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Carbon-based nanomaterials have attracted a lot of interest lately due to their highly promising applica-
tions. Here we report on the modifications of single-walled carbon nanotubes (SWCNTs) induced by swift
(highly energetic) heavy ions. Using scanning force microscopy and Raman spectroscopy, we observe a
dramatic change in the structure of the irradiated SWCNTs, accompanied by an increase of the adhesion
force as a function of ion fluence and electronic energy loss. With increasing ion fluence, the SWCNTs
exhibit a partial transformation from metallic to more semiconducting. Moreover, at high fluence they
break into segments 10–20 nm long.
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I. INTRODUCTION

Highly energetic heavy ions have become an important
tool for modifying various materials for a wide range of
applications in the last two decades [1,2]. This is mainly
due to the high-energy deposition in a small volume along
the ion track. On the basis of the material type and the ion-
beam parameters, various swift-heavy-ion-induced modifi-
cations are created not only in the structure but also in the
mechanical, electronic, and magnetic properties of the irra-
diated materials. Among the samples investigated, nano-
materials, such as carbon nanotubes (CNTs) and in particu-
lar semiconducting single-walled carbon nanotubes (SWC-
NTs), are the most-promising one-dimensional electronic
materials, with exceptional properties such as high mobil-
ity on the order of 100 000 cm2/V s, [1–3] current densities
of more than 109 A/cm2, and on:off current ratios exceed-
ing 105. These remarkable properties led to a wide range of
applications in contemporary technologies, such as CNT-
based FETs, biological sensors, drug delivery, and energy
storage [4–6]. In addition, SWCNTs have been explored
as promising materials for electromagnetic interference
shielding, which is very important for electronic devices,
such as laptops, cell phones, weather radars, and TV-
picture transmitters, and in particular in space applications
[7]. One might expect that ion irradiation should have
the same effects on nanomaterials as on solid materials.
However, it has recently been demonstrated that ion irra-
diation can induce interesting effects on nanostructured
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materials. Examples include structural engineering of two-
dimensional materials, nanofabrication of quantum dots,
and self-assembly or self-organization in carbon nanosys-
tems [8–10]. Controlling the modifications induced in
SWCNTs is vital for tuning their mechanical, electrical,
and optical properties, as they strongly depend on the chi-
rality and defects present [11,12]. It was demonstrated that
the atomic structure and morphology of CNTs or related
structures can be modified by ion irradiation [13,14]. They
can even be interconnected or merged in a controllable way
[15,16]. Although ion irradiation of materials usually intro-
duces disorder or defects, recent experiments concerning
ion irradiation of various nanostructures demonstrated that
it could provide unique effects [17–19]. Defect healing that
can lead to useful localized modification has been reported
under controlled heavy-ion irradiation in carbon nanotubes
[19–21]. Another important aspect is the presence of fast
heavy ions in the space environment, which makes study-
ing their effects on the physical properties of SWCNTs
essential for all possible space applications using SWC-
NTs. Here we present irradiation experiments on SWCNTs
using highly energetic heavy ions in which the structure
and the associated adhesion force are modified in a con-
trolled way by our simply tuning the ion fluence and the
kinetic energy of the swift heavy ions.

II. EXPERIMENTAL DETAILS

Our experiments start with sample preparation by our
immersing precleaned commercially available silicon sub-
strates in a solution of SWCNTs in dichlorobenzene
(0.03 mg/ml) for 3 min. CVD-grown SWCNTs, 1 nm
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TABLE I. Parameters of the iodine ions used for irradiation
of SWCNTs [kinetic energy (Ekin), ion fluence (ϕ), electronic
stopping (dE/dx)e, nuclear stopping (dE/dx)n, mean range (R)]
calculated with SRIM-2013.

Ions Ekin (dE/dx)e (dE/dx)n R ϕ

(MeV) (keV/nm) (keV/nm) (μm) (cm−2)

