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We describe a method for producing and characterizing electrically connected single-wall carbon nanotube
scanned-probe tips. The stable contact resistance, of the order of 100 kΩ, makes these tips suitable for
conducting probe applications. The nanotubes, grown by chemical vapor deposition, are mounted on the end
of metal-coated (gold and platinum) silicon tips, using the “pick-up” method. Electrical characterization is
carried out by lowering the tube into a liquid mercury contact and measuring the current through the tube as
a function of applied bias voltage and immersion depth. This allows assessment of the magnitude and stability
of the contact resistance, as well as identification of metallic and semiconducting tubes. It also offers a new
geometry for investigating the transport properties of a nanotube as a continuous function of its conducting
length.

Introduction

Single-wall carbon nanotubes (SWNTs) exhibit remarkable
electrical and mechanical properties. In particular, they behave
as one-dimensional (1D) conductors, which can either be
metallic or semiconducting. Metallic SWNTs have extremely
low resistivity, and a single tube can sustain a current of tens
of microamps.1 SWNTs have also demonstrated significant
promise as atomic force microscopy (AFM) tips.2 “Tube tips”
offer important advantages over conventional silicon microfab-
ricated probes, including increased lateral resolution due to the
small tube diameter (∼1-2 nm), a high aspect ratio, and damage
resistance resulting from reversible elastic buckling.3 Also,
through selective chemical modification of the free end of the
nanotube,4,5 tube tips can be employed to probe the functionality
of surface chemical groups and biological molecules.

Electrically connected tube tips hold considerable promise
for conducting probe techniques, such as scanning tunneling
microscopy (STM), electrostatic force microscopy (EFM), and
scanned gate microscopy. Also, an electrically contacted SWNT
represents an ideal geometrically well-defined nanometer-size
electrode. Existing methodologies for fabricating small elec-
trodes involve microwire etching and insulator deposition, which
leave only the end of the sharp tip exposed.6,7 Using this
procedure, it is very difficult to determine the exact electrode
geometry. In addition, the very high aspect ratio of a SWNT
opens up the possibility of inserting a nanoscale electrode into
small, deep pore structures or through a membrane with little
disruption.

To date, however, there has been little work exploiting the
electrical properties of SWNT tube tips. EFM has been
performed with multiwalled nanotubes (MWNTs) attached to
silicon AFM probes using nonconductive adhesive.8 Electro-
chemical measurements have been made with MWNTs of
diameter ca. 100 nm.9 There have also been limited reports on

their use in STM,10-12 where electrical contact was made either
by bonding a MWNT to a silicon tip using carbon-tape
adhesive12 or by directly attaching the MWNT to an electro-
chemically sharpened tungsten10 or gold-coated tungsten tip.11

However, reliable spectroscopic analysis was not demonstrated.
This was attributed to a poor electrical contact between tube
and tip.10 To the best of our knowledge there have been no
methodical investigations of the magnitude and stability of the
contact resistance of nanotubes mounted on tips.

In this Letter we describe a procedure for the reliable
attachment of SWNTs to metal-coated (platinum and gold) AFM
tips with a low-resistance electrical contact. The contact is
characterized by dipping the tube tip into a liquid mercury
electrode. The mercury makes an excellent sliding contact with
the free end of the tube, consistent with the results of Frank et
al.13,14 on MWNTs. This procedure allows us to measure the
electrical characteristics of a tube tip in detail, discriminate
between metallic and semiconducting tubes, detect the presence
of multiple tubes, and separate the contact resistance from the
bulk resistivity.

Experimental Section

Fabrication of Electrically Connected Tube Tips.Silicon
AFM tips (FESP: Nanosensors) were metal coated with either
an evaporated layer of gold (50 nm thick with a 10 nm adhesion
layer of titanium) or a sputtered coating of platinum (50 nm
thick, with a 5 nmadhesion layer of chromium). SWNTs were
grown on a SiO2 substrate using iron catalyst (ferric nitrate
nonahydrate: Aldrich Chemicals) by chemical vapor deposi-
tion.15 The substrates were placed in a 1 in. tube furnace and
annealed under a flow of 600 standard cubic centimeters per
minute (sccm) Ar and 400 sccm H2 for 10 min at 850°C. C2H4

was then added at 2 sccm for a further 10 min. Finally, the
substrates were cooled under Ar. Cross-sectional analysis of
tapping mode AFM images of the nanotube substrate revealed
a height distribution between 0.8 and 3.0 nm. Micro-Raman
characterization also demonstrated that most of the nanotubes
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were single walled,16 with radial breathing mode wavenumbers
consistent with nanotube diameters in the above range.

The nanotubes were attached to the metallized tips using the
“pick-up”15 method, in which the tip is scanned in tapping mode
over the substrate and vertically oriented tubes adhere to it by
van der Waals interactions.15 Note that the widely used
alternative technique of direct growth of tubes onto the tip17 is
incompatible with the metal coatings employed here. The
resulting tube tips were observed in a low-resolution transmis-
sion electron microscope (TEM), which allowed assessment of
the protruding length,L, and the arrangement of the nanotubes.
In some cases a single nanotube was attached to the tip; in
others, a few nanotubes were present, their protruding parts
usually sticking together to form a small bundle.

