
Figure 2A. Note that the angle between the two terminal
side faces of the microribbons is measured to be 136�
(insets of Figure 1A and C), in good agreement with the
crystallographic data of — (101)/(101) (Figure 2A).

Figure 2C presents an HRTEM image of a single
microribbon of 2C60 3 3CS2 recorded perpendicular to
the top-flat surface, revealing a molecular packing
arrangement exactly the same as that within the crystal
(020) plane (Figure 2D). It canbe seen that C60molecules

Figure 1. SEM, TEM, andAFM images and correspondingheight profiles ofmicroribbonspreparedunder different conditions:
(A and B) CFULL = 0.125 mg/mL, VIPA = 1.25 mL; (C and D) CFULL = 0.125 mg/mL, VIPA = 2.0 mL; (E) CFULL = 0.25 mg/mL, VIPA =
0.70 mL; (F) CFULL = 0.25 mg/mL, VIPA = 0.85 mL. All the scale bars are 10 μm.

TABLE 1. Sizes of C60 Microribbons Obtained at Different

Preparation Conditionsa

CFULL (mg mL
�1) VIPA (mL) W (μm) L (μm) T (nm)

0.32 0.55 1 100 300
0.75 50 150
1.00 15 85

0.25 0.70 3 60 200
0.85 30 120
1.50 10 75

0.14 1.5 4 10 100

0.125 1.25 5 30 250
2.00 20 80

a All the sizes reported here have a distribution of <10% by analysis of several tens
of microribbons in each case.

A
RTIC

LE



WEI ET AL . VOL. 7 ’ NO. 9 ’ 7573–7582 ’ 2013

www.acsnano.org

7576

(blue balls) arrange themselves along the crystal a-axis,
forming a 1D chain-like structure. The intermolecular
distance between adjacent C60 molecules along the 1D
chain is about d(100) = 9.8 Å (Figure 2C), which is smaller
than the C60�C60 distance of 10.23 Å typical in an fcc
lattice of pure C60 crystal.51 This suggests that C60
molecules along the a-axis of a 2C60 3 3CS2 monoclinic
crystal (i.e., the microribbon length direction) form a
tighter π�π stacking path than that in fcc crystals of
pure C60. Most interestingly, we found that the solvent
molecules of CS2 (pink ellipsoids) surround 1D chains of
C60 (blue balls), producing cage-like structures at the
periphery. These CS2 cages separate 1D chains of C60
from each other and stick them together into a 2D layer
(Figure 2D).

Predicted Equilibrium Morphology. If as-formed micro-
ribbons of 2C60 3 3CS2 were kept in a pristine IPA/CS2
mixture at ambient conditions over weeks, the mor-
phology of the ribbon would transform to prismatic
rods (Figure 3A), probably a result of the Ostwald
ripening process.52 The XRD peaks of the prismatic rods
can also be indexed to amonoclinic crystal of 2C60 3 3CS2
(Figure S2B). However, the sequence of peaks corre-
sponding to (020) crystal planes, which are present in
the XRD pattern of ultrathin microribbons (Figure S3),
could not be observed. Instead, a sequence of peaks
corresponding to (011) crystal planes appears (Figure
S4B), indicating the abundance of (011) crystal facets on
the surfaces of prismatic rods. To gain further insight, we
calculated the equilibrium shape of a 2C60 3 3CS2 crystal
for minimum total surface energy using the Material
Studio software package.21 It can be seen from Figure 3
that the prismatic rods (Figure 3A) generated by
the Ostwald ripening process resemble the calculated

equilibrium shape (Figure 3b) in appearance. Although
the length direction of prismatic rods is also along the
crystal a-axis, its surfaces are mainly bound by a (011)s
set of facets (Figure 3B). The calculated surface energies
(γ(hkl)s) of crystal faces (hkl) follow the order γ(011)s <
γ(020)s < γ(101)s (Table 2). Therefore, the total surface
energy of 2C60 3 3CS2 microribbons bound mainly by
(020)s facets (Figure 2A) should be higher than that of
prismatic rods bound mainly by (011)s facets (Figure 3).
That is,microribbonsof 2C60 3 3CS2obtained inour experi-
ments have a kinetically stable topology, which can be
transformed to thermodynamically stable prismatic rods
through the Ostwald ripening process. In this process
the high surface energy of microribbons of 2C60 3 3CS2
promotes their redissolution (Figure S2A), whereas
material is redeposited on the low-energy surface of
prismatic rods.

