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Electrical cutting and nicking of carbon nanotubes using an atomic
force microscope

Ji-Yong Park, Yuval Yaish, Markus Brink, Sami Rosenblatt, and Paul L. McEuena)

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853

~Received 4 March 2002; accepted for publication 22 April 2002!

An atomic force microscope~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 barriers~‘‘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 Physics.@DOI: 10.1063/1.1485126#
ct

io
ll
ry
in

e-
k

ca

ab
ng
ze

i-
e
te

e
e

to
,

if
he
al

s
tin
um

i

w

ped
.

a
y
wn

st
a
nd 3
n-
e
vi-
NTs
ere

he
to

ing.

c-

n
ap-
hat
ng
y-
he
til

in

.

Since their discovery,1 carbon nanotubes~NTs! have
been extensively studied because of their exceptional ele
cal and mechanical properties.2 For example, single walled
carbon nanotubes behave as nearly ideal one-dimens
electronic systems that are either semiconducting or meta
depending on their chirality.2 NTs also possess extraordina
stiffness and resistance to fracture, making them promis
for structural applications.3 These unusual electrical and m
chanical properties, combined with their small size, ma
NTs excellent candidates for many technological appli
tions, including field effect transistors~FETs!,4 field emission
displays,5 and nanosensors.6

Scanning probe microscopy has been an indispens
tool in exploring the properties of NTs. Scanning tunneli
microscopy ~STM! has been used to investigate the si
chirality, and the density of states of NTs7,8 as well as elec-
trically to cut NTs lying on a metal surface.9 STM, however,
cannot be used to probe NTs on insulating surfaces,e.g., in a
NT transistor. Here, atomic force microscopy~AFM! is used.
Electric force microscopy~EFM! has been used to invest
gate the voltage distribution inside NTs10 and scanned gat
microscopy has been employed to image scattering cen
inside them.10–12 Physical manipulations of NTs with th
AFM tip, like rolling, sliding, bending, and buckling, hav
been used to investigate the mechanical properties
NTs.13,14 Such manipulations have also been utilized
modify the electrical properties of NTs, creating junctions15

FETs,16 and quantum dots.17–20

In this letter, we demonstrate that voltage pulses from
metal-coated AFM tip can be used to permanently mod
the electrical properties of NT devices. By adjusting t
properties of the voltage pulses, we can either electric
break ~‘‘cut’’ ! NTs or create tunneling barriers~‘‘nick’’ ! at
any point along them. We demonstrate the utility of the
techniques by creating single NT devices through the cut
of unwanted extra NTs, and making ultrasmall NT quant
dots can be created by nicking a NT at two places along
length.

The NT devices used in this work were prepared follo
ing an approach similar to that of Konget al.21 First, catalyst

a!Electronic mail: mceuen@ccmr.cornell.edu
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islands containing Fe(NO3)3•9H2O, MoO2(acac)2 and alu-
mina nanoparticles were defined on a degenerately do
silicon wafer with 200-nm-thick thermally grown oxide
Photolithography and etching were used to pattern
poly~methylmethacrylate! layer, which was subsequentl
used as a lift-off mask for the catalyst. NTs were then gro
by chemical vapor deposition.21 Metal electrodes consisting
of Cr~5 nm! and Au~50 nm! were patterned over the cataly
islands using photolithography and a lift-off process, with
spacing between source and drain electrodes between 1 a
mm. This process allowed the parallel production of hu
dreds of NT devices using only optical lithography. Th
samples were annealed at 600 °C for 45 min in an Ar en
ronment to decrease the contact resistance between the
and the electrodes. Typical NT conductances obtained w
0.2– 2e2/h.

A commercial AFM ~Digital Instruments Dimension
3000! was used to perform the electrical modification. T
sample stage was modified to allow mechanical probes
make electrical contact to the sample pads during imag
Metallized AFM tips~Pt-Ir coated! were employed, to which
a voltage could be applied using the AFM controller ele
tronics.

