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The performances of graphene sheet in micro- and nano-electronics and devices are significantly
affected by its morphology, which depends on the surface features of the supporting substrate. The
substrates with non-developable concave surface are widely used with graphene sheet in applica-
tions but rarely studied. Therefore, a theoretical model is established based on the energy analysis
to explain the adhesion mechanisms and predict the morphology of the graphene sheet on a non-
developable concave surface. Four different morphologies of the graphene sheet are revealed, and
the critical conditions are established to predict which morphology the graphene/substrate system
belongs to. For the monolayer graphene sheets much larger than the concave of substrate, the final
equilibrium morphology is dominated by the half cone angle of the concave. The graphene sheet
conforms completely to the SiO, substrate if the half cone angle is less than 27.5° and spans over
the concave if the angel is larger than 27.5°. For graphene sheets smaller than the concave, they
fall into the concave and the final morphology depends only on the ratio of graphene radius to con-
cave radius. The monolayer graphene sheet conforms to the concave if the radius ratio is less than
0.51 and wrinkles if the ratio is larger than 0.51. The theoretical results are verified by a series of
molecular dynamics simulations on various graphene/substrate systems. This work can provide
guidelines to design high quality graphene-coated functional materials and devices, and can offer
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criterion for graphene-derived nano-electronics and nano-sensors. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940232]

Graphene displays remarkable electronic,' optical,*

thermal,” and mechanical® properties due to its unique two-
dimensional (2D) honeycomb structure and therefore has
great promise for use in nano-electronics,7’8 nano-devices,g’lo
and supercapacitors.'! Recent studies show that these proper-
ties are strongly tied to the morphology of graphene.'*™'* For
instance, random wrinkles, corrugations, and exfoliations of
graphene lead to unpredictable electronic properties, which is
fatal for nano electronic devices.'*"

In practical applications, graphene is always attached to a
substrate to suppress the intrinsic random ripples in freestand-
ing graphene sheet.'® The surface features of substrate affect
the graphene morphology significantly.'”'* Therefore, it is of
great importance to study the morphology of graphene sheet
on substrate. Some studies have been carried out on the mor-
phology of substrate-supported graphene sheets. However,
most of them focus on the developable surfaces,”®* such as
sinusoidal grooves surface,21 and only a few studies are con-
ducted for the undevelopable surface.”* In fact, the non-
developable surfaces,”"*° especially the non-developable con-
cave surfaces, are more common in applications. For example,
non-developable cavities are common microstructures in
some special optical instruments,?’ the molds for precision
glass optics,”® and the photovoltaic film devices.” In these
applications, graphene is widely used as protective coatings
and/or transparent conducting layers, and thus required to
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cover the target substrates completely and uniformly.
However, a criterion to judge whether or not the graphene
sheet can conform to a substrate with concave dents still
remains to be established.

The purpose of this letter is to build an analytic mechan-
ics model to explain the adhesive mechanisms of the gra-
phene sheet on a non-developable concave surface and to
predict the morphology of the graphene sheet. The contin-
uum theory is adopted to analyze the morphology of gra-
phene and the results are verified by molecular dynamics
(MD) simulations. This study will provide the critical condi-
tions to predict the morphologies of substrate-supported gra-
phene sheets, which could be applied as guidelines to the
nanostructure design and the graphene morphology control.

Fig. 1 presents a system with a round monolayer gra-
phene sheet and a substrate with a concave of inverted spher-
ical cap. The radius of the graphene sheet is r,, and the
radius and the half cone angle of the spherical cap are R, and
wy, respectively, as shown in Fig. 1(b). The graphene sheet
may completely or partially conform to the substrate due to
the adhesive interactions between the sheet and the substrate,
and the final equilibrium morphology is determined by the
minimum energy of the system. Four possible types of final
graphene morphology may appear in the graphene/substrate
systems with various graphene radius r,, substrate concave
radius R,, and half cone angle w,. As illustrated in Figs.
2(a)-2(d), the graphene sheet can either (a) fully conform to
the substrate or (b) span over the substrate if it is large
enough. Otherwise, if the area of graphene sheet is smaller

© 2016 AIP Publishing LLC
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FIG. 1. The schematic of graphene and concave substrate: (a) top view and
(b) side view.

than or nearly as large as the surface area of the concave, the
sheet falls into the concave, and either (c) conforms to the
concave or (d) wrinkles. Generally, the graphene sheet is
much larger than the concave, so this letter will first focus on
types (a) and (b) and then discuss types (c) and (d) briefly.

