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As a two-dimensional crystal, the graphene sheet is often used with substrate materials

because the freestanding graphene tends to corrugate and can hardly display its extraordi-

nary properties in devices. However, the substrate is rarely perfectly-flat, but has micro-

scopic roughness. Whether or not the graphene sheet can conform fully to a substrate

with nano- and micro-roughness is essential for the performance of the graphene-based

devices. In this paper, a theoretical model is developed to predict the morphology of a

monolayer graphene sheet attaching to the substrate with microscopic non-developable

roughness by an energy-based analysis. The final graphene morphology is revealed to

result from the competition between two energy terms: the adhesion energy between

graphene and substrate, and the strain energy stored in the graphene due to the deforma-

tions. Thus, by accounting for these two parts of energy, the critical condition to predict the

morphology conversion from full conformation to wrinkling is established, which agrees

well with the results of molecular dynamics simulations. This study has significant mean-

ings for design and fabrication of high quality nanostructured coatings on substrates with

complex surfaces, and can offer a guide for designing new functional graphene electronical

devices such as nano-sensors and nano-switches as well.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The graphene, a two-dimensional crystal with hexagonally

arranged and covalently bonded carbon atoms, has attracted

widespread concern in recent years due to its great potential

applications in nano-electronics [1], nano-electromechanical

systems [2,3] and composite materials [4,5]. The freestanding

graphene is non-flat and tends to be corrugated due to the

instability of its molecular structure, such as intrinsically
thermal fluctuation [6], so graphene is often used with sub-

strate materials as a coating layer [7,8]. However, wrinkles

often appear in the graphene due to the structural mismatch

between the graphene and the substrate [9–14], and the wrin-

kling morphology of graphene impacts significantly on its

electronic [15,16] and mechanical properties [11,17–19].

Therefore, it is of great importance to know whether or not

the graphene sheet can conform to the substrate fully and

smoothly and to understand the mechanism of the formation

of wrinkles in graphene sheets. The morphology of graphene

can change the electronic properties of graphene via chang-

ing the scattering of charge carriers [20,21]. On one hand,
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since it needs high carrier mobility for some nano-electronic

applications, atomically flat substrates [22–24] are introduced

to form morphology of graphene without extrinsic wrinkles,

which can reduce the charge inhomogeneity [25]. On the

other hand, some simulations [26,27] and experiments [28]

have predicted that wrinkles can enhance the chemical activ-

ity of graphene, and form nanosized gas inlet for chemical

reactions [29–31], so the wrinkled graphene can be a good

candidate for nano-sensors and nanoswitches.

The substrates can rarely perfectly-flat, but with nano-

and/or micro-roughness. So the graphene morphology on

the substrates with these asperities is essential for the per-

formance of the graphene-based devices. Previous studies

are mainly focused on the conformation of graphene sheet

on a substrate with developable surface, such as corrugated

substrate [32–35]. However, the micro- and nano-roughness

of substrates can hardly be modeled by developable sur-

faces, so the behavior of graphene sheets on non-developed

surfaces still needs investigation. Furthermore, increasing

applications of graphene-like sheet attaching to non-devel-

opable surfaces are reported [36–39]. For example, the

remarkable study on electronic eye camera requires full

conformation of silicon sheet to a hemispherical surface

[24], and experiments show that coating graphene onto

the tip of atomic force microscope (AFM) can improve the

device lifetime and protect the sample materials [13,14].

Therefore, it is desirable to build a theoretical model to pre-

dict the final morphology of the graphene on the substrate

with non-developable surfaces.

The purpose of this paper is to establish a mechanics the-

ory for the conformation of graphene sheets to the macro-flat

substrate with non-developable nano- and micro-roughness.

A simple criterion on the full-conformation/wrinkling of

graphene is obtained, which agrees well with the subsequent

MD simulations. Both the theoretical predictions and MD

results show that the final morphologies of graphene are only

related to the absorbed cone angle, which is determined by

the curvature and area of the substrate asperities.

