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Abstract

Adhesive contacts between graphene sheets and corrugated surfaces are investigated. It is
found that the final configuration between the graphene sheet and the substrate depends not
only on the surface roughness of the substrate, but also on the length of graphene. A
continuous transition, rather than a recent observation of ‘snap-through’ transition, is exhibited
in our study. For a graphene sheet with a fixed length, it is easy to fully conform to the
substrate of small roughness. Otherwise, the graphene sheet will remain flat on top of the
corrugated substrate due to the unsatisfied bending energy or partially conform to the substrate
due to the resistance of large interface friction. In order to reduce the effect of interface
friction on the adhesive configuration, a new method, i.e. tilting the graphene sheet with a
proper angle, is proposed. The tilting angle will significantly influence the final conformation
of the adhesive interface. Some interesting types of behaviour are observed, such as rolling
graphene, a double layer of graphene and fully adhesive contact, which is physically
determined by the competition of thermal fluctuation and interfacial van der Waals interaction.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene (GE) is a two-dimensional crystal consisting of
hexagonally arranged, covalently bonded carbon atoms. Its
exceptional properties, such as the extraordinary electrical
[1], mechanical [2,3] and thermal [4] ones, give it great
potential for applications, e.g. in nano-electronics [5], nano-
electromechanical systems [6], composite materials [7, 8] and
surface modifications [9]. Due to the extremely small thickness
and flexibility, GE is often used with other materials as a
coating layer. Directly, GE can be an effective layer to
protect the substrate from corrosion and oxidation, reduce
the friction and enhance the wear behaviour, as a coating on
other materials [9—14]. On the other hand, the combination
of GE and other materials could form the basis of substrate-
regulated GE devices. No matter in what applications,
adhesive interfaces between GE and other materials exist and
are very important in tailoring GE’s properties for device
and materials. The morphology at the interface will in turn
influence its electronic and mechanical properties [15-17].
Thus, many interesting works have been carried out in order to
understand the morphology of the interface [18-23]. Recent
experiments showed that the adhesion energy of pressurized
monolayer/multilayer GE on top of a SiO, substrate is ultra-
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strong (0.45J m~2 for one layer and 0.3 J m~2 for multilayer),
which is many times larger than that reported for typical
micromechanical structures and is of the order of a solid—
liquid adhesion energy [24], but the reason for the higher
adhesion energy of a monolayer GE than a multilayer one
was not adequately explained by these experimental studies.
Some studies argued that the incomplete conformation of the
latter to the rough substrate should be responsible for the
lower adhesion energy [20-22], based on which theoretical
models were developed to predict how the surface roughness
affects the adhesion between GE membranes and substrates.
Gao and Huang [21] found that the bending modulus, which
increases drastically from monolayer to multilayered GE, plays
an important role in the transition from conformal to non-
conformal morphology of a GE membrane on a corrugated
surface. Li and Zhang [20, 23] suggested that there are only
two equilibrium morphologies of GE: closely conforming
to the substrate or remaining flat on the substrate, which
was called the ‘snap-through’ phenomenon. Scharfenberg
et al [19] revealed that GE undergoes a sharp ‘snap-through’
transition as a function of the layer thickness on a corrugated
substrate. Wagner and Vella [22] demonstrated that substrate
shapes should play a crucial role in determining the ‘snap-
through’ transition and proposed a substrate shape that could

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Side views of the stable configuration of a GE sheet of
length [, = 74.6 nm on top of a corrugated substrate with a fixed
amplitude a = 0.5 nm but different wavelengths. The wavelengths
are (a) A = 2.5nm, (b) A = 3.5nm, (¢) A = 4nm and

(d) A = 4.5nm.

exhibit a continuous, rather than ‘snap-through’, transition.
Neek-Amal and Peeters [18] used atomistic simulations to
investigate morphological properties of monolayer GE with
a fixed length deposited on a nanostructured substrate with
different geometrical deformations.

Although there has been a great deal of discussion on GE
morphology on a corrugated substrate, no final conclusions
have been made and further studies are still required to consider
some other influencing factors. In this paper, some important
factors in a GE/substrate system are investigated with
molecular dynamics (MD) simulations, mainly considering
the effects of the length of GE and interfacial friction on
the morphology of the adhesive interface. All the results
in this paper should be helpful for a better understanding of
physical interfaces between GE and substrates, and provide an
alternative way for precise control of the adhesive interface
morphology.

