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Effect of stepped substrates on the interfacial adhesion properties 

of graphene membranes 

Yan He, Wangbing Yu and Gang Ouyang a 

Key Laboratory of Low-Dimensional Quantum Structures and Quantum Control of 

the Ministry of Education, Department of Physics, Hunan Normal University, 

Changsha 410081, Hunan, China  

Abstract  

In order to gain a comprehensive understanding on interface adhesion properties 

involving in adhesion energy and local interface separation between graphene 

membranes and underlying stepped substrates, we develop an analytic model by 

considering the total free energy original from interfacial van der Waals interaction 

and elastic strain energy stored in the membranes based on atomic-bond-relaxation 

consideration. It is found that the interface adhesion energy decreases with increasing 

membrane thickness. Moreover, as compared to the case of flat substrate surface, the 

interface adhesion properties of graphene membranes on stepped surfaces have been 

strongly affected by the substrate surface parameters, including step height, vicinal 

angle, membrane thickness, terrace width and orientation, etc., implying that the 

topographic fluctuation of graphene is attributed to the various interface separation at 

different substrate sites. Our predictions agree reasonably well with the computer 

simulations and experimental observations, which suggest that the developed method 

can be regarded as an effective method to design the interface adhesion of graphene 

membranes in graphene-based functional device components. 

 

a Corresponding author. E-mail address: gangouy@hunnu.edu.cn
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Introduction 

In recent years, graphene has become one of the focused problems in physics, 

chemistry and material science due to its charming properties and wide range of 

potential applications.1,2 Conventionally, researchers prepared the high-quality 

graphene on various substrates such as metals and semiconductors in order to explore 

its exceptional performances.3-5 Therefore, the interface properties between graphene 

and substrate contacts are very important and should be clarified in detail. So far, 

there are overwhelming investigations that have been made to pursue the interface 

properties including adhesion energy and interface separation from the aspects of 

experiment measurements and theoretical calculations.3,6-9 

In general, the physical properties of graphene are strongly affected by the 

underlying substrate.10-12 Recent work by Koenig et al.3 experimentally measured that 

the interface adhesion energies between graphene and SiO2 are 0.45±0.02 J/m2 to 

0.31±0.03 J/m2 for the monolayer to multilayer with 2-5 layers. Yoon et al.4 reported 

the adhesion energy between graphene and Cu is 0.72±0.07 J/m2. Theoretically, 

Neel-Amal et al.9 found the interface bond strength and the distribution of membrane 

strain are influenced by the morphologies of substrate surface (e.g., corrugated 

surface). Also, some other factors involved in substrate roughness, membrane 

thickness and surface forces have been taken into account on interface interaction of 

graphene and related systems. In particular, a kind of peculiar morphology such as 

sinusoid corrugation has also considered both experimentally and theoretically. For 

instance, Scharfenberg et al.13-14 demonstrated the substrate morphology and 

membrane thickness have an effect on the interface adhesion energy in graphene 

systems. Gao et al.15 predicted the interface adhesion energy can be related with the 

substrate roughness and amplitude. Moreover, they suggested that the van der Waals 
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interaction between graphene and substrate and the bending strain energy of graphene 

play the important roles for the adjustment of equilibrium graphene conformation. As 

a result, it is concluded that not only various types of substrates but also surface 

morphologies of substrates have significant effects on the interface adhesion 

properties.  

However, the real morphology of substrate surface cannot usually be approached 

as an ideal flat surface and any other regulated period figures. For example, a real 

surface of substrates is rough and possesses many terraces and steps. A large number 

of un-flat or stepped substrate surfaces have been detected in experiment such as Cu,16 

Ir,17 Ni,18,19 SiC,20,21 SiO2
22,23 and so on. Subsequently, the stepped substrate will make 

the upper epitaxial layer has a big difference from that of the idea flat case.24-26 

Although many efforts have been employed to explore the interface and related 

properties in graphene membranes, there is still lacking a systematical study to 

illustrate the adhesion energy and interface separation for the graphene on stepped 

substrates from the atomistic origin. Furthermore, the influences of surface relaxation 

and interface mismatch on the interface interaction between graphene and underlying 

substrate are unclear so far.  

