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NANOSTRUCTURES

RADIATION STABILITY OF CARBON NANOSTRUCTURES

G. Ya. Gerasimov UDC 537.533.9

A theoretical study of the radiation stability of carbon nanostructures irradiated by an electron beam has
been made. Calculations have been performed with the use of an analytical expression for the cross-section
for scattering of relativistic electrons by carbon atoms, as well as of the data on the threshold energy of
atomic displacement from the carbon lattice obtained by the molecular dynamics method. Stability limits of
carbon nanostructures and basic parameters of the process have been found. The calculated values of the
characteristic time of the process are in good agreement with the available experimental data.
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Carbon nanostructures (CNSs) such as fullerenes, carbon nanotubes (CNTs), graphene sheets, and their deriva-
tives occupy an important place among nanomaterials due to their unique properties that offer much promise for prac-
tical use [1, 2]. At the present time the field of use of CNSs includes optical and electronic devices [3, 4], CNS-based
polymers [5, 6], composite materials [7, 8], hydrogen storage systems [9], biosensors [10], ion beam focusing systems
[11], etc.

Methods for obtaining fullerenes and carbon nanotubes are rather versatile. The most widely used ones are arc
discharge in the atmosphere of an inert gas with the application of graphite electrodes [12], laser irradiation of a
graphite surface [13], and decomposition of hydrocarbons on the surface of a metal catalyst (CVD method) [14]. Gra-
phene represents a monolayer from carbon atoms close-packed into a hexagonal crystal structure, which can be consid-
ered as an ideal realization of a two-dimensional material [15]. Recent advances in the technology of splitting graphite
specimens into single-crystal films [16] made it possible to investigate this exotic system experimentally. As measure-
ments show, individual graphene sheets have extraordinary electron transfer properties, which permits using this mate-
rial to replace modern silicon transistors in microelectronics [17].

The use of radiation technology plays an important part in the investigation and production of nanostructured
systems [18]. In particular, the interaction of high-energy electron beams with CNSs leads to their modification or to
the formation of new structures, which includes welding of criss-cross CNTs [19], transformation of single-layer CNTs
into multilayer ones [20], polymerization of Cg, fullerene layers [21], clustering of C fullerenes on the surface of
graphene sheets [22], radiation-chemical processes with the participation of fullerenes [23], etc.

Electron-beam irradiation of a carbon nanostructure can be considered as an initiating step leading to the for-
mation of vacancies and other defects in its lattice. The further transformation of the structure depends on both its in-
ternal structure and its position relative to the other nanoobjects. In this connection, the problem of determining the
radiation stability limits of the structure arises. In the present work, this problem has been solved with the use of the
analytical expression for the cross-section for scattering of relativistic electrons by carbon atoms, as well as of the data
on the threshold energy of carbon atom displacement from the CNS lattice obtained by the molecular dynamics
method.

Scattering of Relativistic Electrons by the Carbon Lattice. The interaction of high-energy particles with
CNSs causes various radiation effects in them, such as electron excitation or ionization of individual atoms, collective
electron excitation (formation of plasmons), rupture of interatomic bonds, displacement of atoms from the lattice into
the surrounding space, formation of phonons leading to a heating of the lattice, etc. [24]. These effects determine the
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Fig. 1. Scheme of the electron-carbon-lattice-atom collision.

possible mechanisms of CNS structure collapse caused by irradiation. The most important of them are: 1) direct trans-
fer of energy of incident particles to the intrinsic motion of lattice atoms (knock-on mechanism); 2) excitation of the
electronic structure of the CNS followed by an excitation energy redistribution between intrinsic vibrational degrees of
freedom of the macromolecule leading to its decay (excitation mechanism) [25]. The second mechanism, if the collapse
of solid structures under the action of an electron beam is considered, is minimal in metals, semimetals, and semicon-
ductors since the beam-initiated electron excitation is insufficiently localized for its effective transformation into kinetic
energy of individual atoms of the lattice [26]. Most CNSs are metals or semiconductors [4, 27] and, therefore, it is
assumed that the main mechanism of their collapse under the action of an electron beam is elastic collisions of elec-
trons with atoms of the corresponding lattice (knock-on mechanism) [28].

