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The graphene morphology regulated by nanowires patterned in parallel on a substrate surface is
quantitatively determined using energy minimization. The regulated graphene morphology is shown
to be governed by the nanowire diameter, the nanowire spacing, and the interfacial bonding energies
between the graphene and the underlying nanowires and substrate. We demonstrate two
representative regulated graphene morphologies and determine critical values of the nanowire
spacing, nanowire diameter, and interfacial bonding energies at which graphene switches between
the two representative morphologies. Interestingly, we identify a rule-of-thumb formula that
correlates the critical nanowire spacing, the critical interfacial bonding energies and the nanowire
diameter in quite well agreement with the full-scale simulation results. Results from the present
study offer guidelines in nanostructural design to achieve desired graphene morphology via
regulation with a resolution approaching the atomic feature size of graphene. © 2010 American

Institute of Physics. [doi:10.1063/1.3427551]

l. INTRODUCTION

Graphene, a monolayer of graphite, has rapidly emerged
as a rising star of materials science and condensed-matter
physics,l_3 largely due to its exceptional electronic, mechani-
cal, and thermal and optical properties.l_7 These extraordi-
nary properties of graphene have also sparked a surge of
scientific and technological interest in graphene-based
electronics,”™" driven by the desire to overcome the fast-
approaching fundamental limits of silicon in 15-20 years.12
Despite of the promising future of graphene-based electronic
devices, there are still significant challenges to their realiza-
tion, largely due to the difficulty of precisely controlling the
graphene properties. Graphene is intrinsically nonflat and
corrugates randomly.w’14 Since the corrugating physics of
atomically-thin graphene is strongly tied to its electronic
properties,‘l’ls_17 these random corrugations lead to unpre-
dictable graphene properties, which are fatal for nanoelec-
tronic devices.

Recent experimental observations and computational
simulations shed lights on new pathways to achieve fine con-
trol of graphene prope:rties.lg’23 For example, recent experi-
ments show that the intrinsic random corrugations in
graphene can be suppressed by the underlying atomically
smooth substrate surfaces.” Monolayer and few-layer
graphene fabricated via mechanical exfoliation are shown to
partially follow the surface morphology of the underlying
substrates.'®*! The resulting graphene morphology is regu-
lated, distinct from the intrinsic random corrugations in free-
standing graphene. The substrate-regulated graphene mor-
phology results from the interplay between the graphene-
substrate interfacial bonding energy and the strain energy of
the graphene-substrate system (to be further detailed in Sec.
IT). These experimental observations have motivated recent
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computational studies on graphene morphology regulated by
underlying substrates with nanoscale engineered surface pat-
terns (e.g., surface grooves,22 herringbone, and checkerboard
wrinkles®). While it is rather challenging to control the
graphene morphology via direct manipulation of individual
carbon atoms,”* patterned substrate surfaces with nanoscale
resolution are readily achievable through existing nanofabri-
cation techniques25 (e.g., nanoimprint lithography, self-
assembly). The regulated morphology of graphene on such
patterned substrate surfaces potentially allows fine control of
the electronic properties of graphene.

The abovementioned recent computational studies fo-
cused on graphene morphology regulated by substrate sur-
faces with feature size on the order of ten nanometers. To
further explore the abundant opportunities of fine tuning
graphene morphology via surface/interface regulation, in this
paper we further extend our earlier energetic framework® to
study the graphene morphology regulated by nanowires pat-
terned on a substrate surface. The past decade has seen sig-
nificant  progresses in  fabricating low-dimensional
nanostructures”®?’ (e.g., nanowires and nanoparticles) with
controllable size and shape. For example, silicon nanowires
with diameter of 1 nm have been demonstrated.”® There has
also been promising demonstration of controllable patterning
of nanowires and nanoparticles on substrate surface via
self—assembly29 or epitaxial growth.30 Nanowires with diam-
eters of down to 1 nm patterned on substrate surface offer
new platforms to regulate graphene morphology with a res-
olution approaching the atomic feature size of graphene. Fur-
thermore, existing computational studies considered the
graphene fully or partially conforming to idealized substrate
surface features (e.g., sinusoidal grooves, herringbone corru-
gations), which thus results in well defined graphene mor-
phology (i.e., similar to that of the substrate surface but with
different out-of-surface amplitude). An array of nanowires
patterned on a substrate defines a nonsmooth surface feature
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FIG. 1. (Color online) (a) Schematic of a blanket graphene regulated by
nanowires patterned in parallel on a substrate surface. The graphene be-
tween the two dashed lines and the underlying nanowire and the substrate
are modeled [e.g., in (b) and (c)] due to the configuration symmetry. (b) and
(c) depict two limiting cases of the regulated graphene morphology. (b) If
the nanowire spacing L, is large, graphene corrugates to wrap around the
nanowire in a region of width L, (region I) and remains flat on the substrate
in region II. The amplitude of the graphene corrugation is equal to the
nanowire diameter d,,,. (c) If the nanowire spacing L,,, is small, graphene
corrugates to partially conform to the envelope of the nanowire surfaces,
with a period of L,,, and an amplitude A, which is much smaller than d,,,,.

