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Filaments composed of multilayered carbon hollow capsules less than 10 nm in diameter have been
synthesized from crystalline whiskers of fullerene C¢, of submicrometer in diameter by preliminary
heating at 1373 K and successive impression of current. The structural, electrical and optical
properties of the filaments were studied by in sifu transmission electron microscopy combined with
the functions of scanning probe microscopy. We found that the filaments easily emit visible light at
a maximum wavelength of 700-730 nm by the application of a few volts. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2172013]

Fullerene C molecules’ crystallize in films and
plates.%5 Superconductivitg,6 electrical conductivity,7’8
hardness’ and deformation' of the single crystalline Cg,
films and plates have been studied. Recently, the synthesis
method of single crystalline whiskers of Cg, with a face cen-
tered cubic structure of submicrometer in diameter and more
than 100 um in length was discovered by Miyazawa et
al."™'"? The electrical resistivity of the Cqy whiskers is in the
range from 10° to 108 O m and the same order as that of
other Cg crystals with film and plate shapes.13 By heating at
1373 K in a vacuum, the resistivity becomes much smaller
than that of the pristine Cg, whiskers. In this paper, we report
a fabrication of light-emitting carbon filaments using the
heated whiskers by applying voltage. The structure and the
relation between the electrical and optical properties are
investigated.

The crystalline Cg, whiskers were synthesized by a
liquid-liquid interfacial precipitation method."" ™ The Ceo
whiskers were heated in a high vacuum at 1373 K for
30 min. The atomistic structural dynamics and electrical, op-
tical properties of the heated whiskers were simultaneously
analyzed by in situ transmission electron microscopy com-
bined with the functions of scanning probe microscopy.
The heated whiskers were fixed on a tip of a silver electrode
of 50 pum thickness with a rectangular shape. Then the elec-
trode was mounted on a specimen holder for the microscope.
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The silicon cantilever coated with a thin silver film, as used
for atomic force microscopy, was fixed in front of a tube-
type piezo on another holder. The cantilever was manipu-
lated by a piezo-driven system and brought into contact with
one of the whiskers. Then, bias voltage was applied between
the cantilever and the electrode at room temperature in a
vacuum of 1X 107 Pa. The electrical conductance was mea-
sured by a two-terminal method. The atomistic structural
variation was simultaneously observed by in sifu high-
resolution transmission electron microscopy using a TV rate
system. The high-resolution images were recorded on video-
tapes at a time resolution of 17 ms. The light emission inside
the microscope were also measured using a CCD camera.
Figures 1(a) and 1(b) show a low-magnification image
and an electron diffraction pattern of a heated whisker, re-
spectively. The regions in the right-hand and left-hand sides
of Fig. 1(a) are a tip of the cantilever (A) and that of the
electrode (B), respectively. The diameter and length of the
whisker lying between the tip and the electrode are 1.1 um
and more than 8.3 um, respectively. The electron diffraction
pattern in Fig. 1(b) is a hallow pattern, indicating that the
structure of the heated whisker is amorphous one. Next, bias
voltage was applied to both tips of the whisker in Fig. 1(a).
The current-voltage curve observed is shown in Fig. 2. The
current increases gradually from bias voltage of 0—3.5 V. At
4.0 V, the current abruptly increases to 0.89 mA, and then
abruptly decreases to zero at 4.5 V. The electrical resistivity
reduces from 9.8 X 10™* Q' m to 44X 10 Q) m. These val-
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FIG. 1. (a) Low-magnification image and (b) electron diffraction pattern of
a whisker prepared by heating of a Cq, whisker. (¢) Low-magnification
image and (d) electron diffraction pattern of the whisker after structural
change due to the impressive current. (e) High-resolution image of the sur-
face of the whisker in (c). The whisker is composed of multilayered carbon
hollow capsules of less than ten nanometers in diameter. The whisker in (c)
is the filament emitting visible light.

ues are much smaller than that of the pristine crystalline Cg
whiskers."? After 4.5 V was applied in the whisker, a low-
magnification image and an electron diffraction pattern were
taken as shown in Figs. 1(c) and 1(d), respectively. The
whisker gradually becomes narrow toward the right-hand
side and the contact with the electrode completely fractures.
Debye rings in Fig. 1(d) are broad. The width of the smallest
Debye ring corresponds to around (0.34 nm)~! and is close
to that of the 00-2 reflections from graphite. Figure 1(e) is a
high-resolution image of the surface of the whisker in Fig.
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FIG. 2. Current-voltage curve of the whisker in Fig. 1(c). The abrupt in-
crease of current at the bias voltage of 4 V indicates that the structural
change occurs. Cross indicates the fracture of the contact.
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FIG. 3. Emission spectra of a whisker composed of carbon capsules at
various electric powers.