The basic parameters determining the stability limits of the carbon lattice for a given nanostructure are elec-
tron density E, beam density j, and angle of its inclination o to the CNS surface. The typical value of the quantity E
lies in the range of 100-1000 keV [24] where the motion of electrons should be considered as relativistic motion. This
means that the parameter b = v/c is close to unity and should be calculated by the relation by, = 1— (E/ me® + 1)_2.
The relation between the kinetic energy of electrons E and the energy AE transferred to an atom of mass M in a bi-
nary collision can be written in the form

AE=AE, cos”0, AE. =2E (E+2mc)/Mc, M

where 0 is the angle between the initial direction of electron motion and the direction of carbon atom displacement
(see Fig. 1).

One of the main physical characteristics in investigating the radiation damage of crystals is the threshold
atomic displacement energy E; [29]. In simplified form, it is defined as the minimal energy needed for such atomic
displacement from a lattice site at which a Frenkel pair is formed without its spontaneous recombination. The mini-
mum energy of electrons E_; at which displacement of carbon atoms from the lattice surface occurs is determined
from (1) by replacing AE by E; at 8 = 0. In the general case, E; depends on the angle & between the direction of
atomic displacement and the normal to the CNS surface [30, 31].

The interaction of CNS atoms with relativistic electrons occurs in a time of the order of 107" sec and can
be considered as elastic scattering of an electron by the atomic nucleus [24, 32]. The atomic displacement cross-section
determining the probability of vacancy formation in the lattice can be determined on the basis of the analytical ap-
proximation [33] of the known Mott formula for the Coulomb scattering of relativistic electrons by the atomic nucleus.
In the laboratory reference system, this quantity is written as
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Fig. 2. Cross-section of isotropic displacement of an atom from the carbon lattice
as a function of the threshold displacement energy: 1) E = 100 keV; 2) 200;
3) 400; 4) 800. O, b; Eg, eV.

do=r"Z" (1-b>) bR ©) sin B cos° 0 d8dp, R (8)=1+mabcos®— (b +mab) cos’ 0 . @)

The total displacement cross-section O, is obtained from (2) by integrating over angles ¢ (0<¢<2m) and
6. In so doing, the angle 6 varies from zero to the limiting value 0, which is determined from the condition
cos” 0, = Ey (8)/AE,,. . &)
For the angle 8, by means of simple geometric constructions (Fig. 1) we can obtain the relation

& =arccos (cos 0 cos o — sin 0 sin o cos @) ,

which at given angles o and ¢ yields the relation & = 8(8). In the case where the E4 value is independent of the angle
& (isotropic displacement), integration of (2) yields for the total displacement cross-section the expression

2 2., —4
6 =mr-Z (1-b) b F(AE, /E,) . @

Fx)=x+ 21'cab)c1/2 —[1+2nab + (b2 + mab) In x] .

Results and Discussion. The dependence of the isotropic displacement cross-section G, on the threshold en-
ergy E, calculated by formula (4) at various energies of incident electrons E is shown in Fig. 2. It is seen that the
given quantity decreases with increasing Ej at all values of E. The behavior of G, as a function of E at a fixed value
of E4 is more complicated. At threshold energies E4 =20 eV typical of the CNS lattice an increase in the cross-section
with increasing E is observed.

In the general case, integration of the differential cross-section (2) should be carried out taking into account
that E; = E40). To determine this dependence, one usually uses modeling of the process of displacement of carbon
atoms from the CNS lattice by the molecular dynamics method [30, 31]. Practical application of this method requires
identification of the carbon lattice, which is achieved by giving an adequate interatomic interaction potential (see, e.g.,
[34, 35]). As a rule, these potentials are classical in nature and do not take into account quantum-mechanical effects.
An alternative approximation is the inclusion of the directionality effects of covalent bonds in Hamiltonian systems
(tight-binding method), which permits naturally taking into account of the quantum-mechanical nature of covalent
bonds in the interatomic potential [36, 37].
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Fig. 3. Cross-section of atomic displacement from the carbon lattice as a func-
tion of the displacement angle: 1) carbon nanotube; 2) fullerene; Gy, b; O, deg.
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Fig. 4. Cross-section of atomic displacement from the carbon lattice as a func-
tion of the electron beam direction: 1) E = 85 keV; 2) 100; 3) 140; 4) 200;
5) 400; 5) 800. Oy, b; @, deg.

