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Carbon Nanotube Quantum Resistors
Stefan Frank, Philippe Poncharal, Z. L. Wang, Walt A. de Heer*

The conductance of multiwalled carbon nanotubes (MWNTSs) was found to be quantized.
The experimental method involved measuring the conductance of nanotubes by re-
placing the tip of a scanning probe microscope with a nanotube fiber, which could be
lowered into a liquid metal to establish a gentle electrical contact with a nanotube at the
tip of the fiber. The conductance of arc-produced MWNTSs is one unit of the conductance
quantum G, = 2e?/h = (12.9 kilohms)™". The nanotubes conduct current ballistically and
do not dissipate heat. The nanotubes, which are typically 15 nanometers wide and 4
micrometers long, are several orders of magnitude greater in size and stability than other
typical room-temperature quantum conductors. Extremely high stable current densities,
J > 107 amperes per square centimeter, have been attained.

The intriguing possibility that nanoscopic
graphitic structures may someday be used as
electronic elements has been reinforced by
predictions (1) as well as recent demonstra-
tions (2—4) of their device properties. How-
ever, not much is known about the elec-
tronic transport in nanotubes. Theory pre-
dicts that the electrons flow ballistically
through them and that the conductance
(the inverse of the resistance) is quantized
(5-7), but neither effect has been observed
previously (3, 4, 8-13).

Quantized conductance results from the
electronic wave guide properties of ex-
tremely fine wires and constrictions [see, for
example, (13-20)]. When the length of the
conductor is smaller than the electronic
mean free path, then the electronic trans-
port is ballistic, in which case each trans-
verse wave guide mode or conducting
channel contributes G, to the total conduc-
tance. Calculations indicate that conduct-
ing single-shell nanotubes have two con-
ductance channels (5-7). This predicts that
the conductance of a single-wall nanotube
(SWNT) is 2G, independent of diameter
and length.

Another important aspect of ballistic
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transport is that no energy is dissipated in
the conductor (20). Instead, the Joule heat is
dissipated in the electrical leads, which con-
nect the ballistic conductor to the macro-
scopic elements of the circuit. The nondis-
sipative property survives if elastic scattering
occurs, for example, from impurities and de-
fects. However, elastic scattering affects the
transmission coefficients and thereby reduc-
es the conductance (20-22), which then is
no longer precisely quantized [see (19)].

Until recently, conductance quantiza-
tion had only been observed in two-dimen-
sional electron gases at ultralow tempera-
tures (15). Room-temperature quantized
conductance has now also been observed in
metallic wires, which usually are at most a
few nanometers long and a fraction of a
nanometer wide (16—19). Although con-
ductance quantization requires ballistic
transport (20-22), we were able to demon-
strate both properties independently.

In our experimental scheme we used arc-
produced multiwalled carbon nanotubes
(MWNTs) (23-26). The nanotubes were
typically very straight with lengths of 1 to 10
pwm (24, 25) (Fig. 1). High-resolution trans-
mission electron microscopy (HRTEM)
showed that their diameters ranged from 5
to 25 nm, with inner cavities from 1 to 4
nm; they typically had about 15 layers (25).
The nanotubes were embedded in fibers that
occur in the soft material inside the hard-

shelled deposit of the arc (24, 25). These
fibers are very fine and compact (nominally
50 wm in diameter at the tips and 1 mm
long) and are composed of nanotubes and
graphitic particles; TEM revealed that usu-
ally several particularly long (>3 pm) nano-
tubes protrude from the tip of the fiber. The
protruding nanotubes are usually bundled
with others of different lengths, hence only
one nanotube is at the extreme end. An
example is shown in Fig. 1. The nanotube
fiber was attached to a gold wire with col-
loidal silver paint, and the resulting nano-
tube contact was installed in place of the tip
of a scanning probe microscope (SPM) (27)
so that the nanotube contact could be raised
and lowered using the SPM controls. A
heatable copper reservoir containing mercu-
ry (or other low—melting temperature metal)
was placed below the nanotube contact.
The liquid metal was used as the second
contact to the nanotubes and allows a gentle
and reproducible contact with the nano-
tubes to be made (mercury does not wet the
nanotubes). Moreover, TEM revealed that
before the nanotubes are dipped in the lig-
uid metal, they are covered with fine gra-
phitic particles. Dipping them had a cleans-
ing effect, and afterward the protruding