Fig. 2(e) presents the theoretical axisymmetric model for
types (a) and (b), in which the graphene sheet is divided into
three regions: (I) floating region, (II) curving region, and (IIT)
annulus region. The final morphology of graphene can be
described uniquely by the half cone angle w(, of the floating
region. The half cone angle wg, >0 means that the sheet
spans over the concave substrate, i.e., type (b) of the morphol-
ogy, and o, = 0 indicates that the sheet completely conforms
to the substrate, i.e., type (a) of the morphology.

An energy-based analysis is carried out to establish the
critical condition to judge whether a monolayer graphene
sheet can completely conform to the inverted spherical cap.
The total system energy Er consists of three parts: the mem-
brane energy E,, due to the in-plane deformation of graphene,
the bending energy E,, due to the bending deformation of gra-
phene, and the adhesion energy E,; due to the interactions
between graphene and substrate. The strain energy in the sub-
strate is ignored because the substrate is much thicker than the

=
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graphene and thus the deformation is constrained by the
lower-layer material.**
The membrane energy can be expressed as

Et
E = -
" Lg 2(1 —1?)

where E, v, t, and A, are the Young’s modulus, Poisson’s ra-
tio, thickness, and area of graphene, respectively. In this
study, Er = 275N/m (Refs. 30 and 31) and v = 0.186 (Refs.
32 and 33) are adopted. ¢ and ¢, are the radial and hoop
strains of the graphene.

Assume that the flat graphene first goes through a planar
uniform hydrostatic tension and then a simple hoop deforma-
tion to form its final morphology. Accordingly, the radial
strain ¢ in regions I and II is a constant, denoted by
&1 = &) = €, and the radii of regions I and II are r(
= Rysinwy /(1 + &) and ray = Ry(wy — o) + sinwy)/
(1 + &), respectively. In region I, the hoop strain &,
=&y = & because of the uniform hydrostatic tension,
while in region II it is no longer a constant, expressed by the
cone angle 0 as

(53 + 2veg, +£é)dAg, (D)

. _ Rysin0—r  sin0(1 + &)
o) = r -0 — o) + sinwyg,

In region III, the graphene sheet accords perfectly with
plane stress problems, and thus the Lame Solution can be
applied directly to this region. Using the hoop strain continu-
ity at r = ry), the strains in region III can be obtained as

(L+v)rg/r* = (1-v)
1+ Z/)rg/r(zn) +(1-v)

Er() = — (

(rm =7 =rm)s

" sin o, (1 + &)
W5 — o) + sino

3

Fall-in & wrinkling

(d) FIG. 2. Four types of final graphene
morphology, (a) completely conform-
! ing to the substrate, (b) spanning over
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the substrate, (c) inside the concave
and conforming, and (d) inside the
concave and wrinkling, and two theo-
retical models for morphology predic-
tion, (e) the model for relatively large
graphene sheet: o, =0 indicates type
(a) of the morphology and , > 0 cor-
responds to type (b), and (f) the model
for relatively small graphene sheet to
predict types (c) and (d).
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(1+ 1/)}‘5/1’2 +(1-v)
& fry
() (1+ V)ré/r(zn) +(1-v)

sin w,(1 + &)
w5 — o) + sinay

=1 (rg=r<rm)

“)

Therefore, the membrane energy of the graphene is
obtained by summing the membrane energies of regions I, II,
and III as

nR2Ete] sin®
(1-v)

Wy
X J (8(2) + 2veo, ) + Si(n)>sin 0do
(JJ(I)

nEtr(ZH) (r§ — "(211))
2 2
(L+v)r2+ (1- V)F(H)

. 1 2
" l sin wg(1 + &) _11 . 5)
@

nRgEt

+1—1/2

En(oq), &) =

W5 — o) + sinw

The bending energy of the graphene sheet can be
written as

E), = J [2By(Cy — Co/2)* + BGCgldA,, (6)

Ag

in which By, = 1.45eV and B; = —1.1eV are the bending
rigidity and the Gaussian bending stiffness of monolayer gra-
phene sheet, respectively.’® Cy = (k; +k;)/2 and Cg
= k1k, are the mean curvature and the Gaussian curvature,
respectively, where k; and k, are the two principal curva-
tures. C¢ is the spontaneous curvature and disappears for
symmetrical surfaces.

