
Electron beam generation and structure of defects in
carbon and boron nitride nanotubes

Alberto Zobelli

Laboratoire de Physique des Solides, Université Paris-Sud
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Irradiating nanotubes

Nanotube irradiation

Carbon nanotubes have unique electronic and mechanical properties.

Synthesized nanotubes are far from being homogeous.

Various post-growth modification methods have been suggested to
functionalise the as-synthesized nanotubes.

Defects in nanotubes can strongly affect their chemical or physical
characteristics.

Nanotube irradiation could be deliberately used to generate defects
and thus to functionalise the tubes.

Irradiation is also an unavoidable secondary effect occurring when
highly energetic particles are used to investigate structural and
spectroscopic properties of the tubes.
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Irradiating nanotubes

Nanotube irradiation

Irradiation experiments on nanotubes have been performed using many
different energetic particles:

Protons
V. Basiuk et al. Nano Lett. 2, 789 (2002)

B. Khare et al. Nano Lett. 3, 643 (2003)]

Ions
C. Gomez-Navarro et al. Nature Mat. 4, 534 (2005)

γ rays
H. Hulman et al. J. Appl. Phys. 98, 243311 (2005),

V. Skakalova et al. Diam. Relat. Mater. 13, 296 (2004)

Electrons
Kis et al Nature Mat. 3, 153 (2004),

F. Beneu et al. PRB 59, 5945 (1999)

5 / 49



Irradiating nanotubes

Nanotube irradiation

Irradiation experiments on nanotubes have been performed using many
different energetic particles:

Protons
V. Basiuk et al. Nano Lett. 2, 789 (2002)

B. Khare et al. Nano Lett. 3, 643 (2003)]

Ions
C. Gomez-Navarro et al. Nature Mat. 4, 534 (2005)

γ rays
H. Hulman et al. J. Appl. Phys. 98, 243311 (2005),

V. Skakalova et al. Diam. Relat. Mater. 13, 296 (2004)

Electrons
Kis et al Nature Mat. 3, 153 (2004),

F. Beneu et al. PRB 59, 5945 (1999)

5 / 49

LETTERS

534 nature materials | VOL 4 | JULY 2005 | www.nature.com/naturematerials

Tuning the conductance of single-walled 
carbon nanotubes by ion irradiation in the 
Anderson localization regime
C. GÓMEZ-NAVARRO1, P. J. DE PABLO1, J. GÓMEZ-HERRERO1*, B. BIEL2, F. J. GARCIA-VIDAL2, 
A. RUBIO3 AND F. FLORES2

1Departamento de Física de la Materia Condensada, Universidad Autónoma de Madrid, E-28049 Madrid, Spain
2Departamento de Física Teórica de la Materia Condensada, Universidad Autónoma de Madrid, E-28049 Madrid, Spain
3Departamento de Física de Materiales, Universidad del País Vasco UPV/EHU and Donostia International Physics Center (DIPC), E-20018-San Sebastián, Spain
*e-mail: julio.gomez@uam.es

Published online: 19 June 2005; doi:10.1038/nmat1414

Carbon nanotubes1,2 are a good realization of one-dimensional 
crystals where basic science and potential nanodevice 
applications merge3. Defects are known to modify the electrical 

resistance of carbon nanotubes4; they can be present in as-grown 
carbon nanotubes, but controlling their density externally opens 
a path towards the tuning of the electronic characteristics of the 
nanotube. In this work, consecutive Ar+ irradiation doses are applied 
to single-walled nanotubes (SWNTs) producing a uniform density 
of defects. Aft er each dose, the room-temperature resistance versus 
SWNT length (R(L)) along the nanotube is measured. Our data 
show an exponential dependence of R(L) indicating that the system 
is within the strong Anderson localization regime. Th eoretical 
simulations demonstrate that mainly di-vacancies contribute to the 
resistance increase induced by irradiation, and that just a 0.03% of 
di-vacancies produces an increase of three orders of magnitude in the 
resistance of a SWNT of 400 nm length.

Th e traditional approximation to reduce the size and enhance the 
performance of electronic devices may not be applicable in the near 
future5. Th ere is now great expectation for properties of electronic 
circuits based on molecules. For the case of electronic circuits based 
on carbon nanotubes6, the infl uence of disorder and defects4,7 is of 
fundamental relevance in the performance of the device. In particular, 
the density of defects would determine the transport in nanotubes 
from a ballistic regime8,9 to either weak or strong localization regimes. 
Quantum theory dictates that for a one-dimensional conductor of length 
L10,11, with a given density of defects, localization eff ects emerge when 
the ‘phase coherence length’ Lϕ is larger than the localization length L0. 
If L is not too large (for L about 3–10 L0) and the inelastic interaction is 
weak, the wire resistance is controlled by the phase-coherent electron 
propagation12, falling into the strong localization regime in which the 
resistance increases exponentially with the length of the wire. Th is 
regime has not been observed in single-walled nanotubes in spite of 
much evidence for a weak localization diff usive regime and quantum 
interference in multiwalled carbon nanotubes13. By changing the 
density of defects, L0 can be modifi ed allowing control of the resistance 
of the one-dimensional conductor.

Induced defects have already been used to modify diff erent 
properties of carbon nanotubes. Indeed, an electron beam has 
been used to create in situ nanotube junctions14 and to enhance 
the mechanical response of nanotube bundles by creating stable 
links among the tubes15. Th eoretically, the eff ects of vacancies16, 
topological defects17 and random disorder18,19 on the electronic 
transport of the nanotube have been investigated. Surprisingly, few 
experimental results have been published concerning the transport 
regime of localization and, to our knowledge, no experimental 
evidence of the infl uence of controllably induced defects on the 
variation of the electrical resistance with the length of single-walled 
carbon nanotubes has yet been reported20. To study this issue we 
have irradiated SWNTs with Ar+ ions and measured the electrical 
characteristics of the same metallic carbon nanotube, aft er each 
irradiation, by using a conductive atomic force microscopy 
(Cervantes AFM, Nanotec Electrónica S.L.) at room temperature. 
In addition, the measured low-voltage-resistance (LVR) data was 
theoretically analysed using a combination of density functional 
methods and Green’s functions techniques.