e

Heater

—
I 50 nm

200 nm Fig. 1. Nanotube con-
tact used in nanotube
conductance measure-
ments. (A) Transmission
electron micrograph of
the end of a nanotube fi-
ber recovered from the
nanotube arc deposit. The fibers consist of car-
bon nanotubes and small graphitic particles. The
fioer shown here is ~1 mm long and 0.05 mm at
the tip, from which protrude several long and
straight nanotubes. The nanotubes are very clean
after they have been dipped in liquid metal (like the
one shown), in contrast to the virgin tips on which
many small graphitic particles are seen. The long
nanotube is 2.2 wm long and 14 nm wide. The
inset shows the end of the longest tube under
higher magnification; it is bundled together with
another one that terminates 400 nm before the
first one. (B) Schematic diagram of the experimen-
tal setup. The nanotube contact is lowered under
SPM control to a liquid metal surface. After con-
tact is established, the current / is measured as
the fiber is moved into the liquid metal, so that the
conductance can be determined as a function of
the position of the nanotube contact.
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nanotubes were completely free of particles.

In a typical experiment, the nanotube
contact was lowered toward the liquid met-
al contact (LMC) with the coarse drive of
the SPM. After electrical contact was es-
tablished, the nanotube contact was cycli-
cally driven in and out of the LMC under
piezo control (peak-to-peak amplitude H,,
= 0.1 to 7 pwm, frequency f = 0.1 to 10 Hz).
A potential V,  ~ 10 to 50 mV was applied
to the contact, and the current through the
circuit was measured together with the pi-
ezo displacement. Data from sequences of
typically 200 to 1000 dipping cycles with
50,000 measured points per cycle were re-
corded automatically in each data file.

Figure 2A is a plot of conductance versus
time for two time intervals in one sequence.
The tip speed was £5 wm/s. Each conduc-
tance cycle corresponds to one piezo cycle.
The plateau at 1G, indicates that the con-
ductance of the contacting nanotube jumps
from 0 to ~1G,, where it remains constant
for a time corresponding to a distance of ~2
wm along the nanotube. The constant value
of the conductance is consistent with a bal-
listic conductor of uniform width and incon-
sistent with classical conductors for which
the conductance varies as the inverse of the
length. The observation of this ballistic prop-
erty with a conductance near G strongly
suggests that this nanotube is indeed a quan-
tized conductor. The abundance of corrobo-
rating experimental evidence, of which we
present a representative sample here, verifies
this property in general.

Usually we observed a sequence of steps
at 1G, intervals rather than a single step.
These steps occur when other tubes also
come into contact with the LMC, as in Fig.
2C, where a second step occurred after a
dipping distance of 200 nm. This distance is
consistent with the expected location of a
second tube that is bundled together with
the first (compare with inset, Fig. 1A).
When the nanotube contact was submerged
further, more nanotubes came into contact
with the LMC and produced additional steps
toward higher conductance, such as the step
at 500 nm in Fig. 2C. Ultimately, the fiber
touched the LMC and the residual resistance
was on the order of 50 ohms (or <0.5% of
the typical resistance of one nanotube).

In Fig. 2C, the conductance does not
immediately rise to G, but is ~0.5G,, for the
first 25 nm. The major step at 200 nm is also
preceded by an initial step ~40 nm long.
This effect is frequently observed and can be
related to the tip structure of the nanotubes
(23-26). We found that ~30% of the nano-
tubes have tapered tips (23) that are up to
twice as long as the diameter of the corre-
sponding tube (Fig. 3B). This size is consis-
tent with the lengths of the minor steps. The
reduced conductance is readily explained in
terms of the tip-to-shaft interface (26),
which [like defects (I, 5)] can elastically
scatter electrons, thereby reducing the trans-
mission coefficient (21, 22) [see also (19)].
A close-up view of the tip effect is shown in
Fig. 2D, where the scanning range was re-
duced to 70 nm. The pre-step at G = 112G,

