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In this work the STM investigation of nanotube point defects created by ion irradiation (e.g. vacancies) is
presented. The defects appeared as hillock-like features on the STM images. These defects were compared
with similar features observed on the STM images of as-grown coiled carbon nanotubes. In this case the
observed hillock-like features were attributed to the non-hexagonal carbon rings, which are responsible
for the growth of bent and coiled nanotube structures. For irradiation, multi-walled carbon nanotubes
produced by the arc-discharge method were dispersed on highly oriented pyrolitic graphite (HOPG) sur-
face and irradiated with Ar” ions of 30 keV, using a low dose of D=5 x 10" ions/cm’.
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1 Introduction

Carbon nanotubes (CNTs) may contain different kinds of topological point defects in their structure, like
non-hexagonal carbon rings, or vacancy-related defects. These can play important role in the applications
since their presence affect mechanical [1] and transport properties [2]. Topological point defects can
form during the nanotube growth process or they can be introduced after synthesis for example by
chemical purification [3] or irradiation by charged particles [4, 5]. If specific configurations of non-
hexagonal carbon rings (e.g. pentagon-heptagon pairs) are incorporated into the nanotube structure dur-
ing the growth process, bent nanotubes [6, 7], Y-branched nanotube junctions [8], or regularly coiled
carbon nanotubes [9, 10] can form. The signatures of such defects were observed by UHV STM operated
at low temperature during the investigation of a bent nanotube junction [11, 12] or at the end of a single
wall nanotube [13]. The identification of the pentagon-heptagon pairs (in the case of bent junction), or
single pentagon rings (in the case of nanotube end) was possible by comparing the experimental results
with simulations.

Irradiation experiments with both electrons [4, 14] and heavy ions [5] show that irradiation modifies
the structure and dimensions of CNTs. These structural changes can be explained by the mono and bi-
vacancies created by electrons and ions [14, 15], which can transform into non-hexagonal carbon rings
by dangling bond saturation [14, 16]. Carbon nanotube point defects induced by electron beam were
successfully observed during high resolution TEM investigations [17]. The irradiation-induced effects in
carbon nanotubes have been addressed recently in a brief overview by Krasheninnikov and co-workers
[15].

The STM signatures of native topological CNT defects were also simulated [18, 19] and the STM
image of individual vacancies in single wall CNTs were predicted [20]. Simulations showed that differ-
ent type of vacancy-related defects have different shapes in the STM images [21]. In this work we pre-
sent an experimental STM study of nanotube point defects created by ion irradiation of multi-wall CNTs.
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Furthermore, the signatures of topological defects were observed on as-grown coiled carbon nanotubes
as well.

2 Experimental

In this experiment we used multi-wall CNTs grown by the arc discharge method. The details of the
growth process were described elsewhere [22]. A suspension was prepared by sonicating 1 mg of
CNT sample in 20 ml of toluene for 60 min. Droplets of this suspension were dispersed on a cleaved
HOPG substrate. After the deposition of the CNTs the toluene was allowed to evaporate. The sample
was introduced in an ion implanter and was irradiated with Ar"ions of 30 keV using a low dose of
D =5 x10" ions/cm?. The ion current density was J = 0.9 nA/cm?” and the irradiation was done at nor-
mal incidence. The low dose was used in order to create individual, non-overlapping defects in the nano-
tube walls. The irradiated sample was investigated by STM (constant current mode) in air. These meas-
urements were done with a Nanoscope E instrument operating under ambient conditions, with tunneling
currents (/) of 0.3—1 nA and bias voltages (U,) in the range of 0.1-0.5 V. Complementary contact mode
AFM measurements on the irradiated HOPG substrate were done with the same Nanoscope £ instrument
operating in constant force mode, in air. The contact force between the AFM tip and the sample was kept
as low as possible (order of 10° N).

The coiled carbon nanotubes observed in this work were synthesized by the catalytic decomposition of
fullerenes [23]. The coiled nanotubes were grown directly onto the HOPG substrate [23] and thus no
manipulation of the sample was necessary for STM measurements. The tunneling parameters /, and U,
were chosen in the same range as above.

3 Results and discussion

3.1 [Irradiated multi-wall carbon nanotubes

STM investigations revealed that the nanotube defects created by irradiation appear as hillock-like fea-
tures (Fig. 1b) with several angstroms in height, similar to the hillocks observed earlier on irradiated
HOPG [24]. These hillocks could not be observed on the non-irradiated nanotubes (Fig. 1a). STS meas-
urements (not presented here) show that the local electronic density of states (LDOS) near the Fermi
level is higher at the defect sites than at the defect-free regions due to the presence of additional localized
states [22]. The higher LDOS causes higher tunneling current at the defect sites which compels the STM
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Fig. 1 STM images of multi-walled carbon nanotubes before (a) and after irradiation (b). The hillock-
like features in (b) are the signatures of the irradiation induced defects.
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Fig. 2 Representative STM (a) and contact mode AFM images (b) of irradiated HOPG substrate.

tip to move upwards several angstroms in order to keep the tunneling current constant (the STM is oper-
ated in constant current mode). This vertical movement of the tip at the defect sites shows up as a hil-
lock-like feature in the STM images [22]. This is in agreement with simulations, according to which
vacancies appear as hillocks on the STM images [20].