on which the graphene morphology can be fine tuned. The
resulting graphene morphology cannot be readily predicted
or extrapolated from the results of the abovementioned stud-
ies. Moreover, the energetic framework in earlier studies did
not include the contribution of stretching to the graphene
strain energy. Aiming to address the above concerns and es-
tablish effective strategies for precise extrinsic regulation of
the graphene morphology, here we quantitatively determine
the graphene morphology regulated by nanowires evenly pat-
terned in parallel on a substrate surface [Fig. 1(a)]. The rest
of the paper is organized as follows. Section II describes the
energetics of graphene morphology regulated by nanowires
patterned on a substrate surface, Sec. III lays out the compu-
tational model, Sec. IV describes the simulation results of
two cases: (1) graphene regulated by widely spaced nano-
wires on a substrate surface, and (2) graphene regulated by
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densely spaced nanowires on a substrate surface, from which
a coherent understanding of graphene morphology regulated
by patterned nanowires on a substrate surface is obtained.
Particular efforts are focused on the effects of nanowire spac-
ing and interfacial bonding energy on the regulated graphene
morphology, as well as an unexpected snap-through instabil-
ity of the graphene morphology. Section V includes the con-
cluding remarks.

Il. ENERGETICS OF GRAPHENE MORPHOLOGY
REGULATED BY NANOWIRES PATTERNED ON A
SUBSTRATE SURFACE

For graphene fabricated via mechanical exfoliation on a
substrate surface with patterned nanowires (or transfer
printed9 from a transfer substrate surface to a substrate sur-
face with patterned nanowires), the graphene-substrate and
graphene-nanowires interfacial bonding energies are usually
weak (e.g., characterized by van der Waals interactions). As
the graphene corrugates to follow the surface envelope of the
substrate with patterned nanowires [e.g., Fig. 1(a)], the inter-
action energies (i.e., between graphene and substrate, and
between graphene and nanowires) decrease due to the nature
of van der Waals interaction; on the other hand, the conform-
ing corrugations of the graphene result in the increase in the
system strain energy due to the intrinsic bending rigidity of
graphene (an uncorrugated graphene has zero strain energy).
At equilibrium, the sum of the total interaction energies and
the system strain energy reaches its minimum, from which
the morphology of graphene regulated by the patterned nano-
wires on the substrate surface can be determined.

Figure 1 depicts the model configuration considered in
this paper, in which the morphology of a blanket graphene is
regulated by an array of nanowires of diameter d,,, equally
spaced in parallel on a substrate surface. Given the periodic-
ity of the structure, in the rest of the paper we focus on one
period of the graphene and the underlying nanowire and sub-
strate [Fig. 1(a)]. When the spacing between the nanowires,
L, is large, the graphene tends to wrap around each indi-
vidual nanowire [e.g., Fig. 1(b)]. The regulated graphene
morphology in one period can be divided into two regions. In
region I, graphene corrugates to wrap around the nanowire,
in region II the graphene remains flat on the substrate sur-
face. The maximum amplitude of the graphene corrugation
in region I is assumed to be equal to the diameter of the
nanowire, as suggested in a previous study of the graphene
morphology regulated by substrate surface grooves. The
width of the corrugated graphene region I, L, is to be deter-
mined later in the paper. When the spacing between the
nanowires is small, the graphene tends to partially wrap
around the surface envelope of the nanowires with a maxi-
mum corrugation amplitude A, which is smaller than the
diameter of the nanowire, and a period that is equal to L,,,,
[Fig. 1(c)]. In this paper, we will quantitatively determine:
(1) L, as a function of nanowire radius and interfacial bond-
ing energies (graphene-substrate and graphene-nanowire)
when L,,,>L,; and (2) A, as a function of nanowire radius
and interfacial bonding energies when L,,, is comparable to
or less than L,.
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To determine the regulated graphene morphology in the
above two cases, we next delineate a computational model to
quantitatively determine the interplay between two types of
energies: (1) graphene-substrate and graphene-nanowire in-
teraction energies and (2) system strain energy.