I5+ 20 6.03 0.30 5.11 5 × 1013–1015

I6+ 30 8.14 0.22 6.46 5 × 1012–1015

I9+ 54 11.4 0.14 8.84 5 × 1013

in diameter, are obtained from Sigma-Aldrich. After the
SWCNTs have been placed in dichlorobenzene, the mix-
ture is sonicated for 10 min to obtain a homogeneous sus-
pension of SWCNTs in the solvent. The solution of SWC-
NTs is then sonicated for 1 min just before the silicon sub-
strate is dipped in it. After removal of the substrate from
the SWCNT solution, it is dried under ambient conditions
without any rinsing. All samples are prepared from the
same solution of SWCNTs following the same procedure.
After preparation, the samples are irradiated at room tem-
perature with swift iodine ions of various megaelectronvolt
kinetic energies and fluences from the 6-MV Tandetron at
Helmholtz-Zentrum Dresden-Rossendorf (Dresden, Ger-
many). The ion-irradiated samples are inspected with a
Bruker Nanoscope III scanning force microscope (SFM).
The microscope is operated in PeakForce Tapping mode
under ambient conditions with use of Bruker probe of 1.5
nN spring constant. This mode is based mainly on the
acquisition of force-distance curves at each pixel, which
allows the mapping of the elastic properties of the sur-
face investigated. The image processing and analysis of
SFM topographic images are performed with the software
program WSxM (version 5.0 Develop 6.4) from Nanotec

FIG. 1. Topographic SFM image and line profiles for SWC-
NTs on Si substrate.

Electronica [22]. In addition, Raman spectroscopy is per-
formed to identify the induced defects in the irradiated
SWCNTs.

III. RESULTS AND DISCUSSION

The energy deposition of swift heavy ions in materi-
als proceeds via two channels: the electronic energy loss
due to the interaction with the electronic system of the
material and the nuclear energy loss transferring the ion
energy to the target atoms via elastic collisions with the
nuclei. For the high kinetic energies up to 54 MeV used in
our experiments, the electronic energy loss dominates and
consequently strong electronic excitations and ionizations
along the ion track are induced. The ion species used and
the corresponding parameters, as calculated by SRIM-2013
[23], are listed in Table I.

The SFM topographic images in Figs. 1, 2, 3(a)–3(c),
and 3(g)–3(i) show the virgin and irradiated samples with
SWCNTs and their bundles of different sizes lying on the

FIG. 2. Topographic SFM
images [(a)–(c)] and line profiles
[(d)–(e)] for SWCNTs irradiated
with 30-MeV iodine ions of
various ion fluences.
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FIG. 3. Topographic SFM
[(a)–(c),(g)–(i)] adhesion-force-
mapping [(d)–(f),(j)–(l)] images of
SWCNTs irradiated with 20- and
30 MeV iodine ions of various ion
fluences. The average size (D) of the
broken segments is shown.

surface of Si substrates. Furthermore, the SFM images
and the corresponding line profiles show clear deforma-
tion of the ion-irradiated tubes and their bundles into
broken segments at high ion fluence. Moreover, the seg-
ments become smaller as the ion fluence increases, as
shown in Fig. 2. In addition to the measured topographic
images, adhesion-force mapping is performed simultane-
ously in PeakForce Tapping mode, giving the possibility
to determine the adhesion force between the tip and the
tubes and the substrate. In this way, high-resolution images
are acquired with detailed features, including the bro-
ken segments, of the ion-irradiated SWCNTs, as shown
in Figs. 3(d)–3(f) and 3(j)–3(l). Figure 4 shows the dis-
tributions of the adhesion force extracted from 1000 ×
1000 nm2 adhesion-force images for SWCNTs irradiated
with ion fluences of 5 × 1013–1015 and kinetic energies
of 20, 30, and 54 MeV. While the high peaks of the his-
tograms in Fig. 4 correspond to the substrates, the broad
peak at smaller adhesion force represents the SWCNTs.

The mean values of the adhesion forces are determined by
our fitting a Gaussian function to each histogram for the
SWCNTs. The mean values of the adhesion force increase
as a function of ion fluence from 2.2 ± 0.6 nN at ϕ =
5 × 1013 cm−2 to 4.0 ± 0.5 nN at ϕ = 1 × 1015 cm−2 for
30-MeV I ions. Only a slight increase of the adhesion force
as a function of electronic energy loss (dE/dx)e for the
iodine ions used is observed, as shown in Figs. 4(e)–4(g).
It is worthwhile mentioning that ion irradiation may lead to
a change of adhesion of the substrate. However, consider
only the response of SWCNTs to ion irradiation.