Fig. 2. Carbon nanotube
conductance measure-

ments. (A) Conductance it
of a nanotube contact
that is moved at constant
speed into and out of the

mercury contact as a
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201 through 203 are displayed as an example. (B) Histogram of the conductance data of all 250 traces in
the sequence. The plateaus at 1G, and at O produce peaks in the histogram. The relative areas under the
peaks correspond to the relative plateau lengths. Because the total displacement is known, the plateau
lengths can be accurately determined; in this case, the 1G, plateau corresponds to a displacement of
1880 nm. Plateau lengths thus determined are insensitive to random oscillations of the liquid level and
hence are more accurate than measurements from individual traces. (C) A trace of a nanotube contact with
two major plateaus, each with a minor pre-step. This trace is interpreted as resulting from a nanotube that
is bundled with a second one (as in Fig. 1A, inset). The second tube comes into contact with the metal
~200 nm after the first. Shorter plateaus (from ~10 to 50 nm long) with noninteger conductance are often
seen and are interpreted to result from the nanotube tips. A clear example of this effect is shown in (D).
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is 34 nm long. The two well-defined peaks in
the histogram of the corresponding sequence
of 1000 traces are shown in Fig. 3A and
indicate the reproducibility of this feature.
Complementary to the conductance trac-
es, the data are also presented as conduc-
tance histograms (that is, the histogram of
all the measured conductance points in a
sequence) in order to average out noise and
fluctuations. Figure 2B shows the histogram
(actually plotted sideways) of 250 traces of
Fig. 2A. The plateau near G, in Fig. 2A is
represented by the peak in the histogram,
which has a maximum that is very close to
1G,. The quantization is clear and is even
more pronounced than in metal contacts.
Moreover, we did not adjust for a “series
contact resistor,” as is often done for metal
nanowires to align the conductance plateaus
with conductance quanta (16—19).
Conductance quantization, as described
here, was observed in all 20 nanotube con-
tacts we constructed. However, in several
cases, long anomalous plateaus (>500 nm)

T T T
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A
a
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0,

wuol—i T

Mercury
z Az=+0.6 ym
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€ o
8 -
o Cerrolow-117
5 Az=%£1.3pm
o
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£
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AZ=+13pm
d
O 1 1 1 1
0 1 2 3 4

Conductance (G)

Fig. 3. (A) Nanotube histograms of nanotube con-
tacts in various liquid metals. (a) Histogram of a
nanotube (Az = =35 nm) in Hg. From the peak
area, the tip length (corresponding to G =~ 2G)
is found to be 34 nm long, followed by a shaft for
which G ~ 1G,,. (b) Histogram showing two dis-
tinct peaks at 0.9G, and 2.05G,, with lengths of
159 and 339 nm, followed by a less distinct peak
near 3G, with a length of ~240 nm. (c) Nanotube
contact histogram in liquid Cerrolow, showing a
peak corresponding to a conductance plateau at
1G,, (length 530 nm), one at 2G,, (length 750 nm),
and one at 3G, (length 420 nm). (d) A histogram
using liquid gallium with a peak at 1G,, (660 nm),
one at 2G, (520 nm), and a broader structure at
3.1G, (8370 nm). The broadened peak structures
in (c) and (d) are caused by higher noise levels in
these measurements. (B) Schematic diagram of a
carbon nanotube (composed after high-resolution
electron micrographs), showing two typical tip
structures and a shaft. The tube is ~15 nm wide
and is composed of 12 layers; the upper tip is 30
nm and the lower tip is ~7 nm long.
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with G =~ 0.5G, were seen, although they
always made steps close to 1G,. This effect
could be caused by a defect in the tube
whereby the transmission is reduced (1, 5,
19). Once the defect is pushed below the
liquid metal level, its effect is “shorted out”
and the conductance jumps to 1G,. Howev-
er, we have never observed initial steps of
2G,, or greater.

We also performed similar measurements
after replacing mercury with molten gallium
and Cerrolow-117 (28, 29) (a lead-bismuth
alloy) by heating the copper cup to 50° and
70°C, respectively. Precautions were taken
to inhibit the oxidation of the metal surface.
In all important aspects, the results were
equivalent to those of the mercury experi-
ments. Histograms of nanotube traces in all
three metals are shown in Fig. 3. Aside from
an increase in the peak width (which result-
ed from higher noise levels), the structure is
similar to the Hg experiments. The conduc-
tance traces are also similar, with well-de-
fined plateaus. This result indicates that the
type of liquid metal used in the LMC does
not affect the properties reported here.
Again, small structures between the main
peaks were observed, which arose from pre-
steps of ~25 nm (that is, due to the tips).