For the electrical transport measurements described here,
longer tube tips were selected (L > 200 nm) to record the current
response as a function of immersion depth in the mercury drop.
The majority of these were found to be capable of topographical
imaging. As expected, the shorter the nanotube tip the greater
the improvement in image resolution due to the increased
stiffness of the nanotube. Information aboutL and the stability
of the nanotube’s mounting on the tip can be obtained by
recording the amplitude and deflection of the cantilever as the
tip is brought toward and away from the silicon substrate.18

Figure 1 displays a typical trace of cantilever oscillation
amplitude vsz-piezo displacement,d (increasing away from the
substrate), for a long tube tip (L > 500 nm). Asd is reduced,
the amplitude starts to decrease when the end of the nanotube
comes into contact with the substrate (point A in Figure 1).
When the force on the nanotube reaches a critical value (point
B), the tube buckles and thereafter the amplitude returns almost
to its free value (point C). The largerL is, the lower the critical
force and the more quickly the amplitude recovers. A consistent,
reproducible amplitude-displacement curve is indicative of a
stable tube tip.

Electrical Characterization. For the electrical measurements
the AFM (Digital Instruments Multimode IIIa) was shielded
using a home-built Faraday cage. The AFM probe was held in
an EFM holder, which allowed a voltage,Vtip, to be applied to
the tip. A 50µm diameter hemisphere of mercury, formed by
the electrochemical reduction of Hg2

2+ at a 50µm diameter
platinum disk ultramicroelectrode,19 functioned as the liquid
metal contact. An optical image of the setup is shown in Figure
2a.

The nanotube tip was first lowered toward the liquid metal
using thez-stepper motor in increments less thanL. A sudden
change in the deflection signal of the cantilever occurs when

the tube first encounters the mercury surface. Thez-piezo is
then used to precisely controld. Vtip was controlled by a PC
data acquisition card. The current,i, was converted to a voltage
by a virtual-earth current preamplifier (DL Instruments Model
1211), and the resulting signal fed to an auxiliary input on the
AFM controller using a signal access module. This allowed the
simultaneous measurement of current and tip deflection (force)
as a function ofd.

Results and Discussion

Electrical measurements were carried out with both platinum
and gold tube tips. The current flowing through the tube tip
was initially measured as a function ofd, in the linear response
regime using a fixedVtip (-25 mV). Parts b and c of Figure 2
show typical traces of current and deflection againstd for a
platinum tube tip bundle. Asd is steadily decreased, the current
suddenly rises from zero at the same point (P) as a small
attractive force is observed. The current then rises in steps
through a series of plateaus, whereas the force becomes repulsive
and grows linearly. We often notice a small dip in the force at
each current step, as for instance at point Q. For most bundles,
the characteristics are highly reproducible. With only one
nanotube on the tip, a single current plateau is observed, but
the step is not well behaved, probably as a result of its lower
rigidity. For EFM and scanned gate microscopy applications,
where longer tube tips are desired in view of the long-range
forces, the more rigid tube bundles will also give higher spatial
resolution due to their lower thermal fluctuations.

Although the force response is not yet fully understood, the
origin of the current steps and plateaus is clear. When gold-
coated tips are used, if the gold coating touches the mercury, it
quickly dissolves (as confirmed by subsequent TEM imaging)
and the current vanishes. For platinum tips, if the platinum

Figure 1. Cantilever oscillation amplitude versusz-piezo displacement
for a long (L > 500 nm) tube tip. The extend and retract characteristics
show very little hysteresis, indicating a stable mounting of the nanotube
on the tip. (A) marks the point of initial contact between the nanotube
and the silicon substrate; at (B) the tube buckles until at (C) the
oscillation amplitude returns to almost its free value.

Figure 2. (a) Optical microscope image of the cantilever, tube tip,
and mercury drop arrangement. (b) Current- and (c) deflection-
distance characteristics for a platinum tube tip bundle, as the tip was
brought toward and into contact with the liquid mercury. The tip was
held at a constant voltage of-25 mV. The steplike increases in current
at P and Q coincide with dips in the cantilever deflection, as indicated
by the dashed lines. These mark the penetration of successive
conducting nanotubes into the mercury drop.
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touches the mercury, a stable, very high conductance metal-
metal contact is established. The movement of mercury along
the tube to short to the tip is highly unlikely, as mercury does
not wet carbon nanotubes.20 Therefore, the current must flow
through the nanotubes. Each current step is produced when a
conducting tube penetrates the mercury. The existence of
plateaus between the steps implies that the nanotube resistivity
is small, as discussed below. The multiple features at the first
current step in Figure 2b (point P) may be due to several tubes
in a bundle penetrating the mercury in close succession.