In order to explore the relationship between the interface adhesion between 

graphene and the underlying substrate, in this work we present an analytic method to 

explore the issue by taking into account the free energies induced by membrane 

thickness and substrate surface parameters including terrace width and step height, 

etc., from the perspective of atomic-bond-relaxation mechanism. Interestingly, we 

find the anomalous interface adhesion energy and local interface separation are 

determined not only on the membrane thickness, but also on substrate surface 

parameters, which suggesting that the topographic fluctuation of graphene on stepped 
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substrates can be originally attributed to the unique interface adhesion behavior.  

 

Principle 

In order to address the influences of surface relaxation and interface mismatch 

effects as well as bending of membrane on the interfacial adhesion properties of 

graphene, we consider a multilayer graphene with volume V0, area Ag, and thickness tf  

on a stepped substrate surface, as depicted in Figure 1. In the figure 1(b) we show the 

geometric relationship regarding a bending graphene is placed at the step edge of 

substrate. Naturally, it can be divided into three regions (Figure 1(b)): I and III stand 

for the two terraces with different crystallographic orientation, while the region II 

denotes the bending deformation zone. Theoretically, the total free energy of the 

graphene membranes can be attributed to the contributions from the interfacial van 

der Waals interaction and the elastic strain energy stored in the membrane, 

( ) ( )

vdw

hkl hkl

total eU U U= +                                                     (1) 

where )(hkl
vdwU  is the interfacial potential energy between the graphene and the 

substrate in )(hkl  crystallographic orientation. ( ) III, IIIe e eU U Uφ φ= = +  is the total 

elastic strain energy that includes the summation of deformation strain energy, II
eU , 

(stored in II zone) and the strain energy, ( )I, IIIeU
φ φ = , (stored in I and III zones) due 

to interface and surface effects.  

In our approach we only consider the interfacial van der Waals interaction energy 

is focused on the first layer and the substrate because almost 99% energy is 

concentrated in this area.9 Thus, the interfacial potential energy can be written as, 

( ), 
g s

LJ g s gs hklA V
W W dV dAρ ρ= ∫ ∫ , where 12

2
6

1 // rCrCWLJ +−=  is the van der Waals 

interaction between a carbon and a substrate atom, r  is the distance between the two 

Page 5 of 27 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 
 

atoms, 1C  and 2C  are the constants related to the material for the attractive and 

repulsive interactions, gρ  and ( ), s hkl
ρ  are the number of atoms per unit area of a 

monolayer graphene and the number of atoms per unit volume of the substrate in 

)(hkl  orientation, sV  is the substrate volume. Consequently, the interfacial potential 

energy can be obtained, 

3 9

0, ( ) 0, ( )( ) ( )
0

( ) ( )

3 1

2 2vdw

hkl hklhkl hkl

hkl hkl

r r
U

r r
Γ

    
 = − −           

                                (2) 

where ( )0, hkl
r  is the interface separation under equilibrium, 

( )
( )

3
0 1 0, ( ), 

/ 9hkl

g hkls hkl
C rΓ πρ ρ=  is the intrinsic adhesion energy per unit area in )(hkl  

of the bulk case.27 In various crystallographic orientation the intrinsic adhesion energy 

can be calculated as following, 

( )

( )

1 1 1
1 1 1 2 2 2

2 2 2

1 1 12 2 2

3
( )

, 0, ( )0
( )
0 0, ( ), 

h k l
s h k l h k l

h k l

h k ls h k l

r

r

ρΓ
Γ ρ

 
=   

 
                                          (3) 

It is generally known that the performance of surface or edge atoms of nanosolids 

will dominate due to less coordination numbers (CNs) and stronger bonds with 

reduced size.28,29 In particular, for the coherent bilayer systems consisting of graphene 

and rough substrate, the mismatch strain and associated with elastic energy will 

influence the stabilizing graphene and the critical graphene nucleus size.30 Thus, the 

bilayer system will be in the self-equilibrium state due to surface and interface 

effects.10,31,32 Commonly, the interface mismatch strain can be expressed 

as: ( ) ( )( )int, , /f fhkl s hkl
a a aε = − , where fa  and ( ), s hkl

a  are the in-plane lattice 

constant of graphene and substrate in )(hkl  orientation. In addition, the surface 

effect of epitaxial layers can be considered by atomic-bond-relaxation (ABR) 
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method.29,33,34 Definitely, the key ideal ABR is that the bond less of an atom in the 

surface layer will result in the remaining bonds of the less-coordinated atom to shrink 

spontaneously. As a result, some relevant quantities such as densification of charge, 

mass, and bond energy will be different compared with those of the bulk counterparts 

and further impact the Hamiltonian and atomic cohesive energy, etc.  