A metallic AFM tip was used to measure the current versus 
voltage characteristics (I–V) of the nanotubes as a function of the 
distance between the metallic AFM tip, used as a mobile electrode, 
and a fi xed macroscopic gold electrode21. Briefl y, the experiments 
were performed as follows: a metallic SWNT was fi rst selected 
(Fig. 1a) and electrically characterized. From the I–V plots the LVR 
was determined along the tube by fi tting a straight line to the data 
around zero volts. In this way a resistance versus length curve R(L) 
is obtained (Fig. 1a). Th e experimental setup enables us to increase 
the force applied by the mobile electrode to the SWNT until an 
optimum contact resistance is reached22.

All the individual metallic SWNTs probed in our 
experiments exhibit a nonlinear R(L) at low voltage 
as expected for a strong Anderson localization 
regime10. Th e low-bias resistance data can be fi tted by:

R(L) = Rc + ½R0exp(L/L0)     (1)
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that we attribute to the sputtering of gold and carbon atoms along 
the nanotube–electrode contact region.

Using molecular dynamic simulations, Krasheninnikov et al.23 
suggested that Ar+ collisions mainly create mono-vacancies and 
di-vacancies along the nanotube. In particular, their simulations 
for a 120-eV Ar+-ion beam impinging perpendicular to the tube 
axis of a (10,10) nanotube show that di-vacancies appear in about 
30–40% of the impacts (private communication). Th is is important 
for the rationale behind the observation of the strong localization 
regime and in quantitative agreement with the estimations from our 
experiments, as discussed below.

In this work we have performed simulations using a fi rst-
principles local orbital density-functional method (FIREBALL)24 
to calculate the relaxation around the defects and the eff ective local 
orbital hamiltonian (an sp3-basis set of  orbitals was used with a cut-
off  radius of 2.15 Å). Th e advantage of this approach is that it provides 
a means of calculating the LVR using standard Green-function 
techniques derived for tight-binding hamiltonians25 but now with 
the accuracy of fi rst principles. Within this theoretical framework, 
as explained in the Methods, we are able to calculate the diff erential 

conductance g for a realistic tube with a given number of defects 
(mono-vacancies or di-vacancies) that are randomly distributed 
along the nanotube (Fig. 3a). Th is numerical tool allows us to make a 
quantitative comparison between theory and experiments.
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Figure 3 Simulated resistance versus length for a fi xed density of defects. 
a, There are two possible orientations for the di-vacancies. We defi ne the orientation 
of the di-vacancy as the vector connecting the two missing atoms. The vertical case 
(with its orientation perpendicular to the nanotube direction) is less stable than the 
lateral one (with their orientation partially parallel to the tube axis) by 2.0 eV; then 
we can safely assume that Ar+ irradiation only creates either mono- or lateral di-
vacancies. b, The nanotube resistance as a function of its length for a mean distance 
between di-vacancies of 28.5 nm. Several cases are illustrated corresponding to 
different random confi gurations of the di-vacancies (see a); the conductance mean 
value (thick black line) and the dispersion (dotted lines) are also shown, obtained 
after averaging over 90 random cases. The resistance is shown just after each di-
vacancy plane, and the length of the nanotube is obtained by multiplying the number 
of defects in the x axis by the mean distance between the di-vacancies. A summary 
of the results for other defect concentrations is provided in Fig. 4. Inset: The relaxed 
geometry of a lateral di-vacancy in a (10,10) SWNT. c, The nanotube resistance 
for two of the random confi gurations analysed in b evaluated at zero temperature 
(dashed lines) and at room temperature (solid lines), the upper black line corresponds 
to the conductance mean value as in panel b. Inset: The differential conductance (in 
logarithmic scale) for the confi guration displayed in red and for a defected nanotube 
of length 712 nm (25 defects), only in the range (–kBT, + kBT).
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Figure 2 Effect of consecutive irradiations on the electrical resistance. 
a, Semi-logarithmic plot of the LVR versus L data for a 1.4-nm-diameter SWNT 
before and after each of the four consecutive irradiation doses, corresponding to 
the 1st, 2nd, 3rd and 4th irradiations. b, Differential conductance (dI/dV) versus bias 
voltage. The curves were acquired at a distance of 350 nm between electrodes. The 
cross-over between LVR and HVR is clearly seen.
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Since their discovery, carbon nanotubes1 have attracted the
attention of many scientists and engineers worldwide, partly
because of their exceptionally high Young’s modulus.

Initial measurements of the Young’s modulus of carbon nanotubes have
confirmed the theoretical expectation close to 1 TPa (1012 Pa), similar 
to the in-plane modulus of graphite2,3. However, single-walled carbon
nanotubes (SWNT) often aggregate into bundles (ropes) of weakly
interacting tubes that can easily slide on each other2. These bundles can
contain up to several hundred SWNTs arranged in a hexagonal lattice4.
The bending modulus of carbon nanotube bundles, which for a
homogeneous bar corresponds to the Young’s modulus, strongly
decreases with the diameter of ropes (Fig. 1). The main cause for this
apparent flaw is the weakness of the van der Waals force that binds the
tubes together. Owing to weak intertube forces, thick ropes behave as
loose bundles of individual tubes that can easily slide past each other,
rather than as a thick bar.The same phenomenon of intertube sliding is
encountered in the fabrication of macroscopic structures composed
entirely of carbon nanotubes:ribbons and fibres5,6,as well as centimetre-
long strands7.With the Young’s modulus of 80 GPa in the case of fibres6

and 77 GPa for the strands7, these remarkable structures still don’t take
full advantage of the superior mechanical properties of carbon
nanotubes. Introducing stable connections between nanotubes,
without significantly degrading their Young’s modulus in the process,
would bring their application closer to reality.

Carbon nanostructures have shown to be very sensitive to
irradiation8. This sensitivity can be exploited for controllable
modifications of their structural properties, as far as turning9

sp2-hybridized carbon into sp3, or forming entirely new nanostructures
like carbon onions10, double-walled carbon nanotubes11 and hybrid
carbon–BN nanotubes12.

The structure of carbon nanotubes can be modified using
electron13–15 or ion-beam16,17 irradiation. High irradiation doses
eventually lead to the amorphization of the structure18. The only study
performed so far on SWNT bundles has shown that the tubes can
coalesce under energetic, 1.5-MeV electron irradiation at 800 °C with

During their production, single-walled carbon nanotubes

form bundles. Owing to the weak van der Waals

interaction that holds them together in the bundle, the

tubes can easily slide on each other, resulting in a shear

modulus comparable to that of graphite. This low shear

modulus is also a major obstacle in the fabrication of

macroscopic fibres composed of carbon nanotubes.