Kinetical Growth of 2C60 3 3CS2 Microribbons. To further
probe the formation process of microribbons, tem-
poral TEM analysis has been performed by capturing
the growth morphologies at different growth times
in the case of CFULL = 0.125 mg/mL and VIPA = 1.25 mL
(Figure 4A�F). The summarized time-dependent
widths and lengths in Figure 4H reveal three distinctive
stages: nucleating aggregation (stage I), initial 2D
growth (stage II), and preferential 1D growth (stage III).
In stage I, the nucleas of 2C60 3 3CS2 formed quickly
following the injection of IPA into the C60/CS2 solution,
giving rise to primary plate-like structureswith L≈ 1 μm
and W ≈ 500 nm (Figure 4A). During stage II about
0.5�2 min after the injection, those initial plate-like
structures underwent rapid 2D growth along both
the width and the length directions, resulting in micro-
ribbons withW = 2, 3, 5 μm and L = 8, 10, 15 μm for the
growth time of 0.5 min (Figure 4B), 1 min (Figure 4C),
and 2 min (Figure 4D), respectively. In stage III for

Figure 2. (A) A schematic model for an ultrathin microrib-
bon of 2C60 3 3CS2. (B) SAED pattern and (C) HRTEM image of
a single ribbon as shown in the inset of (B). (D) Molecular
packing arrangement within the (020) crystal plane.

Figure 3. (A) SEM images of prismatic rods obtained after
storage of 2C60 3 3CS2 microribbons in a pristine IPA/CS2
mixture over weeks. (B) Predicted growth morphology for
minimum total surface energy calculated by using the
Material Studio software package.

TABLE 2. Surface Energies (γ(hkl)s) of Various Crystal

Facets (hkl) Calculated by Using the Material Studio

Package

(hkl) (011)s (020)s (101)s (002)s (200)s

d(hkl)s (Å) 17.2 12.37 8.95 11.98 4.82
γ(hkl)s (kcal/mol/Å

2) 0.237 0.243 0.255 0.244 0.258
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growth times longer than 2 min, the width of the
ribbons stopped growing and remained almost con-
stant at 5 μm; however, the length of the ribbons kept
growing. For instance,microribbonswith L= 20μmand
W = 5 μm were obtained at a growth time of 6 min
(Figure 4E). Finally, when the growth time exceeded
15 min, the growth of the microribbon length also
terminated, resulting in final products with L = 30 μm
and W = 5 μm (Figure 4F).

We further analyzed the roles played by IPA and CS2
molecules in the growth kinetics of microribbons with-
in the so-called LaMer model (Figure 5).52,53 In stage I,
when the poor solvent IPA is injected into the stock
solution of C60 dissolved in the good solvent CS2,
a nucleation threshold is immediately achieved due
to solvent exchange. Due to the solvation effect, CS2
molecules participate in the formation of nuclei with
C60 probably in the form of 2C60 3 3CS2 (top image in
Figure 5). As above-mentioned (Figure 2C), C60 mol-
ecules prefer to stack along the [100] direction and
form tightly packed 1D chains driven by π�π interac-
tions; furthermore, CS2 forms cage-like structures at the
periphery of 1D chains, which not only rigidify these 1D
structures but also stick them together to form primary
2D plates. [Sathish and co-workers had reported the
formation of 1D nanowhiskers of pure C60 from the
same set of antisolvent (IPA) and solvent (CS2) by a
liquid�liquid interfacial precipitation (LLIP) method at

