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We report four-probeI –V measurements on individual vertically aligned carbon nanofibers
~VACNFs!. These measurements were enabled by the fabrication of multiple Ti/Au ohmic contacts
on individual fibers that exhibited resistance of only a few kilohms. These measurements
demonstrate that VACNFs exhibit linearI –V behavior at room temperature, with a resistivity of
approximately 4.231023 V cm. Our measurements are consistent with a dominant transport
mechanism of electrons traveling through intergraphitic planes in the VACNFs. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1748849#

Because of the ability of their controlled synthesis1–5

and the ease of postgrowth processing,6,7 vertically aligned
carbon nanofibers~VACNFs! produced by plasma enhanced
chemical vapor deposition~PECVD! are finding a variety of
applications.8–13 While many of these applications are con-
cerned only with the structural or chemical properties of the
VACNFs, detailed knowledge of nanofiber electrical proper-
ties is essential for many types of devices, including field
emitters, electrochemical probes, and vertical electronic in-
terconnects. Four-probe measurement ofI –V characteristics
are essential for measuring inherent charge transport behav-
ior, as the potentially large and nonlinear behavior of contact
resistance limits the accuracy of two-probe measurements.
Unfortunately, although two-probe measurements of VACNF
charge transport have been published,14–16four-probe charge
transport measurements for VACNFs have not yet been re-
ported. In this letter, we report four-probe charge transport
measurements made on individual VACNFs.

Forests of VACNFs were grown on silicon using dc
PECVD as reported previously.17 The height of VACNFs
was 10mm, and the diameter was approximately 150 nm.
VACNFs were removed from the substrate by scratching
with a needle and dropped onto a Si/SiO2 chip on which
alignment marks had been defined. The position of indi-
vidual VACNFs was mapped relative to the alignment marks
by scanning electron microscope~SEM! Hitachi 4700 obser-

vation. Poly~methylmethacrylate! ~495 K, A8! was spun at
2300 rpm onto the substrate to achieve a thickness of 800
nm, and was then patterned by electron beam lithography
and resist removal. After 12 s of reactive ion etch~RIE! (O2

flow rate of 50 sccm, power 95 W!, Ti ~200 nm thick! and Au
~200 nm thick! were deposited on the substrate, and lift-off
was performed to leave patterned electrodes on the fibers.
Usually five or more electrodes were patterned to assure suc-
cessful four-probe measurements. Figure 1 shows a SEM
image of a completed VACNF structure with five metal elec-
trodes, the inset SEM image is the as-grown VACNF forest.
Charge transport measurements were then performed using a
precision semiconductor parameter analyzer~HP 4156A!. All
measurements were carried out in air at room temperature.

The sample preparation method described earlier al-
lowed the measurement of inherent VACNF transport prop-
erties independent of junction effects between the substrate
and VACNF.13,14,16 However, this technique often leaves
some resist residue at the VACNF sidewall surface, leading
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FIG. 1. A SEM image of a completed VACNF structure with five metal
electrodes~200 nm each of Ti/Au! contacting the nanofiber. Inset is a SEM
image of the as-grown VACNF forest.
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to errors in the subsequent electrical measurements. This
problem may be exacerbated for PECVD grown VACNFs,
whose structures are highly defective,17 leading to high reac-
tivity at the outer surfaces. The O2 plasma RIE was used to
remove this residue, allowing the formation of ohmic con-
tacts with low contact resistance between the VACNF and
metal electrodes. The etching time was optimized to avoid
excessive O2 plasma etching of the nanofibers. The effect of
excessive O2 plasma etching on the nanofiber structure will
be addressed in a future publication. The typical resistance of
contacts defined by this method was a few kilohms~kV!.
After successfully fabricating ohmic contacts with low con-
tact resistance, four-probe charge transport measurements
were carried out. The VACNFs exhibited linearI –V behav-
ior, as shown in Fig. 2. Two probe measurements on sub-
strates without a nanofiber showed a leakage current in the
picoampere range, and therefore had negligible effect on the
transport measurements. The resistance of the segment of
fiber between contacts 2 and 3 was 2.7 kV. The diameter and
length of this fiber segment were approximately 135.5 nm
and 0.880mm, giving a fiber resistivity of 4.431023 V cm
(r5R3S/L). A two-probeI –V curve of this nanofiber seg-
ment is also included in this Fig. 2, from which the contact
resistance of 1.3 kV was found. Measurements on 11 differ-
ent fibers yielded similar results, with resistivity ranging
from 3.231023 V cm to 4.631023 V cm ~Fig. 3!, and all

