and variations of charged particle fluxes are
associated with squeezing effects of magne-
toacoustic gravity waves in general.

The most stringent test of my proposal
(11) is whether similar discrete low-frequen-
cy modes can be directly detected in inten-
sity variations and Doppler shifts of appro-
priate spectral lines (formed in the STR and
the lower corona) in ultraviolet, extreme
ultraviolet, and x-ray bands during the Solar
and Heliospheric Observatory mission suc-
cessfully launched in December 1995. A
thorough understanding of these modes may
offer valuable clues for the solution of long-
standing problems concerning the heating
and dynamics of the solar corona.
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Probing Electrical Transport in Nanomaterials:
Conductivity of Individual Carbon Nanotubes

Hongjie Dai,* Eric W. Wong,* Charles M. Lieberf

A general approach has been developed to determine the conductivity of individual
nanostructures while simultaneously recording their structure. Conventional lithography
has been used to contact electrically single ends of nanomaterials, and a force micro-
scope equipped with a conducting probe tip has been used to map simultaneously the
structure and resistance of the portion of the material protruding from the macroscopic
contact. Studies of individual carbon nanotubes demonstrate that the structurally most
perfect nanotubes have resistivities an order of magnitude lower than those found pre-
viously and that defects in the nanotube structure cause substantial increases in the

resistivity.

Nanometer-scale structures and molecular
materials are of great interest as potential
building blocks for future generation elec-
tronic devices of greatly reduced size (1-3).
Rational design of any device will require a
fundamental understanding of the proper-
ties of these materials and how they depend
on, for example, dimensionality and size.
For instance, the electrical and mechanical
properties of carbon nanotubes have gener-
ated considerable interest and speculation
(3-06), although direct measurements of the
intrinsic resistivity and mechanical strength
of individual nanotubes has been difficult.
Likewise, the term molecular wire has been
widely applied to anisotropic molecular ma-
terials (I, 2, 7), but the meaning of this
term relative to an absolute conductivity
remains unclear.

The difficulty is in connecting measur-
ing devices from the macroworld to nano-
meter-scale materials, for which two or
more connections are needed. We report a
general approach for electrical measure-
ments of nanomaterials and have used this
approach to determine the resistivity of in-
dividual carbon nanotubes. Our method
combines conventional lithography, to
clectrically contact single ends of nano-
tubes, and a force microscope equipped with
a conducting probe tip, to map simulta-
neously the structure and resistance of the
portions of nanotube that protrude from the
macroscopic contact. Defects in the nano-
tube structure cause substantial increases in
the resistivity, and the structurally most
perfect nanotubes have resistivities an order
of magnitude lower than those found previ-
ously (8-10).

To measure the electrical properties of
individual carbon nanotubes (Fig. 1), we

H. Dai and C. M. Lieber, Department of Chemistry and
Division of Applied Sciences, Harvard University, Cam-
bridge, MA 02138, USA.

E. W. Wong, Department of Chemistry, Harvard Univer-
sity, Cambridge, MA 02138, USA.

*Both authors contributed equally to this work.
1To whom correspondence should be addressed.

