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MISCELLANEA

MOLECULAR-DYNAMIC CALCULATION OF EFFECTS APPEARING
IN REMOVING A LEAD FILM FROM GRAPHENE

A. E. Galashev and O. R. Rakhmanova UDC 539.87:538.971

By the molecular-dynamics technique, the authors have investigated the bombardment of a thin lead fi lm on graphene 
by a beam of Xe clusters in the range of energies 5–30 eV at an angle of incidence of 45o. Visual observation and the 
density profi le of the Pb fi lm point to a complete separation of the fi lm from graphene followed by the formation of 
a lead cluster during the bombardment with a cluster energy of 20 eV. Such bombardment leads to maximum 
horizontal and minimum vertical mobilities of C atoms in graphene and also generates a minimum stress in the fi lm′s 
plane due to vertical forces.
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Introduction. Graphene, which is a single layer of graphite, attracts much attention in connection with its unique 
electronic properties [1]. Mechanical properties and the properties of transfer for graphene are still not clearly understood, 
although they are also of great interest as the characteristics of a fi lm that has reached the ultimate limit in miniaturization 
[2, 3]. This single-layer thin sheet can serve as a reliable membrane confi ning mesoscopic gas volumes. Such hyperfi ne 
membranes will fi nd use for storage of a gas and its separation at an atomic level in mechanical devices. This is because 
graphene is substantially rigid [4, 5], stable, and oxidation resistant at T < 720 K [6]. Graphene membranes can be incorporated 
into mechanical nanodevices, e.g., as the smallest possible pressure transducers.

The use of graphene in electronic devices requires reliable electric constants set up with it. It was shown that the 
contact of graphene with metal lead exerts a considerable infl uence on the transfer of charge through the graphene but leaves 
its electronic structure intact [7]. This means that the creation of lead–graphene contacts can suppress inelastic interferences 
of transport channels for electrons. Derivation of a high-quality compound of lead and graphene requires not only the 
technology of combining of metal with graphene, but also an effi cient method to remove lead from graphene.

The removal of negligibly small amounts of heavy metals from air and water is possible through the use of fi lters 
with graphene membranes. However, this brings up the question of taking the metal deposit off the fi lters. Due to the fact that 
graphene used for membranes has defects such as Stone–Wales defects [8], and also nano- and polyvacancies, the bonding 
between the deposited metal and graphene can turn out to be very strong. The method of removing the metal from graphene 
must be, on the one hand, effi cient, i.e., remove the entire deposit, and on the other, suffi ciently practical so as not to damage 
the graphene thus ensuring its multiple use.

The next step in developing the fi elds of application of graphene is control over electronic properties by defect 
formation induced by the ionic bombardment of graphene. Simulation of bombardment of this sort by the molecular-dynamics 
technique provides us with adequate models making it possible to obtain parameters necessary for high-precision experimental 
lithography [9]. A molecular-dynamic study of the bombardment of a copper fi lm on graphene has shown that the most effi cient 
cleaning is achieved at the angle of incidence of argon clusters θ = 45o [10, 11] and the energy of the incident beam E = 20 eV. 
However, serious damage here is caused to the ribs of graphene of both principal confi gurations called "zigzag" and "chair." 
Also, the relief of the copper fi lm can be displayed on graphene as an extensive defect appearing as a result of bombardment 
[12]. It is common knowledge that divacancies are the most widespread defects in graphene [13], and "excessive" bonds which 
are present on the ribs and boundaries of the vacancies are easily replaced by hydrogen bonds [14].
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The present work seeks to study the possibility of removing a thin lead fi lm from graphene through its bombardment 
by a beam of xenon clusters in the range of energies from 5 to 30 eV.

Computer Model. Description of the atomic interaction in graphene was based on the use of the multiparticle 
Tersoff potential with the parameters from [15]. However, to avoid the cracking of graphene we increased the distance of 
covalent bonding to 0.23 nm and included additional weak attraction at r > 0.23 nm assigned by the Lennard-Jones (L-J) 
potential with the parameters of [16]. To eliminate the resultant torque at each node of a graphene sheet we excluded the 
rotational component of a force produced by the atoms of adjacent nodes [17]. An analytical form of the local rotational 
interaction potential has been given in [6].

The Sutton–Chen (S–C) potential was successively used for modeling of bulk metals [18] and metal clusters [19] 
alike. The potential Sutton–Chen energy is written as
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Here ε is the parameter with dimensions of energy, c is the dimensionless parameter, a is the parameter with dimensions 
of length, which is usually selected equal to the lattice constant, and m and n are the positive integers with the quantity n 
being more than m. The power-law form of the contributions makes it possible to successfully link short-range interactions 
represented by the N-particle term to the Van der Waals "tail" determining long-range interaction. Use was made of the 
following values of the parameters of the Sutton–Chen potential for lead: m = 7, n = 10, ε = 5.5765 meV, and c = 45.778 [19].

