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INTRODUCTION

Graphene, a two�dimensional conductor with a
zero gap between the conduction and valence bands,
has found increasingly wide application. In the major�
ity of theoretical and computation papers, graphene
was studied as a separate material and only occasion�
ally as a material affected by a stable support of
another material (Ni, Cu, SiO2, etc.). The behavior of
thin metal films on graphene was studied in few works
[1]. These studies are important, e.g., in connection
with the recently suggested use of graphene for prepar�
ing ink for jet printers [2].

As is known, graphene (both one� and multilayer)
has high conductivity [3] and can be used as an excel�
lent electrode [4, 5]. A shell of multilayer graphene can
play a dual role of protector against oxidation for the
metal nanonucleus [6–8] and a well�conducting com�
pound with the adjacent metal nanonucleus [9]. The
Cu nanoparticles covered with multilayer graphene are
ideal material for preparing ink [10]. This is one of the
few advantages of multilayer graphene over one�layer
graphene. One�layer graphene that contacts the metal
is mostly preferable because of being much more use�
ful. For example, studies of the interaction between
silver and graphene by surface�enhanced Raman scat�
tering (SERS) showed that SERS enhancement and
the degree of splitting of G branches decreased as the
number of Ag�coated graphene layers increased [11].
The deposition of Ag on graphene shows itself as
n�doping, whereas the Au film on graphene creates
p�doping.

This opens up ample opportunities for electronics
based on graphene�containing composites. Coating
with one�layer graphene can offer reliable protection

from corrosion when a thin coating is needed, as, e.g.,
for microelectronic components.

The goal of this work was to investigate the thermal
stability of multilayer copper films on graphene, deter�
mine the temperature changes of stresses in them, and
study the behavior of the mobility of metal atoms dur�
ing their heating.

COMPUTER MODEL

The calculations were performed by the classical
molecular dynamics (MD) method. Empirical poten�
tials of three types were used: the potentials that
describe carbon–carbon (in graphene), copper–cop�
per, and copper–carbon interactions. The Tersoff
potential was taken as the basis for representing inter�
actions in graphene [12, 13]:
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Here, the indices i, j, and k are the carbon atoms,  is
the length of the i–j bond, and  is the angle between
the i–j and j–k bonds. The parameters of (1) except S
were taken from [13].

A transition to the modeling of two�dimensional
systems (e.g., graphene) with a covalent bond requires
modification of this potential [14]. In this model, the
maximum coverage (S) of the covalent interaction was
increased from 0.21 to 0.23 nm. Outside the region of
covalent interaction there was the region of very weak
Lennard�Jones interaction whose parameters were
given in [14] and which has the character of attraction.
To prevent the rotation of the graphene sheet, “decel�
eration” with a strength  (the torsion
potential  was determined in [14]) at each
atomic unit of graphene was used. The interaction
between the Cu atoms was specified by the Sutton–
Chen many�body potential [15]

,

where

, .

The parameters of the USC potential (ε, a, c, m, and n)
were given in [15].

The interaction of the C and Cu atoms was
described by the Lennard�Jones potential with param�
eters from [16]; due to more rigid repulsion, this
potential does not give the nonphysical deep mutual
penetration of C and Cu atoms in contrast to the
Morse potential with the parameters selected by the
density functional theory method [17].

The self�diffusion coefficient was determined in
terms of the mean square of the displacement of Cu
atoms:

,

where Γ is the dimensionality of space.
The stress at the site of the i atom of the metal film

was determined as [15]

where ε is the parameter with the dimensionality of
energy; c is the dimensionless parameter;

