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Stability of carbon nanotubes under electron irradiation: Role of tube diameter and chirality
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As recent experiments demonstrate, the inner shells of multiwalled carbon nanotubes are more sensitive to
electron irradiation than the outer shells. To understand the origin of such counterintuitive behavior, we employ
a density-functional-theory based tight-binding method and calculate the displacement threshold energies for
carbon atoms in single-walled nanotubes with different diameters and chiralities. We show that the displace-
ment energy and the defect production rate strongly depend on the diameter of the nanotube and its chirality,
with the displacement energy being lower, but saturating towards the value for graphite when the tube diameter
increases. This implies that the threshold electron energies to produce damage in nanotubes with diameters
smaller than 1 nm are less than the commonly accepted value for graphitic nanoparticles. We also calculate the
displacement energies for carbon atoms near defects and show that if a single vacancy is formed, it will likely
be transformed to a double vacancy, as the nanotube atomic network with double vacancies has no energeti-

cally unfavorable undercoordinated atoms.

DOI: 10.1103/PhysRevB.72.125428

I. INTRODUCTION

Electron irradiation of carbon nanotubes has proved to be
an outstanding example of nanoengineering. In modern elec-
tron microscopes with field emission guns, the electron beam
can be focused onto areas of several A. This allows one to
selectively modify nanostructures on an atomic scale by dis-
placing or removing atoms from pre-defined regions. Carbon
nanotubes are particularly suited for beam-induced nanoma-
nipulation since the graphitic network has a high tendency to
re-arrange after the formation of point defects. For example,
welding! and coalescence? of carbon nanotubes by the elec-
tron beam have been demonstrated, which opens a different
way for making a network of connected nanotubes for mate-
rial reinforcement and use in nanoelectronics. The mechani-
cal properties of nanotube bundles,? and in principle macro-
scopic nanotube samples,* can be improved due to intertube
links produced by electron irradiation.

The irradiation-induced structural transformations in
single-walled and multiwalled nanotubes (SWNTs/MWNTs)
are due to the defects, mostly vacancies and interstitials, cre-
ated by the impacts of energetic electrons followed by satu-
ration of highly reactive dangling bonds at undercoordinated
carbon atoms. Thus knowing the defect production mecha-
nism and how the defect production rate is related to the
beam characteristics is extremely important for controlling
the transformations. Moreover, as carbon nanotubes are rou-
tinely characterized nowadays in the transmission electron
microscope (TEM), the complete understanding of the inter-
action of energetic electrons with nanotubes should also
minimize the amount of damage when it is an undesirable
side effect.

Several TEM studies on irradiation-induced defects in
carbon nanotubes have already been carried out.>”'3 Early
experiments® showed that SWNTs exposed to focused elec-
tron irradiation were locally deformed and developed neck-
like features due to removal of carbon atoms by knock-on
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displacements. Uniform irradiation of SWNTs (Ref. 9) re-
sulted in surface reconstructions and drastic dimensional
changes, as a corollary of which the apparent diameter of the
nanotubes decreased from 1.4 to 0.4 nm. Experimental and
theoretical studies also demonstrated that the electron beam
creates defects nonuniformly: carbon atoms are most rapidly
removed from surfaces lying normal to the beam
direction.®!0

Very recently, it has been shown experimentally'® that
MWNTs subjected to electron irradiation are destroyed from
inside and that it is the inner shell which collapses first.
Concurrently with these experiments, qualitatively similar
results'?> were obtained for double-walled nanotubes at dif-
ferent temperatures.

It has been demonstrated'® that a lower stability of the
inner shells is due to a combination of two effects: a higher
defect production rate in the inner shells and fast migration
of carbon interstitials via the inner hollow in the axial direc-
tion. The defect production rate is related to the tube diam-
eter, as the displacement threshold is lower for thin nano-
tubes with highly curved atomic network.

In this work, we theoretically study the relationship be-
tween the tube diameter and displacement rate in more de-
tail. We also address the role of chirality. Finally, to better
understand the evolution of nanotubes under high-dose irra-
diation, we calculate the displacement energies for carbon
atoms near defects which can exist in nanotubes or appear
due to interaction with the electron beam.