In regions I and III, the principal curvatures k; and k;
are both zero, and in region II they are both R;l.
Accordingly, the bending energy of graphene becomes

Ey(wq)) = 27n(cos ayyy — cos wy)(2By + Bg). (7

The adhesion energy between graphene and substrate
can be given by

E.q :J J V(d)p,dAsp,dA,. (8)
Agda,

Here, p, = 4/(3V/3l%_() is the homogenized carbon atom
area density, in which /c_¢ = 0.142 nm is the carbon-carbon
bond length. A; is the area of substrate and p, is the homoge-
nized area density of the top layer substrate atoms, because
the interactions between lower layer atoms and graphene are
very weak and can be ignored.'*** V(d) describes the van
der Waals (VDW) interactions between a carbon atom and a
substrate atom with distance d, and can be estimated by the
Lennard-Jones(L-J) 612 potential as

V(d) = 4 Kg) o (g) 6] , ©)

Appl. Phys. Lett. 108, 031905 (2016)

where 20 is the equilibrium distance and ¢ is the bond
energy at the equilibrium distance. For the systems with mono-
layer graphene sheet and SiO, substrate, p, = 18.1nm~2,
¢=10.00513¢eV, and ¢ = 0.293 nm.>***

For simplicity, the adhesion energy of region I can be
ignored due to the large distance d. The graphene sheets in
regions I and III are supposed to be perfectly conformed to
the substrate with a constant distance 4, then the area density

of adhesion energy in regions IT and III is estimated as’*-'

10 O.4

g
d)ad = 2npgps80-2 (W - ﬁ) = —1.27Tpgps80'2, (10)

in which % = ¢ is the equilibrium distance between graphene
and substrate.>**" The adhesion energy is then obtained as

Eq(oq); €0) = Paam (V§ - "(21))

R§ sinzw(n

Y

= —12%p pec |12 — 5 ——21.
gls g (1+80)2

The total energy of the graphene/substrate system is

Er(oxy, &) = En(0q), €) + Ep(oq)) + Ew(oq), ).
(12)

Minimizing the total energy Er by OEr(wq), )/0w
=0 and OEr(wq), &)/0ep = 0, the critical half cone angle
o(ry of floating region and the radial strain & can be obtained.
The critical half cone angle () and the radial strain & can
depict the equilibrium morphology of graphene sheet uniquely.
If o) =0, the graphene sheet conforms completely to the
substrate, otherwise the graphene sheet spans over the concave.
Therefore, the critical condition between morphology types (a)
and (b) is obtained and presented in Fig. 3 by the blue curve. If
the size of graphene is much larger than the concave, i.e., the
radius ratio ry/R; — oo, the type of graphene morphology
depends only on the half cone angle of concave wy: the
graphene sheet conforms completely to the substrate if
w, < 27.5° and spans over the concave if wg > 27.5°.

r/Ry=0.51
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FIG. 3. The final morphologies of a monolayer graphene sheet with different
shapes attached to the concave substrate. The solid lines are the critical con-
ditions between different morphology types, obtained through theoretical
analysis, and the scatters are results of MD simulations. For round graphene
sheets, the equivalent radius ry equals its radius r,.
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The above discussions are all based on the assumption
that the graphene area is large enough to reach the flat edge of
the concave, ie., 1y > Ry(wy — og +sinow)/(1+ &),
which is indicated by the black curve in Fig. 3. Otherwise, if
rg < Ry(ws — o) +sinoy) /(1 + &), the graphene sheet

Appl. Phys. Lett. 108, 031905 (2016)

falls into the concave and morphology types (c) or (d) happens.
In this case, the theoretical model in Fig. 2(f) is established for
the critical condition between types (c) and (d). In this model,
supposing that the sheet conforms to the concave completely,
the membrane, bending, and adhesion energies are

13)

TR2E¢ (7e(1+¢0)/Rs i 1 — i 1 _0?
Ep(rg, 80) = & J (sg + 2vg [sm 001 + &) 0] + [sm 001 + &) 9] sin 0d0,

2
1—v 0

Ep(rg,80) = 27[1 — cos (rg(1 + £0)/Re)|(2Bu + Bg), (14)

Eua(rg) = —1.2n2pgps802r§. (15)

The total energy of the graphene/substrate system is

Er(rg, 0) = En(rg, €0) + Ep(rg, &) + Eaa(ry), — (16)
in which &g is the function of r, and can be expressed by
minimizing the total energy OEr/Jey = 0.

The critical condition between types (c) and (d) can be
obtained by OE7/0r, = 0. The sheet conforms completely to
the concave only if 8ET/8rg > 0, and otherwise it wrin-
kles.> Tt is interesting to note that the critical condition
between types (c) and (d) is determined only by the radius
ratio r, /R,: the sheet conforms completely to the concave if
re/Rs < 0.51 and wrinkles if r,/R; > 0.51, as shown in Fig.
3 by the red curve.