SCIENCE e VOL. 272 ° 26 APRIL 1996

deposited a drop of a nanotube suspension
on a flat insulating surface and covered it
with a uniform layer of Au. A pattern of
open slots was produced in the Au layer by
conventional lithography procedures to ex-
pose the nanotubes for measurement. Force
microscopy studies showed that after this
procedure, many of the single nanotubes
have one end covered by the Au pattern
and the other end extending into an open
slot. With a conducting. cantilever-tip as-
sembly in the force microscope, it is possible
to contact electrically and measure the ax-
ial conduction through a single nanotube to
the Au contact while simultaneously re-
cording the nanotube structure. Conduct-
ing tips were made by depositing NbN onto
commercial Si;N, cantilevers. This coating
was chosen because it exhibits a combina-
tion of good conductivity and hardness.
Soft conducting coatings like Au were in-
sufficiently stable to provide reproducible
measurements, and heavily doped Si tips,
although robust, had excessively large con-
tact resistances to the nanotube samples.
Qur approach has some similarities to
previous studies of carbon nanotubes (9, 10).
Langer et al. (9) used a scanning tunneling
microscope to identify nanotube bundles and
then expose a resist so that fixed Au contacts
could be made to the two ends of a bundle.
Studies of nanotube bundles are limited,
however, because the sizes and structures of
the individual nanotubes in the ensemble
are unknown. Measurement of the resistance
of a single nanotube has also been reported
for the chance occurrence of one nanotube
spanning two lithographically patterned
macroscopic electrodes (10). Both of these
reports are two-probe experiments that can
be influenced adversely by contact resistance
and, in one case (9), the uncertainty in the
structures of the nanotubes that compose the
sample measured. In our studies, we can rap-
idly identify and focus on individual carbon
nanotubes by exploiting the high-resolution
imaging capabilities of the force microscope;
furthermore, because we determine the resis-
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tance at many points along the length of
each tube, the contact resistance can be
eliminated from our measurements.

The nanotubes used in these studies
were prepared by a catalytic process (11,
12). Transmission electron microscopy
(TEM) analysis shows that these samples
consist primarily of multishell nanotubes
with diameters between 7 and 20 nm (Fig.
2). The straight nanotubes produced by this
method have a relatively low density of
defects and contain well-ordered concentric
graphitic shells (Fig. 2B) similar to those
produced by the arc-growth procedure of
lijima (4, 13). The catalytic growth process
also yields curved nanotubes having a much
greater density of structural defects; these
curved nanotubes have been exploited to

Fig. 1. Schematic diagram of the measurement of
the electrical properties of an individual carbon
nanotube. Nanotubes were ultrasonically dis-
persed in ethanol, deposited on an oxidized Si sub-
strate, and then coated with a layer of sputtered Au.
A striped pattern (4 wm by 1 mm stripes repeated
every 15 um for 2 mm) was made in the Au layer
with the use of electron beam lithography to ex-
pose a resist, followed by aqueous Kl/l, etching of
the Au in the exposed regions. Control experiments
demonstrated that the processing did not affect the
structure of the nanotubes. Commercial Si;N, can-
tilever-tip assemblies were coated with ~1200 A of
NbN deposited by dc magnetron sputtering. Topo-
graphic images were obtained with these cantilever
tips and a commercial instrument (Nanoscope,
Digital Instruments). We simultaneously made elec-

investigate how defects affect electrical
transport. The nanotubes produced by the
catalytic process consist primarily of isolat-
ed nanotubes, not bundles, and thus can be
probed individually in our experiments.
Topography and resistance maps of a
single, straight carbon nanotube with a
hooked end are shown in Fig. 3. A cross
section perpendicular to the axis of the
nanotube shows that the height of the
nanotube is 13.9 nm and that the apparent
width is 95 nm (Fig. 3B). The height of the
nanotube as measured in topographs is con-
sistent with TEM measurements of our
nanotube samples, but the width appears
unusually large. The large width is expect-
ed, however, because the images are ac-
quired with tips having radii larger than

Photodiode Laser beam
Carbon v E
Cantilever-tip
nanotube assembly
Au .
pattern Z v
<
l Si0,
L Si wafer

Nanotube

trical measurements by recording the current flowing through the nanotube for a fixed applied voltage.
The nanotube resistances determined in these measurements were independent of the sign and mag-
nitude (between 200 and 1000 mV) of the applied voltage. Measurements were not made below 200 mV
because the signal-to-noise ratio was too low.

