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We present local conductance measurements of carbon nanotube networks with nanometer scale resolution
and show that there are discrete drops in conductance that correspond to junctions of metallic nanotubes and
semiconducting nanotubes. The anomalies of these networks compared to thin films are shown, and a new
method of discerning between semiconducting and metallic single-wall carbon nanotubes is demonstrated.
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[. INTRODUCTION is patterned by scratching. Then, tubes synthesized by laser-
ablation suspended in 1-Methyl-pyrrolidine were spun onto
Carbon nanotube field effect transistaf@NT-FET9»?  the surface. This sample type provides networks with low
have been shown to be very sensitive to ambient conditiongnterconnectivity. The second type of sample used nanotubes
charge transfer due to gas adsorption to the nandmibthe  grown directly onto silicon dioxide substrates using chemical
contact can drastically change the conductance of the devapor depositiof. Gold was deposited onto the surface by
vice. This makes CNT-FETs ideal systems for moleculathermal evaporation and patterned by shadow-masking. On
sensing. It has been shown that coating the nanotubes wigamples with back gates, aluminum was deposited on the
polymers can increase their selectivity in sensorback before the gold deposition, and then the sample was
applications, and it is hoped that further functionalization sintered for 30 min at 400°C. The oxide thickness was
will provide sensitivity to specific compounds, such as pro-1 um.
teins or sugars, or even larger objects, such as viruses. A conductance imaging microscdBewas used to take
There are significant challenges associated with fabricahigh-resolution conductance measurements on the network.
tion of devices out of individual CNT. Placement is difficult, This AFM method uses a tuning fork force probe. A solid
and CNTs display a wide variety of transport properties dePt/Ir tip is attached, which allows for simultaneous measure-
pending on their diameter and chirality. Random networks ofnent of topography and conductance. A lock-in amplifier
carbon nanotubes have been explored as an alterfidtive.was used to process the current signal. The oscillation am-
Nanotube networks take up more space than individuaplitude of the tuning fork is about 40 nm in all measure-
single wall carbon nanotubéSWNT), but they are much ments, and scanning is performed with a frequency shift
easier to fabricate and show great promise for simple masa&f=2.3 Hz. The sensors have a resonance frequendy of
fabrication. The macroscopic behavior of these networks has-12.5 kHz. The force between tip and sample was esti-
been investigated in Ref. 6. Although it might appear thatmated from frequency shift/distance curves to be on the or-
these networks could be readily treated by percolatiorder of 80 nN. A voltage of 0.1 V was applied to the sample,
theory? in practice the mat sizes for device applications havewhile the tip remained grounded, unless noted otherwise. On
too few elements for this kind of analysis to be instructive. Insamples with two contacts, the voltage is applied to one con-
this paper, we perform a nanoscale investigation of the curtact, and the other contact is unconnected.
rent paths through nanotube networks. We find that the con-
ductance drops sharply at metallic/semiconducting nanotube
junctions, which we identify by backgating the sample. We
also find that the most important parameter determining the The behavior of current flow through SWNT networks
local conductance at a certain point in the network is thejiffers from that through conductive thin films. The conduc-

Ill. RESULTS AND DISCUSSION

number of connections at that point. tance does not decrease linearly with the distance from the
electrode. Instead, we find for nanotube networks with poor
Il. DESIGN AND IMPLEMENTATION interconnections, that the conductance through the network

stays at the same order of magnitude throughout large parts
Two different types of nanotube samples were used. Thef the network, but then decreases dramatically at certain
first sample consisted of a silicon dioxide surface, uporpoints in the network, as shown in Fig. 1. The resistance
which 20 nm of gold were deposited by sputtering. The goldncrease at these points is on the order ot 0Q and they
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FIG. 2. (Color online Conductance image of a nanotube net-
work with high interconnectivity. These tubes were directly grown
by CVD onto the sample. The electrode is in the bottom right cor-
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FIG. 1. (Color onling (a) Topography image of a nanotube net-
work with low interconnectivity. The network contains bundles as
well as individual tubes. These tubes were deposited from suspen-
sion and form clustergb) Conductance image of the same network
taken simultaneously. The tubes appear to be thicker in this image
than in(a). This effect only occurs on insulating substrates and may
be related to chargindc) Trace through the network, as indicated
by the white line in(b). The electrode is at the top leftot shown.
Conductance decreases coincide with nanotube junctions.
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coincide with nanotube junctions. We believe that the con- FiG. 3. (Color online A back gate voltage blocks current flow
ductance drops are associated with junctions formed byhrough semiconducting tube&) Conductance image taken aj, V
crossed semiconducting and metallic nanotubes, since thiso V. (b) Conductance image taken a, %10 V. Parts of the
type of junction is a Schottky barriérand is known to have network visible in(a) disappear because they are connected through
a significantly higher resistance than metallic/metallic orsemiconducting tubes.
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semiconducting/semiconducting junctions. electrodes on the sample macroscopically and measuring the
In networks with high interconnectivity, we again find that change in source-drain current with applied gate voltage, we
the conductance does not decrease monotonically with irfind for the sample in Fig. 3, at a source-drain voltage of
creased distance from the electraéiég. 2). Instead, we can V¢4=100 mV applied between the two electrodes, a current
identify areas of high conductance more than /88 away of 1,4=2.94x10 ’A at a gate voltageVy=0 V, and I g
from the electrode. Local conductance is more dependent o0& 2.54x 10" ‘A at Vy=10 V. Other samples show conduc-
the number of connections to the specific area: clusters dhince changes between 1% and 50%. This means that, in a
nanotubes with many paths to the electrode have signifimat of SWNT between two electrodes, a large part of the
cantly higher conductances than those parts of the networburrent is carried by a small number of highly conductive
connected to the rest through fewer paths. Not only do mulmetallic connections, and the connections involving semi-
tiple paths reduce resistance through the presence of multipnducting tubes, even though much more numerous, carry a
parallel resistors, but they also increase the probability thatomparable or smaller portion of the current.
there is a chain of nanotubes stretching to the electrode that
is purely metallic. Areas with low conductance typically only
have two to three connections to the network, thus it is likely
that these connections are dominated by the presence of We have applied a new method for characterizing electri-
highly resistive metallic/semiconducting junctions. cal networks to perform an analysis of current paths through
When a sufficient back gate voltage is applied to thea nanotube network. It was found that in networks with low
sample, current flow through the semiconducting tubes in th@éterconnectivity, the conductance decreases in large steps of
network is suppresse(Fig. 3). This behavior is consistent G{) magnitude with increasing distance from the electrode.
with earlier work on individual SWNT field effect transis- In networks with high interconnectivity, the local conduc-
tors. The bands in the semiconducting tube are shifted dowrtance depends strongly on the number of connections to the
wards in energy by a positive applied voltage, reducing theest of the network, and much less on distance to the elec-
number of carriers in the tube, and, more importantly, in-trode. We have demonstrated a new method for distinguish-
creasing the width of the Schottky barrier at the contact thaing between metallic and semiconducting SWNT, and used
dominates the transport through the tdb@he semiconduct- this method to determine the extent of purely metallic chains
ing tubes and all parts of the network connected by semicorin a network.
ducting tubes are no longer visible in the conductance image.
Using this technique, we view only the purely metallic parts
of the network and identify their spatial extent. Our data
demonstrate that the majority of high-conductance connec- This work was supported by the ONR-MURI program,
tions consist of metallic tubes. When connecting the twoand the Science Foundation Ireland.
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