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The binding, peeling and folding behavior of graphene on different surfaces of single crys-

tal copper were examined theoretically. We show that the binding energy is the highest on

the Cu(111), and follows the order of Cu(111) > (100) > (110) > (112). Conventional theory is

capable of capturing the dynamic process of graphene peeling seen from molecular dynam-

ics simulations. We show that the number of graphene layers on Cu surfaces could be dis-

tinguished by performing simple peeling tests. Further investigation of the folding/

unfolding of graphene on Cu surfaces shows that Cu(111) favors the growth of monolayer

graphene. These observations on the interaction between graphene with single crystal Cu

surfaces might provide guidelines for improving graphene fabrication.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Being the unique two-dimensional atomistic crystal, graph-

ene has attracted significant interest in both scientific and

technologic communities because of its remarkable electronic

[1,2], thermal [3] and mechanical properties [4,5]. High elec-

tron mobility, tunable band gaps [6,7], high thermal conduc-

tivity, as well as high in-plane stiffness make graphene a

promising material for innovative electronic applications.

For its industrial level application, mass production of high

quality graphene becomes the key. It has been foreseen that

epitaxial growth of graphene on various substrates could be

a promising route to achieve the goal [8–11]. So far, monolayer

and multilayer graphenes are synthesized on copper or nickel

surfaces through chemical vapor deposition (CVD) [9–11], and

the area of CVD synthesized graphene could reach 1 cm2. Cur-

rent success in growing graphene on metal surfaces may pave

a new road towards its practical applications [9,11]. However,

it is also reported that with this method, grain boundary

defects form within graphene [12,13], which greatly affects

the physical properties of graphene [14–16]. The formation

of grain boundaries is complicated and we believe the
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interaction of small graphene islands with metal substrate

has considerable contribution, which is not addressed in de-

tail so far. In addition to monolayer graphene, multilayer

graphene is found to grow on metal surfaces [17], making it

difficult to be distinguished during transfer. The folding of

graphene edge is also commonly found experimentally

[18–21] which possesses unusual electronic properties

[18,22] and mechanical stability [23]. It is shown that in sol-

vent, the folding of suspended graphene has preferred folding

angle which directly influences its stability [19]. On substrate,

however, the folding becomes complicated due to the interac-

tion of graphene with substrate. Meanwhile it is believed that

such folding of graphene edge is induced by thermal undula-

tion. Yet so far no theoretical model exists to describe it. To

understand the mechanism of graphene folding, as well as

the formations of multilayer graphene and the grain

boundary on substrate, eventually provide guidelines for con-

trollable production, theoretical investigations on interfaces

of graphene/graphene and graphene/substrate become

necessary.

The transfer of graphene from Cu/Ni surfaces to other sys-

tems is another challenge. In order to utilize graphene in
.
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nanoelectronics and nanodevices, we often need to combine

