Functional Materials 17, No.2 (2010)

Molecular dynamics of graphene preparation
by mechanical exfoliation of a graphite surface
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Classical molecular dynamics has been used to investigate physical processes occurring
when a rigid adhesive nanobump of a crystalline surface is approached to and lifted from
a graphite sample. Nanobumps with two different lattice constants are considered. The
behavior of the system is studied under conditions of several interaction values between
the two interfacing materials and the nanobump movement. Values of the bump-sample
interaction energies sufficient for micromechanical cleavage of a graphite surface, result-
ing in the formation of a graphene layer attached to the nanobump are determined.

Krnaccuueckass MmosekyasipHass TUHAMHKA HMCIIOJb30BAHA [JA HCCIEJOBAHUA (PUBUUECKUX
IPOIECCOB, UMEIOIIMNX MECTO IIPU HPUOIMKEeHUU K rpaduTroBOMy 00pasiy M OTBOJE OT HEro
JKECTKOr'0 aAre3sMBHOI0 HAHOBBICTYIIA KPUCTAJJINYECKON IIOBEPXHOCTH. PaccMOTpeHbl HAHO-
BBICTYIIBI C JABYMS PAas3JUYHLIMH IIOCTOAHHBIMHU pelleTKu. IloBemeHue CUCTEMBl M3Y4YEHO B
YCJIOBUAX HECKOJbKUX SHAUEHUII BEJUUYMHBLI BBAUMOJEHCTBUSA CMEKHBIX MAaTEPHAJOB U CKO-
pocTu ABUMKEHUSA HaHOBBICTyIa. OnpeesieHbl 9HEPIUU B3aMMOAeCTBUSA BBICTYII — oOpaserr,
IOCTATOUHBIE IJIsI MUKPOMEXaHUYECKOI'0 PACKAaJIbIBAHUSA IIOBEPXHOCTHU rpaduTa, B pe3yabrare
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KOoTOporo obpasyercs cyoii rpadeHa, IPUKPENJIeHHbIH K HAHOBBICTYILY.

1. Introduction

Graphene is a single layer of carbon
atoms densely packed in a honeycomb crys-
tal lattice [1-3]. Graphene may exhibit un-
usual electronic behavior. For example,
charge carriers in graphene behave as
massless Dirac fermions [4], and such phe-
nomena as the inacceptability of the Born-
Oppenheimer approximation [5] and a room-
temperature quantum Hall effect [6] have
been observed. Graphene exhibits simultane-
ously high plasticity (folds and bends are
commonly observed) and brittleness (it frac-
tures like glass at high strains).

Recently, significant progress was
achieved in developing the methods of ul-
trasonic cleavage of graphite [8] and some
epitaxial growth techniques [7]. However,
the full growing cycle of a single-layer gra-
phene has not yet been demonstrated. The
standard procedure of graphene preparation
is the micromechanical cleavage [1-3], that
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allows splitting this strongly layered mate-
rial into individual atomic planes.
Micromechanical cleavage or exfoliation
technique has been studied mainly in ex-
periment. Exfoliation of graphite plays an
important role in nanotribology, where the
superlubricity phenomenon is mainly attrib-
uted to the cleavage of graphite surface,
resulting in a small flake attached to the
tip of a friction force microscope (FFM) [9].
Theoretical confirmation of the flake cleav-
age and the determination of its formation
conditions can of practical interest [10, 11].
The mentioned facts have spurred com-
puter experiments described in this paper.
The model of a crystalline nanobump inter-
acting with a graphite sample is studied
using classical molecular dynamics (MD).
The considered system mimics graphene
preparation by micromechanical cleavage
and the experiments concerning the super-
lubricity. The nanobump can be considered
as a part of the scotch tape surface used for
graphite peeling or as a nanobump of a FFM
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tip. The nanobump movement process can be
considered as the nanoindentation of the
graphite surface, as it may happen in the
experiments where the FFM tip is involved.
The main aims of the simulations are to
investigate the influence of the nanobump
lattice constant, the magnitude of the tip-
sample interaction and the nanoindentation
rate on the system behavior and to define
the conditions favorable for graphite exfo-
liation and the formation of a graphene
flake.