The lead–carbon interaction was assigned by the Lennard-Jones potential with parameters σPb–C = 0.33617 nm 
and σPb = 0.0380 eV [20, 21]. In the Xe13 cluster, the atoms also interacted in terms of the Lennard-Jones potential with 
parameters σXe–Xe = 0.410 and εXe–Xe = 0.019043 eV [22].

The interaction between Xe atoms and target atoms (Pb and C) was determined by a purely repulsive ZBL (Ziegler–
Biersack–Littmark) potential [23]
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where the parameter a is determined by the expression
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We neglect the weak attraction between Xe and Pb atoms, and also between Xe and C, since the primary objective of this 
study is the transfer of energy and momentum, rather than chemical bonding [24].

The graphene sheet measured 3.4 × 2.8 nm and contained 406 atoms. Defects enhance substantially the adhesion 
between metals and graphene [25]. The most frequent defects in graphene are divacancies. The graphene sheet used for 
deposition of lead has nine divacancies approximately uniformly distributed over its surface. Hydrogenation was used to 
strengthen the edges and boundaries of the divacancies. CH groups formed at the edges and nodes nearest to the center of the 
divacancies were modeled by the monatomic scheme [26]. The C–CH and CH–CH interactions were represented by the L-J 
potential with parameters σC–CH = 0.3652 nm, εC–CH = 0.00544 eV, σCH–CH = 0.3770 nm, and εCH–CH = 0.00396 eV [26].

A lead fi lm on graphene was formed in an individual molecular-dynamic calculation in two steps. In the fi rst step, 
Pb atoms were placed above the centers of not adjacent graphene cells so that the distance between the Pb and C atoms was 
equal to a value of 2.33 Å computed from density-functional theory [27]. On this friable lead fi lm consisting of 49 atoms of 
Pb, 51 more Pb atoms were randomly deposited. Thereafter the system consisting of 100 atoms of Pb and 406 atoms of C 
was balanced in the molecular-dynamic calculation with a duration of 1 mln time steps (Δt = 0.2 fs). Numerical solution of 
the equations of motion was performed by the Runge–Kutta method of 4th order. The resulting target was further bombarded 
by icosahedral Xe13 clusters. Five starting points for placing the centers of the Xe13 clusters were uniformly spaced apart 
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on one line which was in parallel to the 0y axis ("chair" confi guration). This line was shifted to the left (along the 0x axis) 
of the graphene′s left edge to a distance of 1.5 nm and was raised through such a height (in the 0z direction) that the angle φ
between the 0x axis passing near the upper surface of the fi lm and the line of direction of impact was 45o. The interval equal 
to the length of the graphene sheet in the 0x direction ("zigzag" confi guration) was divided into fi ve equal segments with 
length Li = Lx/5. At the beginning of each subsequent cycle of cluster impacts, the line of starting points of the Xe13 clusters 
was displaced horizontally forward to the distance L. As a result the fi lm surface approximated by the plane was covered with 
25 uniformly distributed points on which cluster impacts were focused. Each series included fi ve cycles or 25 impacts. At the 
starting point, all the Xe13-cluster atoms had one and the same velocity governing the direction of impact. The clusters were 
sent in turn toward the target. The lifetime (determined by the sum of the fl ight time and the time of interaction with the target) 
of each cluster was limited to 8 ps. After this time, the Xe atoms of the destroyed cluster was excluded from consideration and 
a new Xe13 cluster began to move from another starting point. Forty picoseconds went into a cycle of fi ve cluster bombardments, 
0.2 ns, into a series (fi ve cycles), and 1 ns, into the entire bombardment (5 series). Such bombardment was carried out at one 
and the same angle of incidence (θ = 45o) and fi ve different values of the cluster energy: 5, 10, 15, 20, and 30 eV.

The effect of cluster bombardment is substantially independent of the cluster′s electric charge. Were the bombardment 
done with charged clusters, the electric charge would be neutralized on the surface owing to the electron exchange. 
The motion of an electron is at least three orders of magnitude faster than the motion of the nucleus. Therefore, the dynamics 
of an ion will be similar to the dynamics of a xenon atom. The charge cannot be accumulated during the bombardment of the 
target because of its neutralization on ionic impact on the target.