2. Morphology of graphene sheet conforming
to substrate with asperities

If the substrate is perfectly flat, graphene sheets can easily con-

forms to the substrate. However, most substrates are not per-

fect, but have nano- and/or micro-asperities. It has been

proved that the generation of wrinkles is determined by the

morphology of the substrate [40]. Here, the asperities are sim-

plified and simulated as dome-shaped bumps distributed on

the surface of substrates. MD simulations on conforming

behavior of monolayer graphene sheets to rough SiO2 sub-

strates show two typical morphologies (see Section 4 for more

details about MD simulations), as presented in Fig. 1. In Fig. 1(a),

the graphene sheet conforms to the substrate well, but in

Fig. 1(b), the graphene sheet conforms partially and wrinkles

at the edges of the dome-shaped bumps of the substrate.

It should be noted that the domes on the two substrates in

Fig. 1(a) and (b) have the same distance (D = 40 nm) and height

(H = 5 nm). Then what dominates the morphology of graph-

ene, and what is the mechanism of the conforming behavior?
To answer these questions, a theoretical model will be devel-

oped in the following section.
3. Theoretical analysis on graphene
conforming to a dome-shaped bump

Some previous studies have been carried out for the adhesion

of continuum thin elastic plate and elastic sheet to a spherical

surface [41,42]. Especially, Majidi and Fearing established an

analytical expression about the adhesion of thin elastic plate

to a rigid sphere based on stationary principles and the von

Karman plate theory [41]. However, their model is not suitable

for the graphene-substrate system due to their assumptions of

constant adhesion energy density and small ratio of graphene

radius to substrate radius. In this section, a theoretical model

is established based on the energy method to predict the final

morphology of the graphene on the substrate with non-devel-

opable nano- and micro-asperities.
3.1. Theoretical model

For a substrate scattered with bumps with sufficient distance

between each pair of them, it can be observed from Fig. 1 that

the dome region is the most important part that causes differ-

ent morphologies of graphene. So a model consisting of a

round graphene sheet and a dome-shaped bump is estab-

lished, as shown in Fig. 2. According to the morphology

observed in Fig. 1(a), the full conforming process can be

imaged as follows. The round graphene sheet first deforms

into a spherical cap and then covers the dome-shaped bump

by the interactions between the graphene and the substrate,

as demonstrated in Fig. 2. A spherical coordinate system (r,

h, u) is set up at the center of the spherical substrate.
3.2. Energy analysis

To establish the critical condition to judge whether a mono-

layer graphene sheet can fully conform to the un-developable

rounded bumps, an energy-based analysis is carried out. The

total system energy ET consists of three parts: (1) the graph-

ene membrane energy Em, (2) the bending energy Eb due to

the change of graphene curvature, and (3) the graphene-sub-

strate adhesion energy Ead. The substrate is treated as a rigid

and its strain energy can be ignored because the substrate is

much thicker than the graphene and thus the deformation is

constrained by the lower-layer material.
3.2.1. Membrane energy of fully conformed graphene
For the graphene fully conformed to a spherical substrate, the

membrane energy of the graphene sheet is not negligible

because the sphere surface is non-developable and thus leads

to significant in-plane deformations of graphene. Here, the

membrane energy of the graphene sheet, Em, is determined

by the tangential strain ehh and the hoop strain euu, which

are defined in the spherical coordinate system (r, h, u), as

shown in Fig. 2(d). The shear stress is ignored due to the sym-

metry of the system.
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Fig. 1 – The final morphologies of the graphene on a substrate with dome-shaped bumps with the same distance and height

but different absorbed cone angles: (a) full conformation, (b) wrinkling. (A color version of this figure can be viewed online.)
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Fig. 2 – Model of graphene-substrate system: (a) the initial morphology of graphene: rg and Ag are the radius and area of

graphene, respectively, (b) the fully conformed morphology of graphene: rb is the base radius of the spherical cap, r0g and A0g is

the arc length and area of the deformed graphene, respectively, and x is the absorbed cone angle, (c) the spherical substrate:

RS is the radius of substrate, (d) the schematic of a graphene sheet conforming fully to the spherical substrate. (A color version

of this figure can be viewed online.)
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According to the MD simulation in Appendix A, the area of

a graphene sheet fully conformed to the substrate surface is

at most 0.64% smaller than its initial area. So it is reasonable

to assume the area of graphene is unchanged during it con-

forming to the substrate, i.e.