5 �C for 24 h.54 We speculate that the interfacial
nucleation induced by antisolvent/solvent diffusion is
slow. Therefore, aggregation of C60 molecules them-
selves plays a dominant role in the nucleation stage
due to strong π�π interaction, leading to 1D nano-
wires of pure C60 in a triclinic crystal structure by the
LLIP method rather than quasi 2D microribbons of
2C60 3 3CS2 in our experiments.] In stage II, growth
along both the [100] (ribbon length) and [001]
(ribbon width) directions takes place simultaneously
(middle image in Figure 5). Especially, accompanied
with the growth of ribbon width along the [001] c-axis,

Figure 4. Temporal TEM images ofmicroribbons obtained at different growth times under conditions of CFULL = 0.125mg/mL
andVIPA = 1.25mLof (A) 0.2, (B) 0.5, (C) 1.0, (D) 2.0, (E) 6.0, and (F) 15.0min, respectively. (G) EnlargedTEM images showing that
whiskers of tens of nanometer in diameter grow out of the microribbon ends. (H) Summarized widths and lengths of
microribbons as a function of the growth time. All the scale bars are 5 μm.

Figure 5. LaMer model for the growth of ultrathin
2C60 3 3CS2 microribbons.
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there are more association sites available for assem-
bling C60 molecules at the ribbon ends (bottom image
in Figure 5). Those CS2 cages at the ribbon ends can
serve as templates to guide the 1D growth of C60 chain
structures. In fact whiskers of tens of nanometers in
diameter and hundreds of nanometers in length were
often observed to grow out from the ends of ribbons
during the 1D growth stage (Figure 4G). Therefore, the
rapid 1D growth stage III along the [100] direction
leaves 2C60 3 3CS2 microribbons with top/bottom sur-
faces bound by high-energy (020)s crystal planes. Our
observations abide by the Curtin�Hammett principle:
the route to the kinetically favored morphology would
be faster.21,55 As 2C60 3 3CS2 microribbons are a kineti-
cally achieved product and represent a high-energy
state, they can transform to low-energy prismatic rods
through the Ostwald ripening process, which are
thermodynamically favorable.

Based on the above kinetical model, we can under-
stand the mechanism behind the size control of micro-
ribbon width and length. The two key factors exhibited
in the growth kinetical model are (i) the duration
time of stages I and II and (ii) the number density of
nuclei formed in stage I. First, according to Figure 5, the
higher the value of CFULL, the faster the aggregation
speed. Therefore, the duration time of stages I and II,
which determines the microribbon width, is inversely
proportional to the value of CFULL; for example, about
3 min for CFULL = 0.125 mg/mL (Figure 4) but 40 s
for CFULL = 0.25 mg/mL (Figure S5) lead to the widths
of ribbons W = 5 and 3 μm, respectively. Second, at
a fixed value of CFULL, the number density of nuclei
increases with increasing value of VIPA (stage I). When
the total amount of C60 growth units is kept constant,
the microribbon length becomes shorter with increas-
ing value of VIPA (Table 1) as a result of the increased
number density of nuclei (i.e., the number of
microribbons).

Transformation into fcc C60 Ribbon. According to the
TGA spectrum (Figure S6), we found that the micro-
ribbons began to lose weight from 50 �C, which is near
the boiling point of CS2. DTA analysis revealed a
maximum weight-loss peak at 120 �C with a weight-
loss percentage of 10.2%, which is a little bit lower than
the theoretical loss of 13.6% of 2C60 3 3CS2. Figure 6C
presents the TEM image of the thermally treated
products upon heating 2C60 3 3CS2 ribbons at 120 �C
for 6 h. We found that the original ribbonlike morpho-
logy has remained, except that the sizes shrink by
10%. In subsequent XRD analysis of Figure 6B, those
signals from monoclinic 2C60 3 3CS2 crystals gradually
disappeared upon heat treatment; meanwhile, the
star-marked (111) peak, which matches exactly with
fcc C60 powder with cell parameters of a = b = 23.76 Å
and c = 10.08 Å,51 become dominant in the XRD
pattern of treated samples. Moreover, there is no
CS2 molecule observable from the HRTEM image