II. EVOLUTION OF MWNTs UNDER HIGH-DOSE
ELECTRON IRRADIATION: TEM EXPERIMENTS

Similar to recent experiments,'> MWNTSs were exposed to
an intense focused electron beam in a TEM (FEI Tecnai
F-30) with field emission electron gun operating at 300 kV.
To prevent the agglomeration of interstitial atoms,? the speci-
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FIG. 1. Morphological evolution of a multiwalled carbon nano-
tube under electron irradiation. An electron beam with 300 keV and
beam current density of approximately 450 A/cm was focused onto
an area of 10—20 nm over the central part of the tube. The sequence
(a)—(e) shows the evolution of a typical tube during some minutes
of irradiation. In (d) and (e) only two shells or one shell are left,
respectively. Specimen temperature: 600 °C. The solid arrows indi-
cate the position of the beam center where the shells successively
break.

mens were held at temperatures around 600 °C in a heating
stage. Small sections of the tubes were exposed to an elec-
tron beam of 10—25 nm in diameter at beam current densi-
ties of 60—500 A/cm?.

Figure 1 shows an example of the collapse of a MWNT
under the electron beam. As seen in Figs. 1(b) and 1(c),
aggregates of material in the shape of irregular graphitic
cages occurs in the hollow core. While all shells shrink, the
outer shells remain undamaged, but the inner shells are suc-
cessively lost until a single-wall tube in the center is left, see
Figs. 1(d) and 1(e). After breakage of the innermost layer, the
two halves form cones with closed caps which slowly retract
in the axial direction.

The lower stability of the inner shells, which can be
clearly deduced from the observations, can be due to a higher
rate of defect generation in the inner shells and/or a higher
diffusivity of the defects in the inner hollow of the tube.
Some interstitial-vacancy pairs anneal in situ and thus en-
hance the resistivity of the tubes to irradiation, especially at
temperatures above 300 °C, as previous experiments
indicate.!?!4 However, even if the behavior of the irradiated
tubes is governed by diffusion (e.g., at high temperatures),
the defect production rate is a very important factor.

To some extent, the lower stability of inner shells is a
counterintuitive result, as carbon atoms displaced from the
inner shells remain inside the tube making recombination
possible, while the atoms sputtered from the outer shells
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leave the tube. Thus one can expect that the outer shell
should be less stable and develop cracks and big vacancy
clusters during irradiation. However, this is not observed.

III. COMPUTATIONAL DETAILS

To understand the effect of chirality and shell diameter,
i.e., the curvature of the carbon network, on the defect pro-
duction rate, we employed molecular-dynamics methods
with the nonorthogonal density-functional based tight-
binding (DFTB) force model'>!¢ to describe the interaction
of C atoms at the quantum-mechanical level. As shells in
MWNTs weakly interact with each other, we can consider
collisions of energetic electrons with individual shells to es-
timate the curvature effects on the displacement energy. Due
to a large separation between the shells, the trajectory of the
recoil atom just after the electron impact should be roughly
the same independent of whether other shells are present or
not. Obviously, when the atom displacement is large, the
recoil atom in MWNTs start interacting with other shells,
which should affect the atom trajectory and thus the dis-
placement energy. However, with respect to the effect of cur-
vature, the qualitative behavior should be the same in
SWNTs and MWNTs.

It is well known®!# that the primary cause of the electron
irradiation damage in nanotubes are knock-on collisions of
electrons with atomic nuclei. The collision time is very short
as compared to the characteristic times of the atomic
motion.'* Thus, to get insight into defect production, we can
assume that a carbon recoil atom instantaneously acquires
some kinetic energy due to a collision and then treat the
motion of atoms adiabatically.

Our previous DFTB calculations of formation energies of
interstitial-type defects in carbon nanotubes showed a good
agreement between the results obtained with DFTB and ab
initio calculations.!” To further test our model for vacancy-
type defects, we evaluated the vacancy formation energy E,
for a flat graphene flake. We found that £,=7.6 eV, which is
in very good agreement with a first-principle result of
7.7 eV.'"® To have a reference point for a strongly curved
system, we calculated E, for a (4,4) nanotube with DFTB
and plane-wave (PW) DFT code vAsP.!® The results proved
to be in excellent agreement: 5.34 eV vs 5.31 eV (DFTB/PW
DFT). We also evaluated E, for SWNTSs as a function of tube
diameter. We found that the curvature gave rise to a decrease
in the vacancy formation energy: E,=6.8 eV for a (12,12)
SWNT, E,=4.4 eV for a (3,3) SWNT, which is also in a
good agreement with the published data.?”

Simulations were carried out for armchair and zigzag
SWNTs composed of 80-320 atoms and with diameters of
from 4 to 17 A and length of 12—13 A. Periodic boundary
conditions along the tube axis were used. Test calculations
for longer nanotubes gave essentially the same results.