Table 1. Summary of carbon nanotube electrical resistivities. Nanotube diameters were determined from
height measurements made by taking cross sections through the topographs perpendicular to the
nanotube axes. Each value represents an average obtained from several different images of the same
nanotube. The linear resistance was independent of the applied voltages (200 to 1000 mV) used in these
measurements. The current flowing through the nanotubes under these conditions is on the order of 1
pA; this current corresponds to a current density of ~106 A/cm?. The uncertainty in resistivity (ReA,oss)
represents a combination of the uncertainties in the nanotube diameter and linear resistance deter-
mined from analysis of independent data sets acquired with different voltages on the same nanotube
sample. There is also uncertainty in A, although this is small. The values of 6, given to characterize
the structure of curved nanotubes, correspond to the angle between straight lines approximating the
direction of the nanotube before and after a bend in the nanotube. The three angles characterizing
the structures of samples 3 and 6 indicate that there are three distinct bends along the nanotube axes of
these samples.

. Linear
Diam- ; T
Sam- resistance Resistivity
ple eter (megohms/ (ohmem) Structure
(nm)
pm)
1 8.5 0.41 195+ 20 Straight
2 13.9 0.06 7.8+1.0 Straight
3 12.4 0.44 46.0+1.8 Slowly curved over ~1 pm in length
8, ~ +5% 6, ~ —6°% 0, ~ +7°
4 15.0 0.25 376+ 1.0 Slowly curved over ~1 pm in length
§~17°
5 18.5 0.22 48.9 + 4.3 Moderately curved over 1 um in length 6
~ 30°
6 9.5 1.93 117 £ 19 Greatly curved over ~1 pm in length 6,
~ +80°% 6, ~ —65° 0, ~ +65°
524 SCIENCE ¢ VOL. 272 « 26 APRIL 1996

those of the nanotubes; that is, the apparent
width of the nanotube corresponds to a
convolution of the larger tip radius with
that of the nanotube. Importantly, the
height remains unaffected by the finite tip
size and therefore represents a good measure
of the nanotube outer diameter. These ef-
fects have been discussed in detail for both
nanotubes (14) and probe microscopy im-
aging in general (15). In addition, the ap-
parent doubled structure at the lower left of
Fig. 3A and in other images (for example,
Fig. 4A) corresponds to multiple tips imag-
ing an individual nanotube and not a single
tip imaging a bundle of nanotubes. This
conclusion is supported by Fig. 3E, where
the doubled structure has changed to an
identically shaped single-nanotube struc-
ture after modification of the tip, and Fig.
3F, where the entire image of this same
nanotube and several small surface particles
are doubled identically in an image record-
ed with a different tip.

The image of the nanotube in Fig. 3A
shows a systematic increase in resistance
from the upper right (near the connection to
the Au electrode) to the lower left (where it
ends) (Fig. 3C). The gray background corre-
sponds to the insulating SiO, substrate. The
resistance along the nanotube axis of Fig. 3C
increases linearly with distance from the Au
contact (Fig 3D). The total resistance R in
this and other measurements can be ex-

Fig. 2. (A) TEM image of a straight carbon nano-
tube produced by catalytic growth. (B) A high-
resolution TEM image showing the multishell
structure of these nanotubes. The scale bars are
10 nm. The carbon nanotubes were grown at
760°C from an ethylene-hydrogen feedstock and
a supported iron catalyst (77, 12).



pressed as R = R_ + Rgx, where R_ corre-
sponds to the contact resistance in our mea-
surement (the sum of Au-nanotube and
nanotube-tip contact resistances), Rg to the
linear resistance of the nanotube, and x to
the position along the nanotube. Along the
straight portion of this 13.9-nm-diameter
nanotube, we observed a linear resistance of
Rg = 0.06 megohms/pm. The resistance in-
creases by more than an order of magnitude
around the bend at the end of this nanotube,
showing that defects can play a key role in
the electrical transport of these materials.
Furthermore, the resistance maps and corre-
sponding linear slopes are stable to repetitive
scanning over a several hour period, thus
demonstrating that these measurements are
reproducible and do not modify the sample
properties.