(Figure 6D), in which each C60 molecule is closely
surrounded by another six C60 molecules. Figure 6E
shows the SAED pattern of a single ribbon with regular
hexagonal diffraction spots, which can be indexed
to (101) and (011) planes of fcc crystals with similar
d-spacing values of 10.23 Å.51 On the basis of the
HRTEM, SAED, and XRD results, we conclude that the
up/bottom surfaces of heat-treated fcc-C60 ribbons
are bound by (111) planes. Remarkably, the volume
of an fcc-C60 crystal cell is 89.6% of a monoclinic
2C60 3 3CS2 crystal cell, consistent with the decrease in
sizes during microribbon transformation.

Photoresponse. To investigate the photoconductive
properties, we carried out two-terminal measurements
on single microribbons as presented in Figure 7A. The
gap width between the two gold electrodes is around
30 μm (see photograph in Figure S8). Note that the
absorption spectra of both 2C60 3 3CS2 monoclinic and
fcc C60 microribbons deposited on a quartz plat cover
a UV to visible spectral range between 300 and 600 nm
(Figure S7), in good agreementwith previous reports.56

In our photoconduction measurement, UV light irra-
diation was provided by a xenon lamp through a band-
pass filter (350�360 nm, Figure S9), and visible light
irradiationwas generated by an iodine�tungsten lamp
(450�750 nm, Figure S10).

As depicted in Figure 7C and D, with UV and/or
visible light irradiation on and off, the photocurrent of
a solvated monoclinic 2C60 3 3CS2 microribbon showed
two distinct states: a “low” current state in the dark and

Figure 6. (A) Schematic procedure of removing CS2
molecules from ultrathin solvated monoclinic 2C60 3 3CS2
microribbons. (B) Change of XRD patterns from original
2C60 3 3CS2 ribbons (top line) to heat-annealed fcc C60 rib-
bons (bottom line). (C) TEM image of ultrathin fcc C60
ribbons with corresponding (D) HRTEM image and (E) SAED
pattern.
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a “high” current state under light illumination. In the
dark, the current was only 0.2 pA at a bias of 10 V.
However, at an incident density of visible light of
2.34 mW cm�2, the photocurrent reaches 40 pA, giving
an on/off switching ratio of 200. When the irradiation
source was switched to UV light, the photocurrent
reached 103 pA with an on/off ratio of 250 at a light
density of 4.3 mW cm�2. According to the time-
resolved photoresponse spectrum (Figure 7D), the
switching between on and off states is fast with similar
rising and falling times around 500 ms and could be
completed reversibly, allowing the device to act as
a high-quality photosensitive switch. As shown in
Figure 7B, the photocurrent exhibits a linear response
to the light intensity (Iph � L.I.). To further evaluate the
photoresponse, we calculated two important para-
meters: the responsivity (Ri), which represents the ratio
of the photocurrent to the incident-light power, and
the photogain (G), which measures the number of
charge carriers passing through the microribbon per
absorbed photon.57,58 The responsivity and the gain
are calculated according to eq 1:

Ri ¼ Iph
L:I:� S(1 � T)

, Gain ¼ Ri(hν=q) (1)

inwhich Iph is the photocurrent, L.I. is the light intensity,
S is the exposure area of the microribbon; T is the
transmission of light through the microribbon; ν is the
frequency of the light, and q is the electron charge.56 In
eq 1, the surface reflection of light is neglected, and the
quantum efficiency, defined as the number of photo-
generated carriers per photon, is assumed to be unity.
It can be seen from Table 3 that the highest Ri of

