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Carbon nanofibers~CNFs! with diameter ;66 nm have been synthesized from coronene by
low-temperature~;45 °C! vacuum sublimation without the aid of a catalyst. Our method makes use
of the property of polycyclic aromatic hydrocarbon~PAH! molecules, which can self-assemble into
columnar aggregates. This polycyclic aromatic hydrocarbon-carbon nanofibers~PAH-CNFs! reveal
much better thermal stability than commercial carbon nanotubes and exhibit field-emission
characteristics with the onset of an electric field of 5.4 V/mm and field enhancement factor of 1326
cm21 for 100mm interelectrode distance. The relative high thermal stability and easier process open
up a possibility to fabricate large-scale field-emission devices in an efficient way and to provide a
broad range of applications in nanoscience and technology. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1707229#

Recently, one-dimensional~1-D! carbonaceous nano-
structures, such as tubes, fibers, wires, and rods, have be-
come the focus of intensive research owing to their unique
applications in nanoscale devices. For example, carbon nano-
tubes ~CNTs! could act as tips of a scanning probe
microscope,1 field emitters in flat panel displays,2 single-
molecular transistors,3 quantum wires,4 and electron emitters
for generating x rays.5

Various methods to synthesize 1-D carbonaceous nano-
structures have been brought up by many research groups.
Arc discharge,6 laser ablation,7 pyrolysis,8 and catalytic de-
composition of hydrocarbons9 were common methods to pro-
duce CNTs or carbon nanofibers~CNFs!. Both the arc and
laser ablation were inadequate on the point of view of large-
scale production. The catalytic decomposition method has
seemed to be the most promising one at present owing to the
lower investment cost and lower reaction temperature
~650 °C!.

To date, the lowest temperature at which to fabricate
CNTs through the catalytic decomposition method is about
400 °C, with the assistance of plasma-enhanced chemical va-
por deposition~PECVD!.10 However, the expensive equip-
ment and confined deposition area limited by electrode size
make this process hard to scale up.

In this study, an easier way was suggested to produce a
1-D carbonaceous nanostructure. By utilizing thep–p inter-
action between polycyclic aromatic hydrocarbon~PAH! mol-
ecules, which can self-assemble into columnar aggregates,11

CNFs with a diameter of;66 nm can be fabricated directly
by vacuum sublimation of PAH molecules. This process pro-
ceeded without the aid of a catalyst and high temperature.
The results of this study could be very useful to produce
CNF-related devices in great quantities.

Using coronene, one kind of PAH molecule, as a starting
material, PAH-CNFs were fabricated on a gold substrate by
vacuum sublimating coronene from a heated crucible
~;45 °C! at a deposition rate of;6 Å/min. The gold sub-
strate was kept at room temperature and a background pres-
sure around 331026 Torr. Structural investigations were
carried out in a Joel JSM-6500F scanning electron micro-
scope~SEM!. Contact angles and surface free energies were
determined using a KRU¨ SS universal surface tester~model
GH-100!. Thermal stability was evaluated by Hitachi thermal
desorption system-atmospheric pressure ionization mass
spectrometer~TDS-APIMS!.

Figure 1 shows SEM images of PAH-CNFs deposited by
vacuum sublimation for 90 min. The fibers were nearly ver-
tically grown on gold substrate with a uniform average den-
sity of 108/cm2, which is slightly less than that of CNTs
synthesized by Ni-catalyzed PECVD process (;109/cm2).12

The mean diameter of fibers was around 66 nm calculated
from the diameter histogram, which was based on the SEM

a!Electronic mail: wtwhang@mail.NCTU.edu.tw
FIG. 1. Cross-sectional SEM image of PAH-CNFs deposited by vacuum
sublimation for 90 min.
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images of PAH-CNFs, as shown in the inset of Fig. 2~a!.
Figures 2~b! and 2~c! show the histograms of fiber length and
tip radius, respectively. The fiber lengths ranged from 0.2 to
1 mm and the mean length was about 483 nm. Instead of
extending the deposition time, but rather to increase the
deposition rate in a shorter process time, fibers longer than 3
mm can be obtained. The tip radius was determined by plac-
ing an approximate circle on each tip in SEM images then
measured radius of each circle. The tip radius, which will
characterize the field emission, ranged from 10 to 50 nm, and
the mean value was 30 nm.

The growth mechanism was different from catalytic de-
composition method that normally involves three steps:~i!
decomposition of hydrocarbon reactants on catalyst surface;
~ii ! forming a supersaturated solution of carbon and catalyst;
and~iii ! precipitation of carbon which extrudes the walls.13,14

Since no catalyst or heating process were involved in our
experiment, the growth of PAH-CNFs was not by way of
decomposition and rearrangement of coronene.

For aromatic hydrocarbons, which possess large polariz-
abilities and small local dipole moments, the dispersion in-
teraction would attract molecules to stack in column.11,15

However, the repulsive force among nuclei may lead to a
parallel-displaced conformation resulting in a tilted columnar
structure.15 The same situation was found in Fig. 1, the fiber
growing direction was nearly vertically aligned, but slightly
tilted at an angle of 5°–10° away from verticality.