IV. RESULTS AND DISCUSSION

Having tested our model, we calculated the displacement
energy T, for graphite and nanotubes in two different ways.
First, we evaluated 7, by running free molecular dynamics,
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FIG. 2. (Color online) (a) The simulation setup used (side view).
(b) Several snapshots showing the atom positions after electron im-
pact onto a zigzag nanotube. The initial energy of the recoil atom is
just above the threshold for defect production. (c) The atomic net-
works of armchair and zigzag nanotubes (top view). The arrows
show the most probable directions of the recoil atom motion (pro-
jection to the tube surface) when the original recoil atom velocity is
perpendicular to the tube surface.

as in Ref. 6. Then we estimated 7, statically, assuming that
T, is related to the formation energy of the interstitial-
vacancy (i-v) pair Ej,.

A. Dynamical calculations of the displacement energy

In our dynamical simulations, we assigned a kinetic en-
ergy to a carbon atom (the recoil atom) in the graphene or
nanotube network and simulated the evolution of the system
by running free molecular dynamics. The initial momentum
vector was perpendicular to the graphene-nanotube surface,
as such a configuration corresponds to the smallest escape
energy.® Figure 2(a) shows our simulation setup.

At low initial energies of the recoil atom none of the three
bonds are broken and the kinetic energy transmitted to the
atom by the electron is redistributed among other atoms in
the system in accordance with the equipartition theorem, thus
heating up the system.”! When the energy increases, one or
two bonds are broken, but the recoil atom does not go far
from its original position and immediately recombines with
the vacancy. The recombination can be complete, with the
restoration of the perfect arrangement of carbon atoms in the
graphitic network, or incomplete—in many cases we ob-
served formations of metastable Stone-Wales defects.?> The
appearance of these defects is not surprising as the energy
brought into the system by the energetic electron is much
larger than the activation barrier (6—8 eV) for the defect
formation.”>?* These topological defects representing a
pentagon-heptagon pair are metastable, at least at low tem-
peratures, and can be detected by spectroscopic techniques.?
At high initial energies the recoil atom leaves its position and
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FIG. 3. (Color online) Threshold energy T, needed to displace a
carbon atom from armchair and zigzag single-walled carbon nano-
tubes and graphene calculated dynamically as a function of tube
diameter. The solid lines are guides for the eye.

travels to infinity or it is adsorbed on the tube surface outside
the immediate recombination radius, as depicted in Fig. 2(b).

We defined 7, as the minimum initial kinetic energy of a
C atom to leave its position in the nanotube atomic network
and not recombine before the energy is re-distributed among
the other atoms in the system. In practice, we ran simulations
for 1 ps. Although this simulation time was too short to guar-
antee the Maxwellian distribution of atom velocities, the
maximum kinetic energy of any atom after the run did not
exceed 0.2 eV, so that immediate recombination was un-
likely. Longer test runs (5 ps) gave the same results. Surely
the defects can recombine due to thermal diffusion on a
longer time scale, but this is a different effect.

We found that 7;,~22 eV for graphene. This is in line but
somewhat larger than the values of 15-20 eV reported in
experimental studies'# for graphite. However, we would like
to stress that the calculated value of T, is the upper bound on
T, in reality T, is somewhat smaller due to minor thermal
fluctuations and electronic effects lowering the potential bar-
riers.

T, as a function of tube diameter for armchair SWNTs
with chiral indices spanning from 3 to 12 and zigzag tubes
with indices from 5 to 20 is presented in Fig. 3. It is evident
that 7; decreases as the tube diameter is getting smaller with
the difference between graphene and the smallest armchair
SWNT considered being about 7 eV.

For zigzag nanotubes the qualitative picture was similar.
However, there are several features different from the arm-
chair tube behavior. We found that the initial atom energy
needed for the atom to travel to infinity (curve labeled “sput-
tering” in Fig. 3) was different from the atom energy to leave
its position and get stuck on the same tube (curve “adsorp-
tion” in Fig. 3). The difference was small for armchair tubes,
but substantial for zigzag nanotubes, especially those with
small diameters. The reason for that is the orientation of the
graphitic network with respect to the tube axis and two types
of bonds (oriented perpendicular and parallel to the tube
axis). The “perpendicular” bond is strained due to the curva-
ture. Thus it is easier to break these bonds, so that the atom
velocity acquires a component along the “strong” bond, see
Fig. 2(c). In zigzag tubes this direction coincides with the
tube axis, that is why the recoil atom has a higher probability
for adsorption. In armchair tubes the recoil atom velocity
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FIG. 4. (Color online) Formation energy of an interstitial-
vacancy pair in carbon nanotubes as a function of tube diameter.
The lines are guides for the eye. The inset schematically shows the
simulation setup used to calculate the formation energy.

always has a component perpendicular to the tube axis, thus
decreasing the adsorption probability.