2. Methodology

The graphitic sample consists of three
graphene layers with AB stacking which re-
flects o form of graphite (Fig. 1). The arm-
chair and zigzag graphene edges lie along x
and y coordinates axes, respectively, and pe-
riodical boundary conditions are applied in
the xy plane. Each layer is composed of
24x24 honeycombs, thus containing 3456
carbon atoms and the lengths along x and y
directions are 10.082 nm and 8.731 nm, re-
spectively. To hold the sample in place, the
bottom graphitic layer remains rigid during
the simulations.

The graphite surface interacts with an
absolutely rigid square pyramidal nanobump
(which will be also referred to as the tip).
Although in real experiments materials
have finite stiffness, the absolutely rigid
surfaces are often used in MD experiments
[12-18] and such an approximation is ap-
plied to the nanobump in the present study.
The bump consists of five layers of atoms
parallel to the xy plane and particles are
arranged in a perfect bee lattice. Two values
of lattice constant a equal to 0.3165 nm
and 0.1583 nm are considered, where the
former value corresponds to the crystal
structure of tungsten [19] which is used in
experiments with FFM. The tapered shape is
provided by adding one atomic row in x and
y directions per layer when moving from
the tip bottom to its top. The bottom atomic
layer exposes (001) crystallographic plane
and contains 13x18 atoms. The nanobump
contains 1135 atoms and the total number
of particles involved in the simulations is
11503. We consider two values of a to in-
vestigate the influence of the surface en-
ergy and tip dimensions on the system be-
havior.

The Brenner potential [14, 20-22] is
used for covalent bonds between carbon
atoms within the two upper dynamic gra-
phene layers. It has the form:
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Fig.1l. Perspective view of the initial atomic
configuration of the system for a=0.3165nm
(all snapshots in this work are produced using
Visual Molecular Dynamics software [12]).
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In this study, expressions of a second-
generation reactive empirical bond order
(REBO) form of the potential [21] are used
for pair-additive interactions V& (r) and
VA(rl]) They are defined as follows:

VR(r) = fo(r)(1 + Q/r)Ae o7, @
3 )]
VA(r) = f(r)> Be Pl
n=1

Here B; = 12388.792 eV, B; = 4.721 A1,
Q = 0.314 A, B, = 17.567 eV, B, = 1.433 A1,
A =10953.544 eV, Bg=30.715 eV, Bg=
1.383 A1, o =4.747 A1, Dmm—17A
D,,.=2.0 A. The function f°(r) in (2) and
(3) limits the range of the covalent interac-
tions and has the form:

1, <R, @
[ [ =r — RD) ]
C(r) — R R (1) (2)
e I_l +COSJ|_(R(2)—R(1) JJ 2,R{) <r <R,

0, r> R,

where Rij(l) =D
cutoff distances.

The bond order function b;; in (1) is cho-
sen as in the first version of lérenner poten-
tial with parameters for potential IT in [20].
The chosen simplified potential form im-
plies that we do not intend to accurately
simulate the in-plane behavior of graphene
layers. The interactions from Brenner po-
tential are computed using parallel algo-
rithm presented in [22].

For realistic modeling of processes re-
lated to graphite cleavage, the crucial role
may play the proper description of the inter-
actions between graphene layers [23, 24]. In
this work, we use registry-dependent inter-

min and Rij(z)szax are
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layer potential (RDP) that can describe the
potential relief in graphitic systems at a
reasonable accuracy [24]. It is defined as
follows:

Vir;,n;,n;) = (5)

-6
= 0= 2] C + flpy) + f(pjg} - A[ﬁj :

0

Here ) = 3.629 A1, 2, = 3.34 A, C = 3.030 meV,
A =10.238 meV. The potential contains r 6
van der Waals (vdW) attraction and an ex-
ponentially decaying repulsion due to the
interlayer wavefunction overlap. To reflect
the overlap anisotropy, the function f is in-
troduced which rapidly decays with the
transverse distance p:

f(p) = e /O™ Co(p/5)21, (6)

where Cj=15.71 meV, Cy=12.29 meV,
C, =4.983 meV and p is defined via the
distance r;; between pairs of atoms i and j
belonging to distinct layers and the vector
n, (k = i,j) which is normal to the sp? plane
in the vicinity of atom k:

Pij = rizj - (nirij)z, Pji = ri2j - (njl'ij)z- (7)

In this study, m, is computed as the
"local” normal, i. e. as average of the three
normalized cross products of the displace-
ment vectors to the nearest neighbors of
atom £, and this corresponds to RDP1 in
[24]. For long-range vdW term, the cutoff
distance is equal to r, = 2.7z5 = 0.9018 nm.
The interlayer binding energy is calculated as

Ey=). 3, Virm,n). (®)

i oj>i

In (8), summation is performed over
carbon atoms of the two adjacent layers and
function V is defined using formula (5).

The presence of normals in the RDP
makes it in essence a many-body potential
which requires much more computational
effort as compared to simple pairwise poten-
tials. In this study, only interactions be-
tween the adjacent layers are considered
and they are computed using a specially de-
veloped parallel algorithm based on linked
cell lists [13, 14].

The tip is assumed to interact only with
the upper graphitic layer and interactions be-
tween the tip and carbon atoms are described
via Lennard-Jones (LJ) pairwise potential
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where r is the distance between a pair of
atoms in interfacing materials, o = 0.5z,
and the cutoff distance r, is the same as for
the RDP1. As the true values of forces act-
ing between the tip and the surface are not
firmly established, we investigate the sys-

tem behavior for several values of g,
namely, 0.1, 0.25, 0.5, 1, and 6 eV. The
equations of motion are integrated using
the leapfrog method [13] using the time
step At = 0.1 fs. The heat is dissipated
through the Berendsen thermostat coupled
with two dynamic graphitic layers and im-
plemented as in [14].

We will study two modes of the
nanobump movement. The first is indenta-
tion which takes place when the tip is al-
lowed to advance past the contact point and
the sample is compressed by the nanobump.
The second is contact which is observed
when the tip is pulled toward the surface
only up to contact, after which it is re-
tracted from the sample. The indentation
process proceeds as follows. After equilibra-
tion of the system during 1 ps with the tip
outside the range of interaction hung at
1.16 nm and 1.08 nm above the surface for
a equal to 0.3165 nm and 0.1583 nm, re-
spectively, the bump is lowered towards the
surface. The tip movement occurs by chang-
ing z coordinates of the tip atoms in incre-
ments of 0.01304 nm and 0.01182 nm for
the larger and smaller a, respectively. Note
that nancbump with a = 0.3165 nm does
not reach the equilibrium position of the
upper graphene layer and the smallest dis-
tance between proximal layers of the inter-
facing materials is about 0.108 nm. In con-
trast, smaller tip is lowered below the upper
graphite layer by about 0.076 nm. After
reaching the minimum distance, the tip is
immediately pulled away from the surface.
The entire system is equilibrated for 0.05
and 0.04 ps in between the nanobump dis-
placements. The mentioned quantities corre-
spond to the indentation speeds of
260.8 m/s and 295.5 m/s. When contact is
considered, the tip is not immediately with-
drawn from the surface but after reaching
the minimum height of about 0.8 nm rela-
tively to the upper graphene layer, it is
hung for 0.2 ps in order to allow the forma-
tion of the contact between the surfaces.
The contact mode is used mainly to investi-
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Fig. 2. Normal force acting on the nanobump as it indents in and then is withdrawn from the
graphitic surface for ¢ = 0.5 eV and a = 0.1583 nm (a), a = 0.3165 nm (b). The abscissa values
correspond to the vertical distance between the rigid graphene layer and the bottom atomic layer of
the tip. Solid lines depict the weighted averages of measured data and are shown to guide the eye.
Arrows indicate the direction of the nanobump movement. Dashed line presents the equilibrium
position of the upper carbon layer which is assumed to be 0.668 nm from the bottom carbon layer.
Inset in (a): time dependence of force F, time varies from 0 to 10 ps, ordinate values are the same

as in the main figure.

gate the flake formation and much higher
indentation speeds equal to 4814 m/s and
2880 m/s for larger and smaller tip are
used in this case. The duration of simula-
tions at low and high speed is 10 ps and
2.5 ps, respectively.