the I –V curves~both two-probe and four-probe measured!
were linear. TheI –V behaviors of the devices were carefully
checked for gate effects using the heavily doped Si chip as a
backgate. No effects were seen for gate voltages between25
and 5 V, consistent with metallic VACNFs behavior.

The observation that the average VACNF resistivity
(4.231023 V cm) lies in between that of graphite parallel
to the basal plane (431025 V cm) and perpendicular to the
basal plane (431022 V cm) is consistent with a simple
model of charge transport where electrons travel mainly from
one graphitic plane to another along the length of the nanofi-
ber. It is well known that VACNFs are composed of graphitic
‘‘funnels’’ and cones, in what is known as a ‘‘herringbone’’
and ‘‘bamboo-like’’ structure surrounded by an outer layer,
as shown in Figs. 4~a! and 4~b!. Figure 4~c! shows a sche-
matic representation of such a structure. Applying a graphitic
plane charge transport model to such a structure and taking
the graphitic planes as the basal planes of graphite, resistivity
is given by17

r~u!5ra sin2 u1rc cos2 u, ~1!

whereu is the angle of current flow to the axis perpendicular
to the basal plane of graphite@Fig. 4~b!#, ra is the resistivity
parallel to the basal plane, andrc is the resistivity perpen-
dicular to the basal plane. For our sample,u was determined

FIG. 2. I –V curves for the four-probe~electrodes 1, 2, 3, and 4 of the
device in Fig. 1! and two-probe~electrodes 2 and 3! measurements.

FIG. 3. Histogram of the four-probe measured resistivity of 12 VACNFs.
The resistivity ranged from 3.231023 V cm to 4.731023 V cm. The aver-
age resistivity was 4.231023 V cm.

FIG. 4. ~a! A transmission electron microscopy~TEM! image of a VACNF.
VACNFs from the same forests in Fig. 1 were scratched by a needle and
dropped onto a TEM grid. TEM~Hitachi, HF 2000! was used to determine
the structure of individual VACNF.~b! A high-resolution TEM image of the
outer layer of the VACNF in~a!. The VACNFs possessed a ‘‘herringbone’’
and ‘‘bamboo-like’’ structure surrounded by a graphitic outer layer. The
graphitic planes were not parallel to the fiber axis, but rather had an anglea
to it. ~c! A schematic representation of VACNF structure wherea is the
angle between the graphitic planes and the axis along fiber length.~d! The
relationship betweena andu with u590°-a. The current flow is along the
fiber length.
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to be 90°-a, where a is the angle between the graphitic
planes and the fiber axis along the fiber length.a was shown
in Figs. 4~a! and 4~b! to be about 20°, giving au of approxi-
mately 70°. For the values ofra andrc given earlier,14 Eq.
~1! yields r54.731023 V cm for the nanofibers used here,
in good agreement with our experimental measurements.

In conclusion, we successfully performed four-probe
measurements on individual VACNFs by fabricating multiple
ohmic contacts between VACNFs and Ti/Au electrodes,
which had contact resistance of only a few kV. VACNFs
exhibit linearI –V behavior in air at room temperature with a
resistivity of approximately 4.231023 V cm. All our mea-
surements are consistent with a model of transport within
VACNFs dominated by travel between the graphitic planes
along the length of the fiber.
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