lll. COMPUTATIONAL MODEL
A. Interaction energies

The interaction between mechanically-exfoliated
graphene and the underlying substrate, as well as that be-
tween the graphene and the nanowires on the substrate are
usually weak and can be characterized by van der Waals
forces. The van der Waals force between an atomic pair of
distance r is represented by a Lennard—Jones pair potential
Vi,(r)=4e(a'?/r'?=0°/r°), where %’50’ is the equilibrium
distance of the atomic pair and ¢ is the bonding energy at the
equilibrium distance. The graphene-substrate and the
graphene-nanowire interaction energies are given by sum-
ming up all atomic pair interaction energies due to the van
der Waals force between the carbon atoms in the graphene
and the atoms in the nanowires and the substrate. The total
interaction energy, denoted by E;,, including the interaction
between a graphene of area S and a substrate of volume V,
as well as that between such a graphene and the underlying
nanowires of volume V,,, is then given by

Eint:ff ]iJ(r)pvdvaLdS
59,

+ f f V3 ()Y oS, (1)
NEA%

nw

where V}; and V[} are the Lennard—-Jones pair potentials of
the graphene-substrate interaction and the graphene-
nanowire interaction, respectively, p. is the homogenized
carbon atom area density of graphene that is related to_the
equilibrium carbon—carbon bond length [ by p,=4/(3V3),
p, and p,,,, are the molecular density of the substrate and the
nanowires, respectively, which can be derived from the mo-
lecular mass and mass density.

Since van der Waals interactions decay rapidly beyond
equilibrium atomic pair distance, the multiple domain inte-
gral in Eq. (1) can be estimated by applying a cut-off dis-
tance for all atomic pair interactions. In all simulations re-
ported in this paper, a sufficiently large cut-off distance of 3
nm is used, which leads to variations in the estimated value
of E;, less than 1%. We have established a Monte Carlo
numerical scheme to compute the multiple domain integrals
in Eq. (1), which is briefly summarized as follows. For the
ith carbon atom in the graphene, n random locations are
generated in the substrate portion within the cut-off distance
from this carbon atom. The interaction energy between this
carbon atom and the substrate is estimated by

n

Ef = (pvvv/n)E ViJ(rz/)v (2)

i=1

where r;; is the distance between the ith carbon atom in the
graphene and the jth random substrate location. Equation (2)
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is evaluated at m equally spaced locations over the graphene
of area S. The graphene-substrate interaction energy over this
area can then be estimated by

m n

Eism = (pcS/m)E Ei = (pcpssvs/nm)E 2 ViJ(rij) . (3)

Jj=1 j=1i=1

Following the similar scheme, the graphene-nanowire inter-
action energy can be estimated by

Eilnv;} = (pcpanVnw/nm)E E V’]zgv(rij) . (4)
j=1i=1

The total van der Waals interaction energy can be then esti-
mated by

En=E,  +En. (5)
As n and m become sufficiently large, the estimated value of
the interaction energy given by Eq. (5) converges to the the-
oretical value of the interaction energy defined by Eq. (1).

The above considerations of interaction energy are gen-
erally applicable to any given graphene morphology regu-
lated by patterned nanowires on a substrate.

B. Strain energy of the system

The strain energy in the system of graphene spontane-
ously regulated by nanowires patterned on a substrate surface
results from the corrugating deformation of the graphene and
the interaction-induced deformation of the substrate and the
nanowires. When an ultrathin monolayer graphene partially
conforms to rigid nanowires patterned on a rigid substrate
(e.g., SiO, nanowires on a SiO, substrate), the resulting de-
formation of the substrate and the nanowires due to the weak
graphene-substrate and graphene-nanowire interactions is ex-
pected to be negligible. Under such an assumption, the strain
energy of the system is dominated by the strain energy of the
graphene, which results from the out-of-plane corrugation
and in-plane stretching of the graphene under nanowire/
substrate regulation. The resulting strain energy in the sub-
strate and the nanowires is thus not considered in this paper.
Further discussion on the above assumption is to be further
elaborated in Sec. V.