We have obtained similar results on a
number of independent nanotubes. Figure
4 shows a structural topograph and resis-
tance map of a linear nanotube. The di-
ameter of this nanotube determined from
the topographic height is 8.5 nm; the dou-
bling in the images is a multiple-tip effect.
The resistance image (Fig. 4B) shows a
systematic increase in resistance from the
upper left (near to its connection to the
Au contact) and the lower right (where it
ends). Resistance plots taken along the
nanotube axis (Fig. 4C) are similar, differ-
ing only in R_, and are consistent with the
resistance of a single nanotube determined
by distinct conducting tips. The linear
resistance determined for this 8.5-nm-di-
ameter sample, 0.41 megohm/pm, is near-
ly 10 times that of the 13.9-nm-diameter
nanotube in Fig. 3.

To compare the electrical properties of

Fig. 3. (A) Topography, (B)
cross section, and (C) re-
sistance maps of a single
nanotube acquired at-the
same time with the meth-
od outlined in Fig. 1. This
nanotube contacts the Au
overlayer beyond the up-
per right portion of the im-
age. The cross section in
(B) was taken along the
dotted arrow in (A). The re-

different nanotubes independently of their
size, we calculated their resistivities (in
microhm'meters) using the annular cross-

sectional area (A_, ) of each sample, where
Acmss = ﬂ(T(Z)uter Tinner) and Touter and Tinner
correspond to the outer and inner radii of
the hollow nanotubes. The outer diameter
(OD) of the nanotubes investigated in this
study were determined directly from the
topograph heights. Although topographs
cannot provide a direct measure of the in-
ner diameter for multishell nanotubes, ex-
tensive TEM measurements made on our
samples show circular nanotubes with an
annular cross-sectional area that is a well-
defined function of the OD (16). We used
this experimental relation and the ODs de-
termined from topographs to estimate the
annular areas of the individual nanotubes
studied (Table 1). There are several impor-
tant points to be gleaned from these data.
First, straight nanotubes without obvious
structural defects exhibit the lowest resis-
tivities. Among these samples, the resistiv-
ity decreases with increasing diameter. The
smallest resistivity we observed at room
temperature, 7.8 microhm'm, is less than
one-tenth of that obtained from macroscop-
ic (5, 8) and other microscopic measure-
ments (9, 10), in which the nanotube sizes
and structures were uncertain. These mea-
surements thus provide a limit to the resis-
tivity of multishell nanotubes, although we
believe our value of 7.6 microhm'm should
be considered as an upper limit to the in-
trinsic resistivity of a perfect multishell
nanotube (17).

Structural defects cause systematic in-
creases in the nanotube resistivities. Com-
parison of samples with significant curva-

sistance map was ac-
quired with an applied volt-
age of —250 mV, and its
scale is in megohms. (D)
Resistance versus length
along the axis of the nano-
tube resistance map in (C).
(E) Topograph of the nano-

Height (nm)
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T
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ture [that is, samples 4 and 6 (Table 1)],
which has been previously attributed to
pentagonal and heptagonal defects in the
nanotube structure (3), shows that the re-
sistivity is almost an order of magnitude
larger than that of straight nanotubes of
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Fig. 4. (A) Topography and (B) resistance maps of
a single nanotube acquired simultaneously. The
nanotube-Au contact is located just outside the
upper left of the images. The resistance map was
acquired with an applied voltage of —240 mV and
its scale is in megohms. (C) Two cross sections
taken along the nanotube axis of the resistance
map show that the resistance increases linearly
away from the Au contact and increases discon-
tinuously at the end of the tube. The scale bars in
the images are 0.5 pm.

Resistance (megohms)

tube in (A) acquired after
scanning the tip for several
minutes on a clean area of
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the SiO,, substrate surface.