Figure 7. Photoresponse behaviors of ultrathin single-crystalline C60 microribbons. (A) Schematic diagram of the two-
terminal device. (B) Under UV and visible irradiation, light-dependence of a monoclinic (red and blue lines) and fcc (pink and
green lines) C60 microribbon at 10 V bias. (C) I�V characteristics of the monoclinic C60 microribbon with and without visible
illumination (red line) at a light density of 2.34mWcm�2 andUV illumination (blue line) at a light density of 4.38mWcm�2. (D)
Corresponding time-resolved photoresponse spectrum of a monoclinic C60 microribbon. (E) I�V characteristics of the fcc C60
microribbon with and without visible illumination (pink line) at a light density of 2.34 mW cm�2 and UV illumination (green
line) at a light density of 4.38mW cm�2. (F) Corresponding time-resolved photoresponse spectrumof an fcc C60 microribbon.

TABLE 3. Corresponding On/Off Ratio, Responsivity (Ri),

and Photo Gain (G) of Monoclinic and fcc C60 Ribbon

Devices under Illumination of Visible Light and UV

visible light (λ = 450�750 nm) UV (λ = 350�360 nm)

sample

on/off

ratio Ri (A W
�1) G (A W�1)

on/off

ratio Ri(A W
�1) G (A W�1)

monoclinic 200 24 51.36 250 25.2 88.11
fcc 40 75.3 161.14 69 90.4 316.08
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a solvated monoclinic microribbon is 24 A W�1 in
the visible range and 25.2 A W�1 in the UV range
under a bias of 10 V. In the visible range, the highest
obtained gain for a solvated monoclinic microribbon
is 51.36 AW�1, and in the UV range it is 88.11 AW�1. In
comparison, inorganic CdS nanowire photodetectors
exhibited responsivities and gains of 38 and 100AW�1,
while a photodector based on single-wall carbon
nanotubes had a gain of less than 1.58 These results
prove the promising potential of our C60 microribbon
device as a photoswitch and highly photosensitive
detector.

The existence of solvent molecules also plays a key
role in the charge dissociation and transportation.59,60

In Figure 7E, the dark current of an fcc C60 micro-
ribbon (∼3 pA) at 10 V bias was higher than that of
a solvated C60 microribbon (0.2 pA), which could be
attributed to a higher trap density in the fcc-structured
microribbon generated during heating transformation.
Although the photocurrent of the fcc C60 micro-
ribbon is also higher than the solvated microribbon,
the on/off ratio has dramatically decreased to 40 in
the visible range and 69 in the UV range (Figure 7F)
due to the higher dark current. However, the fcc C60
microribbon exhibited a higher responsitivity and
photogain of 75.3 and 161.14 A W�1 in the visible
range and 90.4 and 316.08 A W�1 in the UV range
(Table 3).

Finally, it should be noted that both the solvated
monoclinic and fcc microribbon devices showed out-
standing stability in air. No obvious degradation
was observed during hundreds of cycles. The high
photoresponse performance together with its high

stability demonstrates that ultrathin C60 microribbons
can serve as excellent microsized optical switches.

CONCLUSIONS

A kinetically controlled self-assembly of C60 assisted
by the solvent carbon bisulfide into single-crystal
ultrathin microribbons of 2C60 3 3CS2 was successfully
demonstrated by mixing the poor solvent isopropyl
alcohol with a C60/CS2 stock solution. Surface energy
calculations demonstrated that these microribbons
represent a kinetically favored high-energy state as
compared with the thermodynamically stable shape
of prismatic rods. HRTEM observations elucidate that
C60molecules along the crystal [200] direction form the
closest π�π stacking chains, and CS2 cages at the
periphery of the 1D chains not only rigidify these 1D
structures but also act as glue to stick them together
along the [002] direction into 2D ribbons. Further
growth of 2D plates leads to the formation of micro-
ribbons with a width controlled by the concentration
of the C60/CS2 stock solution and a length defined by
the added amount of IPA. Upon heating to 120 �C,
sublimation of CS2 components results in phase trans-
formation of an fcc C60 structure with the microribbon
shape remaining. We found that microribbons of
both solvated monoclinic 2C60 3 3CS2 and pure fcc C60
exhibit highly sensitive photoconductivity properties
with a spectral response range covering the UV to
the visible. The highest on/off ratio of two-terminal
photodetectors constructed from single ribbons
reaches around 250, while the responsitivity is about
75.3 A W�1 in the UV region and 90.4 A W�1 in the
visible region.