Here, we have introduced stable links between

neighbouring carbon nanotubes within bundles, using

moderate electron-beam irradiation inside a transmission

electron microscope. Concurrent measurements of the

mechanical properties using an atomic force microscope

show a 30-fold increase of the bending modulus, due to

the formation of stable crosslinks that effectively eliminate

sliding between the nanotubes. Crosslinks were modelled

using first-principles calculations, showing that interstitial

carbon atoms formed during irradiation in addition to

carboxyl groups, can independently lead to bridge

formation between neighbouring nanotubes.

Reinforcement of single-walled carbon
nanotube bundles by intertube bridging
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two or more tubes joining into a new tube with a bigger diameter14.
Similar conditions can also lead to junction formation between single,
isolated tubes in the area of their contact15, though with apparent
degradation of structure outside the contact area19. Electrical coupling
between individual tubes comprising a bundle can also be enhanced by
introducing defects using Ar+ ion irradiation16. Pitch-based carbon
fibres with typical diameters in the 100-µm range can also be modified
by ion-beam irradiation. Exposure to 170-keV electrons increases their
resistance to fracture20,whereas high-energy (175 MeV) argon ions can
decrease their diameter and both increase or decrease their tensile
strength and Young’s modulus by up to 70%, depending on the type of
the fibre21.

A charged particle beam has two major effects, depending on the
energy transfer from the incoming particles to the target. For small
energy transfers (of the order of several electron volts), only electronic
excitation of valence electrons occurs. Excited states can lead to local
chemical modifications by atomic-bonding instabilities and
rearrangement (radiolysis). Above a certain threshold, incoming
particles have a sufficiently high kinetic energy to displace atoms from
the lattice by direct elastic collisions with the nuclei. The primary
mechanism for damaging carbon nanotubes is along the path of direct
knock-on collisions. Previous studies22 have shown that the threshold
energy for elastic carbon displacement in isolated SWNTs is 86 keV.
Electrons below this energy can still lead to the formation of interstitials.
The threshold value can also be smaller near defects, due to a lower
coordination number23.

To ascertain the most efficient mechanism of producing crosslinks,
we have used electron energies both below (80keV) and above (200keV)
the displacement threshold in isolated SWNTs. SWNT bundles grown
by arc discharge and purified using an H2O2/HCl mixture were
dispersed in ethanol and deposited on a micro-fabricated,free-standing
and perforated Si3N4 thin membrane before electron irradiation in the
transmission electron microscope (TEM). Such a set-up allows elastic

10

100

1,000

 E
b 

(G
Pa

)

302520151050
D (nm)

E

G

G
E

Figure 1 Dependence of the bending modulus Eb of twelve carbon nanotube ropes
on the tube diameter D.The bending modulus of thin tubes corresponds more closely to
the Young’s modulus (E ).For thicker tubes, the bending modulus decreases due to sliding
between the tubes and approaches the value of the shear modulus (G ).E can be reached by
forming irradiation-induced crosslinks between the tubes.The open squares indicate the
initial Eb for the three ropes that were irradiated and used in this study.The inset represents
a simplified sketch of a carbon nanotube rope.The shear modulus (G ) describes the
resistance to intertube sliding,and the Young’s modulus (E ) describes the resistance to
longitudinal stretching.
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Figure 2 Dependence of Eb of carbon nanotube ropes on the irradiation dose.
AFM measurements,TEM observation and irradiation were carried out on the same
nanotube rope.a,Three-dimensional rendering based on the AFM image of a carbon
nanotube rope spanning two holes.Measurements were performed on the hole on the right
side.b,TEM image of the same nanotube (scale bar 100 nm).The rope appears to be
broader on the AFM image because of convolution with the tip shape.c,Behaviour of Eb of
different carbon nanotube ropes as a function of received dose for two incident electron
energies.For 200 keV, the bending modulus increases on short exposures,due to
crosslinking and degrades at higher exposures because of structural damage.The rope
irradiated with 80-keV electrons shows a much stronger and sharper increase of the
bending modulus.Lines are given for clarity.The inset shows a sketch of crosslinked
nanotubes in the rope.
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Irradiating nanotubes

Advantages of electron irradiation

Compared to other irradiation techniques, electrons are easier to handle:

Electron beam energies can be easily tuned.

Electron beams can be focused into probes from the subnanometrer
to the micrometrer scale.

Electron sources are available into SEM and TEM in an energy range
between few hundred of eV up to 1 MeV.
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Irradiating nanotubes

Irradiation in transmission electron microscopy

Whereas transmission electron microscopy is largerly used
in the study of nanotubes, at normal acceleration voltage
nanotubes are strongly affected by the beam electrons.
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Irradiating nanotubes

Irradiation in a transmission electron microscopy

Two irradiation modes can be used

Homogeneous irradiation
it allows the imaging of single vacancy formation during irradiation
(parallel electron beams, TEM).
A. Hashimoto et al., Nature 430, 870 (2004)

K. Suenaga et al. Nature Nanotech. 2,358 (2007)

Localised irradiation
it allows a high spatial control of the defect generation (focused
electron beams, STEM).
F. Banhart, Rep. Prog. Phys 62,1181 (1999)

J.X. Li and F. Banhart, Nano Lett 4, 1143 (2004)
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0.3 T, the composite films had a flatter dependence on applied field,
and the absolute values of J c began to increase with respect to 123
films. The self-field J ct of the composite films were increased to
above 4 MA cm22 from initial results of 2–3 MA cm22 (ref. 21). The
increase of the self-field J c was achieved by decreasing the 211
particle deposition time and hence the 211 ‘pseudo’ layer thickness
from 1–1.5 nm to 0.5 nm. A decrease of 211 ‘pseudo-layer’ thickness
from 1.0 nm to 0.5 nm increases the volume percentage of the 123
phase and presumably reduces the intrinsic stresses of the 211/123
composites. This decrease in thickness of 211 also increased the T c

from 88.9 ^ 0.2 K to 90.2 ^ 0.4 K on average (for a layer thickness
of ,11 nm for 123). These factors combined potentially enhance
the zero-field J c. A

Received 22 April; accepted 28 June 2004; doi:10.1038/nature02792.
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Atomic-scale defects in graphene layers alter the physical and
chemical properties of carbon nanostructures1,2. Theoretical
predictions have recently shown that energetic particles such as
electrons and ions can induce polymorphic atomic defects in
graphene layers as a result of knock-on atom displacements3,4.
However, the number of experimental reports on these defects is
limited5,6. The graphite network in single-walled carbon nano-
tubes has been visualized by transmission electron microscopy
(TEM) and their chiral indices have been determined7,8. But the
methods used require a long image acquisition time and intensive
numerical treatments after observations to find an ‘average’ image,
which prevents the accurate detection and investigation of defect
structures. Here we report observations in situ of defect formation
in single graphene layers by high-resolution TEM. The observed
structures are expected to be of use when engineering the proper-
ties of carbon nanostructures for specific device applications.

