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Abstract. High-quality single-walled carbon nanotubes
(SWNTs) are synthesized by chemical vapor deposition
(CVD) of methane on silicon-dioxide substrates at controlled
locations using patterned catalytic islands. With the synthe-
sized nanotube chips, microfabrication techniques are used
to reliably contact individual SWNTs and obtain low contact
resistance. The combined chemical synthesis and microfab-
rication approaches enable systematic characterization of
electron transport properties of a large number of individ-
ual SWNTs. Results of electrical properties of representative
semiconducting and metallic SWNTs are presented. The low-
est two-terminal resistance for individual metallic SWNTs
(~ 5 pm long) is &~ 16.5 k2 measured at 4.2 K.

PACS: 72.80.Rj; 73.61.Wp; 81.05.Tp; 81.15.Gh

Carbon nanotubes are atomically well-defined quasi one-
dimensional systems that exhibit unique electrical, me-
chanical, and chemical properties. Single-walled nanotubes
are ideal suited for studying low dimensional physics in-
cluding band structures [1-7], electron-electron interac-
tions [8], electron-lattice coupling [9, 10], and electron local-
ization [10, 11]. Nanotubes are also promising candidates for
nanometer-scale electronic devices. For instance, metallic—
semiconducting junctions within single-walled nanotubes
(SWNTs) may lead to transistors and Schottky rectifiers
within a single nanotube molecule [12, 13].

While there has been considerable progress in understand-
ing the electrical properties of nanotubes, as well as exploring
their possible applications [14—16], what has been lacking is
an efficient strategy for integrating nanotubes into electronic
structures. In particular, it would be desirable from both a sci-
entific and technological point of view to control not only
the diameter and chirality of a SWNT, but also its length,
position, and orientation. It is equally desirable to develop
a means of making robust, low-resistance electrical contacts
between nanotubes and metallic electrodes. These goals pose

challenges to nanotube synthesis, processing, and assembly
strategies.

Recently, we developed a chemical vapor deposition
(CVD) method to synthesize high quality SWNTSs on catalyt-
ically patterned surfaces [17]. This technique readily yields
large numbers of SWNTs at specified locations, and opens up
new possibilities in addressing the issues raised above. This
paper describes the combination of this synthesis method
with microfabrication techniques to obtain many nanotube-
based electrical circuits on a single substrate with controllable
positions and length (ranging from 300 nm to 10 jum), and to
connect the tubes to macroscopic electrodes. We find that the
contacts formed in this way often have very low resistance, of
order of the quantum of resistance (tens of kilohms) even at
low temperatures.

1 Synthesis of individual single-walled nanotubes on
catalytically patterned surfaces

The synthesis procedure involves methane CVD on SiO,
substrates that contain patterned catalyst islands. First, poly-
methylmethacrylate (PMMA) resist is spun onto a substrate.
Electron-beam lithography is used to expose the PMMA film
followed by developing the exposed resist to obtain an ar-
ray of square wells in the PMMA film. The catalyst mate-
rial consists of 15 mg of alumina nanoparticles, 0.05 mmol
Fe(NO3)3 - 9H,0, and 0.015 mmol of Mo;(acac), in 15 ml
of methanol. The mixture is stirred for 24 h and sonicated
for 1h before being deposited onto the substrate contain-
ing the patterned PMMA film. After solvent evaporation, the
PMMA film is lifted off to obtain an array of catalyst islands
on the substrate. CVD synthesis is carried out for 10 min at
900°C in a l-inch-diameter tube furnace using a methane
flow rate of 5000 sccm/min. Under these conditions, nano-
tubes grown from the catalyst islands are predominantly indi-
vidual SWNTs with few structural defects [17, 18]. The diam-
eter distribution of the SWNTs is in the range of 0.7-5nm
with a peak at 1.5nm [18]. As shown in Fig. 1, the synthe-
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Fig.1. a AFM image showing SWNTs grown off catalyst islands. The
bright regions on the lower and upper part of the image are edges of two
catalyst islands (size of islands ~ 5 pm). Scale bar: 0.5 pum. b AFM image
of an individual SWNT emanating and extending from the catalyst islands
(bright spots, size of islands &~ 1 pm). Scale bar: 2 pm

sized nanotubes emanate from the catalyst islands and are of-
ten found forming bridges between adjacent islands. SWNT
bridging two islands are frequently observed [17]. A nano-
tube bridge forms when a tube growing from one catalyst
island falls on and interacts with another island during the
CVD process.