The cross section (inset), taken along the dotted arrow, shows that the structure
is an individual nanotube. (F) Topograph of the nanotube in (A) recorded with a
tip before recording (A). A double tip leads to an identical doubling of all of the
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features in this image; doubled particles are indicated by dashed ovals. The
doubled particle enclosed by the green oval corresponds to the single particle
highlighted by the green arrow in (E). The scale bars in (A) and (F) are 0.5 pm.
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similar diameter (that is, samples 2 and 1,
respectively). We believe that this compar-
ison demonstrates the importance of study-
ing individual nanotubes that are structur-
ally characterized to determine their intrin-
sic properties. It is also interesting to con-
sider if it will be possible, by introducing
defects directly with the probe tip or by
other means, to probe systematically the
effects of electron scattering in these one-
dimensional structures.

The sensitivity of resistivity to structur-
al imperfections must be accounted for
to determine ultimately the intrinsic con-
ductivity of nanotubes but may also allow
tailoring of the resistance of these materi-
als for applications. We believe that our
experimental approach opens the door to
developing a clear understanding of nano-
tube electrical transport and to testing
theoretical predictions, although this will
require careful studies of the temperature
and diameter dependencies of the resistiv-
ity in structurally characterized samples.
The approach outlined here should be
applicable to probing of the intrinsic elec-
trical properties of metal-filled nanotubes
(18), carbide nanorods (I11), and boron
nitride nanotubes (19) and furthermore
may be able to assess the validity of
the term “molecular wire,” which has
been widely applied to organic and biolog-
ical nanostructures (1, 7). Lastly, we note
that the experimental approach outlined
in Fig. 1 can be generalized to measure
the mechanical properties of nanoma-
terials and thereby address their applica-
bility in composites and other structural
systems (20).
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Teleconnections Between the Subtropical
Monsoons and High-Latitude Climates
During the Last Deglaciation

F. Sirocko,* D. Garbe-Schénberg, A. Mcintyre, B. Molfino

The major deglacial intensification of the southwest monsoon occurred at 11,450 = 150
calendar years before present, synchronous with a major climate transition as recorded
in Greenland ice. An earlier event of monsoon intensification at 16,000 = 150 calendar
years before present occurred at the end of Heinrich layer 1 in the Atlantic and parallels
the initial rise in global atmospheric methane concentrations and the first abrupt climate
changes in the Antarctic; thus, the evolution of the monsoonal and high-latitude climates
show teleconnections but hemispheric asymmetries. Superimposed on abrupt events, the
monsoonal climate shows high-frequency variability of 1785-, 1450-, and 1150-year
oscillations, and abrupt climate change seems to occur when at least two of these

oscillations are in phase.

Major regions of the Northern Hemisphere
are influenced either by Atlantic-controlled
winds and precipitation or by the monsoons
(Fig. 1). To evaluate physical links between
these two large-scale systems, we compared
their climatic history during the transition
from the last glacial epoch into the Holo-
cene as recorded in Greenland ice cores and
in deep-sea sediments from the Arabian
Sea. First observed by Dansgaard et al. (1)
and confirmed by the ice cores of the
Greenland Ice Core Project (GRIP) and
Greenland Ice Sheet Project Il (GISP2) (2,
3), the first abrupt deglacial warming event
over the North Atlantic and Greenland
occurred 14,500 £ 150 calendar years be-
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fore present (B.P.), followed by another
warming event at 11,600 = 150 calendar
years B.P. (Fig. 2). The increase in global
atmospheric methane concentrations, in
contrast, as recorded in the GRIP ice core,
started about 16,000 calendar years B.P.
(4), indicating an early onset of environ-
mental change in the tropics, where most of
the modern methane is produced in wet-
lands. The first deglacial change in wind
trajectories and dust content over Antarc-
tica also started at about 16,000 calendar
years B.P. (5), that is, also significantly
earlier than the first temperature increase in
Greenland (Fig. 2). Accordingly, the cli-
mate of the high latitudes in the Northern
and Southern hemispheres show strong re-
gional contrasts.

To compare this asymmetric evolution
of the polar climates with the evolution of
the subtropical monsoons, we used data (6)
from core 74KL from the upwelling area of
the western Arabian Sea (Fig. 1), where
five abrupt 8'%0 changes have been ob-





