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Electrical cutting and nicking of carbon nanotubes using an atomic
force microscope
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An atomic force microscop€AFM) has been used to modify the electrical properties of carbon
nanotube devices. By applying voltage pulses from a metal-coated AFM tip, electrical breaks
(“cuts™) or tunneling barrier$‘nicks” ) can be created at any point along a tube. These methods are
applied to make single tube devices by cutting uninteresting nanotubes or create small quantum dots
with large charging energies by placing two tunneling barriers 50 nm apart along a nanotube.
© 2002 American Institute of Physic§DOI: 10.1063/1.1485126

Since their discovery, carbon nanotubegNTs) have islands containing Fe(N§;- 9H,O, MoO,(acac) and alu-
been extensively studied because of their exceptional electrinina nanoparticles were defined on a degenerately doped
cal and mechanical propertiég-or example, single walled silicon wafer with 200-nm-thick thermally grown oxide.
carbon nanotubes behave as nearly ideal one-dimensionghotolithography and etching were used to pattern a
electronic systems that are either semiconducting or metalliqQoly(methylmethacrylate layer, which was subsequently
depending on their chiralityNTs also possess extraordinary used as a lift-off mask for the catalyst. NTs were then grown
stiffness and resistance to fracture, making them promising§y chemical vapor depositidi.Metal electrodes consisting
for structural application$ These unusual electrical and me- of Cr(5 nm) and AUS50 nm) were patterned over the catalyst
chanical properties, combined with their small size, makedslands using photolithography and a lift-off process, with a
NTs excellent candidates for many technological applicasPacing between source and drain electrodes between 1 and 3

tions, including field effect transistotSETs,* field emission ~ #M. This process allowed the parallel production of hun-
displays® and nanosensofs. dreds of NT devices using only optical lithography. The

Scanning probe microscopy has been an indispensab@mples were annealed at 600 °C fo_r 45 min in an Ar envi-
tool in exploring the properties of NTs. Scanning tunne"ngronment to decrease th_e contact resistance betwe_en the NTs
and the electrodes. Typical NT conductances obtained were
0.2—2%/h.

A commercial AFM (Digital Instruments Dimension
3000 was used to perform the electrical modification. The
sample stage was modified to allow mechanical probes to
make electrical contact to the sample pads during imaging.

Electric force mlcrgsgoijFM) has been used to investi- Metallized AFM tips(Pt-Ir coated were employed, to which
gate the voltage distribution inside Nfsand scanned gate . ;
a voltage could be applied using the AFM controller elec-

microscopy has been employed to image scattering Ceme{rsonics
inside_the_nﬁo‘lz _Physiga! manipul_ations of NTS_With the Fig.ure Xa) shows a topographic image of a single NT on
AFM tip, like rolling, sliding, bending, and buckling, haveo:r

i

microscopy (STM) has been used to investigate the size,
chirality, and the density of states of Nfsas well as elec-
trically to cut NTs lying on a metal surfaleSTM, however,
cannot be used to probe NTs on insulating surfaeas,in a

NT transistor. Here, atomic force microscof@FM) is used.

b d to i tigate th hanical i e oxide surface, as imaged by the AFM operating in tap-
equ lu45e 0 Investigate the mechanical properties ng mode. This NT is connected to two metal electrodes that
NTs ™" Such manipulations have also been utilized to

: . . DR are not visible in this image. The NT can be cut by applying
modn}gthe electrical propert2|(<)as of NTs, creating junctions, a voltage pulse to the metal-coated AFM tip. After identify-
FETs;® and quantum dots. ing NTs by topographic imaging, the tip is placed over the

In this letter, we demonstrate that voltage pulses from &1, The AFM feedback is turned off, the tip is lowered until
metal-coated AFM tip can be used to permanently modify

the electrical properties of NT devices. By adjusting the
properties of the voltage pulses, we can either electrically
break (“cut” ) NTs or create tunneling barriefsnick” ) at

any point along them. We demonstrate the utility of these
techniques by creating single NT devices through the cutting
of unwanted extra NTs, and making ultrasmall NT quantum
dots can be created by nicking a NT at two places along its
Iength. (a) (b)

The NT devices used in this work were prepared follow-

ing an approach similar to that of Koreg al ! First, catalyst ~FIG. 1. Perspective views of a carbon NT on an oxide layer imaged in
tapping-mode AFMa) before andb) after cutting by applying two voltage
pulses of—6 V for 100 ms(left) and 50 mgright) to the points marked by
3E|ectronic mail: mceuen@ccmr.cornell.edu arrows in(a). Image size is 508 500 nntf and the height of the NT is 3 nm.
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it is in or very near contact with the NT, and a voltage pulse
is applied for a specified period while the NT is grounded.
Figure 1b) shows the result of two such voltage pulses of
—6 V for 100 ms and 50 ms, applied at the locations indi-
cated by the arrows. Two gaps in the subsequent topographic
image clearly show that the NT has been broken by the two
pulses.

