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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.

* 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.”> Conventionally, researchers prepared the high-quality
graphene on various substrates such as metals and semiconductors in order to explore
its exceptional perfOI“mances.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.>®”

In general, the physical properties of graphene are strongly affected by the
underlying substrate.'”'? Recent work by Koenig ef al.’ experimentally measured that
the interface adhesion energies between graphene and SiO, are 0.45+0.02 J/m? to
0.3120.03 J/m” for the monolayer to multilayer with 2-5 layers. Yoon et al.* reported
the adhesion energy between graphene and Cu is 0.72+0.07 J/m?. Theoretically,
Neel-Amal et al.’ 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 er al."'* demonstrated the substrate morphology and
membrane thickness have an effect on the interface adhesion energy in graphene
systems. Gao et al."® 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,'®
Ir," Ni,"™"? SiC, 2% Si0,*** and so on. Subsequently, the stepped substrate will make
the upper epitaxial layer has a big difference from that of the idea flat case.***°
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 ¥, area 4,, and thickness #,
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,

U =U" +U, M
where UY" is the interfacial potential energy between the graphene and the
substrate in (hkl) crystallographic orientation. U, :UZ’(¢5:I,HI)+UEH is the total
elastic strain energy that includes the summation of deformation strain energy, U,

(stored in II zone) and the strain energy, U’ (¢ =1, HI) , (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.” Thus, the interfacial potential energy can be written as,

w =JAg J.VX WP, (wayPedV,dA, , where W, =~C /r®+C,/r" is the van der Waals

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

4



Physical Chemistry Chemical Physics

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

repulsive interactions, p, and p, () BT€ 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, V, 1is the substrate volume. Consequently, the interfacial potential

energy can be obtained,

3 9
37 1[

Uih{d) _ _I—véhk/) S| o oy | 1] T, oy )
2 Foniay 2 Vonir

where

o, (hkt) is the interface separation under equilibrium,

Féhkl) = 7P, oXel / 9r0% (hid) is the intrinsic adhesion energy per unit area in (hkl)

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

can be calculated as following,

€)

3
k1,
Fé kil ) _ P, (k) | 70, (hkohy)
(hakyly)
Iy

Py (hkoty) \ 70, (hkity)

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.”**’ 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.*® Thus, the
bilayer system will be in the self-equilibrium state due to surface and interface

10,31,32

effects. Commonly, the interface mismatch strain can be expressed

as: ¢&.

int, (kl) are the in-plane lattice

:(as’(hkl)—af)/af, where a, and a, (m)

constant of graphene and substrate in (%k/) orientation. In addition, the surface

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

metho
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

Z sh+e¢, (ki) (t, - Z h;)
gf — <n <n (4)

tf

where ¢ =c,—-1 is the strain of the ith surface atomic layers,

& =&

) (k) = Ein, (hkl)(gimq () T )h, /¢, is the strain in interface layers for (hkl) direction,

h, and h, represent the atomic bond length of the ith atomic layers and that of the
bulk, n is the number of surface atomic layers, ¢, =2/(1+exp((12—-z,)/8z,)) denotes
the CN-dependent bond contraction coefficient with z, being the effective CNs in
the ith atomic layer.3 536 Noticeably, the thickness of multilayer graphene can be
expressed as: 7, = Z:ic,.h0 .

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

Y (t.f')t.f’g;

1-v

Ul (¢=11I)= ®)

Here Y(¢,)is the thickness-dependent Young’s modulus of graphene membranes™”
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and Y(,)= YB{%[Z}/i(zibci"m —1)+ 1}(1+g/.)3} . z, =21z, and
. 2 :

<z> =y,(z, —z,)+z, are the CNs ratio between the ith atomic layer and that of the
bulk, and the mean CNs, Y, is the bulk Young’s modulus, m =2.56 is a index that

characterizes the nature of carbon bonds, y, :Zciho/tf 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, 6,
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.®’ According to the theory

of elasticity,3 ¥ the moment M of membrane can be related to the Young’s modulus and
the curvature R, i.e,M =Y(¢,)I /R, where [ =th;/12 is the moment of inertia
with L being the length of terrace. Thus, the bending strain energy stored in the

region II of graphene can be calculated

Mds _Y(t, )L,t76, n Ry +1,

Ul =2f
2v1 12 R,

(6)

where R, 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 7"(w) in (hkl)direction and the

membrane thickness t should be obtained by setting

s

QUL | O, =0UM / on

total vdw

y+0U, /ot . Thus, we have

hkl

Page 8 of 27



Page 9 of 27

Physical Chemistry Chemical Physics

10 4
Yo, iy || To, (hy 2r o, ity OU, %
. * (i)
) ) oI 0 atf

with

oU, >.8,0U¢ /ot +S,Uf I R-0U" or, (DS,UL-U)S, /R

o XS, (s

ou’ 1,6} aY(tf) & 2Y(t, )5, —£,)e,
= + Y(t,)+ ,
atf 1-v atf 1—v 1—v

oul _L16 R+t ov(t,) Y(t;)Lt,6, LRty Y(t,)L,t26,

+ n ,
o, 12 R, o, 6 R, 12(R,+t,)
and

aY(t/”) Y(t) Z%(z 1 _3(‘9//_‘9f)