Figure 1~a! shows a topographic image of a single NT o
the oxide surface, as imaged by the AFM operating in t
ping mode. This NT is connected to two metal electrodes t
are not visible in this image. The NT can be cut by applyi
a voltage pulse to the metal-coated AFM tip. After identif
ing NTs by topographic imaging, the tip is placed over t
NT. The AFM feedback is turned off, the tip is lowered un

FIG. 1. Perspective views of a carbon NT on an oxide layer imaged
tapping-mode AFM~a! before and~b! after cutting by applying two voltage
pulses of26 V for 100 ms~left! and 50 ms~right! to the points marked by
arrows in~a!. Image size is 5003500 nm2 and the height of the NT is 3 nm
6 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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it is in or very near contact with the NT, and a voltage pu
is applied for a specified period while the NT is grounde
Figure 1~b! shows the result of two such voltage pulses
26 V for 100 ms and 50 ms, applied at the locations in
cated by the arrows. Two gaps in the subsequent topogra
image clearly show that the NT has been broken by the
pulses.

The size of gap resulting from this cutting process can
controlled by the height and duration of the voltage puls
The conductanceG of the NT was used to monitor the pro
cess; a cutting event can be easily seen as a sudden dec
of G to zero. Tip voltages more negative than24 V for
durations between 10 to 100 ms are most effective in cutt
Short pulses typically result in small gaps, such as the r
one in Fig. 1~b!. Shorter pulses~less than 10 ms! often result
in gaps invisible in AFM images, but can nevertheless cut
NTs, as determined fromG. Positive voltage pulses with
similar properties did not lead to cutting.

By applying smaller and shorter voltage pulses with
tip further away from the NT, we are able to nick a N
instead of cutting it completely. This nicking is manifested
a drop ofG of the NT to a lower, but nonzero, value. Voltag
pulses more negative than23 V for 0.1 to 10 ms were mos
effective. Control of the tip–NT distance is more critical f
nicking than cutting. To give greater control, the tip can
first moved;10 nm laterally away from the point where th
nick is to be made and then brought to the oxide surfa
Voltage pulses are applied while the tip slowly approac
the NT from the side until a desired resistance change
curs. In this way, the effects of an uncontrolled drift of t
AFM tip relative to the NT are minimized. Successful nic
ing resulted in typical resistance changes of 50 kV to 10
MV. With practice, the yield of this technique~nicking with-
out cutting! can be as high as 50%. It has been used succ
fully on both metallic and semiconducting NTs.

The microscopic mechanism of cutting and nicking
the AFM tip is not understood. The cutting of NTs on go
substrates using an STM tip9 was attributed to the breakin
of carbon–carbon bonds by electrons tunneling between
tip and NT. The voltage required to cut the N
(uVtipu.3 V) was similar to that reported here, but both po
tive and negative pulses were equally effective in cutt
NTs, unlike in our experiments. Another possibility is th
local oxidation of the NT by the breakdown of water in th
liquid meniscus formed between the tip and the NT. T
oxidation process has been widely used to modify surfa
with an AFM tip.22 Creating of defects by mechanic
pushing18,20 can be excluded as a possible mechanism
nicking, since nicking was not observed without volta
pulses. Further work is necessary to clarify the origin of
cutting and to determine the nature of the microscopic ba
ers created by nicking. Regardless of their origin, howev
these cutting and nicking techniques are very useful,
shown in two examples below.

Strategies for parallel production of NT devices such
the one described above often result in more than one
bridging an electrode pair, as in Fig. 2~a!. Electrical cutting is
a simple and fast way to remove undesired NTs. EFM10 is
helpful in identifying NTs to remove. An EFM image of th
voltage distribution in the device when a voltage is appl
Downloaded 03 Jun 2002 to 128.84.241.56. Redistribution subject to A
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to one of the contacts reveals the contact resistance of
with metal electrodes as well as any defects or breaks a
them. Figure 2~b! is an EFM image of the device in Fig. 2~a!,
with a voltage applied to the upper contact. Figure 2~b!
shows three bright lines that correspond to three conduc
NTs in parallel. Voltage pulses of27 V for 50 ms were then
used to cut two NTs on the left at the points as marked
arrows in Fig. 2~a!. The topographic image after the cuttin
is indistinguishable from that in Fig. 2~a!, but the cutting is
clearly evident in EFM image in Fig. 2~c!. The cuts in these
NTs result in complete voltage drops at the points wh
pulses were applied. The conductance of the device now
flects the properties of only the rightmost NT.