Cluster impacts on the surface were accompanied by the heating of the system. Moderate removal of the released 
heat from the system was implemented by the Berendsen scheme with a bonding constant τ = 4 fs [28]. To monitor the 
heating, the velocities v were scaled at each time step according to the expression
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The density profi le of the metal fi lm was defi ned as
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where n(z) is the number of Pb atoms in the layer that is in parallel to the graphene plane, σPb is the effective diameter of 
a Pb atom, Δh is the layer width, Sxy is the surface area of graphene, and Ns is the number of tests.

The partial diffusion coeffi cients of the atoms was calculated as [29]
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where Γ = 3 determines the dimensions of space. Averaging over n, where n is the number of time intervals to determine 
Δ 2[ ( )]tr , is denoted by ... . We performed averaging of fi ve time dependences, each being calculated on the interval 
τ = 200 ns.

The stress at the location of an i atom of the metal fi lm was defi ned as [22]
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where the volume pertaining to an individual atom Ωi can be associated with the volume of a Voronoi polygon related 
to the i atom.

To calculate stresses appearing in graphene, graphene sheets were subdivided into surface elements. The stresses 
σuα(l) produced by the action of forces of the α(x, y, z) direction are computed on each surface element with a number l and 
of orientation u. In these calculations, use was made of the products of the projections of atomic velocities and the projection 
of the forces α

ijf  acting on the lth element from the other atoms in the case of observance of the relevant conditions [30]
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Here k is the number of atoms on the lth element, Ω is the volume per atom, m is the atomic mass, α
iv  is the α projection of 

the velocity of the i atom, Sl is the area of the lth element (force resulting from the interaction of i and j atoms and passing 
though the lth element), and ui is the running coordinate of the atom i; the symbol u in the superscript of the sum denotes 
the coordinate of the contact point of the straight line through the centers of the atoms i and j and the lth surface element. 
Compressive stresses in this determination may have a + and – sign in accordance with the directions of the forces i

jf . This is 
the difference of the microscopic stress σnj(l) from the macroscopic stress σ j  < 0. The overall stresses acting in the graphene 
plane were determined through the summation of the relevant elementary stresses

 =
σ = σ∑

1
( ) ,

lN
z

zj j
l

l   (10)

where Nl is the number of surface elements when the graphene sheet is subdivided in the selected direction.
The total energy obtained at T = 300 K for single-sheet graphene is equal to –7.02 eV, which is in agreement with 

quantum-mechanical calculation (–6.98 eV) [31]. The melting temperature (Tm) of the Pb201 cluster with a free surface 
was 417 K, which is consistent with molecular-dynamic calculations (Tm = 412 K) [32] performed with the Sutton–Chen 
potential, too. In both cases Tm was determined from the jump of the potential energy.

Results and Discussion. As a result of bombardment of the target, lead is completely separated from graphene only 
at an energy of the incident clusters of 20 eV. In all the remaining cases the bombardment leads only to a compaction of the 
lead fi lm under the conditions of elastic or plastic deformation. Figure 1 gives the confi gurations of the bombarded target at 
different instants of time. Figure 1a refl ects the state of the irradiated target after 15 collisions (120 ps) with Xe13 clusters, 
Fig. 1b, after 25 collisions (200 ps or the fi rst series of impacts), and Fig. 1c gives an idea of the system after all 

Fig. 1. Confi gurations of the "Pb fi lm-on-graphene" target bombarded by Xe13 clusters 
after 15 (a), 25 (b), and 125 (c) impacts of the "projectile" on the surface. The coordinates 
of the atoms are given in angstroms.
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the 125 impacts (1 ns or fi ve series). Already by an instant of time of 120 ps, the metal fi lm becomes suffi ciently compacted, 
remaining on graphene. However, by an instant of time of 200 ps, the entire well-compacted fi lm separates from graphene to 
a considerable distance. All the subsequent impacts of four series of bombardment are taken over by graphene, whereas the 
Pb fi lm is free of any actions in this time. As a result a volumetric particle is formed from the plane two-layer Pb fi lm, which 
seeks to take a spherical shape (Fig. 1c).