Modeling of the displacement of carbon atoms from the Cg fullerene surface was carried out in [30], where
the relation E; = E4(J) as applied to a spherical carbon lattice was obtained (Fig. 3). As calculations show, at trans-
ferred energies lower than Ejy the considered carbon atom and its surrounding atoms experience significant deviations
from their equilibrium positions and gradually go back to the state of rest. At AE>E, the atom leaves the fullerene
shell, with its kinetic energy on infinity even at AE = E, being other than zero. Analysis of Fig. 3 shows that as the
angle & increases, there is an increase in the threshold displacement energy, which reaches its maximum at & = 7/2.
It should be noted that in virtue of the discreteness of the distribution of carbon atoms over the fullerene surface the
E,4 value depends also on the direction of the momentum transferred to the atom in the plane tangent to the fullerene
surface.

The threshold energy E4 of carbon atom displacement from the surface of a nanotube was determined in [31]
by the tight-binding method. As calculations show, at & = 1/2 the displaced atom leads to a deviation from equilib-
rium of about ten neighboring atoms, which explains the significant value of E4 for the given displacement direction
(Fig. 3). The momentum normal to the lattice surface causes minimal disturbance of the local environment of the atom
being displaced. In this case, the threshold displacement energy of the atom is equal approximately to the sum of en-
ergies of its binding with neighboring atoms. The difference between the threshold displacement energies for fullerenes
and nanotubes observed in Fig. 3 can be explained by the employment of different computing methods, since the geo-
metrical features of the surface should not produce an appreciable effect on the value of the given parameter of the
process [24].

The relation between the threshold displacement energy E4 and the angle & for a carbon nanotube obtained in
[31] by the molecular dynamics method has been used in the present work to calculate the displacement cross-section
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Fig. 5. Characteristic collapse time of CNSs as a function of the flow density in
the electron beam. Dots show experimental data (see the text). T, sec; j, A/ cm”.

O The dependence of the cross-section on the electron beam orientation at various energies of electrons in the beam
is given in Fig. 4. Analysis of the figure shows that the nanotube begins to collapse at E= 90 keV on lattice portions
normal to the beam direction. A nonzero value of the cross-section throughout the variation range of o is observed at
E > 140 keV, which agrees with the experimental data of [28]. For energies of electrons in the beam higher than 200
keV the calculated cross-section G, varies from 12 to 18 b (1 b = 1072 m?) depending on the angle of inclination
of the beam to the lattice surface.

To estimate the stability of carbon nanostructures irradiated by an electron beam, we can make use of a sim-
ple relation including the basic parameters of the process. The displacement cross-section G, divided by the area S
per atom of the CNS lattice gives the probability of displacement of an atom when an electron is scattered by it. Mul-
tiplying this value by the frequency of incidence of beam electrons on a surface S equal to jS, we obtain the prob-
ability of atomic displacement in a time unit. For a given flow density, the characteristic time of the process is defined
by the relation T = (Gtotj)_l. The typical value of the electron flow density in the experiment with CNSs varies over
the range 1-10 A/cm?® [20, 38, 39]. Figure 5 shows the dependence T = 7(j) at an average value of 6, = 15 b and
its comparison with the existing experimental data on the radiation stability of carbon nanotubes and graphene sheets
[10, 28, 38-40].

The triangle in Fig. 5 corresponds to experiments on the transformation of the surface of single-layer CNTs
irradiated by electrons with £ = 200 keV and j = 1 A/cm’ in a transmission electron microscope (TEM) [40]. As ob-
servations show, in a time of the order of 2-103 sec the diameter of nanotubes decreases from its initial value of 1.4
to 0.4 nm. In so doing, the cylindrical form of the tubes remains unaltered. Further irradiation causes a collapse of
individual tubes. In may be suggested that the limiting case of tube modification is the formation of linear chains of
carbon atoms. Analogous results for single-layer CNTs were obtained in a TEM with £ = 200 keV and j = 3.7
A/ cm’ [28] (circle in Fig. 5), where the microstructure of nanotubes after 1.56-103 sec of irradiation collapses and be-
comes amorphous.