In combination with the surface and interface effects in graphene on substrate, the 

total strain in graphene membranes is 

( )//,  ( )i i f ihkl
i n i n

f

f

h t h

t

ε ε
ε < <

+ −
=

∑ ∑
                                        (4) 

where 1−= ii cε  is the strain of the ith surface atomic layers, 

( ) ( ) ( ) 0//, int, int, 
( 1) /

fhkl hkl hkl
h tε ε ε= +  is the strain in interface layers for )(hkl  direction, 

ih  and 0h  represent the atomic bond length of the ith atomic layers and that of the 

bulk, n is the number of surface atomic layers, ))8/)12exp((1/(2 iii zzc −+= denotes 

the CN-dependent bond contraction coefficient with iz  being the effective CNs in 

the ith atomic layer.35,36 Noticeably, the thickness of multilayer graphene can be 

expressed as: 0if i
ct h= ∑ . 

In our case we assume the substrate is rigid and the strain energy is primarily 

focused on the membranes. Therefore, in terms of continuum mechanics, the strain 

energy (per unit area) for the limiting case of interface confinement graphene is given 

by 

( )
2( )

I, III
1
f f f

e

Y t t
U

v

φ ε
φ = =

−
                                             (5) 

Here )( ftY is the thickness-dependent Young’s modulus of graphene membranes34 
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and ( ) ( )












+







+−= −

<

−∑ 3111)( f

ni

m

iibi
b

Bf cz
z

z
YtY εγ . biib zzz /=  and 

bbii zzzz +−= )(γ  are the CNs ratio between the ith atomic layer and that of the 

bulk, and the mean CNs, BY  is the bulk Young’s modulus, 56.2=m  is a index that 

characterizes the nature of carbon bonds, ∑
<

=
ni

fii thc /0γ  is the surface-to-volume 

ratio.  

Additionally, we consider a multilayer graphene across the step edge is 

approximated by two identical arcs of cylinders with radius,R , and arc angle, 1θ , 

which a schematic illustration is depicted in Figure 1(b). Note that the curvature of 

bent graphene is not imposed but is the natural relaxation.37 According to the theory 

of elasticity,38 the moment M of membrane can be related to the Young’s modulus and 

the curvature R, i.e., RItYM f /)(= , where 12/3
fxtLI =  is the moment of inertia 

with xL being the length of terrace. Thus, the bending strain energy stored in the 

region II of graphene can be calculated  

22
1 0II

0

( )
2 ln

2 12
f x f f

e

Y t L t R tM ds
U

YI R

θ +
= =∫                                    (6) 

where 0R  and s  are the radius of the innermost layer of graphene and the arc 

length of region II depicted in the Figure 1(b). 

Consider the lattice strain induced by surface relaxation and interface misfit, as 

well as the van der Waals interaction between graphene and a substrate, the 

relationship between the critical interface separation ( )hklr ∗  in )(hkl direction and the 

membrane thickness 
ft  should be obtained by setting 

( ) ( )
( ) ( )/ / /hkl hkl

total vdw e fhkl hkl
U h U r U t∂ ∂ = ∂ ∂ + ∂ ∂ . Thus, we have 
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10 4

0,  ( ) 0, ( ) 0, ( )

( )
( ) ( ) 0

2

9
hkl hkl hkl e

hkl

hkl hkl f

r r r U

r r tΓ∗ ∗

    ∂
− =       ∂   

           (7)                         

with 

( )
( )

IIII

2

// / / e ee f e e fe

f

S U U S RS U t S U R U tU

t S S

φφ φ
ϕϕ

ϕ ϕ

ΙΙΙΙ
−∂ ∂ + − ∂ ∂∂

= −
∂

∑∑
∑ ∑

, 

( )2 2
/ /2 ( )( )

( )
1 1 1

ff f f f f fe
f

f f

Y tt Y tU
Y t

t v t v v

φ ε ε ε ε ε∂ −∂
= + +

∂ − ∂ − −
, 

( ) ( ) ( )
( )

22II
1 11 0 0

0 0 0

ln ln
12 6 12

f f x f f x fx f f fe

f f f

Y t Y t L t Y t L tL t R t R tU

t R t R R t

θ θθ ∂+ +∂
= + +

∂ ∂ +
, 

and 

( )

( )
/ /

1

( ) 3( )( ) 1

(1 )
1 1

ff fi i b

i nf f fm

i ib i

i n

Y tY t z z

t t z
z c

ε εγ
ε

γ
−

< −

<

 
 

∂ −− 
= − − 

∂ +  + −    

∑
∑

 

where ( , , )Sϕ ϕ = Ι ΙΙ ΙΙΙ  represent the I, II and III regions. It should be indicated that 

the xLRS 12 θ=ΙΙ , where 2/0 ftRR +=  is the radius of middle layer of membrane 

shown in Figure 1(c). 