The density profi le ρ(z) of the metal for the investigated energies (5–30 eV) of the incident cluster beam is represented 
in Fig. 2. Each profi le has been obtained in fi ve series of bombardment, i.e., in 1 ns. The profi le of the loose, on the whole, fi lm 
obtained at a beam energy of 5 eV is replaced by much more compact profi les of the compacted fi lm. After the bombardment 
with an energy of 15 eV, we observe a stronger compacted than in the case of 10 eV. No ρ(z) profi le was obtained at a cluster 
energy of 20 eV, since the fi lm moved from the graphene to a distance exceeding 1.5 nm, i.e., beyond the defi nition domain 
of the function ρ(z). The cluster beam with an energy of 30 eV presses the Pb fi lm again to the graphene. The fi rst peak of the 
ρ(z) profi le in this case has nearly the same intensity as the principal peak of the relevant profi le, when bombarding clusters 
have an energy thrice as low (10 eV). Compaction of the fi lm by the clusters with a halved energy (15 eV) produces a higher 
principal peak of the ρ(z) profi le. The cluster beam with an energy of 30 eV knocks 15% of the Pb atoms out of the fi lm after 
125 impacts. Impacts of the clusters with an energy as high as this lead to a plastic deformation, so that part of the Pb atoms 
in direct contact with the graphene slides between the rows of C atoms.

The initial increase in the energy E (from 5 to 10 eV) tends to increase the horizontal Dxy component of the 
coeffi cient of mobility of the Pb atoms and to decrease its vertical Dz component (Fig. 3a). This is due to the compression of 

Fig. 2. Lead-fi lm-density profi les rotated along the 0z axis which is perpendicular to the 
graphene plane. The origin of coordinates is made coincident with the location of the 
graphene sheet. The fi gures refl ect the energy of bombarding clusters.
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the Pb fi lm in the vertical direction causing the fi lm to be compacted and giving a reduction in the quantity Dxy with subsequent 
increase in the energy E to 20 eV. In this range of variation in the quantity E, we observe a modest increase in Dz values. At 
an energy of the colliding clusters of 30 eV, the value of Dz increases again, whereas Dz decreases as a result of "spreading" 
of the metal over the graphene surface. We notice that in the entire range of the energies E, the mobility of the Pb atoms in the 
vertical direction is much higher than in any horizontal direction. The components of the mobility coeffi cient (Dxy and Dz) of 
graphene have a nonmonotonic behavior as the energy E of the Xe13 clusters changes from 5 to 30 eV (Fig. 3b). Remarkably, 
the direction of variation in the quantities Dxy and Dz in this range of the energies E is mutually opposite, i.e., increase in 
Dxy causes Dz to decrease, and conversely. During the separation of the lead fi lm from graphene (at E = 20 eV), we observe 
a maximum value of Dxy and a minimum value of Dz. Mobility of the C atoms in the vertical direction dominates over the 
horizontal mobility.

An oscillatory character of the stresses σzx, σzy, and σzz is observed in the plane of the lead fi lm (Fig. 4a). At the 
instant of separation of the lead fi lm from graphene, the values of the stresses σzx and σzy correspond to the local minimum, 
whereas the stress σzz is maximum. All the three stress components are comparable in value. As the energy E changes from 
5 to 30 eV, the stress σzx undergoes the smallest fl uctuations, and σzz, the largest. The character of change in the stress σzx 
is identical to the behavior of the dependence Dxy(E) to Pb, whereas the behavior of σzy is quite the reverse of that of the 
dependence Dz(E) for this fi lm, which is mainly in agreement with the dependence σzz(E ). The character of change in the 
stress σzz in graphene corresponds to the behavior of the function Dz(E ) for this material in the interval of variation in the 
energy E from 5 to 30 eV (Fig. 4b). However, no cause-and-effect relation between σzx(E), σzy(E), and the dependence 
Dxy(E) is observed in the considered range of the energies E. Peeling of the Pb fi lm from the graphene substrate leads to 
a minimum value of the function σzz(E) for graphene, and the maximum value of this function corresponds to the energy 
E = 30 eV at which the values of the functions σzx(E ) and σzy(E ) for graphene are minimum.

Fig. 3. Components Dxy (1) and Dz (2) of the coeffi cient of mobility of Pb (a) and 
C (b) atoms in the fi lm, obtained in the course of the bombardment of the target by 
Xe13 clusters with energy E.

Fig. 4. Stresses σzx (1), σzy (2), and σzz (3) in the plane of the Pb fi lm (a) and for the 
z = 0 plane in graphene (b), obtained in the course of the bombardment of the target by 
Xe13 clusters with energy E.
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The stresses in graphene due to defects cause the phonon frequency to shift and can be determined experimentally 
using the Raman spectroscopy. It was established by the Raman method in [33] that the stresses generated by depositing 
SiO2 or Si on graphene with subsequent annealing are ~2.1 GPa in the case of compression of the sheet and about 0.7 MPa 
in extension of graphene. The maximum stresses (σzz) in graphene for compression and extension, which are generated 
by cluster bombardment (in the present study), have values of 0.25 and 0.5 GPa, respectively, i.e., are within the range of 
experimentally established stresses.