METHODS

Materials. Fullerene (C60, 99.5%) was obtained from Aldrich
Chemical Co. and used without further purification. Carbon
disulfide (CS2) was purchased from Acros Co. Isopropyl alcohol
was provided by Beijing Chemical Agent Ltd. China.

Preparation of Microribbons. Ultrathinmicroribbons of 2C60 3 3CS2
were prepared by a solution self-assembly method. Typically,
different volumes of IPA (VIPA), which serves as the poor solvent,
were dropwisely added into 0.5 mL of a stock solution of C60
molecularly dissolved in CS2 with different concentrations (CFULL).
The turbulent mixing of IPA with the C60/CS2 solution changes the
solvent environment, thus initiating the nucleating and assembling
processes.18,19 Upon addition of IPA to the C60/CS2 stock solution,
the color changed instantly from mauve to turbid yellow. After
30 min, dark brown precipitates were formed, centrifugally sepa-
rated from the suspension, and washed using amixture of IPA/CS2
(v/v = 1/3) twice prior to vacuum drying.

Ultrathin microribbons of C60 were obtained through the
sublimation of 2C60 3 3CS2 microribbons above 100 �C for 6 h
using a tubular furnace.

Morphology and Structure Measurements. The morphologies and
sizes of the sample were examined using field emission scan-
ning electron microscopy (FESEM, Hitachi S-4800) at accelera-
tion voltages of 10�15 kV. Prior to analysis, the samples were
coated with a thin platinum layer using an Edwards sputter
coater. TEM images were collected by a JEOL JEM-2011

transmission electron microscope. One drop of the as-prepared
colloidal dispersion was deposited on a carbon-coated copper
grid and left to dry under high vacuum, and then observation
was performed at room temperature at an accelerating voltage
of 200 kV. A Raman scattering spectrum was recorded on a
Bruker RFS 100 Raman spectrometer with a 1064.4 nm laser at
a power density of 50mWmm�2. X-ray diffraction patternswere
measured by a D/max 2500 X-ray diffractometer with Cu KR
radiation (λ = 1.54050 Å) operated in the 2θ range from 5� to
40�. UV�vis spectra were obtained from a Shimidzu UV-3600.
Thermogravimetric analysis was carried out on an SII TG/DTA
6300. The sample was heated from 25 to 800 �C with a heating
rate of 10 �C/min. The whole measurement was under nitrogen
protection.

Photocurrent Measurements. The microgap electrodes were
fabricated by photolithography on a silicon wafer covered with
a 300 nm thick SiO2 dielectric layer. The gold electrode pair is
50 μm long and 30 μm wide, onto which appropriate amounts
of nanoribbons were deposited by drop-casting, followed by
air-drying in the dark. A tungsten lamp (450�750 nm) was used
as the white light source, and a xenon lamp (350�360 nm) was
used as the UV light source. The light is guided into the probe
station through a glass optical fiber, followed by focusing on the
sample through the objective lens. The light power reaching
the sample surface was measured by a photon detector. The
photocurrent measurements were carried out under air.
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Theoretical Calculation. The crystal structure of 2C60 3 3CS2 was
obtained from the Cambridge Structural Database: CCDC No.
182/1546, space group P21/a, with cell parameters of a = 9.87 Å,
b = 25.46 Å, c = 24.67 Å, R = γ = 90�, β = 90.047(3)�. The
geometric and energy calculations were performed using
the Compass and Morphology modules of the Material Studio
software.
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