As a result, by considering the total strain from the surface and interface effects 

as well as the deformation and the van der Waals interactions, the total free energy for 

graphene on stepped substrate surfaces in self-equilibrium state can be obtained: 

( ) ( )

( )

( )

( )

2
3 9 II

~
0, 0, 

0 * *

( )
3 1 1
2 2

f f f

e
hkl hklhkl

hkl hkl

Y t t
S Ur r

vU
r r S

ϕ

ϕ

ε

Γ
  −    −    = − − −

    
    

∑
∑ ∑

               (8) 

 

Results and discussion 

Hemandez et al.39 pointed out that the well-defined parameterization of bulk 

Page 9 of 27 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



9 
 

graphite (e.g., a Young’s modulus of 1.02 TPa) cannot be suitable for the case of 

graphene. In fact, the thickness dependence of Young’s moduli of graphene 

membranes have been achieved from both experimentally and theoretically.40,41 

Apparently, the Young’s modulus of grahpene is an important parameter that 

determines the interface adhesion properties. Therefore, in our case we first calculate 

the Young’s modulus of graphene membranes and the results are shown in Figure 2. 

Note that the related parameters used in calculations are given in Table 1. Clearly, the 

Young’s moduli of graphene membranes from 1-5 layers, respectively, are 3.14, 1.71, 

1.41, 1.29 and 1.23 TPa, which increase dramatically with decreasing membrane 

thickness. The symbols shown in Figure 2 mean the relevant experimental and 

theoretical results40,41 that are well agreement with our predictions.  

In nature, the underlying substrate surface parameters, including terrace width 

and step height, will affect the interfacial adhesion properties of the upper epitaxial 

layer. In terms of the geometric relationship depicted in Figure 1(c), the bending of 

graphene at the step edge necessarily induces a C∆  shift in the graphene structure 

perpendicular to the step edges. There exists a geometric 

relationship:17 )cos1(2/ 1θ−= RH  and CCC kdRR +−=∆ 11 2sin2 θθ , where H  and 

CCd ( 3 fa= ) are the step height and the carbon period along the bending direction, 

k  is the integer number of carbon rings that takes the integer part of CCdH / , and 

0=k  if CCdH ≤ . Therefore, we obtain the relation as 

2 2 2( 1) 0CC CC Ck d H d+ − − ≤ ∆ ≤  and further get the average values of R  and 1θ . In 

our calculation we get the values of R are 23.3, 35.3, and 72.9 nm 

when 5.0=H , 349.0 and nm 174.0 , respectively.  

Based on Eq.(8), the total free energy of graphene placed on SiO2(001) at fixed 
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terrace width 300 nm and step height 0.5 nm under different vicinal angles 2θ  is 

calculated and the results are shown in Figure 3. Strikingly, we find that the minima of 

total free energies have obvious shift with number of layers and is a function of 

substrate surface parameters. Physically, this is attributed to the graphene membrane 

thickness-dependent Young’s modulus that can be modulated by elastic strain energies 

stored in membrane.42 

Aim at gaining a better understanding of the interface separation in 

graphene/SiO2(001), we extract the critical values from Figure 3 and re-describe the 

variant trend as shown in Figure 4(a). It is clear to show that the interface separation 

becomes larger with increasing number of layers and vicinal angles. Interestingly, the 

interface separation is larger than the intrinsic equilibrium distance as the membrane 

thickness increased. In fact, these results can be attributed to the changes of 

geometrical parameters of substrate surface. When the vicinal angle becomes larger, 

the step height will be higher at fixed terrace width, whereas the terrace width 

becomes smaller at fixed step height. Both of these two cases lead to the enhancement 

of bending elastic energy stored in membranes and result in the variation of interface 

separation. Notably, the interaction between graphene and edge step (vertical to the 

terrace surface) in II zone can be generally ignored. It is concluded that the 

contribution of bending strain energy to the total free energy is pronounced than that 

of energy induced by the surface relaxation and interface mismatch when both terrace 

width and step height increase at fixed vicinal angle. Aitken et al.27 reported that the 

bending strain energy of graphene has an ineffaceable contribution to the interface 

separation, and they found the interface separation changes with variation of elastic 

strain energy, which is consistent with our calculations. 