2 Integrating individual single-walled nanotubes into
electrical circuits

After the CVD synthesis of a single-walled nanotube chip,
electrical contact pads are placed over the catalyst islands
(15nm of Ti followed by 60 nm of Au) by electron-beam
lithography and metal evaporation [19]. This step utilizes pre-
defined alignment marks so that the metal contacts fully cover
the catalyst islands and extended over their edges by 0.5 pm
(Fig. 2a). Thus, the bridging SWNTs are contacted by the Ti
metal film at both ends and sides. Optical and atomic force
microscope (AFM) images of the SWNT circuits are shown
in Fig. 2. As shown previously, the interactions between tube-
island and tube-substrate are mechanically strong [17], al-
lowing the nanotubes to withstand mechanical forces in the
lithographic step for metal contacts. By setting the separation
between the catalytic islands and varying the spacing be-
tween the edges of the metal pads, we are able to control the
length of the nanotubes used for transport measurements. The
lengths of the individual SWNTSs that we have measured were
in the range of 0.3—10 wm. Figure 2b shows a single SWNT
connecting two metal pads spaced at & 5 wum. When the pads
are closely spaced (< 1 wm), multiple tubes tend to bridge
the gap. Using an AFM tip, we are able to cut nanotubes
mechanically or electrically until a single tube is selected for
electrical measurements.

Circuits formed by nanotube bridges between metal elec-
trodes are first characterized at room temperature by meas-
uring electrical resistance (with a 10 mV voltage bias) using
a probe station (Signatone, model S-1160). Resistances rang-
ing from 15k€2 to several M2 are normally observed. We
find that the lower resistance tubes tend to remain good con-
ductors at low temperatures. After this initial probing, an
AFM is used to image the circuits of interest. We have con-
centrated our transport measurements on individual SWNTs
with diameters in the range of 0.7—1.6 nm as revealed by the
AFM apparent height data.

Fig. 2. a Optical micrograph of a set of devices containing 5 pairs of islands
(dark squares) with electrodes (light regions). b AFM image of a SWNT
bridging two metal pads in a finished device. ¢ A schematic diagram show-
ing the structure of the single-tube circuit

3 Results of transport measurements of individual
SWNTs

Figure 3 shows the transport results obtained with sev-
eral representative individual SWNTs bridging metal elec-
trodes spaced at ~ 5um. The current vs. voltage (I —
V) curves for the semiconducting SWNT in Fig. 3a were
taken at room temperature at different back-gate voltages.
At zero gate voltage (Vg), the /-V curve appears to be
approximately linear, indicating sufficient carrier density
in the nanotube. The nanotube exhibits a linear resistance
of &~ 250kQ at room temperature and can carry current
densities on the order of ~ 108 A/cm? without break-
down. A strong non-linearity in /-V developed when the
gate electrode was biased to a positive voltage with re-
spect to the tube. Increasing V, resulted in a complete
suppression of the linear conductance. We observed a 6
orders of magnitude suppression of the linear conduc-
tance at V, > +6V. Negative gate voltages slightly in-
creased the conductance of the nanotube but saturated at
Vo~ —2V. These results are consistent with the obser-



2 P T
Gate Voltage (V) :
300K

I(uA)

TR T T T T

0//-2

AT FUUNY FRRTE SRRNE N

ZANNETI FEETI RV AR RRRRE L ST FRRNEERRTY FENRY FRRTE FEURU AT

3 2 -1 0 1

w

LA L B B B B B

Py VL B R B

b

E E
o 3
~ [ 3
9 £ ]
B 038 T 3
: F osf 42K E
O 0 0.4F -]
=1 o . 02 3
S 15F 3o 3
a o ~ 02 E
O 10FE 0.4 1
Q_/( C 06! j ]
o 08 ]
5 20 0 20
F V (mV)
1) SR B B SN ST SR
0 50 100 150 200 250 300
Temperature (K)
o LI o e o e e e
¢ 5
\./20:— 1
[0} -
g :_ 06| :
8 15: ot 42K 1
2 -2 ]
8 10__ go.of =
o~ o " g 1
5 04f i J
F 08| ]
r -10 5 o 5 10
0 Ll 1 A PR A\ N T
0 50 100 150 2 250 300