A second application uses nicks to create a quantum
along the length of a NT, as shown schematically in t
lower inset of Fig. 3. A NT with an initial conductanceG
50.1e2/h was nicked at two points 50 nm apart with voltag
pulses of26 V for 10 ms. The conductance dropped to 0.
e2/h after the first nick and to 0.025e2/h after the second,
indicating two barriers in series with approximate condu
tances of 0.1 and 0.05e2/h each. In Fig. 3,G versus gate
voltage Vg of this device is shown atT520 K. Coulomb
oscillations associated with the addition of single electrons
this dot are clearly evident. The upper inset shows the dif
ential conductancedI/dV of this device as a function ofVg

and source–drain voltage (Vsd), plotted as a gray scale. Cou
lomb diamonds are observed, with a charging energy
e2/C;75 mV. This charging energy is similar to the valu
expected for a 50-nm-long NT as a quantum dot.23

The techniques described above have significant ad
tages over the mechanical ones previously employed

FIG. 2. ~a! Topographic image of three NTs between two Au electrodes,~b!
EFM image of~a! before cutting, and~c! EFM image after cutting two NTs
on the left by applying voltage pulses at the points marked by arrows in~a!
and ~b!. White represents higher voltage on the NT in the EFM images
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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break NTs19 or to bend them to make tunnel barriers.15,18,20

In mechanical manipulations, the forces applied to the
are quite large and can disrupt the electrical contact betw
the NT and the metallic contacts.15 In addition, creating mul-
tiple kinks in a NT is quite challenging, since the manipu
tion required to make one kink can disrupt the other. W
electrical cutting, in contrast, the contacts remain unaffec
and the creation of one nick does not appear to influence
properties of others.

In summary, we have demonstrated that the electr
properties of NT devices can be locally modified by applyi
voltage pulses with a metal-coated AFM tip. These te
niques, in combination with mechanical manipulation, ho
great promise for creating more complex NT devices such
multiple quantum dots, NT–NT junctions, and Aharonov
Bohm rings. In addition, the gaps formed in NTs by cutti
could be used as nanometer-scale electrodes to probe n
rystals or single molecules.

We thank the Craighead group for the use of their AF
and Scott Bunch for assistance with device fabrication. T
work was supported by the NSF Center for Nanoscale S

FIG. 3. Conductance as a function of gate voltage of a NT quantum d
20 K. The quantum dot was made by nicking two times 50 nm apart on
NT. The upper inset shows differential conductancedI/dV as a function of
Vg and Vsd at T520 K. White represents lowdI/dV, while black corre-
sponds to highdI/dV. The size of coulomb diamonds indicates a charg
energy of;75 meV. The lower inset shows the schematic of the NT qu
tum dot, with the dark bands representing tunneling barriers created
nicking.
Downloaded 03 Jun 2002 to 128.84.241.56. Redistribution subject to A
T
en

-

d
he

al

-

s

oc-

is
s-

tems, the MARCO Focused Research Center on Mater
Structures, and Devices~which is funded at the Massachu
setts Institute of Technology, in part by MARCO under Co
tract No. 2001-MT-887 and DARPA under Grant N
MDA972-01-1-0035!, by a Packard Interdisciplinary Fellow
ship, and by Cornell University. Sample fabrication was p
formed at the Cornell node of the National Nanofabricati
Users Network, funded by NSF.

1S. Ijima, Nature~London! 354, 56 ~1991!.
2R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus,Physical
Properties of Carbon Nanotubes~Imperial College Press, London, 1998!.

3B. I. Yakobson and P. Avouris, Top. Appl. Phys.80, 287 ~2001!.
4S. J. Tans, A. R. M. Verschueren, and C. Dekker, Nature~London! 393, 49
~1998!.

5W. B. Choi, D. S. Chung, J. H. Kang, H. Y. Kim, Y. W. Jin, I. T. Han, Y
H. Lee, J. E. Jung, N. S. Lee, G. S. Park, and J. M. Kim, Appl. Phys. L
75, 3129~1999!.

6Y. Cui, Q. Wei, H. Park, and C. M. Lieber, Science293, 1289~2001!.
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