2. Atomistic model

In the MD simulation model, as shown in figure 1(a), a
Cartesian coordinate (x, y) is introduced and the x-axis is
parallel to the zigzag direction. The out-of-plane coordinate
is z. The surface roughness of the substrate is described by a
sinusoidal function without loss of generality [25], which has
often been adopted in theoretical and experimental studies on
adhesion between GE and corrugated substrates:

y = hg + asin(kx) €))]

where h is a constant, a is the amplitude of the roughness, A
is the wavelength and k = 27 /A is the wave number. Copper
is chosen as a representative substrate with a thickness in the
y direction larger than (2a + 3) nm in our simulations and the
width of the GE sheet in the z direction is fixed as 11.2nm
in all the calculations. Atoms at the bottom of the substrate
remain fixed. Periodic boundary conditions are applied in the
x and z directions.

All the MD simulations in this paper are performed
using the large-scale atomic molecular massively parallel
simulator (LAMMPS) [26]. The adaptive intermolecular
reactive empirical bond order (AIREBO) [27] potential is
used to describe the interaction among carbon atoms, which
gives a precise description of the bond-bond interaction, bond
breaking and bond reforming of carbon atoms [28]. The cutoff
parameter is taken as 2.0 A for REBO of the potential [29].

The embedded atom potential is used to describe the Cu—
Cu atom interactions [30]. The classical Lennard-Jones (L-J)
potential is adopted to describe interactions between carbon
and copper atoms at the interface, which has been proved
to be able to describe the interactions between two kinds of
atoms precisely [31,32], i.e. V(r) = 4e(c'?/r'? — o%/r®).
Here, r is the distance between two atoms, € is a parameter
determining the depth of the potential well and o is a length
scale parameter that determines the position of the minimum
potential. In the simulations, we take ¢ = 0.0168eV and o =
2.2 A. Unless stated otherwise, all simulations are calculated
in the NVT ensemble at temperature 10 K. The equations of
motion are solved using a velocity-Verlet algorithm with a time
step of 1.0fs. A Nose—-Hoover thermostat is used to control
the temperature of the system. In order to obtain a finally
stable morphology, the simulation system is relaxed until the
potential energy of the system does not change any more in the
calculations.

3. Results and discussion

The initial morphology is monolayer GE lying horizontally on
the top of the Cu substrate, as shown in figure 1(a). We take
a fixed GE length [, = 74.6nm, the amplitude a as 0.5 nm
and vary the wavelength A from 2 to 6 nm. The simulation
system is relaxed for sufficient time until a stable and minimum
potential energy of the system is achieved. Atthis moment, GE
will find an optimum configuration on the corrugated substrate
as shown in figure 1 for cases with different wavelengths of
the surface roughness. Four typical final morphologies of GE
on a Cu substrate correspond to four kinds of wavelengths of
the rough substrate: A = 2.5nm, A = 3.5nm, A = 4nm
and A = 5nm, respectively. GE does not deform or bend in
figure 1(a) and remains flat on the substrate. As X increases
to 3.5nm in figure 1(b), GE begins to partially follow the
substrate roughness. Further increasing the wavelength leads
to an increasing length of GE conforming to the corrugated
substrate, as shown in figure 1(c). When A is equal to 4.5 nm,
GE fully conforms to the corrugated substrate, as shown in
figure 1(d). Comparing the morphologies in figures 1(a)—(d),
one can see that the smoother the substrate, the more easily
a full conformation of GE can be achieved, which agrees
well with the numerical predictions in [18]. In contrast to
the ‘snap-through’ phenomenon revealed in [19, 20, 22], i.e.
the material transitions between conforming to the substrate
and lying flat on top of the substrate, a partially conformed
state, as shown in figures 1(b) and (c), can be found in our
simulations. The classical theory of elasticity requires that
since the thickness of a GE monolayer is essentially zero then
the flexural rigidity should also be zero. However, atomistic
scale simulations predict that the bond-angle effect on the
interatomic interactions should result in a finite flexural rigidity
defined by the interatomic potential used [33]. So from the
energy conservation point of view, the final morphology should
be a competition result among the bending and stretching
energies of the GE sheet and the adhesion energy of the
interface. If the adhesion energy of the interface is larger than
the bending and stretching energies stored in the GE sheet, a
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Table 1. Binding energy of GE on corrugated substrates with a fixed
amplitude ¢ = 0.5 nm but different wavelengths L. Eying is for GE
with one layer and Ey;,qg, is for GE with two layers.