, a is the parameter with the dimen�

sionality of length usually set equal to the lattice con�
stant; m and n are positive integers such that n > m; and

 is the volume of the individual atom, which may be
associated with the volume of the Voronoi polyhedron
linked to the i atom.
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The stability of the three types of copper films on
graphene having dimensions 3.4 × 4.0 nm and 406 C
atoms was studied. The first copper film was the (111)
plane of the fcc copper crystal and was formed of
208 Cu atoms. The film was initially placed in the
middle of a graphene sheet at equal small (of the order
of the diameter of the Cu atom) distances from the
opposite edges of the sheet. The structure of the sec�
ond film corresponded to the (100) plane of the copper
crystal and had only 49 atoms. It was also placed in the
middle of the graphene sheet. Its size was chosen such
that the number of metal atoms corresponded to the
number of Cu atoms in the third film (49 at maxi�
mum). The arrangement of Cu atoms in the first two
films was not correlated with the structure of
graphene. The initial arrangement of Cu atoms in the
third film was a monolayer in the form of a loose (111)
plane of the fcc lattice (parallel to the graphene plane)
with the distance between the nearest atoms

 nm. The Cu atoms were right opposite
to the centers of the nonadjacent hexagonal cells
formed by the carbon atoms; the shortest distance
between the C and Cu atoms  nm cor�
responded to  calculated in terms of the density
functional theory [18]. In a bulk copper crystal,

 nm. Consequently, the Cu film was
initially stretched because of the incompatibility of the
lattice constants of graphene and copper. The shortest
distance between the C atoms in graphene was  =
0.142 nm. The equations of motion were integrated by
the fourth order Runge–Kutta method with a time
step of  fs. The calculation time was  or
200 ps for each temperature. The calculations were
started at 300 K. After each million of time steps, the
temperature of the system was raised by 500 K and the
next calculation was performed with the same dura�
tion. The last calculation corresponded to the temper�
ature 3300 K. The temperature in the model was
maintained with a Berendsen thermostat [19].

RESULTS AND DISCUSSION

The total energy of free single�sheet graphene cal�
culated at T = 300 K is –7.02 eV, which agrees with the
data of quantum�mechanical calculations (–6.98 eV)
[20]. The close�packed copper monolayer was placed
on the surface of graphene in such a way that none of
the atoms characterized by the size  nm
[21] (  is the Lennard�Jones parameter) went
beyond the limits of the graphene sheet. The arbitrary
arrangement of the copper film relative to the carbon
atoms was justified by the fact that the lattice constants
of the metal film and graphene were incompatible. As
a result, the coordinates of the centers of all 208 Cu
atoms that formed the (111) plane were within the area
of the graphene sheet containing 406 C atoms. How�
ever, the Cu (111) plane that was stable in a bulk cop�
per crystal and had the shortest interatomic distance of
0.256 nm proved unstable when placed on the
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graphene sheet. The atoms of this plane initially
started to move in horizontal directions parallel to the
graphene plane, due to which the Cu (111) plane
expanded. The terminal Cu atoms that went beyond
the limits of the graphene plane lost support from
graphene and abandoned the sheet (Fig. 1). By the
moment of time of 200 ps, the Cu atoms lying over
graphene did not form a regular packing any longer.
The majority of these atoms rose over the graphene
sheet and only an insignificant number of them
remained in the plane parallel to the graphene sheet.
The close�packed copper film thus proved unstable on
the graphene sheet already at 300 K.

The arrangement of the 49 Cu atoms of the (100)
face of the copper crystal in the central part of the
graphene sheet did not lead to deviation of the metal
atoms from the sheet by the moment of time of 200 ps.
However, the nearly horizontal metal film was no
longer the (100) face of the copper crystal; it had a
loose structure, which was more likely to be disor�
dered. The film proved unstable against heating;
nearly half of all Cu atoms quit it already at 1800 K.
Thus the lack of coordination between the packing of
Cu atoms in the film and the graphene structure led to
instability of the film; i.e., the effect of graphene on
the state of the metal film was rather significant. The
energy of the copper–graphene interaction  for
this film at T = 300 K was 22.2% of the energy of the
copper–copper interaction  (–0.28 eV, while the

starting energy was  = ⎯2.4 eV); for the first film,
it was 0.3% of the corresponding  (⎯2.8 eV).