Theoretically, the interface adhesion energy is related to the total free energy at 
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the equilibrium state, i.e.,
~

UΓ = − . As illustrated in Figure 4(b), the interface 

adhesion energy is shown as a function of number of layers, terrace width, edge 

height and vicinal angles. Apparently, the interface adhesion energy increases with a 

reduction in membrane thickness, which is in accord with the experimental 

observations.3 Also, the adhesion energy has a slight change with different vicinal 

angles from monolayer to trilayer of graphene unless the number of layers reach or 

more than fourth. It is mainly due to the bending strain energy is much smaller than 

the surface and interface strain energies stored in monolayer to trilayer graphene. 

When the graphene layers increase, the bending strain energy becomes larger and the 

surface and interface strain energies will be diminishing, thus leads the adhesion 

energy will be different with varying vicinal angles. On the other hand, we find the 

interface adhesion energy decreases with increasing vicinal angles at fixed terrace 

width and step height. For example, in the case of bilayer graphene the adhesion 

energies are, respectively, 0.355, 0.352, 0.349, 0.345 J/m2 at fixed terrace width 300 

nm, and 0.355, 0.354, 0.351, 0.345 J/m2 at fixed step height 0.5 nm under the 

condition of vicinal angles range from 0° to 0.1°. Gao et al.15 reported that the 

interface adhesion energy would be diminishing with enhancement the roughness of 

substrate (e.g., sinusoidal surface with surface amplitude 
sδ ). Noticeably, the 

symbols shown in Figure 4(b) mean the cases from both planar3 and sinusoidal 

substrate surfaces.15 Evidently, the general trends of our predictions agree well with 

Gao and co-workers’ results.15 Moreover, in our approach we further consider the 

surface relaxation and interface mismatch effects and find the interface adhesion 

energy can be tuned by the underlying substrate surface parameters.  

In order to further demonstrate the consistency of our analysis, we consider a 

multilayer graphene placed on Cu (111) with two different stacking modes in up- and 
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down-terrace, as shown in Figure 5(a). Using Eq.(3) and through setting 

0 13.19 upΓ = meV/Å2, 0 0.326 nmupr = ,43 and a fixed interface separation of the 

down-terrace, 0 0.224 nmdown
r = , we obtain 0 18.88 downΓ = meV/Å2, which is very 

close to the top-hcp structure, 20.2 meV/Å2 reported by Xu and Buehler’s 

calculations.43 Under these circumstances, the critical interface separation and the 

interface adhesion energy can be calculated by Eqs.(7) and (8).  

Figure 5(a) also shows the relationship among critical interface separation, 

number of graphene layers, different stacking modes in up- and down-terrace and step 

heights. Clearly, the critical interface separations in both of two cases increase with 

rising number of graphene layers, and even beyond the intrinsic interface separation 

under the flat surface if the underlying substrate surface exists steps. By contrast, the 

interface separation in up-terrace is larger than that of down-terrace, which is due to 

various interface binding energy and associated with the existing of elastic strain 

energies in two different stacking modes. In addition, from the comparison of 

interface separation in graphene/Cu and graphene/SiO2, we find the main difference 

of two cases: (i) the shift of interface separation in graphene/Cu will take place when 

the membrane thicknesses beyond 4 layers, while that in graphene/SiO2 is 3 layers, 

and (ii) the interface separation in graphene/Cu is less than that in graphene/SiO2. 

This is due to the different mismatch strain energy, interfaces bonding energy and 

intrinsic interface separation of the two systems.44 Moreover, as plotted on Figure 5(a), 

when the step height becomes zero, i.e. 0 nmH = , the results are consistent with the 

case of flat substrate surface.11 

The corresponding interface adhesion energy in graphene/Cu is shown in Figure 

5(b). Similarly, it shows an evident thickness effect and can be determined by the 

substrate surface parameters such as terrace width and step height. For instance, the 
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adhesion energy increases with diminishing terrace width. Also, the adhesion energy 

increases with the step height, which is similar to Figure 4(b). It should be noted that 

the case is the same as the flat surface when we fixed 0 nmH = , 300 nmup

terraceL = , and 

0 nmdown

terraceL = , which agree with the experimental measurements reported by Yoon et 

al.4 Note that the star symbol shown in Figure 5(b) means the measurable value from 

