Length control of individual carbon nanotubes by nanostructuring
with a scanning tunneling microscope
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We present a technique to control the length of carbon nanotubes. Individual carbon nanotubes can
be locally cut by applying a voltage pulse to the tip of a scanning tunneling micros&3pé).
Topographic imaging and STM spectroscopy are subsequently used to investigate the result. The
electronic properties of a nanotube can be strongly changed by reducing the size. Current-voltage
curves obtained by STM spectroscopy on a 30 nm short tube created from a longer nanotube show
a stepwise increase of the current, which is attributed to quantum size effectsO9®American
Institute of Physicg.S0003-695(97)03644-9

Carbon nanotubé$ are currently being intensively in- a laser vaporization technique as described in Ref. 5 and
vestigated because of their remarkable electronic and meonsist mainly of~ 1.4-nm-diam single-wall nanotubes. The
chanical properties. Nanotubes can be thought of as singleanostructuring experiments have been carried out with an
graphite sheets wrapped into seamless cylinders. They can b#rahigh-vacuum Omicron STS at room temperature and a
either semiconducting, semimetallic, or metallic, dependindiome-buit 4 K STM2 The latter has been used mainly in
on the wrapping angle and tube diamétéMost nanotubes combination with STS measurements. All measurements are
consist of several concentric layefmulti-wall nanotubes ~ performed with R©90%)Ir(10%) tips, which are mechani-
but single-wall tubes have also been fodn&ecently a cally cut in ambient. Individual carbon nanotubes can easily
method has been developed to synthesize single-wall carbdif imaged on the atomically flat Au surface, both at room
nanotubes with high yield and structural unifornitiletal- ~ temperature and at 4 K. On a granular Pt film nanotubes
lic single-wall nanotubes are predicted to be truly one-aPpeared to be too mobifeFigure 1 shows a large-scale
dimensional conductos® It is for this reason that these iMage obtained on AWlll) at room temperature. Several

nanotubes are considered as ideal quantum wires. Recent d)@notubes are visible as well as atomic steps on the gold
periments by Tangt al® have demonstrated the possibility Surface. Figure @) shows a room-temperature image of an

of measuring electrical transport through individual single-INdividual nanotube together with a line profile through the
wall nanotubes on nanofabricated electrodes. These measuf@®!ecule[Fig. 2c)]. The apparent full width at half maxi-
ments, performed at low temperatures, showed that the tran§1uMm of the n_anotube«@ nm) is determined b_y the tip size.
port characteristics can be adequately described by takin'g:]rom the hel_ght_the d|z_ameter of the tbe is found to be
into account single-electron tunneling and quantum-sizewl'4 nm, which is atyp'??‘ value: .
We have found that it is possible to cut nanotubes in a

energy-level splitting:’ .
The quantum transport properties of nanotubes strong| ontrolled- way by STM nangstrgctur!ng. Tubes_ are C.Ut by
he following procedure: During imaging, scanning is inter-

depend on their size and their capacitance to the environ- . I
. . rupted and the tip moves to a selected position on the nano-

ment. Control of the size of the nanotubes would allow in-
vestigation of the quantum transport properties at different
length scales. Up till now it has not been feasible to control
the length or diameter of nanotubes. In this letter, we present
a technique to cut nanotubes into shorter sections by nano-
structuring with a scanning tunneling microscoff&TM).
STM also allows investigation of the nanotubes before and
after the cutting by topographic imaging and STM spectros-
copy (STS. We demonstrate the possibility of strongly
changing the electronic properties of a nanotube by reducing
its length by the use of STM nanostructuring.

Carbon nanotubes are deposited from a dispersion in 1,2
dichloroethane onto single-crystal Ad11l) surfaces. The

samples are dried in air. The nanotubes were synthesized by
FIG. 1. Large-scale image of several individual nanotubes at room tempera-

ture. Monoatomic steps in the gold surface, some amorphous carbon par-

dElectronic mail: venema@qt.tn.tudelft.nl ticles, and larger bundles of nanotubes are also visible. Image size is 700
YElectronic mail: dekker@qt.tn.tudelft.nl X 400 nnt.
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FIG. 3. Room-temperature STM image of a carbon nanotube, which was cut
into several smaller tubes to demonstrate the reproducibility of the cutting
technique. Voltage pulses of 6.5V were used. The image size is 140

X 150 nnf.

lower limit for the voltage necessary to cut a tube is about 4
V. Voltage pulses of 3.5 V or lower were never successful.
With voltages above 5 V, tubes are always cut. The sign of
the voltage appears not to be relevant. The determining pa-
rameter in the cutting process turns out to be the voltage
rather than the current. Applying a very high tunnel current
up to 50 nA at low voltages does not result in any change in
the nanotube. The same procedure to cut nanotubes was also
successful at 4 K.