Pentagon–heptagon pairs9, mono-vacancies and multi-
vacancies4,10–13 and adatoms3,14 are typical stable graphene defects
that have been predicted. (The metastable interstitial-vacancy defect
described in ref. 13 is between two graphene planes and is therefore
not exactly the same defect as that investigated here.)

We fabricated a desired contrast transfer function (CTF) that
enables selective visualization of the graphitic network (see Methods
and Supplementary Figs S1 and S2). Under this experimental
condition, each zig-zag chain should turn up as a dark line in
TEM images and a bright spot should appear in the middle of each
hexagonal carbon ring (see Fig. 1a and inset).

In a perfect single-walled carbon nanotube (SWNT; Fig. 1a, b), the
moiré pattern formed by the rolled-up graphene layer is clearly visible
between two intense dark lines corresponding to the vertical tube
walls. By using optical diffraction (Fourier transform), two sym-
metric hexagons are identified on the tube axis (Fig. 1b inset). Each
hexagon in Fourier space corresponds to a single graphene layer
(front or back of the SWNT) and represents the orientation of the zig-
zag chain as illustrated in Fig. 1a (inset) to the tube axis, from which
the apparent chiral angle can easily be deduced15. The apparent chiral
angle and the tube diameter measured in the high-resolution TEM
(HR-TEM) image provide one or at most three solution(s) of the
chiral index (n, m) for the nanotube under examination. Conse-
quently, the chiral index of SWNT has been assigned as (13, 8)
(Fig. 1c) (or (13,7) or (12, 8) with pessimistic error bars).

Such an analysis can be performed even on a SWNT of mixed
chirality (Fig. 1d). This non-uniform SWNT was produced by
electron bombardment, as described in previous16,17 reports of
processes used to thin the walls of SWNTs. Optical diffraction
analysis of the SWNT tells us that the tube with an axial hetero-
junction is assigned to (17, 0) at the upper part and (18, 0) at the
lower part. It implies that this serial junction created in situ here
consists of a semiconducting (17, 0) SWNT and a metallic (18, 0)
SWNT, and then may generate a nanodiode. A pentagon–heptagon
pair is most probably responsible for the serial junction of two parts
of SWNTs with different chiral indices. An image simulation of an
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neighbouring defects are presented with increased contrast as an
inset to Fig. 3b. The intensity profiles are also presented at the
position of these three defects in both images for the initial and final
states (Fig. 3a, b, inset). In the initial state, the profile shows only the
modulation due to the zig-zag chains, with a periodicity close to
0.213 nm. After irradiation, this modulation is more difficult to
perceive because of the lattice disorder arising from the point
defects23. In contrast, these defects appear strongly within the
intensity line. HR-TEM simulations have been performed to predict
the contrast arising for the most expected point defects on a single
graphene layer. In Fig. 3c, d the HR-TEM contrast for one carbon
atom vacancy (V1), two neighbouring vacancies (or an intraplanar
di-vacancy, V2), a pentagon–octagon–pentagon (5–8–5) defect and
a carbon adatom can be seen. In Fig. 3c, the atomic positions of the
carbon atoms in the vicinity of the mono-vacancies and di-
vacancies have not been reconstructed. Nevertheless, theoretical
studies11,24 have predicted that intraplanar relaxation is weak for
a mono-vacancy and, indeed, no difference has been seen in our
HR-TEM simulation with the use of either relaxed or unrelaxed
atomic positions. In contrast, an interplanar di-vacancy can
strongly reconstruct and transform to an agglomeration of non-
hexagonal rings such as the 5–8–5 defect shown (Fig. 3c). The
adatom has also been positioned in the theoretically predicted
equilibrium structure—that is, to be in a bridge-like structure—
between two surface atoms3,14. The major issue of the HR-TEM
simulations is that, even for a mono-vacancy, the contrast might be
strongly enhanced at the centre of the neighbouring hexagons. This
‘delocalization’ effect is particularly strong at the chosen defocus.
The three point defects imaged (Fig. 3b) can then be simulated by
the removal of only three carbon atoms from a graphene layer as
shown (Fig. 3e) and we were unable to obtain a better match by
using various other types of (multi)-vacancies or non-hexagonal
clusters. This demonstrates the sensitivity of HR-TEM to a single
carbon vacancy and strongly suggests that the mono-vacancy does
indeed exist in carbon nanostructures for a macroscopic time under

this experimental condition (at least a few seconds) even though the
expected energy for vacancy formation in the graphene layer (7.0 eV
in ref. 20) is rather high compared with most metals. These vacancies
are immobile and do not merge together during observation. A
continuous irradiation leads to a collapse of the nanotube so that the
strain energy due to the vacancy formation can be relaxed.

Another important issue of the present study is to identify the
carbon adatom on the graphene layer. Figure 4a shows a sequence of
HR-TEM images recorded in situ on one of the SWNTs. Several dark
spots and bright spots frequently appear and disappear on the SWNT
during observation before it collapses (see also Supplementary
Movies 2 and 3). whereas the bright spots correspond to the vacancies
as described above, the dark spots should stand for carbon atoms that
were knocked-on and then attached to the nanotube surface. How-
ever, although these adatoms often move around and disappear
during the observation, they are indeed stable for a few seconds on
average during several shutter periods. Adatoms have been predicted
to be mobile and to have a lower diffusion barrier (0.47 eV)14 than
that for vacancy migration (1.7 eV)11. Note that the adatoms appear
mostly in the vicinity of the vacancies (see also Supplementary Movie
4), because this combination of vacancy and neighbouring adatom
has been predicted to be metastable and long lived4,25,26. This is direct
proof of a recombination barrier between vacancies and adatoms,
which are mostly believed to remerge instantaneously when they
come close to each other. In addition, more stabilized carbon
adatoms on curved graphene layers are pointed out in ref. 12 and
the mobility of the adatoms can be decreased in the vicinity of
vacancies because of a possible off-plane relaxation, for instance.