The combined effect of the action of an electron beam (E = 100 keV, j = 1 A/ sz) and high-temperature
heating (the maximal temperature of the carbon lattice is about 1200 K) on the formation of defects in CNTs was con-
sidered in [38]. The process dynamics is described by an exponential decrease in the tube diameter with a charac-
teristic time T = 10° sec (inverted triangle in Fig. 5). Estimation of the threshold displacement energy Ej; under the
considered conditions yields a value of 5.5 eV, which is much lower than the corresponding value at room tempera-
ture. The value of the cross-section G, in the case of isotropic displacement is equal to about 160 b (see Fig. 2). This
explains the excess of the calculated value of the characteristic time of the process over the experimental one by an
order of magnitude.

The characteristic time of structural transformation of a bank of fluorinated single-layer CNTs under the action
of an electron beam in a TEM (E = 300 keV, j = 2.46 A/ cmz) [20] is shown in Fig. 5 by a rhomb. The transforma-
tion process of nanotubes proceeds towards partial collapse of the bank and the formation of a structure resembling a
multilayer CNT. The presence of added fluorine atoms leads to an increase in the length of the C—C bond in the tube
to 0.153 nm characteristic of the diamond lattice. A decrease in the bond energy leads to a decrease in the Ej; value

397



and, accordingly, to an increase in the cross-section Oy, which in turn decreases the characteristic time of transforma-
tion of the bank of fluorinated CNTs compared to convectional ones (see Fig. 5). A similar effect is observed in the
case of electron irradiation of ozonized carbon nanotubes [41].

The defect formation dynamics in a graphene membrane irradiated by an electron beam (E = 100 keV, j = 7
A/ sz) was investigated in [39]. The corresponding process time is represented in Fig. 5 by a square. The excess of
the experimental data over the calculated ones can be explained by the lower average value of the displacement cross-
section O, at £ = 100 keV (see Fig. 4) than that used in the calculation. It should be noted that graphene membranes
are fairly resistant to electrons with energy E = 100 keV. At least the formation of vacancies observed in [39] does
not mean complete destruction of the membrane.

CONCLUSIONS

1. A brief survey of the state of the art of investigations on the application of the radiation technology for
transforming carbon nanostructures shows that this scientific trend plays an important role because of the unique elec-
tronic, mechanical, and chemical properties of the materials formed, which makes them possible candidates for wide
practical use in various fields: from molecular electronics to composite materials.

2. The theoretical consideration of the radiation stability of carbon nanostructures under the action of an elec-
tron beam on them has made it possible to elucidate the stability limits and the basic parameters of the process. The
calculated values of the characteristic time of the process agree with the available experimental data.

This work is a part of the TAEA Program "Supporting Radiation Synthesis and the Characterization of
Nanomaterials for Health Care, Environmental Protection, and Clean Energy Applications" (IAEA Regional TC Project
No. RER/8/014).

NOTATION

a=272/137; b =v/c; c = 2.998-10° m/ sec, velocity of light in free space; E, kinetic energy of electrons in
the beam, eV; AE, energy transferred to an atom upon collision with an electron, eV; Ej, threshold energy of atomic
displacement from the lattice, eV; j, electron flow density in the beam, A/ m2; m = 9.108~10_31 kg, rest mass of an
electron; M, atomic mass, kg; n, local normal to the CNS surface; 7, = 2.818-10_15 m, electron classical radius; R,
ratio of the cross-section of electron scattering by the atomic nucleus to the Rutherford cross-section; S, area per atom
of the CNS lattice, mz; v, velocity of electrons in the beam, m/sec; x = AE, . ./E4; Z, atomic nucleus charge (atomic
number of the element); o, angle between the beam direction and the local normal to the CNS surface; 0, angle be-
tween the direction of atomic displacement and the local normal to the CNS surface; 0, angle between the beam di-
rection and the atomic displacement direction; G, atomic displacement cross-section, m2; Oy total cross-section of
atomic displacement, b (1b= 10_28 mz); T, characteristic time of the process, sec; @, azimuth angle in the plane normal
to the beam direction. Subscripts: d, displacement; e, electron; max, maximum value; min, minimum value; tot, total.
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