00
Temperature (K)

Fig.3a—c. Electrical properties of three representative SWNTs. a -V
curves of a semiconducting SWNT for different values of gate voltage (Vy)
measured at room temperature. b Resistance as a function of temperature
for another SWNT. The inset shows an -V curve taken at 4.2 K. The
two-terminal resistance of this nanotube is ~ 35 k2 at 4.2 K. ¢ Resistance
as a function of temperature for the third SWNT believed to be a true
metallic arm-chair tube. The inset shows an /-V curve taken at 4.2 K. The
two-terminal resistance of this nanotube is ~ 16.5 k2 at 4.2 K

vations of room-temperature field-effect-transistor behavior
of semiconducting nanotubes reported previously [16,20].
Qualitatively, positive gate voltages cause the valence band
to bend (down) away from the Fermi level, and thus lead
to a reduction in the hole density in the semiconducting
nanotube.

Significantly, our approach of nanotube synthesis com-
bined with microfabrication techniques led to a large number
of low-resistance SWNT devices. We often observed in-
dividual SWNTs exhibiting two-probe resistance less than
100 k€2. Figure 3b shows the resistance vs. temperature curve
of a SWNT that exhibits two-probe resistance of ~ 30 k£2
at room temperature and ~ 35k at 4.2 K. The resistance
depends only weakly on temperature, showing an slight up-
turn at 7 ~ 120K and a more pronounced upturn upon
further lowering the temperature below 30 K. This weak
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temperature dependence is generally regarded by previous
studies as the signature of metallic SWNTs [10]. At 4.2 K,
the I-V curve (inset) is essentially linear. When meas-
ured with a lock-in technique, the differential conductance
showed a small increase in resistance at low bias. We did
not observe Coulomb blockade oscillations with this nano-
tube at the lowest temperature reached in our experiment
(1.7K).

Figure 3c shows the result of resistance vs. temperature
for a third SWNT. The resistance of this nanotube slowly
decreases as the temperature decreases from 300 K, exhibits
a slight upturn near ~ 10 K but no pronounced increase in re-
sistance upon further cooling down to 2 K, which differs from
the behavior of the SWNT shown in Fig. 3b. At 4.2 K, the
resistance was ~ 16.5 k2 which is the lowest compared to
the results obtained by previous experiments with individual
single-walled tubes or ropes. The I-V curve (inset) recorded
at 4.2K is linear and no Coulomb blockade was observed
down to ~ 1.5K) in the experiment. These results suggest
that the SWNT is an arm-chair nanotube that exhibits true
metallic characteristics.

4 Summary

This work presents a chemical vapor deposition synthetic
approach to high-quality single-walled carbon nanotubes.
By patterning substrates with regular arrays of catalyst is-
lands, we grow individual SWNTs at well-defined locations
on surfaces, which allows controlled integration of nano-
tubes into electrical architectures by combining microfab-
rication techniques. The approach represents a new chem-
ical route to novel nanotube materials that can be read-
ily addressed individually. It is further demonstrated that
our synthetic approach opens up new windows in system-
atically studying the physics in one-dimensional systems
and exploring molecularly scale electrical devices at a large
scale.

We have presented the results of electron transport stud-
ies of several representative SWNTs. The resistance of in-
dividual SWNTs were found to be & 100 times smaller
than that reported previously [14,15]. It is plausible that
a good electrical contact is established between the metal
pads and the ends of the nanotubes. In particular, at the
end where the nanotube originates from, chemical bonds be-
tween nanotube and the metal catalyst particle should be
accounted for the excellent electrical contact [17]. At the
present time, a complete understanding of the precise nature
of the contacts is still being pursued. Future work in nano-
tube synthesis will focus on controlling the orientation of
the SWNTs and the diameter and length of the nanotubes.
Transport studies will focus on elucidating the intrinsic prop-
erties of various nanotubes as well as the nature of metal-tube
contacts.
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