8t/ / i<n < > 1+|:Z}/I (Zibc;m _1)i|_ (1+8/-)

where S (¢ =LILIII) represent the I, Il and III regions. It should be indicated that
the S, =2RO,L,, where R=R,+1t,/2 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:

(8)

)

Y(t )t &
9 f 1T
[”o, (hkl)] B ZS U

3
U= Zrhkl E[ 0, h/d)J _% ZS
4

r(hkz) F ikt

Results and discussion

Hemandez et al.* pointed out that the well-defined parameterization of bulk
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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 theoreticallyf‘o’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

40,41

theoretical results™ " 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 A, shift in the graphene structure
perpendicular  to  the step  edges. There  exists a  geometric

relationship:'’ H/2 = R(1-cos@,) andA, =2Rsin6, —2R6, + kd., where H and
dcc(zx/ga ) are the step height and the carbon period along the bending direction,

k 1is the integer number of carbon rings that takes the integer part of H/d ., and

k=0 if H<d, .  Therefore, we obtain the relation as

\/(k +1)°d}. —H* —d.. <A, <0 and further get the average values of R andd,. In

our calculation we get the values of R are 23.3, 353, and 72.9 nm
when H =0.5,0.349 and 0.174 nm, respectively.
Based on Eq.(8), the total free energy of graphene placed on SiO,(001) at fixed

9
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terrace width 300 nm and step height 0.5 nm under different vicinal angles 6, 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.**

Aim at gaining a better understanding of the interface separation in
graphene/Si0,(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 Il 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.*’ 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

10
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the equilibrium state, i.e., I~ ——U. 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.> 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/m? at fixed terrace width 300
nm, and 0.355, 0.354, 0.351, 0.345 J/m® at fixed step height 0.5 nm under the
condition of vicinal angles range from 0° to 0.1°. Gao et al."’ reported that the
interface adhesion energy would be diminishing with enhancement the roughness of

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

symbols shown in Figure 4(b) mean the cases from both planar’ and sinusoidal
substrate surfaces.”” Evidently, the general trends of our predictions agree well with
Gao and co-workers’ results.'”” 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

11
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down-terrace, as shown in Figure 5(a). Using Eq.(3) and through setting

I =13.19 meV/A%, 5 =0.326 nm,” and a fixed interface separation of the

down-terrace, 7" =0.224 nm, we obtain /%" =18.88 meV/A®, which is very

close to the top-hcp structure, 20.2 meV/A® reported by Xu and Buehler’s
calculations.” 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/SiO,, 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/SiO; is 3 layers,
and (ii) the interface separation in graphene/Cu is less than that in graphene/SiO,.
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. H =0 nm, the results are consistent with the
case of flat substrate surface.''

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

12
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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 H =0 nm,L” =300 nm, and

> terrace

L =0 nm, which agree with the experimental measurements reported by Yoon et

ferrace
al.* Note that the star symbol shown in Figure 5(b) means the measurable value from
Yoon et al.*

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 er al.'* 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-workers™™
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/SiO, and graphene/Cu and found that

13
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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. ry, a, hy, E, v and Yg are the interface
equilibrium distance, in-plane lattice constant, bond length, binding energy per unit

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

ro a ho E
v Ys [ TPa]
[ nm ] [ nm ] [ nm ] [ meV/A?]
Graphene 0.34% 0.2445°! 0.142* 0.16° 1.02%
Cu 0.361%
Si0, 0.4997
Graphene/SiO, 0.3 17.01°°
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Figure Captions

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

down

substrate surface. #; is the thickness of graphene membrane, »* and r“""are the

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

" =r"+t, and he =rd”w”+tf 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. 6, and 6, , respectively, are

the central angle due to the bending of graphene and the vicinal angle. The regions I,
Il 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/SiO, under (a) L(001)=300#nm and (b) H =0.5nm at

fixed vicinal angles, 6, = 0", 0.033°, 0.067° and 0.1°.

Figure 4. Dependence of critical interface separation (a) and interface adhesion
energy (b) on the membrane thickness, vicinal angle and terrace width for

graphene/SiO;.

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
20
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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 3
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