A0g ¼ Ag ð1Þ

in which Ag and A0g are the areas of graphene sheet at the ini-

tial and fully conformed states, respectively, expressed as

Ag ¼ pr2
g ð2Þ

A0g ¼ 2pR2
S � 2pRSz; z 2 RS �

rg
2

2RS
;RS

� �
ð3Þ

where rg and RS are the radius of graphene and substrate,

respectively, and z is the coordinate of z-axis, as shown in

Fig. 2.
Substituting Eqs. (2) and (3) into Eq. (1), the initial radius of

graphene sheet rg can be expressed as a function of z as

rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2R2

S � 2RSz
q

ð4Þ

As illustrated in Fig. 2, after full conformation, the flat

graphene becomes a spherical cap with a base radius rb, and

the initial radius of graphene sheet rg deformed to the arc

length r0g. The radius of the base of the cap rb and the arc

length r0g can be obtained as

rb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

S � z2

q
ð5Þ

r0g ¼ RS arccos
z
RS

� �
ð6Þ

Thus, the tangential strain ehh and the hoop strain euu can

be described as
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ehh ¼
dr0g � drg

drg
¼

ffiffiffiffiffiffiffiffi
2RS

pffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RS þ z
p � 1 ð7Þ

euu ¼
2prb � 2prg

2prg
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RS þ z
p ffiffiffiffiffiffiffiffi

2RS

p � 1 ð8Þ

The membrane energy of the graphene due to the in-plane

stretching is

Em ¼
Etg

2ð1� m2Þ

Z
A0g

e2
hh þ 2mehheuu þ e2

uu

� �
dA0g ð9Þ

where E and m are the Young’s modulus and the Poisson’s ratio

of the graphene, respectively, and tg is the thickness of the

graphene sheet, which is generally considered to be 0.34 nm

[3].

Substituting Eqs. (3), (7) and (8) into Eq. (9), the membrane

energy of the graphene conformed to the spherical substrate

is obtained as

Em ¼
2pR2

SEtg

ð1� m2Þ 4 1þ mð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rg

2RS

� �2
s

þ1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rg

2RS

� �2
s0

@
1
A

32
4

3
5

8<
:

� ln 1� rg

2RS

� �2
" #

�1
2

1� rg

2RS

� �2
" #2

�2 1þ2mð Þ 1� rg

2RS

� �2
" #

�4
3
m�17

6

)
ð10Þ
3.2.2. Bending energy of fully conformed graphene
The bending energy of fully conformed graphene can be

expressed as [43,44]

Eb ¼
Z

A0g

2BM CM �
C0

2

� �2

þ BGCG

" #
dA0g ð11Þ

Here BM and BG are the bending rigidity and the Gaussian

bending stiffness, respectively, and for single-layer graphene,

they are obtained from the experimental [45] and first princi-

ple results [43,46–49] as BM = 1.45 eV and BG = �1.1 eV. CM =

(k1 + k2)/2 and CG = k1k2 are the average curvature and the

Gaussian curvature, respectively, where k1 and k2 are the

two principal curvatures of a 3-dimensional surface and are

both equal to R�1
g � R�1

S for spherical caps. C0 is the spontane-

ous curvature and disappears for symmetrical surfaces.

Using Eqs. (3) and (11), the bending energy can be rewritten

as

Eb ¼ p
rg

RS

� �2

2BM þ BGð Þ ð12Þ

3.2.3. Graphene-substrate adhesion energy
The graphene-substrate interaction energy can be given via

summing up all the interaction energies due to the van der

Waals (VDW) force between the carbon atoms and the sub-

strate atoms. Furthermore, since the interaction between

the graphene and substrate atoms is weak and of short range,

the main contribution to the interaction between the graph-

ene and substrate comes from the upper layers of the sub-

strate [36,50]. Our studies show that the total energy of

system with only one layer substrate atoms is about 98% of

the system consisting of four-layers substrate atoms (see

Appendix B for details). Therefore, only the top layer substrate

atoms are considered in the analysis, which can simplify the
theoretical model and increase the computational efficiency

greatly.