To assign these defective structures more precisely, systematic
HR-TEM image simulations have been performed for various
combinations of adatom(s) and (multi-) vacancy. A best fit with
one of the experimental images (Fig. 4b) extracted from Sup-
plementary Movie 4 is shown in Fig. 4c. This structural model
consists of three adatoms and one di-vacancy in a planar graphene
layer. It again implies adatom mobility because the defect cannot be
created locally by one (or two) knock-out events. Two contrast
profiles derived from the simulated image show quantitative agree-
ment with the experimental profiles recorded at the Scherzer
defocus (Fig. 4d). Putting heavier atoms such as Fe mono-atoms

Figure 3 In situ observation of vacancy formation in a graphene layer. a, b, HR-TEM

images of a single-walled carbon nanostructure recorded before electron irradiation (a)

and after 320 s of irradiation (b). Intensity profiles (insets) between the two arrows

illustrate the contrast measured at the carbon vacancies. c, d, Atomistic models (c) and

simulated HR-TEM image (d) for a graphene layer with an adatom, unrelaxed vacancies

(V1 and V2) and a 5–8–5 rearrangement. Squares indicate the location of the vacancy.

e, Atomic model and simulated HR-TEM image with three mono-vacancies, giving the

best match to the experimentally observed defect structures (b, inset). Scale bar, 2 nm.

Figure 4 In situ observation of adatom–vacancy pair formation. a, HR-TEM images of a

SWNT during electron irradiation (the total acquisition time was,800 s). The bright spots

correspond to the vacancies (red arrows) and the dark to adatoms (blue arrows). b, An

extracted image from Supplementary Movie 4. c, Simulation for three adatoms and

di-vacancy model (not energetically relaxed) fits quite well with the experiment. d, Two

contrast profiles derived from the simulation and the experimental image show

quantitative agreement. e, The most prolific defect model with an adatom–vacancy pair

(see also Supplementary Movie 2). Scale bar, 2 nm.
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Irradiating nanotubes

Irradiation in a transmission electron microscopy

Two irradiation modes can be used

Homogeneous irradiation
it allows the imaging of single vacancy formation during irradiation
(parallel electron beams, TEM).
A. Hashimoto et al., Nature 430, 870 (2004)

K. Suenaga et al. Nature Nanotech. 2,358 (2007)

Localised irradiation
it allows a high spatial control of the defect generation (focused
electron beams, STEM).
F. Banhart, Rep. Prog. Phys 62,1181 (1999)

J.X. Li and F. Banhart, Nano Lett 4, 1143 (2004)
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ABSTRACT

Single-wall and multiwall carbon nanotubes at high temperature are irradiated with the focused electron beam in an electron microscope.
Nanotubes can be tailored with monolayer precision, and new morphologies of nanotubes are created. Atoms from layers of multiwall tubes
can be removed and the tubes can be bent by a predefined angle. Bundles of single-wall tubes are transformed locally to multiwall tubes with
coherent transition between the two modifications.

Carbon nanotubes have been studied in detail for more than
a decade1,2 and are now close to industrial application.3 The
relation between structure and physical properties of nano-
tubes is meanwhile widely understood,4 and attempts to grow
nanotubes in a pre-defined structure are becoming more and
more successful. Most properties of nanotubes depend
sensitively on the number, diameter, and helicity of their
shells. Therefore, if we are able to manipulate the structure
of single-wall or multiwall nanotubes (SWNT, MWNT), we
can modify their properties. Doing this locally, i.e., by
changing the structure only along a short section of the tube
or just on individual shells, we could create devices that are
highly interesting for dedicated experiments on the nanoscale.

The manipulation of nanotubes has already been carried
out in several experiments, e.g., by peeling MWNTs chemi-
cally5 or electrically,6 loading tubes mechanically (straining,
bending, or breaking7,8), cutting them by an STM tip,9 or
irradiating them with electrons10-12 or ions.13 However, all
these techniques have exposed more or less the whole tube
to the driving forces of manipulation. The availability and
handling of tools for altering the structure of nanotubes
locally, i.e., on the nanometer or even Ångstrom scale,
remained a challenge.

Nowadays, modern electron microscopes with field emit-
ters allow the focusing of nanometer- or even Ångstrom-
sized electron beam spots onto the specimen. Electron
irradiation is a powerful tool to manipulate structures locally
because atoms can be displaced by collisions with high-
energy electrons. Graphitic nanostructures have shown a
variety of structural transformations under electron irradia-
tion.14 Nanotubes at ambient temperature are damaged
severely and irreversibly when irradiated with electrons of

energies above a critical threshold (which has been studied
experimentally12,15and theoretically15 for SWNTs) due to the
accumulation of radiation damage. However, when the
objects are held at temperatures above 300-400 °C, the
mobility of interstitials is high enough to avoid defect
agglomeration,16 and structural rearrangements under irradia-
tion can lead to new and exciting morphologies. Whereas
electron irradiation at room temperature has proved to lead
to the collapse and destruction of single-wall11 or multiwall17

nanotubes, irradiation of “hot” nanotubes can induce, e.g.,
the coalescence of single-wall tubes.18,19Electron irradiation
at high temperatures offers therefore a high potential for
engineering tubes on the nanoscale.

In the present study, single- and multiwall carbon nano-
tubes at high temperature are exposed to controlled irradiation
with the focused electron beam in a field emission transmis-
sion electron microscope. This allows us to tailor nanotubes
with monolayer precision and to create new modifications.
In particular, we are able to transform local arrangements
of single-wall tubes to multiwall tubes.