The most-prominent peaks in the measured Raman spec-
tra are the disorder peak (D peak), which is an indication
of the presence of defects in SWCNTs, and the G peak
originating from longitudinal optical phonons. In SWC-
NTs, the G band is split into two peaks, the G− and G+

peaks (see Fig. 5), which originate from the longitudi-
nal optical modes in metallic and semiconducting nan-
otubes, respectively[24,25]. The high-intensity and narrow
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(a) (b) (c) (d)

(e) (f) (g)

FIG. 4. (a)–(d) Frequency distribution of adhesion force for virgin SWCNTs on Si substrates and irradiated with 30-MeV iodine
ions of various ion fluences. (e)–(g) Histograms for SWCNTs irradiated with 5 × 1013 I ions/cm2 of different kinetic energies. The
mean adhesion force of SWCNTs is shown.

profile of the G+ peak in comparison with the broad
G− peak indicates that our virgin SWCNTs are more
metallic. This reduction of the intensity and broadening of
the G− peak is mainly caused by the existence of electron-
phonon coupling in metallic nanotubes [25,26]. However,
on increase of the ion fluence, the Raman spectra show a
gradual change in the asymmetric G− peak and the initially
sharp G+ peak, which can be ascribed to the partial trans-
formation from metallic to semiconducting SWCNTs, as
shown in Fig. 5. In addition, we observe a greater reduc-
tion in the intensity of the G− peak in comparison with
the G+ peak for ions with higher (dE/dx)e. Furthermore,
we observe that the G+ peak becomes relatively wider on
increase of (dE/dx)e at the same ion fluence; see Fig. 6.
This indicates that more defects are created in the SWC-
NTs. This is demonstrated by our observing an increase of
the disorder parameter (ID/IG) as a function of ion fluence,
as shown in Fig. 7.

ID/IG increases as a function of ϕ until it saturates at ϕ =
5 × 1013 cm−2, reaching a slightly smaller value at ϕ =
1 × 1015 cm−2, which is an indication of defect healing, as
demonstrated in previous experiments using different ion
species and kinetic energies [20,21]. Furthermore, it is also
possible that ion-induced amorphization occurs at high ion
fluence [27]. This can be seen also form the deformation
of the irradiated nanotubes.

Another parameter extracted from the measured Raman
spectra, with use of the Tuinstra-Koenig relation, is

the crystallite size (Ld) [28], which is also termed the
“interdefect length” (Ld), using the Tuinstra-Koenig rela-
tion [29–32]. In contrast to ID/IG, Ld decreases as a
function of ϕ, which is ascribed to the creation of more
defects on increase of ion fluence, as depicted in Fig. 7.
Therefore, a greater value of the disorder parameter and
consequently a shorter interdefect length are observed at
high fluence, where the SWCNTs are drastically damaged,
leading to breaking of the nanotubes into undamaged seg-
ments of length Ld. This agrees with the SFM observations

FIG. 5. Raman spectra of SWCNTs irradiated with 30 MeV I
of different fluencies.
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FIG. 6. Raman spectra of SWCNs irradiated with 5 × 1013 I
ions/cm2 of different kinetic energies.

of broken segments (D), which become smaller at higher
ion fluence. Moreover, the size of the broken segments is
estimated from the SFM images to be 10–20 nm, which is
in fair agreement with the estimated Ld values, as shown in
Figs. 2 and 7.

However, fragmentation of the nanotubes is observed
after ϕ = 5 × 1013 cm−2 is passed, which coincides with
the fluence at which the saturation of the disorder param-
eter of SWCNTs occurs. The defects responsible for these
effects are created by the coupling of the electron excita-
tion induced by the megaelectronvolt ions to the phononic
system. In the concept of the thermal-spike model, the
electron-phonon coupling leads to a temperature increase
in the irradiated zone, which causes structural modifica-
tions [33,34]. In addition, the observed modifications of
SWCNTs are in agreement with the results of classical
molecular-dynamics simulations, which have shown that
irradiation with high ion fluence can lead to the breakup of
nanotubes, amorphization, and partial or total loss of the
tubular shape [27].

FIG. 7. Disorder parameter (ID/IG) and interdefect length (Ld)
as a function of ion fluence.

IV. CONCLUSIONS

We show that swift heavy ions are able to modify single-
walled carbon nanotubes in a controlled way. Ion-induced
fragmentation of broken segments is observed as a function
of ion fluence. The segments are observed only after an
ion-fluence threshold of 5 × 1013 cm−2 is passed, which
coincides with the fluence at which the disorder parameter
measured by Raman spectroscopy saturates. In addition,
we demonstrate that the adhesion between the SFM probe
and SWCNTs can be changed significantly by varying the
ion fluence, and slightly by varying the electronic energy
loss of the ions used.
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