graphene with other materials, e.g., silicon, which involves

transfer of graphene from Cu/Ni surfaces. To get free standing

graphene, a widely used technique in laboratory is chemical

removal of the underlying metal substrate [11,24,25], which

is inefficient and uneconomic. Here we explore the possibility

of using mechanical peeling to transfer graphene from metal

substrates. Compared with the chemical removal approach,

the peeling approach is more efficient. Another intriguing

phenomenon to show here is the characteristics of folding/

unfolding of graphene layers on different Cu surface, which

might supply clues about how to improve the probability of

obtaining monolayer graphene. In what follows, we give a

brief description about the simulation methods adopted in

this work, and then introduce the simulation results for bind-

ing, peeling, and folding sequentially.
2. Simulation methods

We carried out a series of molecular dynamics (MD) simula-

tions with graphene on single crystal copper substrate. Reac-

tive empirical bond order potential [26] is used to describe the

interaction among carbon atoms, which gives a carbon–

carbon bond length to be 0.142 nm, and is identical to the

experimental result [27]. The embedded atom potential is

used to describe Cu–Cu interactions [28], which has been pro-

ven to be capable of describing the structural and mechanical

properties of Cu. We use the classical Lennard–Jones (L–J) po-

tential VðrÞ ¼ 4e r12=r12 � r6=r6ð Þ to describe interaction be-

tween carbon and Cu atoms, where r is the distance

between two atoms, e and r are the two L–J parameters. This

potential is widely used in the simulations of carbon–Cu com-

plex [29,30] for practical considerations. Here e = 0.0168 eV

and r = 2.2 Å are selected in all the simulations. We will show

shortly that with these parameters, the equilibrium distance

between graphene and Cu(111) surface is 2.24 Å, and corre-

sponding interfacial binding energy is 24.8 meV/Å2. Both

quantities match well with the results from first-principle cal-

culation [31]. Unless stated otherwise, all simulations are run

in an NVT ensemble at temperature 300 K.
3. Interfacial binding of graphene on single
crystal Cu

A graphene disc with diameter of 20 nm is initially put onto

the Cu surface in close proximity. Periodical boundary condi-

tion (PBC) is applied onto the rectangular Cu crystal in x and y

directions (Fig. 1a, in yellow). To avoid boundary effects for

graphene, the diameter of graphene is at least 4 nm smaller

than the lateral lengths of Cu crystal. The thickness (along z

direction) of Cu is greater than 4 nm and Cu atoms at the bot-

tom layer are fixed in all the simulations. To investigate the

interfacial properties of graphene on different Cu surface,

we simulate the cases of graphene on Cu(111), (100), (110),

and (112) surfaces, respectively. In each set of simulations,

graphene is arranged and constrained at a specific angle h,

which is the intersection angle between the armchair edge

of the graphene and the horizontal direction of the simulation

box, as illustrated in Fig. 1b. To obtain the binding energy
between graphene and Cu surfaces, we first relax the sample

at the temperature of 300 K for 10 ps, and then perform an en-

ergy minimization at 0 K. By adjusting h, we establish the

dependence of binding energies on h, from which we find

the orientation state bearing the strongest binding energy.

Fig. 1a shows the final structure of graphene adhered onto

Cu(111) with the orientation angle of h = 0�. The Moiré pat-

tern, which is a result of overlaying the hexagonal lattices

of graphene with hexagonal lattices of Cu(111), is observed.

The periodicity of the pattern is around 6.62 nm, consistent

with the experimental observation [32]. Fig. 2a shows the

binding energy of the simulated systems as a function of h

for graphene adhering on Cu(111). To eliminate possible edge

effects, carbon atoms within the edge ring (Fig. 1a, in red) are

not accounted in the calculations. The strongest binding en-

ergy locates at h = 0�, indicating that 0� orientation of the

graphene on Cu(111) is the most energetically favorable

one. Remaining results for the same graphene on Cu(100),

(110) and (112) are shown from Fig. 2b–d, respectively. On

Cu(110) and (112), the graphene also has specific orientation

angles with relatively deep well. On the other hand, the en-

ergy profile for graphene on Cu(100) varies mildly with the

orientation angle, suggesting graphene on this surface may

have no preferred orientation. In other words, the energy re-

quired to rotate graphene on Cu(100) is relatively low. In

CVD, graphene islands with different orientations may nucle-

ate and grow. To manufacture graphene with minimum frac-

tion of grain boundaries by using CVD, it is crucial to ensure

those graphene islands with few or no misorientation. From

this aspect, it is desired that there is a specific direction

match between graphene and Cu where its binding energy

is significantly lower than other combinations.

We further find the obtained strength of binding energy is

in the order of (111) > (100) > (110) > (112) (Table 1). It is seen

that on (111) the binding energy is the largest, about 50% lar-

ger than that on (112). We emphasize here that the binding

energy on Cu(111) agrees well with the first-principle calcula-

tion [31], indicating the parameters selected for the L–J poten-

tial are reasonable. Existing experiments showed that large-

area monolayer graphene could grow on Cu(111) and

Cu(100) [10,11], which suggests that graphene prefers to grow

on surfaces owing high binding energy. We will show shortly

that the high binding energy between graphene and Cu sur-

face is necessary for the growth of monolayer graphene.