Different orientations of the network may also explain
why T, is smaller for zigzag tubes than for armchair SWNTSs
of the same diameter. In zigzag tubes, there are two strained
bonds, while in armchair tubes only one bond is strained.
Besides this, the vacancy formation energy in a zigzag
SWNT is lower than that for an armchair nanotube with the
same diameter.2 The dependence of the total electron energy
on the system length may also affect the results, although, as
mentioned above, test calculations for longer tubes gave very
close results (the difference was less than 0.1 eV). However,
the effect of network orientation should be weaker when the
initial recoil velocity direction is random. Thus one can ex-
pect that the difference between armchair and zigzag nano-
tubes should be smaller for SWNTs/MWNT shells with di-
ameters over 2 nm and vanish for the outer shells in the
typical MWNTs.

Another interesting effect is a saw-tooth shape of the
curve. The oscillations are related to the electronic structure
of zigzag nanotubes.”’ The local minima on the curve corre-
spond to the nanotubes with chiral indices 6, 9, 12, etc.,
which are metallic, while all the other tubes are narrow-band
semiconductors. Note that oscillations are absent for arm-
chair SWNTs which are always metallic.

B. Static calculations of the displacement energy

In the second simulation setup, we assumed that 7, is
related to the formation energy of the interstitial-vacancy (i
-v) pair E;, and calculated E;, statically as

Ey,=EN+1)+EN~-1)=2EN), (1)

where E(N+1) is the total energy of the system with a car-
bon adatom, E(N—1) is the energy of the system with a
vacancy, E(N) stands for the energy of the perfect system
composed of N atoms; see also the inset in Fig. 4. Recall that
due to empty space in nanotube samples, adatoms play the
role of interstitials in SWNTs samples.?® Note also that Eq.
(1) does not account for the barrier separating the ideal and
defect configurations, so that it provides information on the
lower bound on T,.
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Static calculations for graphene gave E;,=~15 eV. This
agrees with the experimental data, being on the lower side of
the scatter of the data. The dependence of E;, on the tube
diameter is shown in Fig. 4. Similar to the results obtained in
the dynamical approach, E;, is much less for tubes with small
diameters. The difference between graphene and marginally
stable SWNTSs also proved to be about 7 eV.

One can expect that the actual value of 7, is between the
upper and the lower bounds. However, the most important
result is that, no matter what the absolute value of 7, for a
given graphitic structure is, finite curvature gives rise to a
substantial drop in 7. Thus the electron threshold energy for
displacing a carbon atom should be lower for SWNTs with
small diameters and, correspondingly, for inner shells of the
MWNTs.

The drop in T, is due to two factors: the strain in the
carbon network and the ability of the nanotube to reconstruct
by saturating dangling bonds. It is intuitively clear that it is
easier to displace the atom when the carbon network is
strained and thus the absolute value of the cohesive energy is
smaller. However, the difference in the cohesive energy be-
tween graphite and small diameter nanotubes is very small,
about 0.4 eV per atom, and this alone cannot explain the
difference of about 7 eV in 7, and Ej,.

However, as simulations indicate, it costs much less en-
ergy to create a vacancy in a nanotube with small diameter
than in graphite.?® Physically, this is due to the ability of the
curved nanotube network to reconstruct more efficiently than
for flat graphite, so that the mechanical strain in the atomic
network resulting from dangling bond saturation is lower.
Note that 7, is related to E;,, while the latter can be repre-
sented as a sum of the vacancy and adatom formation ener-
gies, E,,=E,+FE .;om- Thus smaller values of T, originate
from the nanoscale size of carbon nanotubes and the unique
shape of their atomic network.

C. Evaluation of the displacement cross section

Different values of T, point to different displacement
cross sections, i.e., how frequently the atoms are displaced
during the irradiation. We calculated the displacement cross
section by applying the McKinley-Feshbach formalism.?” We
assumed the qualitative behavior of 7,; as shown in Figs. 3
and 4 and a displacement threshold of 7,=15-17 eV for
graphite, which might be a realistic value. Hence we could
evaluate the displacement rate for nanotubes with different
diameters. Calculations show that the cross-section in a (3,3)
tube would be higher by almost a factor of 2 than in nano-
tubes with diameters over 2 nm. Thus the displacement rate
is higher for the atoms in the inner shells than for the atoms
in the outer shells; this is in accordance with the experimen-
tal results.