The adhesion energy Ead between a graphene of area A0g
and a substrate of area AS is

Ead ¼
Z

A0g

Z
AS

VðdÞqSdASq
0
gdA0g ð13Þ

where q0g is the homogenized carbon atom area density of the

conformed graphene. Based on the assumption of unchanged

area, it can be obtained that A0g ¼ Ag and q0g ¼ qg ¼ 4=ð3
ffiffiffi
3
p

l2C–CÞ,
in which lC–C is the equilibrium carbon–carbon bond length. qS

is the density of substrate atoms and can be indicated by

qS ¼ N=ð4pR2
SÞ, in which N is the number of spherical substrate

atoms. V(d) describes the VDW interactions between a carbon

atom and a substrate atom with distance d, and can be char-

acterized by the Lennard-Jones 6–12 potential as

VðdÞ ¼ 4e
r
d

� �12

� r
d

� �6
� �

ð14Þ

Here r is the energy parameter and e is the length parameter.

For the SiO2 substrate, they are 0.2935 nm and 0.00513 eV

respectively [50].

In the graphene-substrate system, supposing the graphene

conforms fully to the substrate with a uniform equilibrium

distance h between the graphene and substrate, the distance

between a carbon atom and a substrate atom is

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

S þ RS þ hð Þ2 � 2RSðRS þ hÞcosh
q

ð15Þ

The adhesion energy Ead then yields as (see Appendix C for

details)

Ead ¼
4eqSpR2

S

RSðRS þ hÞ
r6

2 2RS þ hð Þ4
� r12

5 2RS þ hð Þ10 þ
r12

5h10 �
r6

2h4

" #
q0gA0g

ð16Þ

Eq. (16) describes the adhesion energy between two fully con-

formed dome-shaped surfaces. It can easily degenerates into

the adhesion energy between two flat surfaces by making

RS ! þ1, which is exactly same as the result deduced by

Zhu and Li [36] for a flat graphene on a flat substrate.

The equilibrium distance h in Eq. (16) can be obtained by

minimizing the adhesion energy by oEad/oh = 0. For the spher-

ical SiO2 substrate with RS� h, h is about 0.29 nm.

3.3. Critical condition for full/partial conformation of
graphene

The total energy ET of graphene-substrate system depends on

the graphene radius rg and substrate radius RS, expressed as

ET¼EmþEbþEad¼
2pR2

StgE

ð1� m2Þ 4 1þ mð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rg

2RS

� �2
s2
4

8<
:

þ1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rg

2RS

� �2
s0

@
1
A

33
5� ln 1� rg

2RS

� �2
" #

�1
2

1� rg

2RS

� �2
" #2

�2 1þ2mð Þ 1� rg

2RS

� �2
" #

�4
3
m�17

6

)
þp

rg

RS

� �2

2BMþBGð Þ

þ
16eqSp

2r2
gRS

3
ffiffiffi
3
p

l2C–CðRSþhÞ
r6

2 2RSþhð Þ4
� r12

5 2RSþhð Þ10þ
r12

5h10�
r6

2h4

" #
ð17Þ
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a Hardin RH, Sloane NJA, Smith WD. Tables of spherical codes
with icosahedral symmetry. published electronically at http://
NeilSloane.com/icosahedral.codes/.
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The real equilibrium state of the graphene sheet is deter-

mined by the competition between the strain energy of graph-

ene (Em + Eb) and the adhesion energy Ead. The strain energy

(Em + Eb) results from the deformation of graphene and tries

to keep the graphene sheet flat. On the other hand, the adhe-

sion energy Ead is the interaction between the graphene and

the substrate, and it forces the graphene to conform to the

substrate surface.

For a system with a very tiny graphene sheet, i.e. rg� RS,

the substrate can be considered as flat, and the graphene

sheet can easily conform fully to the substrate [35]. If the

graphene radius increases to rg + drg, the system total energy

changes to ETðrg þ drgÞ ¼ ETðrgÞ þ DET, in which DET is the

change in total energy due to the increased annulus area 2prg-

drg. DET < 0 indicates that the adhesion energy dominates the

energy of the annulus and the graphene of rg + drg can con-

form to the substrate fully. And DET > 0 means that the strain

energy dominates the annulus and the annulus tends to leave

away from the substrate. Therefore, conforming the graphene

sheet with the radius of rg + drg fully to the substrate requires

ETðrg þ drgÞ < ETðrgÞ. Based on this analysis, the critical condi-

tion on full/partial conformation of graphene to the substrate

can be established by

@ET

@rg
¼ 2prgEtg

ð1� m2Þ �4 1þ mð Þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� rg

RS

� �2
r þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� rg

RS

� �2
r

8

2
6664

3
7775

8>>><
>>>:

þ 1

2 1� rg

2RS

� �2
� ��1

8

rg

RS

� �2

þ3
2
þ2m

9>>=
>>;þ

2prg 2BMþBGð Þ
R2

S

þ 32eqSp
2rgRS

3
ffiffiffi
3
p

l2C–CðRSþhÞ
r6

2 2RSþhð Þ4
� r12

5 2RSþhð Þ10þ
r12

5h10�
r6

2h4

" #
¼ 0 ð18Þ

Eq. (18) indicates that the graphene sheet conforms to the

substrate fully when oET/org < 0 and wrinkles if oET/org > 0.

Taking Etg = 357 N/m and m = 0.186 from the references

[43,51], and h = 0.29 nm and qS = 0.181/Å as discussed above

for SiO2 substrate, the critical radius of graphene sheet for

an arbitrary specified substrate radius can be solved numeri-

cally from Eq. (18), as shown in Fig. 3 by the red curve.

In Fig. 3, the curve divides the RS–rg space into two regions:

(1) in the region below the curve, oET/org < 0, and thus the

graphene can conform fully to the dome-shaped substrate;

(2) in the region above the curve, oET/org > 0, and thus the

graphene cannot conform stably to the dome-shaped sub-

strate and winkles appear in the graphene.

It is interesting to notice that the curve of this critical con-

dition is almost linear, with a slope of

rg

RS

				
critical

� 0:43 ð19Þ

So the critical value of the cone angle of the absorbed

graphene x can be obtained as

xC ¼ 2 arccos 1� 1
2

rg

RS

				
critical

� �2
" #

¼ 57:68� ð20Þ

Eq. (20) implies that the critical value of the cone angle is a

constant. For all the dome-shaped SiO2 surfaces with cone

angle x < 57.68�, the graphene can conform fully to the sur-
face. Conversely, wrinkles appear in the graphene if

x > 57.68�.

4. Verification by molecular dynamics (MD)
simulation

4.1. MD model

Molecular dynamics (MD) simulation is adopted to verify the

theoretical result. In the atomistic model, all the substrate

atoms are distributed evenly on the surface of the sphere with

using the method proposed by Hardin et al.a, and a round

graphene sheet is placed on the top of the sphere substrate

and parallel to the X–Y plane. SiO2 is one of the most popular

substrates in nano devices, and thus chosen as the substrate

material. The substrate is considered as a rigid body.

All the MD simulations in this paper are performed with

using the large-scale atomic molecular massively parallel

simulator (LAMMPS) [52]. The adaptive intermolecular reac-

tive empirical bond order (AIREBO) [53] is taken to describe

interactions between carbon atoms, which has been verified

to give a precise description of the properties of graphene,

such as bond breaking and bond reforming of carbon atoms

[54]. The cutoff parameter is taken as 0.192 nm for REBO

potential [55]. In order to simulate the interactions between

the graphene and the substrate, the Lennard-Jones potential

with parameters r = 0.2935 nm and e = 0.00513 eV [50] is

employed, which has been proved to be able to depict the

two-type-atom system well. Constant temperature MD simu-

lations are carried out at 5 K with NVT ensemble. The equa-

tions of motion are integrated using the Verlet leapfrog

method with a time step of 2 fs. All the cases in this paper

are run for 2 ns, which is a long enough time for the conver-

gence of this problem. In the simulations, the energy of the

systems remains unchanged after running about 300 ps. The

morphology of the graphene sheet with unchanged total

energy is regarded as the final stable morphology of the

graphene sheet.

http://www.NeilSloane.com/icosahedral.codes/
http://www.NeilSloane.com/icosahedral.codes/
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4.2. Results and discussions

First, the graphene-SiO2 systems with a fixed substrate radius

of RS ¼ 16 nm is studied. It can be easily estimated from the

theoretical result in Eq. (18) that the critical radius of the

graphene from full conformation to the wrinkling morphol-

ogy is rC
g � 6:9 nm. So MD simulations on the conformation

behaviors of graphene sheets with radius ranging from 3 nm

to 16 nm are carried out, and the total energy ET of these sys-

tems calculated by Eq. (17) is plotted and compared with the

MD result in Fig. 4. The simulated systems are relaxed for a

sufficient time until a stable and minimum potential energy

of the systems is achieved.