4. Peeling of graphene from Cu surfaces

Another feasible way to capture the binding property of

graphene on substrate is to perform peeling tests, which is

a commonly used method to measure the interfacial proper-

ties of thin films [33,34]. As shown in Fig. 3a (the inset), with

an applied peeling force, one edge of graphene is peeled off

the substrate at a peeling angle b. Conventionally the peeling

force and peeling angle are connected by peeling equation

[35] F(1 � cosb) + F2/2Et � c = 0, where F is the peeling force

per unit length, E is the Young’s rigidity of graphene, t is the

thickness of graphene and c the binding energy per unit area.

The elastic energy, the second term in the equation, is usually

negligible compared with the other two terms. The equation

is thus reduced to be F(1 � cosb) � c = 0.



Fig. 2 – The binding energy normalized by the number of carbon atoms as a function of orientation angle of a same graphene

disc on (a) Cu(111), (b) Cu(100), (c) Cu(110) and (d) Cu(112).

Fig. 1 – (a) A graphene disc (in blue) on Cu(111) surface (in yellow). (b) Close view of graphene on Cu(111). Angle h is defined as

the angle between the armchair edge and the horizontal direction. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 1 – The binding energy of graphene on various Cu surfaces at specific orientation angle and peel-off force of graphene at
peeling angle of b = 90�, orientation angle 0�.

Cu surface Ebind (meV/Å2) Orientation angle (�) fpeel (meV/Å2)

(111) 24.8 0 23.67
(100) 21.91 16 21.92
(110) 18.43 24 19
(112) 16.73 18 16.2
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To check the validity of the conventional theory for the

peeling of graphene from Cu substrate, we carried out a series

of additional MD simulations. We put one graphene ribbon

onto the (100) surface of a rectangular Cu crystal with the ori-

entation angle 0�. Typical simulation boxes for the graphene–
Cu system have a dimension of 1.75 nm · 91.1 nm · 10 nm.

PBC is applied onto the planar directions of the interface. Car-

bon atoms at one edge of the graphene are clamped by con-

straining their relative positions. The clamped part is then

connected with a spring with a spring constant k = 10 eV/Å2,



Fig. 3 – Characteristics of the peeling force as the graphene is peeled off from the Cu(100) surface with the orientation angle

0�. (a) The peel-off force as a function of the peeling angle. The blue dots are the results from our MD simulations and red line

from the theory [35] where c = 21.91 meV/Å2. A Fast-Fourier-Transformation (FFT) filter with the window width 5 ps is

performed to the raw data to obtain the averaged peel-off force. The inset is a schematic to show that the graphene is peeled

off at the peeling angle b under the loading force F. (b) The peel-off force as a function of the number of the layers in

graphenes. (c–e) The peeling force as a function of the peel-off distance for (c) a monolayer graphene, (d) a bilayer graphene,

and (e) a trilayer graphenes at temperature T = 10 K. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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and we pull the other end of the spring at a velocity

v = 0.01 nm/ps. Another edge of the graphene is set free dur-

ing the simulations.

Numerical tests for a series of peeling angles are con-

ducted with the results presented in Fig. 3a (blue dots). It is

seen that the simulated results agree well with the theoretical

prediction (Fig. 3a, red line) with a binding energy of

c = 21.91 meV/Å2. From the results we get the information

that the conventional peeling theory still works well for nano-

scale graphene. So experimentally the peeling test can be

used to get the interfacial properties of graphene on Cu sur-

faces (see Table 1). Furthermore, such approach can be ex-

tended to investigate the interfacial properties of graphene

on other metal surfaces.

