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Abstract

Multi-wall carbon nanotubes (MWCNTs) dispersed on graphite (HOPG) substrate were irradiated with Ar+ ions of 30 keV, using a dose of

D =5�1011 ions/cm2. The irradiated nanotubes were investigated by scanning tunneling microscopy (STM) and spectroscopy (STS) under

ambient conditions. Atomic resolution STM images revealed individual nanotube defects, which appeared as ‘‘hillocks’’ of 0.1–0.2 nm in height,

due to the locally changed electronic structure. The results are in agreement with previous theoretical predictions. Electron density patterns

(superstructures) were observed near the defect sites, which originated from the interference of incident waves and waves scattered by defects. The

period of these superstructures is larger than the period determined by the atomic structure. After annealing at 450 -C in nitrogen atmosphere, the

irradiated MWCNTs were investigated again. The effect of heat treatment on the irradiation-induced nanotube-defects was observed both on the

STM images and on the recorded STS spectra.
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1. Introduction

The carbon nanotubes (CNTs) regarded as perfect cylinders

made from sheets of graphite [1] often contain various kinds of

defects in their structure. Defects like non-hexagonal carbon

rings are responsible for the formation of nanotube junctions

[2] and branched nanotubes [3,4], while the presence of

vacancy-related defects or local deformations in straight

nanotubes can influence their transport properties [5]. Nano-

tube defects can form during the synthesis or can be introduced

for example by purification treatment or irradiation with

charged particles. Experiments show that both electron and

heavy ion irradiation can modify the structure and dimensions

of CNTs [6,7]. Zhu et al. [8] pointed out that energetic Ar+ ions

produce dangling bonds (vacancies) on the surface of

nanotubes. A brief overview on the irradiation-induced effects

in carbon nanotubes has been given recently [9]. Even more

recently, atomic-scale carbon nanotube defects were success-

fully observed by HRTEM [10].

The STM signatures of topological CNT defects were also

simulated [11,12]. Krasheninnikov et al. predicted the STM
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images of individual vacancies in single wall CNTs using tight-

binding calculations [13,14]. They demonstrated that different

type of vacancy-related defects have different signatures in the

STM images [15].

In the present work we report experimental atomic

resolution STM images of individual carbon nanotube defects

created by irradiation.

2. Experimental

In this experiment we used MWCNTs grown by the arc-

discharge method. 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 sample was

introduced in an ion implanter and was irradiated with Ar+ ions

of 30 keV using a low dose of D =5�1011 ions/cm2. The ion

current was I=0.9 AA, and the irradiation was done at normal

incidence. The low dose was used in order to create individual,

non-overlapping defects in the nanotube walls. The irradiated

sample was investigated by STM (constant current mode) and

STS. These measurements were done with a Nanoscope E

instrument operating under ambient conditions, with tunneling

currents (It) of 0.3–1 nA and bias voltages (Ut) in the range of
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0.1–0.5 V. Atomic resolution images were achieved typically

with It =1 nA and Ut =0.1 V.

3. Results and discussion

The STM investigation showed that the irradiation was

successful in creating individual, atomic-scale nanotube defects

(no similar defects could be detected on the as-grown

nanotubes). Such a CNT defect is presented in Fig. 1(a) where

the defect site appears as a protrusion (increased tunneling

current) in the topographic STM image. Fig. 1(b) shows STS

measurements performed above the defect site (continuous

line) and above a defect-free region of the CNT (dashed line).

The dI/dV curves–which are proportional to the local density

of states (LDOS)–show that additional electronic states appear

near the Fermi level at the defect site (the peak at ¨0.1 eV).
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Fig. 1. (a) Atomic resolution STM image of a carbon nanotube defect produced

by irradiation. (b) STS curves measured above the defect site (solid line) and

above a defect-free portion of the nanotube (dashed line).
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Fig. 2. (a) STM image of two nanotube defects recorded after the annealing of