A (@m)  Eppa(€Vnm™)  Eppg(eVnm™?)
2.5 0.8 —

3.5 1.41 0.86

4.0 1.72 1.24

45 1.85 1.64

5.0 1.86 1.93

5.5 1.86 —

6.0 1.87 1.98

full conforming configuration will be achieved. Otherwise,
a partial conformation, even a flat one, will be obtained. In
particular, the bending energy stored in the GE sheet depends
significantly on the surface roughness of the substrate. For
the case of roughness with a fixed amplitude, the larger the
wavelength of the roughness, the smaller the bending energy
needed for GE to bend and conform to the rough surface. In
our present simulation, for a fixed length / = 74.6nm of
GE and a fixed amplitude ¢ = 0.5nm of the Cu substrate
roughness, the critical wavelength of the substrate roughness
is A = 4.5nm, which means the adhesion energy of the
interface is nearly equal to the summation of the bending and
stretching energies in the GE sheet in this case. Over the
scale of A = 4.5nm, it is more easier for monolayer GE to
fully conform to the corrugated substrate because the bending
energy and the stretching energy resisting the full conformation
are smaller. However, if the wavelength is less than 4.5 nm,
monolayer GE may partially conform to or lie flat on the
corrugated substrate.

The adhesion energies of the interface are given in table 1
for several cases, where the interface adhesion energy is shown
to depend obviously on the final interface morphology and
mainly on the adhesion area. When the interface morphology
tends to be stable, the interface adhesion energy also converges
to a constant. It is found that the total adhesion energy in each
case increases with increasing relaxing time and finally tends
to be a constant when the morphology is stable. Furthermore,
the interface adhesion energy in the final interface morphology
increases with an increasing A and also tends to be a constant
if the wavelength is sufficiently large. This constant should
be the value of adhesion energy in the case of a flat substrate.
The adhesion energy of the case where the GE sheet lies flat
on a rough substrate is the smallest, while that in the fully
conforming configuration achieves the maximum, as shown in
table 1.

The adhesion morphology of a two-layer GE on a
corrugated substrate is also investigated. Figure 2 shows the
final morphologies of a two-layer GE on a substrate, where
the two-layer GE sheet has a fixed length / = 74.6 nm and the
determined amplitude of the substrate roughnessisa = 0.5 nm
but with different wavelengths. Similar to the monolayer case,
the final stable morphologies are different due to the different
wavelengths of substrate. The two-layer GE will lie flat on
top of the corrugated substrate when the wavelength of the
substrate is 3.5nm, then experience a partial conformation
to the substrate when the wavelength increases to 4.0 and

Figure 2. Side views of the stable configuration of a two-layer GE
sheet of length [, = 74.6 nm on top of a corrugated substrate with a
fixed amplitude a = 0.5 nm but different wavelengths. The
wavelengths are (@) A = 3.5nm, (b) A = 4.0nm, (¢) A =4.5nm
and (d) A = 5nm.

Figure 3. Side views of the stable configuration of a monolayer GE
sheet of length [, = 42.7 nm on top of a corrugated substrate with a
fixed wavelength A = 5.0 nm but different amplitudes:

(@)a =0.5nm, (b)a = 1.0nm and (c) @ = 1.5nm.

4.5nm. Full conforming configuration of the interface is
achieved when the wavelength of the substrate is 5.0 nm. It is
found that the critical wavelength of the substrate roughness
is about A = 5.0 nm, over which a two-layer GE sheet with a
fixed length / = 74.6 nm can fully conform to the corrugated
substrate and below which GE may partially conform to or lie
flat on the corrugated substrate.

Comparing the monolayer case with the two-layer case,
even amultilayer one, we find that the critical wavelength of the
substrate increases with the number of layers of GE if the length
of GE and the amplitude of the substrate are fixed in different-
layer cases. Since the bending stiffness of a GE sheet increases
with the number of its layer [21], more bending energy will be
needed for the GE sheet with an increasing number of layers
to achieve full conformation to a corrugated substrate, which
is consistent with the experimental results [24].

In order to investigate the effect of the amplitude of
substrate roughness on the final interface configuration, we
consider another case with the same length /, = 42.7nm and
the same wavelength A = 5.0nm but different amplitudes,
as shown in figure 3. It is found that, with an increasing
amplitude, the stable morphology would change from a full
conformation in figure 3(a) to a partial one in figure 3(b) and
finally remain flat on the substrate, as shown in figure 3(c).
The larger the amplitude of the substrate roughness, the larger
the bending energy required for the GE sheet to conform to
the corrugated surface when the wavelength of the substrate
roughness remains unchanged.