The current-voltage characteristics of all
samples were also recorded. The conduc-
tance of the nanotubes rose approximately
linearly with applied voltage in the range
0.1V =0V, [O=2V and was approximate-
ly symmetric with respect to voltage polar-
ity, although some anomalies have been
observed (30). The rate of conductance
change is dG/dV =~ 0.5G, per volt. The
measurements reported above were all per-
formed at low voltages (Vap = 50 mV) so
that the error due to this effect (a shift
toward increased conductance) is small.

The nanotubes were not damaged even
at relatively high voltages (V,, = 6 V) for
extended times, which corresponds to cur-
rent densities ] > 107 A cm™? (for compar-
ison, J for superconductors is typically on
the order of 10° A cm™?2). This observa-
tion is remarkable because the power dis-
sipated is 3 mW. If we assume that this
power is dissipated uniformly along the
length of the nanotube and assume a bulk
thermal conductivity of 10 W cm™ K7,
then the middle of a nanotube 1 wm long
and 20 nm in diameter would attain a
temperature T, 20,000 K. This is
clearly not possible (nanotubes start to
burn at ~700°C), indicating that most if
not all of the power must be dissipated
elsewhere. In ballistic transport, heat is
dissipated in the leads to the ballistic ele-
ment and not in the element itself. Thus,
our results indicate that electronic trans-
port in the nanotubes is ballistic.

Recall that a conductance of 2G, inde-
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pendent of diameter and length has been
predicted for SWNTs (5-7). It has been fur-
ther suggested that the conductance of
MWNTs should scale with the number of
layers (7). Consequently, for our tubes, which
typically have 5 to 30 layers (25), one would
expect conductance values in the range 10G,
< G < 60G,, contrary to our finding of G =~
1G,.

The low measured conductance could in-
dicate that only one layer contributes. Be-
cause SWNTs are semimetallic or metallic
only when the helicity (m,n) is such that (m
—n) is a multiple of 3 (5, 6, 31-33), only
one-third of the layers of a MWNT should
conduct; the others are larger gap (insulat-
ing) semiconductors. Because topologically
the layers in a MWNT resemble a Russian
doll (see Fig. 3B), each layer is closed and
disconnected from every other. Hence, for a
MWNT to conduct, the top layer must be
conducting. If the next-to-top layer is
insulating, then it and the deeper layers
will not contribute to the conductance. Per-
haps a conducting layer is usually followed by
a nonconducting one because of geometrical
and energy considerations, which impose
conditions on layer-to-layer helicity changes
and hence on the conductance properties.

Alternatively, the outer layer may be the
only one to participate because the resistivity
perpendicular to the tube axis is very high
and consequently the layers are effectively
insulated from each other. Note that in
graphite, the c-axis resistivity p_ is very sen-
sitive to defects: Increasing the defect density
will decrease the interlayer resistivity. In nat-
ural graphite crystals, p, ranges from ~107
ohmeem for imperfect crystals to >10
ohmrcm for the best natural ones (and even
these are not defect-free) (31). Correspond-
ingly, for a nanotube 1 wm long and 10 nm in
diameter, the interlayer resistance (assuming
p. = 10 ohmrem) would be ~1 kilohm,
which is an order of magnitude smaller than
a resistance quantum. However, our arc-pro-
duced nanotubes may be structurally almost
petfect and p_ may be much greater than in
natural crystals (34). In that case, only the
outer layer contributes to the conductance.
(Our tubes have not been subjected to ultra-
sound, chemical cleaning, or other potential-
ly damaging procedures such as lithographi-
cally connecting them to solid metal leads.)

It remains to be explained why we ob-
served a conductance of 1G, rather than
the expected 2G, in our MWNTs. Perhaps
the spin couples to the helicity (which can
be represented by an axial vector), thereby
resolving the spin degeneracy and halving
the conductance in much the same way
that a magnetic field lifts the spin degener-
acy. Alternatively, it is possible that the
framework of extrapolating the transport
properties of MWNTs from SWNTs is

oversimplified. Possibly, as for graphite, de-
scriptions of the electronic transport prop-
erties require careful consideration of the
interlayer interactions (33).
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