The structure of the Cu film formed from 49 atoms
initially placed opposite to the centers of the nonadja�
cent honeycombs of the 406�atomic graphene sheet
was also loose, but slightly less planar. By the moment
of time of 200 ps at 300 K, the Cu atoms assembled

Cu CE
−

Cu CuE
−

init
Cu CuE

−

Cu CuE
−

into three similarly orientated serpentine lines in the
middle part of the graphene sheet. At 3300 K, the Cu
atoms formed an elongated dense drop whose acute
apex was “closed” by a serpentine line of 10 atoms. By
the moment of time of 200 ps at this temperature, six
atoms in the metal film rose above the other atoms to a
distance of the order of the distance from the drop to
graphene. At 300 K, the energy  was 3.3% of the
energy  (–1.96 eV) for this film. The Cu film
formed in accordance with the graphene structure
thus showed the highest thermal stability among the
films under study.

The radial distribution functions  of the three
above�described types of the copper film on graphene
are presented in Fig. 2. All these functions have a high
first peak. It reflects the presence of short�range order�
ing in the films or, more exactly, shows that the Cu
atoms in the films tend to lie at approximately the
same shortest distance from one another. This distance
agrees, with a good accuracy, with the distance
between the nearest neighbors in the copper crystal.
The other peaks of the  function reflect the struc�
ture with medium�range ordering. In other words,
they show how the neighbors are located around the
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Fig. 1. Configuration of the system of a copper film on
graphene, where the film is a close�packed (111) plane of
Cu crystal at a moment of time of 200 ps. The atomic coor�
dinates are given in Å.
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Fig. 2. Radial distribution functions (calculated for the
central atom) of various Cu films on graphene: (1) close�
packed (111) plane of copper, (2) (100) plane of copper,
and (3) elongated (111) plane of copper, whose atoms
occupy nonadjacent cells of the graphene lattice.
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central atom at distances of up to ~1 nm. At distances
r > 1 nm, the  functions for the films decay almost
completely; i.e., there is no long�range ordering here.
According to the shape of the  functions shown in
Fig. 2, the model films differ in the medium�range
order. The third film exhibits the highest stability
against heating; even at 3300 K, ~2/3 of all of its Cu
atoms remained in the film, forming a bound struc�
ture.

The kinetic and mechanical properties of the third
Cu film formed with allowance for the graphene struc�
ture were studied in the form of the  and  com�
ponents of the self�diffusion coefficient and nine com�
ponents of the stress tensor . The horizontal com�
ponent  (curve 1) of the self�diffusion coefficient of
Cu atoms tends to decrease as the temperature
increases, while the vertical component  (curve 2)
tends to increase (Fig. 3). The decrease in the  val�
ues is caused by the gradual approach of Cu atoms,
i.e., by the densification of the film because its initial
packing density did not correspond to the stable state
at given temperatures. The increase in  at elevated
temperatures is explained by the increased mobility of
atoms in a direction that is open for their motion. The
increase in  at T = 1300 K may be interpreted as
reaching the melting point in the Cu film because the
melting temperature of bulk copper is 1357 K. The
decrease in  at 800 and 2800 K may be regarded as
fluctuations caused by the adjustment of the film
structure to the graphene structure.

The film formed by Cu atoms arranged in a honey�
comb structure experiences considerable stresses, the
greatest of which at 300 K are , , and 
(Fig. 4). These components of stress stay longer in the
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metal film as the stress temperature increases. As the
temperature increases, all stresses dissipate. The inter�
action of Cu atoms with graphene affects the film
structure; i.e., the film becomes structured in accor�
dance with the crystal directions in graphene. If the
stresses in the film are considered relative to the direc�
tions of the graphene sheet, then we can conclude that
the long�living stresses are those in regions perpendic�
ular to the zigzag and chair directions, including the
zigzag–chair and chair–zigzag variants.

Thus the thermal stability of the monolayer copper
film on graphene is considerably affected by the agree�
ment between the arrangement of Cu atoms and the
graphene structure. In addition, the stresses in the
metal film are determined by the crystallographic
directions of graphene.
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