If the surface roughness of the substrate is fixed, i.e.
unchanged amplitude and wavelength, does the length of the
GE sheet influence the final adhesive interface morphology?
Here, a series of simulations are carried out, in which the
GE sheet has different lengths and the amplitude of substrate
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(b)

(c)

Figure 4. Side views of the stable configuration of a GE sheet of
different lengths on top of a corrugated substrate with a fixed
amplitude ¢ = 0.5 nm and a determined wavelength A = 4 nm. The
lengths of GE are (a) [, = 74.6nm, (b) [, = 42.7 nm and

(¢)l, =21.4nm.

(a)

Figure 5. Snapshots of the conformation process, where ¢ is the
relaxation time of the system. The length of GE is 21.4nm. The
wavelength of the substrate surface is 4 nm and the amplitude is
a = 0.5nm. The relaxation times are (a) t = Ops, (b) t = 7.2 ps,
(c)t =9.6psand (d) t = 18ps.

roughness is fixed as ¢ = 0.5nm with the wavelength 1 =
4nm. The simulation results are given in figure 4 for three
cases with lengths of GE equal to 74.6nm, 42.7nm and
21.4 nm, respectively. It is found that the shorter the length of
GE, the more easily a full conformation can result. Simulations
for a two-layer or a multilayer GE case with different lengths
are also conducted. With the same wavelength of the substrate,
the length of GE to obtain a fully conforming interface
configuration will decrease with an increasing layer of GE. In
a word, the final interface morphology depends significantly
on the length and the number of layers of GE. The more layers
the GE sheet has, the shorter the length of GE to achieve full
conformation to the corrugated substrate. The effect of layer
of GE on the final morphology is easy to understand, being
due to the bending stiffness of the GE sheet. However, how
does the length of GE influence the final morphology?

Figure 5 shows the snapshots of a monolayer GE sheet
of length 21.4nm on a corrugated substrate. At the initial
time, the monolayer GE lies flat on the corrugated substrate.
At the relaxed time ¢+ = 7.2 ps, the monolayer GE starts to
conform to the substrate from two ends. Afterwards, GE
slides on the substrate from two ends to the middle and finally,
full conformation morphology is achieved at the relaxed time
t = 18ps. Snapshots of a monolayer GE sheet with a
relatively larger length on a corrugated substrate are also
checked. Similar to the case with a short GE, conformation
to the substrate also starts from the two ends of GE and then
GE slides on the substrate to achieve a larger conformation
length to the substrate. When the length of the conformation
region is large enough, GE cannot slide any longer and
partial conformation morphology forms. All the phenomena
denote that the interfacial friction should be an important
factor, which leads to the apparent effect of GE length on

Figure 6. Final morphologies of GE of length /, = 21.4nm on a
corrugated substrate with @ = 0.5nm and A = 3.5 nm.

(a) Schematic of a GE sheet with a tilted angle « on top of a
corrugated substrate. The tilted angles of GE are (b) a = 5°, (¢)
a =10° (d) o = 20° and (e) @ = 30°.

the final morphology and thus a continuous transition in MD
simulations. In the previous theoretical work [20-22], only
the bending energy of GE and the interfacial adhesion energy
between GE and the substrate are considered. The competition
between the van der Waals interaction and the bending energy
determines the equilibrium morphology [20-22]. However, in
real fabrications, the friction force would have an influence on
the final configuration, where the two ends of GE conform to
the substrate first, and then GE will slide on the corrugated
surface. The work of friction force will consume a part of
the energy, which may lead to a partially conformed interface
configuration.

Simulations with different temperatures are also consid-
ered, where we find an insignificant effect of temperature on
the final results. Details are omitted here.

The effect of interfacial friction in the case of a relatively
long GE sheet is so significant that it is not easy to obtain a
full conformation interface configuration. A method of tilting
the GE sheet at an angle o with the horizontal direction is
considered, as shown in figure 6(a), which has been found
to be feasible in transferring techniques [34]. However, how
large should the tilting angle be and what are the other factors
influencing the final configurations in this method? Details are
discussed in our MD simulations. In figure 6(a), one end of the
tilted GE tends to conform to the corrugated substrate, while
the other end, out of the range of van der Waals interaction,
exhibits free-standing behaviour. Corrugation in the free-
standing GE end forms spontaneously owing to the thermal
fluctuation, which is therefore random [35]. Figures 6(b)—
(e) illustrate the final morphologies of GE on a corrugated
substrate, where GE has a length of /[, = 21.4nm and an
initially tilted angle oz, on an identical substrate with roughness
parameters A = 3.5nm, a = 0.5nm. When the tilted angle
is small, e.g. @ = 5°, the free-standing part falls rapidly and
the two ends of the GE sheet conform to the substrate easily
with a non-conformal part. As the tilted angle increases, GE
could fully conform to the corrugated substrate very well, e.g.
a = 10° and 20°, as shown in figures 6(c) and (d), respectively.
However, the tilted angle increases further, the free-standing
part of GE will roll spontaneously and form a stable cylindrical
configuration on the substrate. A comparison of different
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Figure 7. Final morphologies of GE of length /, = 74.6nm on a
corrugated substrate with @ = 0.5nm and A = 3.5 nm. The tilted
angles of GE are (a) « = 0°, (b) @ = 3°,(¢) @ = 5° and (d) o« = 10°.