Multiwall tubes were produced by an arc discharge
between two graphite electrodes in a helium atmosphere.
Commercially available samples of single-wall nanotubes
from different suppliers were used (e.g., “bucky paper” from
tubes@rice20). All samples of the tubes were dispersed by
sonicating in pure ethanol (p.a.) and collected on holey
carbon grids (with large holes in the electron-transparent
film) for electron microscopy. In-situ experiments were
carried out in a field emission TEM (FEI Tecnai F-30)
operating at 300 kV and equipped with a slow-scan CCD
camera. During microscopy, the specimens were held at
approximately 600°C in a heating stage (Philips). Irradiation
experiments were carried out with electron beams of 2-20* Corresponding author. E-mail: Banhart@uni-mainz.de.
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nm in diameter and beam current densities up to 104 A/cm2,
depending on the beam diameter (the beam current density
scales as the inverse square of the beam diameter when

controlled by the second condenser lens). An electron energy
of 300 keV was applied throughout all experiments. Irradia-
tion and imaging was always performed on nanotube
segments protruding into the open space of the holes in the
carbon film (i.e., shape transformations or bending of the
tubes are not hindered by a support).

Figure 1 shows the result of short irradiation of a multiwall
nanotube with a focused electron beam. When the edge of
the tube is irradiated tangentially for a few seconds with a
spot of 2 nm in diameter and a beam current density of 104

A/cm2, the outermost layer is locally removed in the shape
of a small hole. Hence, the removal of carbon atoms from
the tube is possible with monolayer precision. If the spot
size is increased, more layers can be removed. Figure 2
shows the result when the spot size equals the wall thickness
of the tube (beam current density approximately 103 A/cm2).
Due to the removal of matter from one side only, the tube
shrinks on this side and bends. The bending angle can be
controlled precisely by the period of irradiation. The irradia-
tion of the whole diameter of a tube is shown in Figure 3.
Only the outer shells are lost here, and the inner layers start
to bend and curl. After sustained irradiation (20 min), an
onion-like bulge with spherically closed inner shells has
formed between the two halves of the tube. The open planes
of the outer shells at the remaining tubes bend backward
and curl.

The irradiation of a bundle of single-wall nanotubes with
an electron beam of 20 nm in diameter is shown in Figure
4. The bundle collapses in the irradiated area, graphitizes,
and transforms successively into a multiwall nanotube. In
such a way, a coherent junction between a single-wall and

Figure 1. Tangential electron irradiation of a multiwall carbon
nanotube with a focused electron beam (beam diameter ap-
proximately 2 nm). The outermost layer is locally removed
(arrowed) so that a small hole is formed (seen here in side-view).

Figure 2. Multiwall carbon nanotube under irradiation. The sequence shows the bending of the nanotube when the beam spot size equals
the wall thickness (5 nm). Irradiation time: (a) 3 min, (b) 5 min, (c) 7 min, (d) 11 min, (e) 13 min, (f) 15 min.
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the wall thickness (5 nm). Irradiation time: (a) 3 min, (b) 5 min, (c) 7 min, (d) 11 min, (e) 13 min, (f) 15 min.

1144 Nano Lett., Vol. 4, No. 6, 2004

a multiwall tube can be created. The “interface” between
the two types of tubes is not sharp and is affected by radiation
damage of the single-wall tubes. However, this problem

could possibly be overcome by scanning a small beam spot
carefully over the segment of the tube.

The focused electron beam in a field emission TEM is
one of the most intense continuous radiation sources available
to date. However, this extreme concentration of power leads
only to moderate energy dissipation in the specimen due to
the low inelastic scattering cross-section. For electron
energies of several hundred keV, the main radiation effect
in graphitic materials is given by knock-on collisions of
atoms with electrons, which leads to the generation of
vacancies and interstitials.14 Vacancies are almost immobile
and induce bending and curvature of graphene layers.
Interstitials, on the other hand, are much more mobile and
govern the annealing behavior. Migration energies of ap-
proximately 0.8 eV have been estimated from experimental
observations.14 Theoretical studies of interstitials and vacan-
cies in graphite21-23 suggested different values of the energy
barriers for defect migration, depending on the diffusion
pathways. For example, an energy barrier of 0.47 eV22 was
obtained for interstitial diffusion. This makes interstitials
mobile at a few hundred degrees above room temperature.

According to our present understanding, the curvature of
graphitic layers under irradiation is caused by the generation
of vacancies. Whereas single vacancies cannot lead to
structural rearrangements, divacancies can close by trans-
formations of the Stone-Wales type.24 Several pathways of
restructuring in defective graphene layers have been de-
scribed.25,26They involve the formation of pentagons, leading
to positive curvature, and heptagons, leading to negative
curvature, of the graphene sheet. However, the continuous

Figure 3. Irradiation of a tube with a beam spot size slightly larger than the diameter of the tube leads to the removal of the outer layers
and to successive curling of the inner shells until a spherically closed onion-like structure connects the two halves of the tube. Irradiation
time: (a) 2 min, (b) 4 min, (c) 6 min, (d) 8 min, (e) 15 min, (f) 22 min.

Figure 4. Coherent transition from a bundle of single-wall tubes
to a multiwall tube. The irradiation of the bundle of single-wall
tubes for 28 min with moderate beam intensity (50 A/cm2) leads
to the transformation into a multiwall tube in the irradiated area
(indicated between the two arrows).

Nano Lett., Vol. 4, No. 6, 2004 1145



Irradiating nanotubes

Purposes

Defect production in single walled BN nanotubes.

Thermal stability of defects in h-BN and BN nanotubes.

Appearence under irradiation of extended defects.

Knock-on cross sections in nanotubes.

A better control of the irradiation conditions for single walled
nanotubes.

9 / 49
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Simulation techniques

Modelling defective nanostructures

Realistic models of defective systems on nanostructures involve large
numbers of atoms (200-1000 atoms).

Extended molecular dynamics (MD) simulations can describe defect
generation and temperature evolution.

Fast computational techniques are needed, as is the ability to describe
structures far from the equilibrium configuration.

Methods

Density functional theory (DFT) using pseudopotentials and localised
basis sets.

Density functional tight binding (DFTB).
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Simulation techniques DFTB

Density functional tight binding

Quantum method.

A second-order expansion of the Kohn-Sham total energy in
Density-Functional Theory (DFT) with respect to charge density
fluctuations.

All interaction integrals from DFT ⇒ high chemical transferability.

Similar accuracy to ab initio DFT with the efficiency of semiempirical
methods.