Yoon et al.4  

Remarkably, we find that the interface adhesion energy is approximately equal to 

zero when the thickness reach to 10 layers as plotted in Figure 5(b), indicating that the 

graphene will detach from the substrate with an increase of membrane thickness. Thus, 

the detachment of graphene on a stepped substrate is determined on the underlying 

substrate surface parameters, including terrace orientation, terrace width and height, 

etc. Scharfenberg et al.14 observed that the graphene undergoes a sharp snap-through 

transition between conforming to the substrate and lying on top of the substrate with 

sinusoidal surface at a critical layers, which implies that the adhesion energy becomes 

weaker and the graphene can be extracted easily. Besides, Li and co-workers45-48 

found that the detachment of graphene on Si nanosolids (e.g., nanowire and 

nanoparticle) is determined on interface bonding energy, diameter and interspacing 

between two nanosolids. Therefore, our predictions are in accordance with these 

evidences, suggesting that the developed method can be as an effective tool for 

tailoring the related mechanical properties of graphene to the desired applications. 

 

Conclusions and outlook 

We establish an analytic method to explore the interface adhesion properties in 

graphene membranes from the perspective of atomistic origin. As examples we 

analyzed two types of systems, i.e., graphene/SiO2 and graphene/Cu and found that      
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the effects of the adhesion energy and local interface separation at self-equilibrium 

state on the underlying substrate parameters, including steps height, vicinal angle, 

terrace width, and membrane thickness, etc. It is demonstrated that the surface 

relaxation and interface mismatch and associated with elastic strain energy stored in 

the graphene membranes affect the physical properties such as the Young’s modulus 

and the local interface separation. In addition, we predict an effective way to extract 

graphene from the underlying substrate through modifying the substrate surface 

parameters (e.g., steps height, terrace width, and the substrate surface orientation.). 

Our results agree reasonably well with the theoretical calculations and the 

experimental measurements. Therefore, we expect that the developed method could 

be regarded as a theoretical tool to design the interface adhesion of graphene 

membranes in graphene-based nanomechanical and nanoelectronic devices.  
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Table 1. Input parameters for calculations. r0, a, h0, E, ν  and YB are the interface 

equilibrium distance, in-plane lattice constant, bond length, binding energy per unit 

area, Poisson’s ratio and Young’s modulus, respectively. 

 
r0 

[ nm ] 

a 

[ nm ] 

h0 

[ nm ] 

E 

[ meV/Å2 ] 

ν  YB [ TPa ] 

Graphene 

Cu 

SiO2 

Graphene/SiO2 

0.3449 

 

 

0.350 

0.244551 

0.36143 

0.49952 

 

0.1424 

 

 

 

 

 

 

17.0150 

0.163 

 

 

 

1.0249 
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Figure Captions 

Figure 1. (a) Schematic illustration showing a multilayer graphene on a stepped 

substrate surface. tf  is the thickness of graphene membrane, upr  and downr are the 

interface separations between graphene and substrate in up- and down-terrace surface, 

1
up up

fh r t= +  and 2
down down

fh r t= + represent the heights between the top layer of 

graphene and the substrate in two different terrace surface. (b) Geometric relationship 

about the multilayer graphene on the stepped surface. 1  θ and 2  θ , respectively, are 

the central angle due to the bending of graphene and the vicinal angle. The regions I, 

II and III correspond to the flat and step areas of the substrate. (c) Schematic 

illustration of a change in position of carbon atoms located at the edge of step.  

 

Figure 2. The solid line denotes our predictions, while the symbols mean the 

available evidences.  

 

Figure 3. The relationship among total free energy, number of layers and interface 

separation of graphene/SiO2 under (a) (001) 300 L nm=  and (b) 0.5 H nm=  at 

fixed vicinal angles, 0 0 0
2 0 , 0.033 ,  0.067  and 0.1θ = o . 

 

Figure 4. Dependence of critical interface separation (a) and interface adhesion 

energy (b) on the membrane thickness, vicinal angle and terrace width for 

graphene/SiO2.  

 

Figure 5. Dependence of critical interface separation (a) and interface adhesion 

energy (b) on the membrane thickness, vicinal angle, step height, terrace width and 

crystalline orientation for graphene/Cu. Note that the structures considered for 
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graphene/Cu surface seen from the left side of (a) and the color codes for carbon and 

copper atoms are black and brown, respectively.  
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5 
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