Defining the energy of the initial state of separate equilib-

rium is zero, the total energy ET obtained from MD simula-

tions agree well with the theoretical predictions when the

graphene radius smaller than the critical radius rC
g . While

for the cases with the graphene radius larger than the critical
)b()a(

(f)(e)

Fig. 5 – The equilibrium morphologies of graphene sheets with

rg ¼ 5 nm, (b) rg ¼ 6:5 nm, (c) rg ¼ 7 nm, (d) rg ¼ 8 nm, (e) rg ¼ 10

version of this figure can be viewed online.)
radius rC
g , the theoretical result is very different from the sim-

ulation results. This is because only full conformation mor-

phology is taken into consideration in the theoretical model,

and this theoretical model is not suitable for the systems with

rg > rC
g . However, Fig. 4 presents clearly that the critical radius

can be predicted accurately by the theoretical model.

Fig. 5 shows the final morphologies of the graphene sheets

with different radius conforming to the substrate. Two differ-

ent morphologies are presented clearly: (1) full conformation

and (2) partial conformation with wrinkling. The wrinkles are

generated in the process of absorbing energy of graphene

through mechanical deformations [10]. It is obviously

observed that the critical radius of the graphene from the full

conformation state to the wrinkling state is between 6.5 and

7 nm, which is consistent well with the theoretical model,

in which rC
g � 6:9 nm (Figs. 3 and 4). Furthermore, it can be

clearly observed from Fig. 5 that the amplitude and number

of the wrinkles increase with the graphene radius. For the

case shown in Fig. 5, when the graphene radius increases

beyond the critical value, three small wrinkles appear, as pre-

sented in Fig. 5(d) and (e). Then, with increasing graphene

radius, the amplitude of the wrinkles increases while the

number of wrinkles remains. If the graphene radius keeps

increasing, more new wrinkles with small amplitude are gen-

erated, as presented in Fig. 5(f), (g) and (h). Previous studies on

the wrinkles of graphene have shown that the strain of graph-

ene is the main reason for wrinkling [56]. In our study, accord-

ing to the theoretical result in Eq. (8), the magnitude of the

hoop compressive strain at the edge of graphene increases

with the graphene radius, and becomes the main reason for

the increasing in amplitude and number of the wrinkles.

However, the mechanisms and rules of this increasing are still

unrevealed and further investigation needs to be carried out,

which is beyond the scope of this paper.

Similarly, for the spherical substrates with different radius

RS, the MD simulations can be conducted and the final mor-

phologies can be observed. Thus, the morphology of each pair
)d()c(

(h)(g)

different radii on the substrate with radius of 16 nm: (a)

nm, (f) rg ¼ 12 nm, (g) rg ¼ 14 nm, (h) rg ¼ 16 nm. (A color
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of (RS, rg) is obtained and presented in Fig. 3. It can be found

from Fig. 3 that all the full conformation cases are located

in the region below the dividing curve obtained from theoret-

ical analysis, and all the wrinkling cases are above the curve.

This good agreement between MD and theoretical results

illustrates the validity of the theoretical model. Accordingly,

the criterion curve in Fig. 3, as well as the criterion of cone

angle in Eq. (20), which is obtained from linearization of the

criterion curve in Fig. 3, can both be used to decide the final

morphology of a monolayer graphene sheet on the substrate

with dome-shaped bumps.

Using the full/partial conformation criterion established in

Eq. (20) or Fig. 3, the phenomenon in Fig. 1 can be easily

explained. Although the heights and distances of the bumps

on the two surfaces are same, the cone angles are different.

The cone angle in Fig. 1(a) is 54�, a little smaller than the crit-

ical cone angle xC (57.68�), while that in Fig. 1(b) is 61�, a little

larger than xC. So the former can conform fully to the graph-

ene sheet and the latter cannot.