The gap in the tube which arises after a cutting event is
typically in the order of 5—10 nm. During the voltage pulse,
carbon material from the nanotube directly under the tip is
removed. Occasionally it partly stays in or near the gap, as is
observed from STM images. For example in the upper left
corner of Fig. 3, two carbon particles are visible as white
dots of ~5 nm in and near the gaps in the nanotube. In most
cases material is picked up by the tip, which is apparent from

20‘ . 40 60 80 a sudden degradation of the imaging quality after a cutting
position (nm) event. By applying a voltage pulsé 6 V on abare part of

the gold substrate the tip can be cleaned again, and the qual-

FIG. 2. Room-temperature STM images of a carbon nandiaigefore and ity of STM imaging restored. It can be confirmed that the tip
(b) af_ter it was cut at the position on the tupe mark_ed with the arrow byiS indeed free from dirt by carrying out STS on the bare gold
applying a voltage pulse of 6.5 V. From the line profilgc), taken along . .
the white line in(a), the diameter of the tube is found to be about 1.4 nm. substrate. The resultlng Current'VOItage_(v) curve will be
The image size is 126125 nn?. linear, as is expected for a metal substrate, only if the tip is
clean.

) ) From our observations it can be concluded that the tubes
tube. Feedback is then switched off and a voltage pulse bgs;, only be cut by applying a relatively high voltage. We

tween tip and sample is applied for a specified period. Aftelgpacylate that electrons injected into the nanotubes with a
this voltage pulse, the feedback is again switched on and th@inimum energy of about 4 eV may break up the carbon—
tip is moved back to the position where the scanning wWagarhon (C—C) bonds in the nanotube. The bonding of the
interrupted. Scanning is then resumed. A break in the nangexagonal carbon lattice on the surface of the nanotubes can
tube on the selected position is visible if the cutting haspe described by ap? hybridization with a small admixture
succeeded. Figure(l) shows the result of a voltage pulse of of sp® character due to the curvature. The bond energies in
—6.5V on the position marked in Fig(&. It appears that this lattice will be in between the bond energy of 3.6 eV for
the cutting procedure is a reproducible technique to shorten single C—C bond and 6.3 eV for a double=C bond. The
tubes. Figure 3 shows an example where a nanotube was agiinimum voltage of abau4 V to break up a tube is indeed

at four different positions. Imaging is typically done at a biaswithin this range’

voltage of 100 mV and tunnel current of 20 pA. For all The length control of nanotubes provided by the cutting
cutting experiments we have used a pulse length of 1 ms, buéchnique may be used to investigate the electrical properties
different voltages of both positive and negative sign. Theof very short nanotubes. Here we report an example where
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0.1 r , T v T to be the dominant low-bias feature in electrical transport
measurement$’ In our case, Coulomb charging is expected
to be less relevant since the nanotube makes contact to the
metal substrate over its full length. This results in a large
capacitance of the tube to the substrate and accordingly a
small Coulomb charging energy. The-V curve cannot be
explained by a Coulomb staircase because the steps are not
equidistant.

Summing up, we have presented a method to control the
length and therefore the electrical properties of individual
nanotubes by STM nanostructuring. The technique of cutting
nanotubes into shorter sections may also be useful for the
future development of nanotechnology. Construction of de-

0.0

current (nA)

after cut

01 -0|_1 ‘ oio ' 0i1 vices on a molecular scale can be envisioned, where struc-
turing and manipulation of individual nanotubes by STM is
voltage (V) used

FIG. 4. 1—V curves obtained by STS on an individual single-wall nanotube The aUt.horS thank Sander Tans and Leo Kouwenhoven
at 4 K. The dashed line denotes theV curve before the cutting. The solid for useful discussions and suppor.t. The work at Delft was
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Foundation.
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