In order to study further the origin of the observed hillocks, we performed both STM and contact
mode AFM measurements on the irradiated HOPG substrate. In contact mode AFM the changes in the
LDOS are not visible, only real topological surface variations are imaged. The measurements showed
that 100—105 hillocks could be imaged on an area of 100 x 100 nm* by STM (Fig. 2a), while only 9—10
hillocks could be detected on a same size area by AFM (Fig. 2b).

These results show that the major part (~90%) of the hillock-like protrusions seen by STM is due to
the change in the LDOS, and only a small part (~10%) can be attributed to clusters and deformations
topographically emerging from the HOPG surface. Due to the graphitic structure of multi-walled nano-
tubes it is reasonable to assume a similar ratio for the hillocks observed on the nanotube surfaces.

The majority of the primary defects created by irradiation are vacancies, since at this ion energy the
nuclear stopping dominates over the electronic stopping [25]. Air molecules adsorbed to these vacancies
can also perturb the local electronic structure. Consequently, the height of the observed hillocks may be
influenced by adsorbates. On the other hand, molecules adsorbed to vacancies do not induce significant
topographic variations on the surface and thus these defects are less observed by AFM. Topographic
deformations on the surface can for example appear when interstitial clusters form between the topmost
graphitic layers [26, 27]. In this case the surface layer deforms and a hillock is produced right above the
interstitial cluster, which can be detected by AFM. This hillock has a height similar to the one observed
at vacancies [26].

3.2 Coiled carbon nanotubes

We observed hillock-like protrusions not only on the STM images of irradiated nanotubes but also dur-
ing the STM investigation of as-grown coiled carbon nanotubes (Fig. 3b). Figure 3a shows a coiled
nanotube synthesized by the decomposition of fullerenes [23], with 3.5 nm between the coils. Figure 3b
shows a magnified portion from Fig. 3a), where one can observe the hillock-like features which appear
repeatedly and regularly along the coils. The line-cuts in Fig. 4 show that the distances between the hil-
locks observed on the top of the coiled nanotube are in the range of 1.4—1.6 nm. According to theoretical
models for coiled nanotube structures, pentagons and heptagons must be incorporated in a regular way in
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Fig.3 STM images of a coiled carbon nanotube. The image in (b) shows a magnified portion from (a).
The hillock-like features (bright spots) in (b) appear repeatedly and regularly along the coils. They are at-
tributed to non-hexagonal carbon rings.

order to form stable coiling [9]. Pentagons induce positive curvature while heptagons induce a negative
curvature in the hexagonal nanotube structure. It is also possible to build coiled nanotubes from azulene
units where the non-hexagonal to hexagonal carbon ring ratio is close to unity [10]. In this case penta-
gons and heptagons are inserted regularly as well, although they are not considered defects any more, but
ordinary building elements (haeckelite structure) [10]. The regular appearance of the hillocks along the
coils in our measurements agrees well with the above model structures proposed for coiled nanotubes.

Furthermore, calculations show that pentagon and heptagon carbon rings incorporated in a hexagonal
structure also change the LDOS by introducing additional electronic states near the Fermi level, and
consequently they appear as hillocks on the STM images [18, 19]. Accordingly, we attribute the ob-
served hillocks to the non-hexagonal carbon rings present in the structure, which are responsible for the
bending and coiling of the nanotubes.

4 Conclusions

We presented experimental STM investigations of carbon nanotube point defects. The signatures of
defects created by ion irradiation were studied and comparison was made with the signatures of regularly
coiled carbon nanotube defects incorporated during growth. STM and AFM measurements on irradiated
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Fig.4 Observed hillocks appear repeatedly and in a regular way along the coils. The line-cuts show the
horizontal distance between the hillocks.
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HOPG surface showed that the majority (~90%) of the defects (hillock-like protrusions) observed by
STM is due to the change in the LDOS, and only a small part (~10%) can be attributed to clusters and
deformations topographically emerging from the surface. We assume a similar ratio for the hillocks ob-
served on the irradiated multi-wall nanotube surfaces.

Hillock-like protrusions were observed on the surface of as-grown coiled carbon nanotubes as well.
The hillocks appeared repeatedly and regularly along the coils. These features were attributed to the non-
hexagonal carbon rings incorporated during growth, which induce the coiling of the nanotubes. The
regular appearance of the hillocks (non-hexagonal carbon rings) agrees well with earlier model structures
proposed for coiled carbon nanotubes.
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