It should be pointed out that the theoretical prediction on

the independence of the critical absorbed cone angle and lin-

ear relation between the critical graphene radius and the sub-

strate radius are still hold for substrates with different

parameters of the Lennard-Jones potentials for van der Waals

interactions. The SiO2 substrate is just an example to show

the full-conformation/wrinkling criterion because it is com-

monly-used in the coating materials. Furthermore, the crite-

rion established in Eq. (20) is independent of size, which

means it is applicable for not only nano-scale but also

micro-scale roughness.

5. Conclusions and discussions

To establish a criterion deciding the configurations of a mono-

layer graphene sheet adsorbed by substrates with nano and

micro-roughness, an energy-based theoretical model is devel-

oped, in which the adhesion energy and the strain energy are

taken into account to describe the competing mechanism

between full conformation and wrinkling. The theoretical

solution is verified perfectly by MD simulations, achieving

the following outcomes.

The full-conformation/wrinkling criterion can be

expressed as a function of the graphene size and radius of

substrate curvature (Eq. (18)), which are thus the two domi-

nating parameters on the morphology of graphene. Accord-

ingly the criterion can be presented in the two dimensional

space of the two dominating parameters (Fig. 3). Using this

criterion, for a spherical substrate with a given curvature,

the maximum radius of fully conformed graphene sheet can

be easily attained, and the graphene sheet wrinkles if it larger

than the maximum size. This is very helpful for the decision

on the sheet size in electronic eye cameras, as well as the size

of coating graphenes on the AFM tip. One the other hand, for

a graphene sheet with a given radius, the minimum radius of

substrate curvature can also be easily obtained by the full-

conformation/wrinkling criterion.

Furthermore, it is amazing to find that the two dominate

parameters can be reduced into one, the cone angle of the

dome-shaped substrate. A critical cone angle of xC = 57.68�
is obtained for SiO2 substrate based on our theoretical analy-

sis. Graphene sheet conforms to the substrate fully and

smoothly when x < 57.68�, while wrinkles appear in the

graphene when x > 57.68�. Therefore, the final morphology

of the adsorbed graphene sheets is dominated by the cone

angle only, which means whether the graphene sheet can

fully conform to a substrate with roughness depends only

on the cone angle of the bumps.

This work can be used to make active and precise predic-

tion and control on the graphene conformation to substrates

with asperities and substrates with spherical surfaces, which

could provide guidance to fabricate high quality nanostruc-

tured coatings. Besides, the critical state between wrinkling

and full conformation can be utilized to design new nanoelec-

tronic devices, such as nano-sensors and nano-switches.
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Appendix A

The areas of the graphene sheet in both the initial flat state

and the final conformed state are plotted in Fig. A. It can be

found that the areas of graphene are almost constant when

the graphene conforms to the substrate fully. The maximum

variation between the initial and conformed states is about

0.64% for the full conformation cases (green scatters). So it

is appropriate to assume that the area of graphene sheet

keeps constant when it conforms fully to a substrate.
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Appendix B

The systems including a monolayer graphene sheet and

complanate substrates with 1–4 atomic layers and the same

atomic density as the spherical substrate are set up. The total

energy of the systems in their equilibrium states is obtained

by using molecular dynamics, and presented in Fig. B. It is

found that the total energy of system with only one layer sub-

strate atoms is about 98% of the system consisting of four lay-

ers substrate atoms, and the latter system has the thickness

larger than the cut-off radius of the simulations. This moti-

vates us to restrict our investigations to the top layer sub-

strate atoms, which can help us increase the computational

efficiency greatly.

Appendix C

The monographene sheet is assumed to be absorbed on the

substrate with a distance of h between the graphene sheet

and the substrate. Accordingly, every atom of the graphene

is over the substrate with the distance h. Thus, for an infini-

tesimal graphene area dA0g, the corresponding adhesion

energy dEad can be obtained from Eqs. (13)–(15) as

dEad¼4eq0gdA0g

Z
r12

R2
Sþ RSþhð Þ2�2RSðRSþhÞcosh
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Then, the adhesion energy between the whole graphene

and substrate can be given as
Ead ¼
Z

A0g
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