Figure 8. Final morphologies of GE of length /, = 21.4nm on a
corrugated substrate with a = 0.5 nm and A = 2.5 nm. The tilted
angles of GE are (a) o« = 5°, (b) o = 15° and (¢) o« = 30°.

cases in figure 6 demonstrates that the competition of the
separation induced by the thermal fluctuation and attraction
resulting from the van der Waals interaction will determine
the final morphology of the interface. If the tilted angle is
very small, interface friction cannot be avoided. On the other
hand, if the tilted angle is very large, the interaction of van
der Waals force between the free-standing part of GE and the
corrugated substrate is very weak and the thermal fluctuation
will dominate, which may induce a self-assembly of the GE
sheet, e.g. the cylindrical form in figure 6(d).

Now consider the case where the substrate roughness
remains the same as in figure 6 and only the length of the
GE sheet is changed, as shown in figure 7, where GE has a
length of 74.6nm. If the tilted angle is zero, i.e. « = 0°,
GE cannot fully conform to the corrugated substrate, as shown
in figure 7(a). As the tilted angle increases to o« = 3°, the
length of the non-conformal part of GE decreases, as shown
in figure 7(b). When the tilted angle is 5°, it is interesting to
find that GE can fully conform to the corrugated substrate very
well, as shown in figure 7(c). However, figure 7(d) exhibits
that the free-standing part of GE will self-fold on the substrate
when the tilted angle is 10° or larger. The results in figure 7
demonstrate that the tilting method could be used to achieve
a full conformation configuration if only the tilted angle is
chosen properly, which should be related to the length of GE.
If the length of GE is large, the proper tilted angle may be
small. Otherwise, the free-standing part will be dominated
by thermal fluctuation first, even if the left-hand side part, as
shown in figure 7(d), will conform to the corrugated substrate
little by little from the left to the right due to the van der Waals
interaction. However, if the tilted angle is very small, the final
configurations as shown in figures 7(a) and (b) will be found,
which is due to the coupling and competing effects of van der
Waals interaction and the thermal fluctuation.

Now consider the case where the length of GE and the
amplitude of the substrate roughness remain the same as those
in figure 5 and only the wavelength of the substrate roughness
is changed, as shown in figure 8, where the wavelength is

A = 2.5nm. We find that, although the tilted angle is
changed arbitrarily, two kinds of morphologies are observed:
GE remaining flat on the substrate or folding on the substrate
to form a double layer. It is not surprising since GE remains
flat on such a substrate even if the tilted angle vanishes and
the interface friction does not influence the final configuration.
Only in the case with a relatively long GE sheet, in which
partial conformation can be formed and the interface friction
will resist the sliding of GE on the corrugated substrate, will
the method of tilting the GE sheet by a proper angle on the
corrugated substrate work in order to obtain full conformation
morphology.

4. Conclusion

In conclusion, atomistic molecular simulations are carried out
in order to study the stable configuration of GE in adhesive
contact with a corrugated substrate. It is found that the
final optimum configuration depends not only on the surface
roughness of the substrate but also on the length of GE. A
continuous transition of the morphology of GE on a corrugated
substrate is found, i.e. GE remaining flat on the substrate,
partial conformation to the substrate and full conformation
configuration, which is different from the recent observations
of a sharp ‘snap-through’ transition [20, 22, 23], i.e. from flat
to conforming states. Especially, in the case where a short
GE sheet could fully conform to the substrate, but partial
conformation morphology will form due to the relatively larger
length of GE, a method of tilting GE is proposed to reduce
the effect of interface friction. It is found that a region
of tilting angle exists, in which the long GE sheet could
realize full conformation to the corrugated substrate. The final
configuration depends on the competition of the separation
induced by thermal fluctuation and the attraction resulting
from van der Waals interaction. If the tilted angle is large,
thermal fluctuation dominates the free-standing end of GE,
which will lead to a rolling structure or a double layer of GE
on a corrugated substrate.
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