So far we have not studied the role of the mechanical

property of graphene itself during peeling. By neglecting the

elastic term, the theoretical prediction still agrees well with

the results from the MD simulations in peeling tests, indicat-

ing that the in-plane tension of graphene has negligible effect

on the peeling force (Fig. 3a). A natural question is whether

the bending stiffness of graphene plays some role during

peeling tests. From the peeling equation we can see that there

is no such term associated with the bending of graphene. It

seems that the bending stiffness has no influence on the peel-

ing force of graphene. To demonstrate it, we carry out addi-

tional simulations with the monolayer graphene replaced by

bilayer and trilayer graphenes, which effectively adjusts the

bending rigidities of graphene. Fig. 3b shows the peeling

forces of monolayer, bilayer and trilayer graphenes from the

Cu(100) at peeling angle of b = 180�. It is seen that the peeling

forces for graphene with different layers are almost identical.

The results indicate that based on the experimentally
measured peeling force, we cannot make any judgement on

the number of layers of graphene peeled-off. Thus it becomes

impractical to differentiate the number of graphene layers

peeled-off by peeling forces from peeling tests. We suggest

next a simple approach to distinguish the layers of graphene

on the substrate.

As the graphene(s) being peeled off the substrate at one

special peeling angle of b = 180� and at temperature T = 10 K,

we find the intervals between the graphene peeled-off and

the one on substrate increase with the number of layers of

graphene. It is also seen from Figs. 3c–e that the peeling forces

become highly oscillated at some specific peel-off distances

which is defined as the distance between the initial and the

final positions of point C in Fig. 3a. Interestingly we find the

positions where the oscillation of peeling force starts increase

with the number of layers in graphene (Fig. 3c–e): they are

about 22, 33 and 42 nm for the monolayer, bilayer and trilayer

graphenes, respectively. This phenomenon is attributed to

sticking and slipping between the peeled graphenes and that

still residing on substrate. As shown in Fig. 4a, when the

graphene is peeled off from state i to state ii at the peeling an-

gle of b = 180�, it is parallel to the substrate due to the peeling

force. The interval of d between the two portions of the

graphene can be calculated as following. Suppose the graph-

ene is peeled off at peeling angle of b due to peeling force of F

(Fig. 3a, inset), the deformation curve of graphene peeled-off

consists of two regimes: segment AB, which is considered to

be under pure bending and clamped at point A, and segment

BC, which is considered to be straight and under pure

stretching. The curve AB can be described by Dd2a/ds2 � F

sinb � a = 0 where D is the bending stiffness of graphene, s

is the arc length along the deformed graphene and a is the



Fig. 4 – (a) Schematic show the process of graphene on Cu surface (ii) being peeled at b = 180�, (iii) sticks onto the surface and (iv)

slips on the surface. (b) Schematic show the undulated graphene extended in x-direction. The transverse deflection h(x) is

assumed to depend only on x. The slope of the end of graphene at x = 0, L/2 are constrained to be zero. (c) Schematic show of

Lennard–Jones potential and that described in Eq. (6). In L–J the parameters are selected as r = 0.34 nm and e = 0.00284 eV. The

material parameters in Eq. (6) are set to Ea = 0.11kBTand X = 93.75kBT/nm2. For comparison the position of well of L–J is shifted to

zero. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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angle between the tangent of graphene at s. The boundary

conditions at point A and B are aA = p, yA = 0, aB = p � b, and
da
ds

��
B
¼ 0. Following the approach in [36], we obtain da

ds ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2F
D 1� cosðb� aÞð Þ

q
. This equation can be solved by consider-

ing dx = �cosads, dy = sinads, as well as b = p. Segment AB

can be described by xðaÞ ¼ xA þ
ffiffiffiffi
D
2F

q R a
p

cos a daffiffiffiffiffiffiffiffiffiffiffiffi
1þcos a
p and yðaÞ ¼ffiffiffiffi

D
2F

q R a
p

sin a daffiffiffiffiffiffiffiffiffiffiffiffi
1þcos a
p . As a! 0 at point B, we obtain the interval dis-