In experiments using force microscopy,
force-versus-distance curves are obtained,
which reflect the changes of the normal
force acting on the tip as a function of the
distance to the surface. In this work, this
force F is computed as the sum of z compo-
nents of forces acting on the nanobump
atoms from the graphitic sample, and it is
averaged over the last 0.01 ps of the equili-
bration procedure in between the tip dis-
placements. The next section presents these
curves and other results obtained in the
simulations.

3. Results and discussion

During 1 ps after the equilibration pe-
riod of the simulations when the forces be-
tween the tip and the sample are still zero,
the average values of interlayer distance
and the energy between the upper two dy-
namic graphene layers are about
0.336+0.004 nm and 41.6+0.8 meV, respec-
tively. These values differ from 0.334 nm
and 48 meV computed for rigid layers using
RDP [24] by about 1 % and 15 %, respec-
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tively. The discrepancy may be attributed to
the finite cutoff distance used in this study,
thermal fluctuations of normals and the use
of local normals instead of semilocal ones.
Nevertheless, the obtained values are very
close to the experimental ones [24].

The results obtained in simulations of in-
dentation and contact will now be consid-
ered separately.

Indentation. Fig. 2a shows force-vs-dis-
tance curve and time dependence of the nor-
mal force F acting on the nanobump at
a = 0.1583 nm. Following an initial slow
variation of the force between the graphite
substrate and the nanobump as the latter is
being pulled toward the surface, the onset
of an instability is observed, manifested as
a sharp increase in the attraction between
the two (point A in Fig. 2a). This corre-
sponds to a jump-to-contact (JC) phenome-
non [15, 25] which occurs as a fast process
where carbon atoms under the bump are dis-
placed toward it in a short time span of
about 0.5 ps and it is associated primarily
with a tip-induced sample deformation [15].
In Fig. 3a, one can note the consequence of
JC as a small local maximum of the inter-
layer energy E;; for ¢ =1 eV in between 3
and 4 ps. The JC results in collisions of
carbon atoms with absolutely rigid
nanobump and they cause a sharp peak in
the force-displacement curve (point B in
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Fig. 3. Time dependences of the binding energy of the upper two graphite layers (after equilibration
period) for different magnitudes of tip-sample interactions, a = 0.15683 nm (a) and a = 0.3165 nm (b).

Fig. 2a). The further advancement of the
tip towards the sample results in the in-
crease of attraction (BC segment of the
curves), and after reaching the point C, a
new dramatic increase of repulsion is ob-
served suggesting the repulsive wall region
and the indentation of the sample [15].
Video animation sequences of the simula-
tions indicate that indentation results in a
further sample deformation characterized
by an adhesion-induced flow of carbon
atoms which wet the tip edges. The rela-
tively deep penetration of the nanobump
used for a = 0.1583 nm results in sharp
peaks at about 5 ps in Fig. 3a. Lifting the
tip from the sample results in enhanced ad-
hesion between the nanobump and the sur-
face. This is evidenced by hysteresis in the
force curves in Fig. 2a and also by the in-
crease of the interlayer energy E; in Fig.
3a, which suggests the separation of the
graphene layers. However, the final height
used in the present simulation is insuffi-
cient for complete exfoliation of the upper
graphene layer as can be seen from Fig. 4a
where the final atomic configuration of the
system is shown.