1(c). The carbon hollow capsules surrounded with walls of a
few atomic layers are synthesized. The capsules are observed
on the whole surfaces of the whisker. The spacing of the
atomic layers is 0.34+0.05 nm, corresponding to the inter-
layer spacing of graphite. The number of the layers is 2—4.
The outer diameter of the capsules ranges from 3 to 8§ nm. It
was found from in situ observation that the structural change
from the amorphous to the capsules started from 3.5 V. The
electrical resistivity also starts to change from same voltage.
Thus, the change in resistivity is caused by the structural
transformation. It was reported that similar capsule-
structures were produced by heating of carbon soot at
2373 K."* The molecular dynamics simulation regarding the
nucleation mechanism of the fullerene Cg also showed that
randomly arranged carbon atoms started to form spherical
clusters with hexagonal rings at 2000 K.'® In this study, we
did not perform any heat treatment. However, resistive Joule
heating occurs due to the impressive current inside the mi-
croscope. It is deduced that the formation of the capsules
results from an increase in temperature due to the resistive
Joule heating.

After the formation of the capsules, we contacted the
whiskers with the electrode again. The bias voltage was in-
creased from O V and the whiskers started to illuminate. We
demonstrate typical emission characteristics using a whisker
composed of multilayered carbon hollow capsules as an ex-
ample. Figure 3 shows the emission spectra of the whisker at
various electric powers. Figure 4 shows the emission inten-
sity of the spectra from 350 to 950 nm in wavelength as a
function of electric power. The threshold electric power for
the light emission is 0.84 mW, as shown by an arrow in Fig.
4. The emission intensity increases with an increase in the
electric power from the threshold. The power applied at the
whisker is lower than those required for high-intensity elec-
troluminescence in other organic light-emittin% devices, e.g.,
the aluminium 8-hydroxyquinoline complex.1 In Fig. 3, as
the electric power increases, the full width at half maximum
of the spectra reduces: the width is ~240 nm at 2.6 mW. At
this electric power, the luminescence was easily seen by the
naked eyes at a distance of 250 mm. The maximum peak
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FIG. 4. Emission intensity of a whisker composed of carbon capsules as a
function of the electric power.

ranges from 700 to 730 nm, corresponding to 1.70—1.77 eV.
These spectra are composed of Gaussian components and
black-body radiation components. The intensity of black-
body radiation components is a few percents of the total and
corresponding temperature is 1000—1100 K for the spectrum
of 2.6 mW. Thus, most of the emission intensity is caused by
the electroluminescence. The peaks of the spectra due to
electroluminescence from the Cg, crystals are 530, 920, or
1700 nm (Refs. 18-20) and different from the peaks in this
study. On the other hand, in the previous reports of the pho-
toluminescence from the Cg, crystals, the spectra showed
intense emission peaks around 730 nm, and the origins are
extensively discussed.”' ™ According to Matus et al., the
peaks were explained based on the recombination of self-
trapped excitons on the Cg, molecules.”” The wavelength of
the peaks is similar to that of the whiskers composed of the
carbon capsules in this study, though the structures are dif-
ferent. It is suggested that similar atomistic configurations
exist in the present carbon capsules and the Cg crystals, and
the emission around 730 nm is caused by similar transitions.
However, the details of the atomistic arrangements of the
carbon capsules were not analyzed, and then the accurate
excitation process and the electronic structure have not been
apparent.

The starting materials in this study are the Cg, whiskers
with the high aspect ratio of length to diameter. After the
structural transformation to the carbon capsules by heating,
the whisker shape is maintained. Thus, we can easily synthe-
size the filament shape using the Cg4, whiskers.

Light-emitting devices of submicrometer or nanometer
size can be utilized for various purposes in medical, biologi-
cal, and material science, for instance, illuminating the inte-
rior of blood vessels or optically controlling other devices.
The materials of the light-emitting devices should be suitable
for biology and environment. The whiskers composed of
nanometer-sized carbon hollow capsules in this study can be
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used as light-emitting filaments for such applications.
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