12 / 49Elstner et al, Phys Rev B 58,7260 (1998)



Simulation techniques DFTB

Density functional tight binding

Finite (cluster, molecules) and infinite (solids, liquids, surfaces)
models.

Large systems (∼ 10000 atoms).

Rough processes, involving bond breaking and bond formation.

Very long MD trajectories (a few ps).
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Defects in h-BN and BN nanotubes

Single walled boron nitride nanotubes

Structurally, boron nitride (BN)
nanotubes are equivalent to
carbon nanotubes.

Unlike carbon nanotubes, BN
nanotubes are large gap
semiconductors whatever their
chirality.

Boron

Nitrogen

14 / 49Loiseau et al. Phys. Rev. Lett. 76,4737 (1996)



Defects in h-BN and BN nanotubes Homogeneous irradiation of single walled BN nanotubes

Irradiation in transmission electron microscopy

Two irradiation modes can be used

Homogeneous irradiation
it allows the imaging of single vacancies formation during irradiation
(parallel electron beams, TEM).

A. Hashimoto et al., Nature 430, 870 (2004)

K. Suenaga et al. Nature Nanotech. 2,358 (2007)

Localised irradiation
it allows a high spatial control of the defect generation (focused
electron beams, STEM).

F. Banhart, Rep. Prog. Phys 62,1181 (1999)

J.X. Li and F. Banhart, Nano Lett 4, 1143 (2004)
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Defects in h-BN and BN nanotubes Homogeneous irradiation of single walled BN nanotubes

Point defects

t t+20s

As for carbon tubes under
irradiation, bright spots
appear in the high resolution
images that can be
interpreted as limited
defective structures.

16 / 49Zobelli et al. Nano Letters 55,1955 (2006)
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Defects in h-BN and BN nanotubes Homogeneous irradiation of single walled BN nanotubes

Vacancy lines

t t+20 s

A vacancy line could
explain the pictures
above.
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Defects in h-BN and BN nanotubes Homogeneous irradiation of single walled BN nanotubes

How can we pass from single vacancies to a vacancy line?

Defects production is mainly due to direct knock-on processes between the
relativistic electrons of the beam and the atoms.

This explains the creation of single vacancies but how to obtain vacancy
lines?

Several ways have to be considered:

Thermal vacancy migration and nucleation.

Preferential sites for vacancy creation.
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Defects in h-BN and BN nanotubes NEB

Nudged elastic band method

The activation migration energy is the maximum of the minimum-energy
path connecting the initial and final state.
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connected together via
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DFT based calculations.
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Defects in h-BN and BN nanotubes Vacancy migration

Vacancy migration activation energies: monovacancies
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Defects in h-BN and BN nanotubes Vacancy migration

Vacancy migration activation energies: divacancies

Two possible ways: moving a boron or moving a
nitrogen atom.
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Defects in h-BN and BN nanotubes Vacancy migration

Gibbs free energy, activation barriers

Since a defective crystal is a grand canonical ensemble, the correct
thermodynamical function to consider is the Gibbs free energy:

G = E + Uvib − TSvib + pV −
∑

i

µiNi

We calculate the vibrational energy and entropy considering a Boltzmann
distribution of harmonic oscillators:

Uvib =
3N∑
i=1

{
~ωi

exp(~ωi/kBT )− 1
+

1

2
~ωi

}

Svib = kB

3N∑
i=1

{
~ωi

kBT

[
exp

(
~ωi

kBT

)
− 1

]−1

− ln

[
1− exp

(
−~ωi

kBT

)]}
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Defects in h-BN and BN nanotubes Vacancy migration

Temperature dependence of the activation barriers
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Defects in h-BN and BN nanotubes Vacancy migration

Diffusion coefficient

Considering the Arrhenius formula:

D = D0e
−∆G(T )

kBT

Below 700K: vacancies are immobile

700K-1200K: just B vacancies are
mobile and N vacancies tend to trap
them to form divacancies

Above 1200K: divacancies become
mobile

N vacancies are always immobile up to
the melting point
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Defects in h-BN and BN nanotubes Vacancy migration

Vacancy migration in a TEM

Migration can not explain TEM experimental observations at room
temperature.

Electron irradiation heating effect in nanotubes is limited and thus
electron beam assisted vacancy migration should also be excluded.

25 / 49



Defects in h-BN and BN nanotubes Preferential sites for vacancy creation

Preferential sites for vacancy creation

The energetically most favorable way to
remove the atoms is along a sinusoidal line
rolling around the tube.
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Defects in h-BN and BN nanotubes Preferential sites for vacancy creation

Vacancy lines formation energies
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Single vacancies should not be the most common form of defects:
probably vacancies appear in neighbouring pairs.

Strong driving force for linear vacancy clustering.
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Defects in h-BN and BN nanotubes Preferential sites for vacancy creation

Electronic levels of defective structures
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Energy of a shallow donor
associated with a boron vacancy
is a fraction of an eV.

This channel for doping the BN
structure is strongly reduced by
a neighbouring nitrogen
vacancy.

Neutral divacancies and more
extended dislocation lines
introduce levels in the band gap,
but remove half-filled energy
states.
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Defects in h-BN and BN nanotubes Preferential sites for vacancy creation

Electronic levels of defective structures
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Although in principle we have an
extremely complex system (multiple
nanotubes with a range of diameters
and chiralities, and a mixture of
point and line defects), these
essentially reduce to a single simple,
uniform electronic system.
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Electron knock-on cross sections The Mott theory

Electron Knock-on cross section

energy=E

T (θ) = Tmax sin2(θ/2)

θ

Tmax =
2ME(E + 2mc2)

(M + m)2c2 + 2ME

Electron

Nucleus

The cross section for Coulomb scattering
between a relativistic electron and a nucleus can
be written as a modified classical Rutherford
scattering cross section σR :

σ(θ) = σR [1− β2 sin2 θ/2 + π
Ze2

~c
β

sin θ/2(1− sin θ/2)]

The emission energy threshold anisotropy has to be taken into account.

30 / 49W. McKinsley and H. Feshbach, Phys. Rev. 74, 1759 (1948)
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The total cross section is obtained by integrating
this expression between the displacement energy
threshold and the maximum energy transferred.