The deformation of the regulated graphene consists of
both out-of-plane bending and in-plane stretching. Denoting
the out-of-plane corrugation of the graphene by w(x,y), the
bending energy of the graphene is given by

b= ¢ |2 &x2+ay2 IR ax? ay?

Pw \?
(s ©

where D and v are the bending rigidity and the Poisson’s
ratio of graphene, respectively.

The membrane energy of the graphene due to in-plane
stretching is given by
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Eh
E,= fs m[(sxx + Syy)z + 2(1 - V) (8,%)' - Sxxgyy)]dS7

(7

where E and h are the Young’s Modulus and the thickness of
graphene, respectively, ¢,,, &,,, and &,, are the components
of the in-plane membrane strain of the corrugated graphene.

The total strain energy of the graphene is then given by

E,=E,+E,. (8)

We next apply the above consideration to compute the
graphene strain energy for the two cases of nanowire spacing
described in Sec. II.

1. Graphene regulated by widely spaced nanowires
on a substrate surface

As discussed in Sec. II, when the spacing between the
nanowires is large (i.e., L,,, > L,), the graphene strain energy
results from the deformation of the graphene portion in re-
gion I. The graphene portion in region II is undeformed and
thus has no contribution to the strain energy. Given the sym-
metry of the configuration [Fig. 1(b)], the out-of-plane cor-
rugation of graphene in region I, w(x), is taken to be de-
scribed by a cubic polynomial of x, whose coefficients can be
determined by the following boundary conditions: w=0 and
dw/dx=0 at x=0, and w=—-d,,, and dw/dx=0 at x=L,/2.
This consideration leads to

wi(x) :4dnw[4<%>3—3<%>2]. 9)

We next determine the in-plane membrane strain of the
graphene. Given the symmetry of the configuration, the
membrane strain components &,, and &,, are taken to be
zero. At the equilibrium morphology, in-plane shear stress
acting on the graphene vanishes, which leads to a constant
nonzero membrane strain g,, in the graphene portion in re-
gion I. That is,
du 1<dw)2 ant (10)
=—+ —| — | =constant,
odx 2\ dx

&

where u(x) is in-plane displacement of graphene in
x-direction. The symmetric configuration requires the bound-
ary conditions of u(0)=u(L,/2)=0. The above consideration
leads to
124
En="""5" - (11)
5L,
Substituting Egs. (9) and (11) into Egs. (6) and (7), re-
spectively, the strain energy of the graphene is given by

48Dd?,  36Ehd},

3 T 3 N
L s

E,=E,+E,= (12)

2. Graphene regulated by densely spaced nanowires
on a substrate surface

When the spacing between the nanowires is small, the
graphene partially conforms to the nanowires. The out-of-
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plane corrugation and the in-plane stretching of the graphene
can be determined by a similar approach described above but
with different boundary conditions.

For the out-of-plane corrugation of the graphene w(x),
the boundary conditions in this case are w=0 and dw/dx
=0 at x=0, and w=-A, and dw/dx=0 at x=L,,,/2, where A,
is the maximum amplitude of the graphene corrugation that
remains to be determined. These considerations lead to

3 2
w(x)=4Ag{4(%> —3<Li> } (13)

For the in-plane displacement u(x) of the graphene, the
symmetric configuration requires the boundary conditions of
u(0)=u(L,,/2)=0. These considerations lead to

=7 (14)

Accordingly, the strain energy of the graphene in this
case is given by
48DA;  3GEhA,
YTE -
L, 250 (1-1%)

E,=E,+E = (15)

C. Regulated morphology of graphene

The computational models described in Secs. IIT A and
III B are used to compute the total system free energy (E,
+E,) of the following two simulation cases.

1. Graphene regulated by widely spaced nanowires
on a substrate surface

In this case, the graphene portion near the nanowires
corrugates and wraps around each nanowire, while the rest
portion of graphene remains flat on the substrate surface. As
shown in Eq. (12), the graphene strain energy E, monotoni-
cally decreases as the width of corrugated graphene portion
L, increases. On the other hand, due to the nature of van der
Waals interaction, the interaction energy E;, minimizes at a
finite value of Lg. As a result, there exists a minimum value
of the total system free energy (Ej,+E,), where L, (i.e., the
width) and d,,, (i.e., the diameter) define the equilibrium
morphology of the graphene regulated by widely spaced
nanowires on a substrate surface.