Besides the dispersion force, the surface energy of sub-
strate, which relates to the unsaturated surface bond, also
affects the geometry of PAH-CNFs. Figure 3 shows top-view
SEM images of PAH-CNFs on~a! gold substrate and~b!
silicon dioxide substrate. The fibers on gold substrate stood
up straight, however, those on silicon dioxide surface lay
down and entangled in the majority. The better wettability of
silicon dioxide might due to the higher concentration of un-
saturated surface bonds, which tend to adsorb molecules to
lower the surface free energy. This is consistent with our

results on contact angle measurement. The surface free en-
ergy was 40 mJ/m2 for gold substrate and 49 mJ/m2 for sili-
con dioxide substrate. These values were calculated by the
Owens method from the measured contact angles for three
different solvents~diiodo methane, ethylene glycol, and wa-
ter! on each substrate. As coronene molecules deposit on
silicon dioxide, thep–p interaction still holds discotic mol-
ecules together, however the existing ofp-surface bonds re-
sults in an edge-on morphology rather than a face-on
morphology.16

Thermal stability is a crucial property to evaluate feasi-
bility for applying a new material in use. TDS-APIMS was
used here to monitor thermal desorption behavior of PAH-
CNFs by heating the sample from 25 up to 800 °C at a ramp
rate of 10 °C/min. For comparison, the same-sized-area CNT
films deposited by electrophoresis17 was measured under the
same conditions. Figure 4~a! shows the CO2 (m/z544) de-
sorption curve of both PAH-CNFs and CNTs, revealing that
PAH-CNFs are very stable for less carbonaceous species,
which are oxidized and desorbed as CO2 for PAH-CNFs,
which is no the case for CNTs. The better thermal stability of
PAH-CNFs can be further confirmed by the much lower de-
sorption of benzene species C6H6 (m/z578), as shown in
Fig. 4~b!. The superior thermal stability might be attributed
to the chemically perfectp-delocalization in these seven aro-
matic rings of coronene, which consequently offers stronger
C–C bonds. Despite the fact that CNTs possess a similar
structure, the unexpected structural defect that arose during
synthesis~e.g., saturated C–C bond or open rings! will de-
grade the structural stability. In addition, the amorphous po-
rous carbon18 congested among the tubes or the residues
from electrophoresis process also results in the larger desorp-
tion of CO2 for CNTs. The thermal decomposition occurred
above 600 °C of PAH-CNFs was similar with the results of
other reports for CNTs.9,18,19

Field emission of PAH-CNFs was measured by placing a
cylindrical electrode of 2.2 mm diameter above the fibers
surface at a distance of 100mm. All the measurements were
carried out in a vacuum chamber under a pressure of
1026 Torr, with Keithley 237 as a power supplier, and a
current meter. Figure 5 shows a typical plot of the emission
current densityJ versus the applied fieldE. The onset field
for producing a current density of 10mA/cm2 was near 5.4
V/mm. This result is similar with a CNT array~;5.5
V/mm!20 measured with the same method. The inset in Fig. 5
reveals J–E characteristics for PAH-CNFs that followed
Fowler–Nordheim~FN! behavior. After a well-defined FN-
type threshold field, there is an exponential current rise re-
gion, followed by saturation. This saturation, which occurred
at high voltage, might result from the deficiency of emitting
electrons that happened owing to the burning out of emitting

FIG. 2. Histograms of~a! fiber diameter,~b! fiber length, and~c! tip radius
of PAH-CNFs. Inset demonstrated the way to measure tip radius from SEM
image.

FIG. 3. Top-view SEM images of PAH-CNFs on~a! gold substrate and~b!
silicon dioxide substrate.

FIG. 4. Thermal desorption curve of~a! CO2 (m/z544) and ~b! C6H6

(m/z578) for both CNTs and PAH-CNFs.
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tips21 or the saturated drift velocity of carriers in the fibers.22

Because PAH-CNFs were constructed by superposing PAH
molecules layer by layer, the electrons were transported
across molecules under the bias of an electric field. Nor-
mally, intermolecular transporting is slower than intramo-
lecular transporting, so that the limited drift velocity might
be the reason for current saturation.

The field enhancement factorb is defined asb5F/E,
whereF is the effective electric field at the surface of tip and
E is the applied electric field. Taking the tip work function to
be that of graphite~;5 eV!, which applies to most case of
CNTs,23 the field enhancement factorb could be deduced
from the slope of fitting line, which was approximately 1326
cm21, analogous to the value of CNT films~1000–3000 for
125 mm interelectrode distance!.23 Normally, b is inversely
proportional to the tip radius in the concept of electrostatic
properties.24 The larger radius of PAH-CNFs~;30 nm!, as
compared with a multiwalled nanotube tip~;4 nm!,25 re-
sulted in a smallerb value that caused a higher onset of an
electric field. Moreover, from our recent data, we observed
the longer PAH-CNFs needed a higher electric field to pro-
duce the same current density as the shorter one. The certain
resistance raised from the slower intermolecular electron
transporting might also be responsible to the higher onset
electric field.

In summary, by utilizing coronene as a starting material,
carbon nanofibers were deposited simply by low-temperature
~;45 °C! vacuum evaporation without the help of a catalyst
and high temperature. The nearly vertical growing PAH-
CNFs on gold substrate were dominated byp–p interaction
and surface energy. This PAH-CNFs reveal much better ther-
mal stability than commercial CNTs. They also exhibit field-
emission characteristics and follow Fowler–Nordheim be-
havior, as do the CNTs. The relative high thermal stability
and easier process provide a broad range of applications in
nanoscience and technology.
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