To verify the theoretical results, MD simulations are
conducted by the large-scale atomic molecular massively
parallel simulator (LAMMPS).36 In all the simulations, the
canonical ensemble (NVT) is adopted with temperature

0 0

300K and time step is 1 fs. The SiO, substrate is fixed as a
rigid body and the carbon-carbon bond interaction is
described by the adaptive intermolecular reactive empirical
bond order (AIREBO) potential37 with the cutoff radius
0.192nm.*® The L-J potential in Eq. (9) is adopted to simu-
late the interactions between carbon atoms and substrate
atoms with parameters & = 0.00513 eV and ¢ = 0.293 nm.**
In the simulations, appropriate disturbance is introduced by
the restart instruction and the morphology of graphene is
regarded as the final equilibrium state when the last restart
simulation result has no difference from the former one. All
four types of final morphology are investigated in the simula-
tions and presented by different scatters in Fig. 3. It can be
found that the theoretical prediction agrees well with the
simulations results.

It should be noted that the above critical conditions are
also applicable to monolayer graphene sheet with other
shapes, although they are obtained from the circular gra-
phene model for simplicity. For large graphene sheet,
whether the graphene sheet conforms to or spans over the
concave only depends on the half cone angle of the concave
;, which is independent of the graphene shape. In this case,

Substrate

Substrate

Graph
=pel Graphene

Substrate

Graphene
Graphene

(e) R~=16nm we=10nm | Wwe=12nm Wwe=14nm
@=40° rg”/R=0.44 : 7g/R=0.53 rg/R=0.62
[
[
[
=14 nm :
[
[
[
[
=30 nm :
|
[

® I wg=40 +30nm’, R;=10nm
g ®=20°
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tx

FIG. 4. The equivalent radius of (a) triangular, (b) square, (c) hexagonal, and (d) rectangular graphene sheets, and the morphologies of rectangular graphene
sheets on the substrate with concave when the size of graphene sheet is (¢) smaller and (f) much larger than the size of the concave.
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MD simulations on triangular, rectangular, and hexagonal
graphene sheets verify that the critical condition w,; = 27.5°
is still valid, as shown in Fig. 3. The morphologies of a rec-
tangular graphene sheet are presented as an example in Fig.
4(f), in which the sheet fully conforms to the concave when
wg = 25° and spans over the concave when w; = 30°.

For small graphene sheet, the critical condition r,/R;
= 0.51 can also be applied to graphene sheet with other
shapes if a reasonable equivalent radius rg is chosen to
replace the radius r, of circular graphene. According to MD
simulation results, for regular polygon with edge number
more than three, the circumradius can be used as the equiva-
lent radius, as shown in Figs. 4(b) and 4(c), and the regular
polygon with more edges is closer to the round shape. For
triangular graphene sheet, half of the height is used as the
equivalent radius, as illustrated in Fig. 4(a). The correlative
MD simulations results are presented in Fig. 3 with different
scatters. According to experimental observations, most of
the graphene sheets are irregular and close to rectangle, and
hence the rectangular graphene sheets are also studied. It is
found that the appropriate equivalent radius for rectangular
graphene sheet is the circumradius of the maximum square
in the rectangle, as shown in Fig. 4(d), and Fig. 4(e) presents
the simulation results of morphologies of rectangular gra-
phene sheets, which indicates that the critical condition
re/Rs = 0.51 is applicable.

The models and results of this letter can predict the gra-
phene morphology on the substrate with concaves and decide
whether or not the graphene sheet can conform completely
to the substrate. Moreover, this work can be used to make
active control on the graphene morphology. Conventionally,
graphene sheets are desired to conform to the substrate with-
out wrinkles so that their outstanding electronic and thermal
properties can perform effectively. In these applications,
including the ultimate chemical passivation protective coat-
ings,?’ graphene-coated Si mold for precision glass optics,®
and photovoltaic p—i—n thin film devices,*® the concave half
cone angle w; should be less than its critical value 27.5°. In
some other applications, such as the graphene blister test*’
and graphene nanoelectromechanical switches,*® the gra-
phene sheet is required to span over the concave, and thus
the concave half cone angle w; should be larger than 27.5°.
It should be pointed out that the SiO, substrate is just an
example to show the method and criterion between morphol-
ogies. The model and method in this work still hold for sub-
strates with different adhesion parameters.
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