tance of d ¼ 2
ffiffiffiffiffiffiffiffiffi
D=F

p
. Recall when b = p, the peeling equation

is simply F = c/2. So the equation of interval distance can be

recasted into

d ¼

ffiffiffiffiffiffiffi
8D
c

s
: ð1Þ
Eq. (1) indicates that the interval between the portion of

graphene being peeled off and the other part residing on sub-

strate is totally determined by two material parameters: The

bending stiffness of the graphene and the binding energy be-

tween graphene and its substrate. The interval would in-

crease with the bending stiffness controlled by the number

of layers of graphene. The more layers, the larger interval be-

tween the two parts of the graphene. So the theoretical result

is consistent with the one from MD. Similar expressions have

also been obtained to describe the self-folding of free stand-

ing carbon nanotubes [37] and graphenes [38].

It should be noted that in the theory, we did not consider

the van der Waals (vdW) interaction between the graphene

peeled-off and the rest on substrate. Since the bending stiff-

ness of graphene is about 0.11 nNÆnm [39] and the binding en-

ergy is about 0.4 nN/nm, the interval d is in the range of 1.5 nm,

beyond the range of vdW interaction in MD simulations, which

is typically around 1.2 nm. However, with the thermal induced

undulation to graphene ribbons, such interval can be over-

comed and the graphene once peeled-off might stick to the

graphene on the substrate with additional vdW interaction,

as illustrated in Fig. 4a, state iii. To understand how thermal

undulation influences the sticking position, we adopted an

analytical model within the framework of classical statistical

mechanics. Consider a peeled-off graphene with length L/2
extending in x-direction (Fig. 4b), we could approximate ther-

mal induced deflection in y-axis to be

hðxÞ ¼ s
Xneven

i¼2;4;6...

ai cos
ipx
L
; ð2Þ

where s is the width of graphene, neven is an even number with

nm = neven/2 being the number of modes taken into account,

and ai represents a set of nm random variables describing

the response of the graphene to thermal excitation, a type

of Brownian motion. We note that the deflection satisfies

h 0(0) = h 0(L/2) = h 0(L) = 0. The bending energy of graphene due

to the thermal undulation is then given by

Ub ¼
1
2

Ds
Z L=2

0

h00ðxÞ2dx: ð3Þ

In the framework of statistical mechanics, when a system

reaches a state of thermal equilibrium, the average energy

associated with each random variable used to represent one

configuration of the system is 1
2 kBT, where kB is the Boltzmann

constant and T the absolute temperature. The mean bending

energy of graphene is

hUbi ¼
Xneven

i¼2;4;6...

D
p4i4s3

8L3
a2

i

� �
¼ 1

2
kBTnm ð4Þ

By using equipartition, we obtain the mean fluctuation ampli-

tude for each mode as

ffiffiffiffiffiffiffiffiffiffi
a2

i

� �q
¼ 2

i2p2

ffiffiffiffiffi
l3

db

s
; ð5Þ

where db � D=kBT; and l � L=s. We note that the amplitudes of

the modes with large wave numbers are very small, indicating

the undulation of graphene is mainly controlled by the modes

with small wave numbers. With possible approaching of the

graphenes peeled-off and that residing on substrate by ther-

mal undulation, their by vdW interaction – which was ne-

glected in previous discussion – may contribute energy to

the system. For analytical convenience, we adopt the follow-

ing form to describe the interaction between the two portions

of the graphene,

UaðqÞ ¼ �kBT ln eEa=kBT � 1
� �

e�ðX=2kBTÞq2 þ 1
j k

ð6Þ
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where q presents the interval between the graphene peeled-

off and that on substrate, Ea is the depth of the energy well

at q = 0 and X the curvature of the well. This form has been

successfully used to represent vdW interactions in other sys-

tems, e.g., the interaction between receptor and ligand in a

cellular system [40]. To best fit the L–J potential for the graph-

ene-graphene interaction, material parameters in Eq. (6) are

set to Ea = 0.11kBT and X = 93.75kBT/nm2. Fig. 4c shows the

comparison of two potentials.