With our limited TEM resolution we could not determine
whether the Fe catalyst particle remains attached to the free
end of the nanotube after pick up. However, this is unlikely to
influence the transport measurements, as the tube end is always
fully immersed in the mercury during current measurements.

To further characterize the nanotube tips,i-Vtip traces were
recorded at fixedd, on a stable plateau. Figure 3a is a TEM
image of a gold tube tip with a single protruding nanotube. The
deformity of the apex is probably a result of abrasion of the
soft gold coating during scanning and has no consequences for
the performance of the tube tip. Figure 3b displays thei-Vtip

response of this tube tip with ca. 50 nm of the tube immersed
in the mercury. The correspondingi-d response showed a very
stable, single plateau. Thei-Vtip trace is highly symmetric, with
a low-bias ohmic resistance of ca. 170 kΩ. The observed
characteristics are consistent with a metallic nanotube.21 Im-
portantly for our intended applications, for all such metallic
nanotube tips, thei-d andi-Vtip responses are very stable, for
Vtip as high as 4 V andi up to 50µA. The stability is illustrated
in Figure 3c, which shows two almost identicali-Vtip traces,
recorded 3 hours apart for a gold tube tip.

Figure 3d shows ani-Vtip trace for another gold tube tip on
an i-d plateau. In this case, the trace is asymmetric and highly
nonlinear, with a much higher resistance at low bias of∼10
MΩ. This is the behavior expected of a semiconducting
nanotube,1 where Schottky barriers exist at both the metal
contacts, which suppress the low-bias conductance.22 The

asymmetry can be attributed to the difference between the
mercury and the gold contacts. Semiconducting nanotubes are
normally p-doped by adsorbates.1 The current should be largest
when holes are injected into the nanotube from the contact with
the lowest Schottky barrier, i.e., when that contact is positively
biased. Because the current is found to be larger for a positive
bias on the mercury, the implication is that the Schottky barrier
to the mercury is smaller than that to the gold. This is consistent
with the work function of Au (5.1 eV) being greater than that
of mercury (4.5 eV).23

A metallic SWNT with perfect contacts has a theoretical
minimum possible resistance of 6.5 kΩ.24 In general, we
obtained plateau resistances (fromi-d traces) in the range 100-
200 kΩ, for metallic nanotubes. Note, for each nanotube tip
we are able to accurately determine this value. The approximate
flatness of each plateau implies that the intrinsic resistance of
the nanotube, which should be proportional to its exposed length,
is small compared with the resistance of one or both contacts.
Given that mercury makes excellent electrical contact with
multiwall carbon nanotubes,13 it is likely the measured resistance
is dominated by the nanotube-tip contact. In fact, resistances
in the same range 100-200 kΩ are also obtained when
nanotubes are laid on top of prefabricated gold electrodes.21 We
found that it was easier to obtain reproducible lower resistance
plateaus with gold than platinum. This was attributed primarily
to the smoother gold tip coating, as observed in the TEM, which
should result in a greater contact area between the nanotube
and the metal.

Closer inspection of thei-d plateaus reveals that they have
a small slope. Because the nanotube-tip contact is unlikely to
depend ond, this slope could come either from a gradual change
in the mercury-nanotube contact or from a changing resistance
of the exposed length of nanotube. Once the immersed length
of the nanotube exceeds some characteristic value we would
expect no further variation in the mercury-nanotube contact
resistance. Experiments on multiwall nanotubes13,14 imply that
this length is very small and that the mercury contact is nearly

Figure 3. (a) TEM image of a gold tube tip. The poor resolution prohibits assessment of the diameter of the tube but allows a reasonable measurement
of the protruding length. (b)i-Vtip response of the tube tip depicted in (a), indicative of metallic nanotube. (c)i-Vtip traces for another gold tube
tip, recorded under identical conditions 3 hours apart, illustrating the stability of the system. (d)i-Vtip response of a gold tube tip, showing behavior
indicative of a semiconducting nanotube.
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ideal for even a few nanometers of nanotube immersed.
Therefore we believe the slope gives a direct measure of the
resistance per unit length of the nanotube, although future
measurements of the precise functional dependence of the
resistance on depth will be needed to confirm this. Our
preliminary investigations on single nanotubes yield a resistance
per unit length in the range 1-5 kΩ µm-1.25 This result is
consistent with other indications24,26that metallic nanotubes are
nearly ballistic conductors over several hundred nanometers at
room temperature.

Conclusions

Attachment of SWNTs to metal-coated AFM tips by van der
Waals forces produces mechanically and electrically stable,
conducting tube tips, capable of high-resolution topographical
imaging, with contact resistances to metallic tubes as low as
100 kΩ. These are key requirements for the application of tube
tips as electrical and electrochemical scanned probes, research
areas that we are currently exploring. Dipping the end of the
nanotube into liquid mercury and measuring the electrical
characteristics as a function of immersion depth allows the
electrical nature of the tube and its contact to the tip to be
assessed. Furthermore, this procedure opens up new possibilities
for investigating the length dependence of the electrical transport
properties of individual nanotubes.
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