Hydrogen atoms in hydrogenation added only to the boundary graphene atoms, including those at the edges of 
divacancies. Such partial hydrogenation made it possible to strengthen the ribs of the graphene and to stabilize defects 
produced in it. Irradiation with a beam of xenon clusters with an energy to 30 eV saved the hydrogen on the graphene and 
left its ribs intact. In an analogous bombardment of the not hydrogenated graphene coated with a copper fi lm, a serious 
damage caused to the ribs of a graphene sheet is observed [10, 11]. Computer simulation has shown that by heating 
even to very high temperatures, one fails to remove the metal from graphene completely, in particular, in the presence of 
Al and Ni fi lms on the graphene [34, 35]. Furthermore, the heating technique, unlike ionic bombardment, cannot be 
applied in lithography.

Conclusions. We have investigated the mechanism of removal of a Pb coating from graphene through the 
bombardment of the target by Xe13 clusters at an angle of incidence of 45o in the range of energies 5–30 eV. Visual 
observation and an analysis of the vertical density profi le of the fi lm have enabled us to establish the separation of the 
fi lm from graphene, which occurs at an energy of the cluster beam of 20 eV. Enhancement of the mobility of Pb atoms 
in directions that are in parallel to the fi lm plane is compensated for with the attenuation of the relevant mobility for the 
direction perpendicular to this plane, and conversely. An analogous relationship is observed between the horizontal and 
vertical mobilities of the C atoms in graphene. The values of stresses generated by horizontal and vertical forces for 
graphene and in the metal fi lm alike are comparable.

Thus, the regime of cluster bombardment with parameters θ = 45o and E = 20 eV can be used to remove lead from 
graphene. Hydrogenated edges of the graphene sheet and of the boundaries of divacancies were not seriously destroyed 
during the bombardment by Xe13 clusters with energies to 30 eV.

Acknowledgments. This work was carried out with fi nancial support from the Russian Foundation for Basic 
Research (grant No. 13-08-00273).

NOTATION

a0, Bohr radius; D, partial diffusion coeffi cient, cm2/s; Dxy and Dz, horizontal and vertical components of the 
diffusion coeffi cient, cm2/s; E, energy of the incident beam, eV; EPb–C, binding energy between the ideal graphene 
and the lead deposited on it, eV; e, elementary electric charge; i

jf , projections of the forces acting on the lth surface 
element from all the other atoms; k, Boltzmann constant; Li, length of the graphene sheet in the 0x direction ("chair" 
confi guration), nm; m, atomic mass, kg; n, number of the cycle of cluster bombardments; n(z), number of Pb atoms in 
the layer which is in parallel to the graphene plane; Nl, number of surface elements on subdivision of the graphene sheet 
in the selected direction; Ns, number of tests in calculating the density profi le of the metal fi lm; Ra, graphene roughness; 
r and rij, distance between the atoms (i, j), nm; Sl, area of the lth surface element in calculating stresses generated in 
graphene; Sxy, area of the graphene surface; T, running temperature of the system, K; T0, assigned temperature, K; 
Tm, melting temperature of lead, K; US–C, Sutton–Chen potential energy; Vij, function of interparticle interaction in the 
Tersoff potential; v′ and v, new and running values of atomic velocities; Zi and Zj, atomic numbers of the i and j atoms; 
Δh, width of the layer which is in parallel to the graphene plane in calculating the density profi le of the metal fi lm, nm; 
Δt, integration time step, fs; Γ, dimension of space; ε, c, a, m, and n, parameters of the Sutton–Chen potential; θ, angle of 
incidence of the cluster beam; λ, scaling factor; ρ(z), density profi le of the metal fi lm; σzx, σzy, and σzz, microscopic stresses 
arising in the lead fi lm and graphene, GPa; σPb–C, εPb–C and σXe–Xe, εXe–Xe, parameters of the Lennard-Jones potential 
for the Pb–C and Xe–Xe interactions respectively; σC–CH, εC–CH and σCH–CH, εCH–CH, parameters of the Lennard-Jones 
potential for the C–CH and CH–CH interactions respectively; σαβ(i), stress at the location of the i atom of the metal fi lm; 
σPb, effective diameter of a Pb atom, nm; τ, binding constant, fs; Φ, potential function describing interactions between 
xenon atoms; φ, angle between the 0x axis and the line of direction of the impact of a cluster beam; Ωi, volume pertaining 
to an individual atom; ω, oscillation frequency.
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