Suppose the stiction of graphene occurs at the end of

graphene, say x = L/2, we are interested in the subsequent

variants of the random thermal fluctuations at this point.

Such thermal fluctuation modes would give rise to an ampli-

tude close to the interval between graphenes, in order to

make the stiction possible. Let us consider the first two modes

of thermal modes, and the corresponding partition function

is

Z ¼
Z þ1

�1

Z þ1

�1
e�ðUbþUaÞ=kBTda2da4: ð7Þ

Recall q = h(0) � h(L/2) = s(a2 + a4) � s(a4 � a2) = 2sa2, we obtain

the above integral as

Z ¼ l3

8dbp3
1þ eea � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ xl3= p4dbð Þ
q

2
64

3
75; ð8Þ

where ea � Ea
kBT and x � Xs2

kBT. The thermal average of the deflec-

tion in y-axis at point x = L/2, say
ffiffiffiffiffiffiffiffiffi
d2
� �q

¼ 2s
ffiffiffiffiffiffiffiffiffiffi
a2

2

� �q
, is given by

d2
� �

¼ 1
Z

Z þ1

�1

Z þ1

�1
q2e�ðUbþUaÞ=kBTda2da4: ð9Þ

which could be explicitly expressed as

d2

d2 ¼
s2l3

d2p4db

eea � 1þ 1þ xl3= p4dbð Þ
� 	3=2

1þ xl3= p4dbð Þ
� 	

eea � 1þ 1þ xl3= p4dbð Þ
� 	1=2


 � ð10Þ

Eq. (10) measures the ratio between the standard deviation of

wave amplitudes in y-axis by thermal fluctuation and the

interval between the two parts of the graphene (Eq. (1)). To en-

sure successful stiction, (d�t)/d has to be larger than one,

where t = 0.34 nm is the interfacial distance between two

sticked graphenes. The contour plots in Figs. 5 show the

dependence of d/d on l (the length of graphene peeled-off)

and D (the bending stiffness) for ea = 0.11, x = 2.93,

c = 0.4 nN/nm and s = 0.125 nm. With constant bending stiff-

ness, it is seen that thermal undulation is more effective to

ensure stiction if graphene peeled-off is longer, see Fig. 5a

and 5b. Likewise, for a fixed peeled-off length, thermal undu-

lations is easier to induce stiction in graphene with lower

bending stiffness. The level curve corresponding to (d�t)/

d = 1 represents the marginal situation: The stiction would

not occur if the material parameters locate higher than the

curve, on the contrary, the stiction would occur if they locate

lower than the curve. We emphasize that the theoretical pre-

dictions agree well with the MD simulation results if the

bending stiffness of monolayer, bilayer and trilayer graphenes

is selected as D = 0.11, 0.22, 0.33 nNÆnm. We note that the rela-

tionship between bending stiffness and number of layers

does not follow the one described by Zhang et al. [41]. In
[41], due to the clamped constraints at both edges, all the

monolayers are confined within the multilayered graphene

system. Such confinement greatly enhances the bending stiff-

ness. In current work, those monolayers can slide with re-

spect to each other. The bending stiffness is thus

approximately proportional to the number of layers in multi-

layer graphene. The temperature also influences the stiction.

At T = 300 K, the bending stiffness of graphene sticked due to

thermal undulation is in the range of 1–5 nNÆnm (Fig. 5b),

which is roughly one order of magnitude larger than that at

T = 10 K (Fig. 5a). Fig. 5c shows the variation of stick position

with temperatures. It is seen that the position decreases as

temperature increases, indicating the stiction would happen

more quickly with the help of higher level thermal

undulation.