the irradiated sample. (b) dI/dV curves measured above the defects 1 and 2,

respectively.
These additional states contribute to the tunneling process. As a

result, when the scanning STM tip reaches the defect site the

tunneling current increases compared to the current measured

at the defect-free region. Consequently, the tip moves upwards

on the z axis (0.1–0.2 nm farther from the CNT surface) in

order to keep constant the value of It (constant current

operating mode). This movement of the tip makes the

‘‘protrusion’’ of about 0.24 nm in height observed at the defect

site in Fig. 1(a). The atomic resolution is lost at the defect site

and one cannot directly determine which type of defect is

observed (vacancy, non-hexagonal ring, etc.). These results are

in agreement with the theoretical calculations, which predicted

the STM signatures of atomic-scale CNT defects produced by

ion irradiation [13–15]. In these calculations the protrusions

occur due to the increased LDOS which stems from the

dangling bonds produced by the incoming ions. Similar

protrusions (hillocks) were observed earlier on irradiated

HOPG surface [16,17].
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As carbon nanotube defects can be annealed at high

temperatures, we wanted to see the effect of such an annealing

on the irradiated nanotubes. We heated the sample at 450 -C for

90 min under a nitrogen atmosphere of 5 bars. After annealing,

further STM investigations were done under ambient condi-

tions. The measurements revealed that the defects are still

present in the nanotubes, however their measured heights are

much lower. Fig. 2(a) shows two CNT defects measured after

the annealing. The protrusions corresponding to these defects

are less than 0.1 nm in height (the defect site labeled 1 in the

image has an average height of 0.06 nm and the defect labeled

2 has 0.09 nm). The STS curves measured at these sites are

shown in Fig. 2(b). Additional peaks are observed in these dI/

dV data as well, but in this case they appear at higher energies

(around 0.35 eV above the Fermi level). These results suggest

that the nature of the defects changed during the annealing.

Such kind of donor-like states can appear assuming that
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Fig. 3. 3D STM images of MWCNTs with irradiation-induced defects before

(a) and after (b) annealing. After annealing the ‘‘heights’’ of the defects

decrease.
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R� type superstructures observed near the defect in (a). The

cross sectional lines in (b) show the period determined by the atomic structure

(black line) and the period of the superstructure (grey line).
nitrogen adsorbs at the defect sites [18,19]. Another possible

mechanism is that during the annealing process the vacancy-

type defects transformed into non-hexagonal ring-type defects

by dangling bond saturation, predicted by molecular dynamical

simulations [15]. Furthermore, the lower protrusions observed

with STM after the heat treatment also show how CNT defects

tend to heal already at moderate temperatures as compared with

usual graphitization temperatures. This phenomenon can be

well observed in Fig. 3. A CNT portion containing several

defects is presented in Fig. 3(a). The protrusions corresponding

to the defect sites are clearly visible in the image. On the other

hand Fig. 3(b) shows a CNT portion after the heat treatment.

One can observe that in this case–using the same tunneling

conditions–the irradiation-induced hillocks were not very well

observed. However, when scanning smaller areas (10�10

nm2), the defect sites could be well distinguished again (see for

example Fig. 2).

In the close vicinity of several defects we observed

oscillations of the LDOS with a period larger than the period

of the atomic structure. Such kind of oscillations (super-

structures) can be observed in the top part of Fig. 4(a), near the

defect site. The cross sectional lines in Fig. 4(b) show that the

period of the observed superstructure is around 0.45 nm, while

the period of the atomic structure is measured to be 0.255 nm.

Such superstructures were observed earlier on HOPG surfaces

[17,20] and were also predicted theoretically for single wall

CNTs with vacancies [13]. They are known as
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type superstructures [21,22], where R =0.246 nm is the
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distance between B-site atoms in the HOPG. In our case

R =0.255 nm and the period of the superstructure is approx-

imately given by
ffiffiffi

3
p

times R. As pointed out in Ref. [22], these

type of superstructures do not appear due to atomic rearrange-

ment, but they are patterns formed by the interference of

normal electron waves with electron waves scattered at the

defect site.

4. Conclusions

Irradiated multi-wall carbon nanotubes were investigated by

scanning tunneling microscopy and spectroscopy. In agreement

with the theoretical expectations, the individual, atomic-scale

CNT defects appeared as hillock-like protrusions in the STM

images. These protrusions correspond to local tunneling current

maxima caused by the changed electronic structure at the

defect sites. After heating the sample at 450 -C, the protrusions
measured at the defect sites decreased, which showed that the

defects tend to heal already at moderate temperatures.

Spectroscopic measurements also indicated that the nature of

the defects had changed during the annealing process. We

showed that electronic
ffiffiffi
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R� type superstructures,

which had been observed earlier on HOPG surfaces, could

also be detected near carbon nanotube defects.
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