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Scanning probe method investigation of carbon nanotubes
produced by high energy ion irradiation of graphite
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Abstract

Carbon nanotubes were evidenced by atomic force microscopy and scanning tunneling microscopy on highly oriented
pyrolytic graphite irradiated with high energy ions (215 MeV Ne, 209 MeV/ Kr, 246 MeV/ Kr, and 156 Me&/ Xe). On the
samples irradiated with Kr and Xe ions, craters attributed to sputtering were found. Frequently, one or several nanotubes
emerge from these sputtering craters. Some of the observed nanotubes vibrate when scanned with the AFM. Except
nanotubes, no other deposits were observed. [0 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since their discovery in 1991 by lijima [1], due to their
remarkable properties [2,3], a continuously growing inter-
est is focused onto the carbon nanotubes (CNT). Recent
experimental results proved an excellent agreement be-
tween theoretical predictions [4] and the electronic struc-
ture of single-walled carbon nanotubes (SWNT) probed by
scanning tunneling spectroscopy (STS) [5,6]; experimental
evidence pointing to the feasbility of CNT based
nanoel ectronics were reported [7,8].

The most frequently used procedures to produce large
amounts of carbon nanotubes are: the electric arc method
[9], laser ablation [10], and the catalytic decomposition of
hydrocarbons [11]. All these methods yield amorphous
carbon and graphitic material together with the CNT.
Tedious purification steps are needed to obtain a material
which contains only CNTSs. In the electric arc, and in the
laser ablation methods, the growth of carbon nanotubes
takes place in a highly excited carbon plasma generated at
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severa thousands °C, while the catalytic process is based
on the dehydrogenation at 700°C of hydrocarbons. In the
present paper we report a new procedure for the production
of carbon nanotubes which is based on the irradiation of
highly oriented pyrolytic graphite (HOPG) targets with
high energy (E>100 MéV) heavy ions. Individual CNTSs of
severd pm in length are observed by atomic force
microscopy (AFM) and scanning tunneling microscopy
(STM) in, or around the craters where higher order, dense
nuclear cascades — the so called Brinkman type cascades
[12] — intersected the sample surface and produced extend-
ed sputtering. Frequently, the CNTs traversing surface
features on the HOPG vibrate when scanned with a tapping
mode (TM) AFM.

2. Experimental results and discussion

The HOPG samples were irradiated with low dose,
typically 10" cm™?, of 215 Me&/ Ne, 209 Me/ and 246
MeV Kr and 10** cm™? 165 MeV Xe ions. The samples
were freshly cleaved before irradiation and were handled
with maximum care after irradiation to avoid any surface
contamination. It is worth mentioning that in the last years
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we investigated in some detail the interaction of swift,
heavy ions with crystalline targets, like: Si [13,14], musco-
vite mica [15], and HOPG [16,17]. Usualy, Si, mica and
HOPG samples were irradiated simultaneously, during the
same run. While no CNTs were found on any of the Si or
mica samples, on every HOPG sample we found CNTSs.

The irradiated samples were investigated in ambient
atmosphere using contact mode (CM) and tapping mode
(TM) atomic force microscopy, and scanning tunneling
microscopy. For AFM measurements blunt tips (R>100
nm) were preferred because the convolution effect of the
tip shape with the tube shape produces the apparent
widening of the tube in the horizontal plane. This facili-
tates finding the CNTs in large scan windows of the size of
100 um?. The STM tips were mechanically prepared Pt
tips, the tunneling parameters used were similar to those
commonly used for HOPG: tunneling current of 1 nA, and
bias of 100 mV.

In Fig. 1 a TM-AFM image of a sputtering crater on the
surface of HOPG irradiated with Xe ions is shown, the
total length of the carbon nanotube emerging from the
crater is 11 pm, the diameter of the CNT as measured
from its height — the height is not influenced by convolu-
tion effects — is 6 nm in the vicinity of the crater and
gradually decreases to 1 nm in the end region. As shown
by the line cut in Fig. 1, the tube height as measured along
the tube axis shows a regular oscillation pattern. It is worth
pointing out that the edge of the crater does not show any
oscillatory behavior, i.e., the oscillation of the CNT is not
an imaging artifact. Assuming a conic shape for the crater,
its estimated volume is 1.4x10~° um?®, this means that
1.6x10° carbon atoms were sputtered away. Taking the
CNT in Fig. 1 as being a double wall tube, and assuming
that all the atoms will be built into CNTs, 20 similar CNTs
could be generated from the C atoms sputtered out of the
crater, if the density of bulk graphite is used, this number
decreases to 14.

Those sputtered atoms which have a significantly higher
energy will quickly leave the vicinity of the surface, while
the less energetic ones, and the clusters, will form an
expanding cloud in which the nanotube growth may take
place. After the fast growth in the expanding cloud takes
place, the nanotube will collapse onto the surface, where
additional growth may take place due to the target atoms
gected at very low energies in those collisions which are
responsible for the generation of the well known hillocks
on ion bombarded HOPG [18]. For example, in the case of
246 MeV Kr irradiation it is found by STM examination
that 10> pwm ™2 hillocks are produced, while the density of
carbon nanotubes found is 210~ um™?. For a dose ten
times lower, in the case of Xe irradiation a slightly higher
nanotube density in the range of 3xX107° pm™?> was
found.

It was frequently observed that especially those carbon
nanotubes, which cross elevated surface features, like
cleavage steps or folds on HOPG, oscillate when scanned

with the AFM. A TM-AFM image showing this phenom-
enon is presented in Fig. 2, the image was not filtered in
any way. One can note that the step crossing the image
does not show any vibration, the nanotube crosses the step
close to the left hand edge of the image. The total length of
the nanctube exceeds 100 wm, its diameter is estimated to
be 36 nm, the vibration causes some incertitude in the
accuracy of this value.