The size of gap resulting from this cutting process can be
controlled by the height and duration of the voltage pulses.
The conductanc& of the NT was used to monitor the pro-
cess; a cutting event can be easily seen as a sudden decrease
of G to zero. Tip voltages more negative tha V for
durations between 10 to 100 ms are most effective in cutting.
Short pulses typically result in small gaps, such as the right
one in Fig. 1b). Shorter pulsefless than 10 msoften result
in gaps invisible in AFM images, but can nevertheless cut the
NTs, as determined fron®. Positive voltage pulses with
similar properties did not lead to cutting.

By applying smaller and shorter voltage pulses with the
tip further away from the NT, we are able to nick a NT
instead of cutting it completely. This nicking is manifested as
a drop ofG of the NT to a lower, but nonzero, value. Voltage
pulses more negative than3 V for 0.1 to 10 ms were most
effective. Control of the tip—NT distance is more critical for
nicking than cutting. To give greater control, the tip can berG. 2. (a) Topographic image of three NTs between two Au electrofi®s,
first moved~10 nm laterally away from the point where the EFM image of(a) before cutting, andc) EFM image after cutting two NTs
nick is to be made and then brought to the oxide surface®” the Ieft by applying voltage pulses at the points marked by arroua in

. . . and (b). White represents higher voltage on the NT in the EFM images.
\oltage pulses are applied while the tip slowly approaches
the NT from the side until a desired resistance change oc-
curs. In this way, the effects of an uncontrolled drift of theto one of the contacts reveals the contact resistance of NTs
AFM tip relative to the NT are minimized. Successful nick- with metal electrodes as well as any defects or breaks along
ing resulted in typical resistance changes of 30 o 10 them. Figure &) is an EFM image of the device in Fig(&,
M. With practice, the yield of this technigueicking with-  with a voltage applied to the upper contact. Figur)?2
out cutting can be as high as 50%. It has been used successhows three bright lines that correspond to three conducting
fully on both metallic and semiconducting NTSs. NTs in parallel. Voltage pulses 6f7 V for 50 ms were then

The microscopic mechanism of cutting and nicking byused to cut two NTs on the left at the points as marked by
the AFM tip is not understood. The cutting of NTs on gold arrows in Fig. 2a). The topographic image after the cutting
substrates using an STM tipvas attributed to the breaking is indistinguishable from that in Fig.(@, but the cutting is
of carbon—carbon bonds by electrons tunneling between thelearly evident in EFM image in Fig.(2). The cuts in these
tip and NT. The voltage required to cut the NT NTs result in complete voltage drops at the points where
(|Vtip|>3 V) was similar to that reported here, but both posi-pulses were applied. The conductance of the device now re-
tive and negative pulses were equally effective in cuttingflects the properties of only the rightmost NT.

NTs, unlike in our experiments. Another possibility is the A second application uses nicks to create a quantum dot
local oxidation of the NT by the breakdown of water in the along the length of a NT, as shown schematically in the
liquid meniscus formed between the tip and the NT. Thislower inset of Fig. 3. A NT with an initial conductance
oxidation process has been widely used to modify surfaces-0.1e?/h was nicked at two points 50 nm apart with voltage
with an AFM tip2? Creating of defects by mechanical pulses of—6 V for 10 ms. The conductance dropped to 0.05
pushind®?® can be excluded as a possible mechanism foe?/h after the first nick and to 0.026%/h after the second,
nicking, since nicking was not observed without voltageindicating two barriers in series with approximate conduc-
pulses. Further work is necessary to clarify the origin of thetances of 0.1 and 0.08°/h each. In Fig. 3G versus gate
cutting and to determine the nature of the microscopic barrivoltage V4 of this device is shown al=20 K. Coulomb

ers created by nicking. Regardless of their origin, howeverpscillations associated with the addition of single electrons to
these cutting and nicking techniques are very useful, athis dot are clearly evident. The upper inset shows the differ-
shown in two examples below. ential conductancel/dV of this device as a function df

Strategies for parallel production of NT devices such asand source—drain voltag®/{), plotted as a gray scale. Cou-
the one described above often result in more than one NTomb diamonds are observed, with a charging energy of
bridging an electrode pair, as in Figa®. Electrical cuttingis  e%/C~75 mV. This charging energy is similar to the value
a simple and fast way to remove undesired NTs. E¥l  expected for a 50-nm-long NT as a quantum dot.
helpful in identifying NTs to remove. An EFM image of the The techniques described above have significant advan

voltage distribution in the device when a voltage is appliedtages over the mechanical ones previously employed to
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