The loading part of the force-displace-
ment curve obtained during indentation of
the sample with a larger nancbump (Fig.
2b) is qualitatively similar to the described
above for the smaller tip. It indicates the
presence of a JC (point A in Fig. 2b) which
corresponds to local maxima of E;; observed
in between 4 and 5 ps in Fig. 3b. There is
also a sharp peak in point B and a repulsive
wall region (segment CD). The withdrawal
part of the force-displacement curve in Fig.
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2b, however, is qualitatively different from
that shown in Fig. 2a. A moderate decrease
of repulsion during the initial retraction
stage till point E is followed by the segment
EF where the force becomes repulsive once
more and it retains the positive sign till
point G is reached. This exhibits the ten-
dency of carbon atoms to push the tip up-
wards and hence to move in this direction,
thus stimulating the exfoliation of the upper
layer. A sudden change of repulsion to attrac-
tion after point G in Fig. 2b is indicative of
the final stage of exfoliation, where forces
between graphene sheets at their boundaries
should be overcome and the bending of the
upper layer is observed. The ultimate con-
figuration includes the completely removed
upper layer (Fig. 4b) corresponding to zero
interlayer energy in Fig. 3b.

Comparing the force-displacement curves
for smaller and larger tips, one can note
that data scattering is much more mani-
fested in the latter case. This may be as-
cribed to the larger surface area of the
nanobump with a = 0.83165 nm and its lower
surface energy which provide the conditions
for greater number of irregular atomic colli-
sions with the tip due to thermal motion of
carbon atoms. In some works, the force-dis-
placement curves are averaged additionally to
filter out the noise from thermal vibrations
[26, 27]. This procedure has not been carried
out in this study.

The influence of the tip-sample interac-
tion magnitude € on the system behavior can
be concluded from Fig. 8. For a = 0.1583 nm,
the time dependences of E; during retrac-
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Fig. 4. System at the end of the simulation of
indentation with ¢ = 0.5 eV, a =0.1583 nm
(a) and @ = 0.3165 nm (b).

tion (which begins after 5 ps) exhibit a slow
increase for all & except 0.1 eV (Fig. 3a).

The larger & cause larger E; indicating a
higher trend to exfoliation with increase in
€. The complete exfoliation, however, was
not observed for the smaller tip due to a
rather small ultimate distance between the
nanobump and the sample. For ¢ = 0.1 eV in
Fig. 8a, there is a small local maximum at
about 8 ps after which E; has almost con-
stant value. This suggests that the
nanobump "losses” the upper graphene layer
and carbon atoms return to the equilibrium
vertical position of the upper layer. For a
= 0.8165 nm, it is to note the absence of a
sharp peak at about 5 ps for all ¢ in Fig. 3b
due to shallow indentation. In this case,
there is no significant adhesion for &=
0.1 eV, when at e=0.25 eV, the tip
"losses” carbon atoms and & values of
0.5 eV and larger cause the complete exfo-
liation of the upper graphene layer.
Contact. In order to explore the forma-
tion possibility of a flake attached to the
nanobump, second series of simulations has
been carried out where contact has been
considered. In these computer experiments,
the tip is moved at high speeds and is not
allowed to compress the substrate, but after
the contact formation the bump is immedi-
ately pulled away from the sample. Signifi-
cantly higher speeds as compared with the
indentation are required to provide the con-
ditions where the excess heat has not
enough time to dissipate. This helps to
reach high temperature values sufficient to
contribute to breaking of covalent bonds in
a graphene sheet. As the simulations show,
greater values of ¢ are required for the
flake formation. We consider the ¢ =6 eV
value and the case of a = 0.1583 nm. For
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Fig. 5. (a) Time dependences of the normal force
F acting on the nanobump with a = 0.1583 nm
in the simulation concerning its contact with
the graphite surface. Inset: force-displacement
curve for this case, distance is computed as in
Fig. 2, ordinate values are the same as in the
main figure, the minimum abscissa value coin-
cides with the equilibrium position of the upper
graphene layer and the maximum abscissa value
is 1.8 nm. (b) Snapshot of the system corre-
sponding to point E in (a).

larger tip, the results are qualitatively simi-
lar. Note only that for a = 0.3165 nm,
about double movement speeds are required
than for the smaller tip.