5. Folding/unfolding of graphene on Cu
surfaces

Once the edge of graphene comes into contact with the sub-

strate, the stiction propagates leftwards quickly, eventually al-

most the whole part of graphene peeled-off sticks onto the

graphene on substrate (Fig. 4a, state iv). Since then on, the lat-

eral force here consists of two parts: one is the force needed to

balance the net binding forces of graphene/graphene and

graphene/substrate; the other is to balance the friction of

graphene/graphene. The friction is attributed to the interlayer

interaction as well as the edge barrier [42]. It is highly oscillat-

ing, which is the characteristics of atomistic friction and has

been extensively studied elsewhere [43–45]. The study on the

net binding forces of graphene/graphene and graphene/sub-

strate has not been addressed. Without applied loading, the

binding force of graphene/graphene tends to fold the graph-

ene on the substrate, while the binding force of graphene/sub-

strate tends to resist folding. If the binding force of graphene/

graphene is large enough to overcome the net force of binding

force between graphene/substrate and friction between

graphene/graphene, the stiction of graphenes will spontane-

ously drive the formation of bilayer graphene on the substrate.

In contrast, if the binding force of graphene/substrate is large

enough, such folding would not occur. We have done a series

of MD simulations with pre-folded graphene on different Cu

surfaces. At T = 300 K, the results show that on Cu(111), the

folded graphenes spontaneously unfold to become monolayer

graphene (Fig. 6a and b), while on Cu(112), the folded part of

graphene continues propagating ahead, eventually form bi-

layer graphene on the surface (Fig. 6c and d). In Section 3,

we show that Cu(111) has much higher binding energy than

Cu(112), indicating that the surface with high binding energy

can grow unfolded graphene. On Cu(100) and (110) surfaces,

neither folding nor unfolding happens, indicating the net

force cannot overcome the friction force. These results again

suggest that Cu(111) is preferred to be used in fabricating

monolayer graphene.
6. Conclusions

We investigated the binding energy of graphene on different

surfaces of single crystal Cu. We found that binding energies



Fig. 5 – (a,b) Level curves of the ratio of standard deviation d of graphene fluctuation at the sticking point normalized by the

interval d of graphenes over the plane of length of graphene peeled-off, L, and bending stiffness of D. The parameters are

selected as ea = 0.11, x = 2.93, c = 0.4 nN/nm, s = 0.125 nm. The curves correspond to the values (d + t)/d = 0.5 (blue), 1.0 (black),

2.0 (red). The triangles are results from MD simulation. (c) Variation of stick position with the temperature. The curves

correspond to the values D = 0.6 (black), 0.4 (red) and 0.2 nNÆnm (blue). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 6 – (a,b) Initially folded graphene on Cu(111) finally unfolds. (c,d) Initially partial folded graphene finally folds fully on

Cu(112). The atoms of graphene are in blue color and Cu in yellow. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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between graphene and Cu surfaces follow the order of

Cu(111) > (100) > (110) > (112). Graphene on Cu surfaces has

a preferred orientation: for graphene on Cu(111), the 0� orien-

tation is the most energetically stable situation, indicating the

growth of graphene on (111) surface of single crystalline Cu

may reduce the formation of grain defects. Furthermore, we

show that the conventional peeling model is still applicable

to peeling tests of graphene from Cu substrate. The agreement

of MD results with theoretical predictions indicates that the
peeling model can be used to explore interfacial properties

between graphene and Cu surfaces. By identifying the varia-

tion of peeling forces with peeling distance, we developed a

feasible method to distinguish the layers of graphene being

peeled off. The highly oscillating friction force indicates the

occurrence of sticking–slipping of graphenes. Through theo-

retical analysis, we found the position of stiction is controlled

by the bending stiffness of graphenes which depends on the

number of atomic layers in graphene. Thermal undulation
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also plays a significant role for the dynamical interaction

between graphene peeled off and that residing on the sub-

strate. At the end, we investigated the folding/unfolding of

graphene on Cu surfaces. The results show that on Cu(111)

the graphene would not fold yet on Cu(112) it can. The results

indicate that to avoid the folding of graphene edge, the surface

with high interfacial binding energy is preferred.
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