To get a better insight into how the TM-AFM generates
the image of a vibrating object, computer modeling was
used. As a first approximation a simple model consisting
of a cylindrical rod of 36 nm diameter performing a
transversal lateral sinusoidal vibration was used. Therod is
placed on a flat support surface along the y direction. The
scan direction was perpendicular to the rod axis. The scan
was performed in a window of 50X50 um® at a scan
frequency of 1 Hz by atip of spherical shape with a radius
of 300 nm. The window was sampled in 256X 256 pixels,
with an averaging of 64 kHz, the sampling frequency used
in the TM-AFM. We have assumed that in each sampling
point the tip is descending until it touches the sample.
From this assumption for a cylindrical rod of radius R, at
position x,,, and a spherical tip of radius R, at lateral
position (X, Y.,,) the apparent tip height above the rod is
obtained as:

Zip = [(Reog T Rip)” = Kroa = Xip) 1" = Regg, (€
where

X,oq = Asin(2mft), (2
and X, isincreasing linearly in each scan line with a scan

speed of v,;,=100 pm/s.

From this simple model similar vibration patterns like
those measured experimentally were obtained, a 3D pre-
sentation comparable with Fig. 2 is shown in Fig. 3. To
make a semiquantitative comparison we used the spatial
period of 5 wm and corrugation amplitude of 15 nm
determined from an experimental line cut drawn aong the
tube axis. From these parameters we have obtained f=1/
51.2 Hz and A=96.5 nm for the vibration frequency and
amplitude of the rod. The surprisingly low vibration
frequency may be a consequence of the ‘friction’ of the
nanotube with the supporting surface [19,20]. Further work
is needed to built models that take in account these
interactions and simulate in a more redlistic way the
dissipation of the vibration energy fed in the cantilever-tip
system.

We finally consider a possible scenario for the crater
formation and material sputtering. There are two mecha-
nisms by which an energetic particle moving in a solid
may transfer enough energy to the solid to induce structur-
a modifications: (i) the electronic stopping mechanism
(inelastic interaction with the electrons of the target
atoms), typical for high energy particles (E>1 MeV); and
(i) the nuclear stopping mechanism (elastic collisions with
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Fig. 1. Tapping mode AFM image of a sputtering crater and of a nanotube emerging from the crater on the surface of HOPG irradiated with
Xe ions. The line cut over the image shows the presence of a regular oscillation pattern along the tube axis. The vertical amplitude of the
oscillation is 0.7 nm, while its spatial period is 194 nm.
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Fig. 2. 3D presentation of tapping mode AFM image acquired on HOPG irradiated with Kr ions, unfiltered image. Note the simultaneous
presence of a step which isimmobile in the image, and of a carbon nanotube, which shows a regular oscillation pattern. The diameter of the

nanotube is estimated to be 36 nm.

the nuclei of the target atoms) dominant for low energy
particles. The high energy ions used in the present work,
when falling on the target surface, they al have energiesin
the dominant electronic stopping regime. So, if this
mechanism would be responsible for the crater production,
every incident ion should generate a crater. The surface
densities of the craters when Kr or Xe ions were used,
were in the range of 107° um™2, this means that for
example in the case of Kr ions every 10" ions produces an
event that leads to a surface crater. Therefore, the crater
production and surface sputtering is attributed to those
knocked-on target atoms which are produced by eastic
collisions in deeper regions of the target, in higher order
cascades. These target atoms are displaced by other target
atoms which have gained kinetic energy in earlier colli-
sional processes. Some of the C atoms knocked-on in the
higher order collisions may take an outward pointing
direction, intersecting the irradiated surface. If such a
knocked-on atom generates in turn several sub-cascades in

a limited region, which are active in the same time, this
may lead to extended surface sputtering in that region
where the simultaneously active sub-cascades cross the
target surface [21]. In an earlier work we reported TM-
AFM images of the surface termination of dense nuclear
cascades in Si and muscovite mica [22], in which numer-
ous satellites are clearly visible around the main cascade.
Due to the particular structure of HOPG this kind of
cascades may produce the observed craters. Although, at
the present moment the above detailed scenario seems to
be the most redlistic one that accounts for the crater
production, some synergistic interaction of electronic and
nuclear stopping effects may not be excluded.

In order to get additional proof that the observed objects
are different from surface folds on HOPG, some of the
nanotubes and an object, clearly identified as a surface
fold, were cut by a focused ion beam (FIB) apparatus and
the section was examined by the scanning electron micro-
scope built into the FIB. When comparing cut nanotubes
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Fig. 3. Computer smulation of the image of a vibrating rod in the tapping mode AFM. An amplitude of 15 nm and a spatial period of 5 um
were chosen for the rod for easier comparison with the experimental image shown in Fig. 2.

with the fold, clear differences were found in the cross-
sectional structure of these objects [21].

3. Conclusions

Carbon nanotubes of several um in length, produced
from target atoms sputtered by dense, nuclear cascades
were evidenced by AFM and STM investigation of HOPG
targets irradiated with high energy, heavy ions. The
formation of other carbon based structures, like graphitic
particles or amorphous carbon was not observed. Thisis an
indication that using ion beam techniques carbon
nanotubes may be produced in a way which makes
possible the avoidance of purification steps.

Frequently, one or several nanotubes were found to
emerge from the sputtering craters. Several vibrating
nanotubes were observed, a comparison with a simple
computer model of the image generation of a vibrating rod
in a TM-AFM indicates an oscillation frequency of the
order of 0.02 Hz. The extremely low frequency is tenta-

tively attributed to the interaction of the nanotube with the
support.
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