The emission energy threshold anisotropy has to be taken into account.
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Electron knock-on cross sections Emission energy threshold

Molecular dynamics simulations of the emission process

Emission energy threshold can be
obtained by extended DFTB based
molecular dynamics simulations varying
the initial speed of the atom we want to
emit.

By varying the direction of emission we
can map the emission energy threshold
anisotropy.

31 / 49Zobelli et al. Phys. Rev B 75, 245402 (2007)



Electron knock-on cross sections Emission energy threshold

Emission energy threshold anisotropy map

 40  50  70  80  90 60 >100 30 20

dE (eV)
The minimum value of the
emission energy threshold is 23
eV, for emission orthogonal to
the plane.

For initial momenta imparted
within the plane there is a
strong dependence on the
emission direction.

If the tube diameter is large enough the structure can locally be
considered as equivalent to a single graphene sheet.

32 / 49Zobelli et al. Phys. Rev B 75, 245402 (2007)



Electron knock-on cross sections Nanotube knock-on cross sections

Carbon nanotubes knock-on cross sections

We can plot the knock-on cross section as a
function of the incident electron energy and
the position of the atom within the tube
circumference.
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Electron knock-on cross sections Nanotube knock-on cross sections

Carbon nanotubes knock-on cross sections

”LOW” ELECTRON ENERGIES

The cross section decreases with
increasing angle between the beam
incidence direction and the normal to
the tube.

A forbidden emission region appears
corresponding to the side walls of the
tube.
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Electron knock-on cross sections Nanotube knock-on cross sections

Carbon nanotubes knock-on cross sections

”HIGH” ELECTRON ENERGIES

Knock-on cross section increase
significantly.

For high energies, emission is largely
homogeneous around the tube
circumference.
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Electron knock-on cross sections Nanotube knock-on cross sections

BN nanotubes knock-on cross sections
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Electron knock-on cross sections Nanotube knock-on cross sections

BN nanotubes knock-on cross sections
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Electron knock-on cross sections Nanotube knock-on cross sections

Defective carbon nanotubes knock-on cross sections

The cross section for emitting
one atom close to a pre-existent
vacancy is one order of
magnitude higher than for an
atom in a perfect graphitic
environment.

For an atom close to a
di-vacancy it is nearly four times
higher.

Higher knock on cross sections close to defective sites explain the
dynamics for the formation of vacancy lines.
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Nanotube engineering using a STEM STEM

Can we obtain an high spatial control of the irradiation ?

Structure and formation mechanism of extended defects.

Defect stability at room temperature.

Knock-on cross sections for single walled nanotubes.

A STEM dedicated microscope can reach nanometrer precision on the
localization of the electron probe.
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Nanotube engineering using a STEM STEM

VG-STEM microscope

Tungsten cold FEG operated between
60 keV and 100 keV

Spatial resolution: 0.5 nm (probe size)
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VG-STEM microscope

Condenser 1

Condenser 2

Objective lens

Magnetic spectrometer

Sample

Quadrupoles

Field emission gun

CCD Camera

Annular dark field detector
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Coils

Removable bright field detector
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Nanotube engineering using a STEM STEM

Irradiation in a transmission electron microscopy

Two irradiation modes can be used

Homogeneous irradiation
it allows the imaging of single vacancies formation during irradiation
(parallel electron beams, TEM).

A. Hashimoto et al., Nature 430, 870 (2004)

K. Suenaga et al. Nature Nanotech. 2,358 (2007)

Localised irradiation
it allows a high spatial control of the defect generation (focused
electron beams, STEM).

F. Banhart, Rep. Prog. Phys 62,1181 (1999)

J.X. Li and F. Banhart, Nano Lett 4, 1143 (2004)
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Nanotube engineering using a STEM Carbon nanotube irradiation

Nanotube engineering using a STEM

4 nm

2 nm

3
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m

Single walled carbon nanotubes

Electron energy 100 KeV

Current 100 pA

Irradiation time 30 s between pictures

Scanning area 2× 3 nm2

Nanometric spatial control of defect generation.

Local modification of the tube chirality.
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Nanotube engineering using a STEM Irradiating BN nanotubes

Irradiating BN nanotubes

Single walled BN nanotubes.

Electron energy 80 KeV.
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Nanotube engineering using a STEM Number of emitted atoms

Dark field images: emitted atom quantification
2 nm

The diameter shrinks from 2 nm to 1.8 nm.
The profile integral is proportional to the number of atoms.
4% of the atoms have been emitted corresponding to ∼ 40 atoms.
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Nanotube engineering using a STEM Number of emitted atoms

Calculating the number of emitted atoms

Emitted atoms in the tube section
between the angles α1 and α2

N = jRLt

∫ α2

α1

σ(α)ρ| cos(α)|dα

Under these experimental conditions a total number of ∼ 3 primary
vacancies are generated.
These primary vacancies act as seeds for the creation of dislocation lines.
Totally a few tens of atoms are removed.
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Nanotube engineering using a STEM Non destructive electron microscopy

Non destructive electron microscopy
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5’

After
15’

Initial

Single walled carbon
nanotubes

Electron energy 80KeV

Current 100pA
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Nanotube engineering using a STEM Non destructive electron microscopy

Non destructive EELS analysis
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Conclusions and perspectives

Conclusions

Electron microscopy is a powerful technique for imaging single and
more extended defects on BN nanotubes.

Vacancies in h-BN and BN nanotubes are thermally stable up to
elevated temperature.

Vacancy lines are generated due to preferential sites for vacancy
creation. Divacancies seem to be the most common defect in BN
tubes.

Irradiated BN nanotubes have a homogeneous electronic structure
with additional empty levels in the band gap.
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Conclusions

The map of the anisotropy emission energy threshold has been
calculated for different graphitic systems.

Total knock-on cross sections have been derived as a function of the
electron beam energy and the atom position within the tube
circumference.

Electron irradiation experiments demonstrate the possibility of
engineering single walled nanotubes with nanometric precision.
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Conclusions and perspectives

Perspectives

Atomic DF images of defective structures.

EEL spectroscopy of defective structures.

In situ conductivity mesurements on the generated defective
structures.

WAITING FOR THE SUPER-STEM...
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Conclusions and perspectives

SUPER-STEM

Spherical aberations corrector.

Probe size lower than 1 Å.

Operating energies between 40 and 100 keV.

49 / 49Courtesy to NION ltd.
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