The lower values of T, correspond to lower electron en-
ergies Ej,;,, or correspondingly, to lower voltages in the TEM.
Within the binary collision approximation,'* 7,=15 eV gives
Ej;,~ 82 keV, which is very close to the experimental values
of the threshold electron energy (86 keV) (Ref. 10) reported
for SWNTs with diameters apparently exceeding 1 nm (the
diameters were not specified in that work). However, if the
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FIG. 5. (Color online) The atomic network of a (8,8) armchair
nanotube and the energies needed to knock out the atom (marked
with a circle) from the intact tube (a), nanotube with a vacancy (b),
and a double vacancy (c).

nanotube diameter is under 1 nm, the electron energy should
be much lower, e.g., T,=12eV corresponds to Ep,
=66 keV. The lower values for thin nanotubes can explain
the drastic changes in the mechanical properties of irradiated
nanotube bundles® (presumably due to irradiation-induced
covalent bonds between individual tubes) at irradiation ener-
gies below the threshold value, as nanotubes with smaller
diameters may be present in the bundles. We would also like
to point out that electrons with low energies can create dam-
age to nanotubes by stimulating chemical reactions when
impurities are present,”® but knock-on damaging mechanism
works even for perfectly clean nanotubes.

D. Interaction of the electron beam with defected nanotubes

Another important factor which may affect the evolution
of nanotubes under irradiation, is the response of a nanotube
with defects to the irradiation. Assuming that a single va-
cancy had been already formed, we calculated the energy T
needed to displace the dangling bond atom, Fig. 5(b). Ty
proved to be 13—14 eV and only weakly dependent on the
tube diameter. The physical reason for the drop in the energy
is the necessity to break two bonds instead of three. Hence a
double vacancy can easily be formed, as a drop in the dis-
placement energy should result in an increase in the cross
section.

The double vacancy defects are particularly stable in
nanotubes,?®3! as no atom with dangling bonds is present in
the atomic network. This also gives rise to an increase in the
threshold energy (16—18 eV) needed to create a trivacancy.
Lower values (as compared to the perfect tube) are due to
pentagons and octagons in the network, and thus lower local
bonding energies.

Double vacancies in nanotubes can result in further struc-
tural transformations, such as local buckling, diameter reduc-
tion, and local re-arrangement of the atomic network, but
these changes would require high temperatures to overcome
high-energy barriers separating the configurations. Thus it is
very probable that point defects observed in recent TEM
experiments'’'? are double vacancies.

Note also that coalescence of single vacancies into double
vacancies is energetically favorable, as the latter have no
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dangling bond. Thus the number of double vacancies can
increase due to vacancy coalescence. Presence of double va-
cancies in irradiated nanotubes was corroborated by recent
experiments on the dependence of the SWNT conductance
on Ar ion irradiation dose.*?

The other factor which affects the evolution of nanotubes
under irradiation is the diffusivity of interstitials. As we re-
cently showed,!” carbon atoms can easily migrate via the
inner hollow. Our recent experimental studies®* seem to con-
firm this prediction. Thus, at elevated temperatures, the sta-
bility of nanotubes may be governed by diffusion. However,
the displacement rate should be close to that at low tempera-
tures, as the threshold energy is the same.®

V. CONCLUSIONS

By employing a density-functional-theory based tight-
binding method we simulated impacts of energetic electrons
onto carbon nanotubes. We calculated the displacement
threshold energies for carbon atoms in SWNTs or equiva-
lently, shells of MWNTs with different diameters and chirali-
ties. We showed that the displacement energy and the defect
production rate depend on the diameter of the nanotubes and
its chirality, and that for nanotubes with diameters less than
1 nm, the displacement energy is lower than the commonly
accepted value. This stresses the importance of special care
when investigating carbon nanotubes with small diameters
by the transmission electron microscope. The calculated de-
pendence of the atom displacement energy and tube diameter
makes it possible to correlate the experimental information
on the tube diameter to the maximum microscope voltage
which can be used without creating any damage to the tube.
We also calculated the displacement energies for carbon at-
oms near defects and showed that if a single vacancy is
formed, it will likely be transformed to a double vacancy, as
in this case the atomic network has no energetically unfavor-
able undercoordinated atoms. Thus mostly double vacancies
will remain in the nanotube atomic network after high-dose
electron irradiation. Overall, our results should help one to
better understand electron-irradiation-induced transforma-
tions in carbon and B—C—N nanosystems,** and outline
the most promising directions of electron-beam-mediated en-
gineering of nanocarbon structures.
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