When the tip is pulled toward the sur-
face, a gradual increase of the attraction
between the surfaces is observed, which is
followed by a jump-to-contact (point A in
Fig. 5a). A sudden jump in force is repre-
sented by segment AB, similar to the inden-
tation case. The tip is hung in segment BC
in order to achieve enough bonding between
the surfaces. The retraction begins after
point C and causes a sharp increase of at-
traction, with maximum in point D, after
which it begins to decay and suddenly is
switched to repulsion after point E. As ani-
mated video shows, the decrease in attrac-
tion is caused by rupture of interatomic
bonds in the upper graphene layer. The
breaking of the majority of bonds causes
the formation of a flake, manifested as a
considerable force change after point E. The

235



AV.Khomenko, N.V.Prodanov /| Molecular dynamics of ...

system atomic configuration at this point is
shown in Fig. 5b, where the flake attached
to the tip can be observed. The flake is very
deformed and has almost completely lost its
honeycomb lattice. The results obtained give
reason to conclude that it is unlikely to
experimentally observe the considered sce-
nario of flake formation which occurs rela-
tively far away from the graphene edges,
because it requires very high indentation
rates and surface energies of the tip. More
probable is the cleavage occurring at a
grain boundary of a polycrystalline graphite
sample, which is used in the experiments
[9], where the flake can be cleaved through
the exfoliation mechanism considered in the
previous subsection for larger tip.

4. Conclusions

Physical processes occurring during in-
teraction of a graphite sample with a rigid
pyramidal nanobump have been studied
using classical molecular dynamics. Two
values of the nanobump lattice constant a,
0.3165 nm and 0.1583 nm, have been con-
sidered under conditions of several magni-
tudes of tip-sample interaction and the
nanoindentation speed. The simulations re-
veal what follows with regard to adhesion
and exfoliation of graphite surface. The
contact formation between a rigid tip ap-
proaching a soft graphitic substrate is asso-
ciated with an atomic scale instability
which results in the JC phenomenon. Sepa-
ration of the two materials results in adhe-
sion-induced wetting of the tip with carbon
atoms for higher values of £. It is imaged in
the force-vs-distance curves which exhibit a
pronounced hysteresis upon tip-to-sample
approach and subsequent separation. Such
wetting, however, is not observed for larger tip
when ¢ = 0.1 eV. The nanobump "losses” the
graphene layer when ¢ = 0.1 eV and € = 0.25 eV for
smaller and larger nancbump, respectively.
Values of & equal to or greater than 0.5 eV
are sufficient for micromechanical cleavage
of the sample when the nanobump with
a = 0.3165 nm is considered. For the forma-
tion of a flake attached to the tip, considerably
higher indentation speeds are required exceed-
ing almost twice those for the larger
nanocbump.
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AV.Khomenko, N.V.Prodanov /| Molecular dynamics of ...

MoaekyasapHa AHHAMiKa oJep:KaHHA rpadeny
MEeXaHIYHMM 3JIyNIeHHAM NOBEpPXxHi rpadiry

O.B.Xomenrxo, M.B.Ilpodanoé

Kiracuuny Mo/leKyJnApHY AMHAMIKY BHKOPHMCTAHO AJSA HOCHiAMKeHHs (ismuHMX IIpoIecis,
AK1 MarTh Micie mpu HabaIMMKeHHI 10 rpad)iToBOro spaska i BigBemeHHI Bij HBOI'O KOPCTKOI'O
aIre3MBHOI0 HAHOBHCTYIY KpPHCTAJXiuHOI moBepxHi. PosrasHyTro HaHOBHCTYIIM 3 [JIBOMA
pidHMMM 3HauyeHHAMH cTajoi rparku. lloBemiHKy cucCTeMH BHBUYEHO B yMOBaxX HIeKiJIbKOX
3HAUYEHDb BEJIMUYMHU B3a€MOJIl CyMiKHIMX MarepiaiiB i mMBUAKOCTI pyxXy HAHOBHUCTYIIy. BusHaueHo
eneprii Bzaemoaii BucTynm — 3pas30K, JOCTATHI I MiKPOMEXaHiYHOI'0 PO3KOJIIOBAHHS IIOBEPXHi
rpadiry, BHACIIZOK AKOr'0 YTBOPIOETHCS IIAp rpadeHy, IIPUKPIILIEHUHA 10 HAHOBUCTYILY.
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