2. Graphene regulated by densely spaced nanowires
on a substrate surface

In this case, the graphene partially conforms to the nano-
wires. As shown in Eq. (15), the graphene strain energy E,
monotonically increases as the maximum amplitude of the
graphene corrugation A, increases. On the other hand, due to
the nature of van der Waals interaction, the interaction en-
ergy Ej, minimizes at a finite value of A,. As a result, there
exists a minimum value of the total system free energy
(Ei+E,), where L,,, (i.e., the period) and A, (i.e., the am-
plitude) define the equilibrium morphology of the graphene
regulated by densely spaced nanowires on a substrate sur-
face.
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The energy calculation and minimization are carried out
by running a customized code on a high performance com-
puter cluster. In all simulations, we use D=141 eV, E
=1 TPa, h=0.34 nm, v=04, [=0.142 nm, p,=p,,=2.20
X 10?8/m3, and ¢=0.353 nm. These parameters are repre-
sentative of a graphene/SiO, nanowire/SiO, substrate mate-
rial system.Sl’32 Various values of d,,,,, L,,,, and & are used to
study the effects of nanowire size and spacing as well as the
interfacial bonding energy on the regulated graphene mor-

phology.

IV. RESULTS AND DISCUSSION

A. Graphene regulated by widely spaced nanowires
on a substrate surface

Figure 2(a) plots the equilibrium width of the corrugated
graphene region I, L,, as a function of the nanowire diameter
d,,, for various values of D/e. For a given interfacial bond-
ing energy (i.e., a given value of D/g), L, increases as the
nanowire diameter d,,,, increases in an approximately linear
manner, as indicated by the straight fitting lines in Fig. 2. In
other words, the width of the corrugated graphene region is
generally linearly proportional to the nanowire size. For a
given nanowire diameter d,,, L, decreases as the interfacial
bonding energy between graphene and nanowire/substrate in-

100 -
80 -
60 -
Lg
(nm)
D/e=500
20 0O D/e=300
<& D/e=100
0
1 2 3 4 5 6

Nanowire diameter d,,, (nm)

(a)
100
Lg
(nm)
10 -
dnw=5.6nm
0d,,=3.2nm
O dy,=1nm
1
1 10 100 1000
D/e
(b)

FIG. 2. (Color online) (a) The equilibrium width of the corrugated graphene
region I, L,, as a function of the nanowire diameter d,,,, for various values of
D/e. The straight fitting lines denote the linear dependence of L, on d,,,,. (b)
L, as a function of D/e for various values of d,,,. The straight fitting lines
denote the power law dependence of L, on D/& (note the logarithmic scales
of both axes).
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creases (i.e., smaller value of D/g). That is, a stronger inter-
facial bonding results in a narrower region of corrugated
graphene. The effect of interfacial bonding energy on
graphene morphology is further elucidated by the L, versus
D/ curves in Fig. 2(b) for various values of d,,,. Emerging
from Fig. 2(b) is an apparent power law dependence of L, on
D/e. Combined with the linear dependence of L, on d,,, that
is evident in Fig. 2(a), the correlation between the width of
corrugated graphene region and the nanowire size as well as
the interfacial bonding energy can be described by

£ =384 = . (16)
d,, e

Together with Eq. (9), Eq. (16) offers a rule-of-thumb
estimate of the graphene morphology regulated by widely
spaced nanowires on a substrate surface, agreeing with the
full-scale simulation results within 5%.

B. Graphene regulated by densely spaced nanowires
on a substrate surface

Figure 3(a) plots the amplitude of graphene corrugation
normalized by the nanowire diameter A,/d,,,, as a function of
the spacing between nanowires L,,, for two nanowire diam-
eters d,,=2.0 and 3.2 nm. Here, D/e£=300. For a given
nanowire size (i.e., d,,), if the spacing between nanowires
L,, is large, A,/d,, tends to one. In other words, the
graphene can fully wrap around the nanowires, leading to a
corrugated morphology that can be described by w(x)
=4d,,[4(x/L,,)*-3(x/L,,)?]. By contrast, if the spacing be-
tween nanowires L,,, is small, A,/d,,, approaches zero. That
is, the graphene is nearly flat and does not conform to the
patterned nanowires. Such a trend can be understood as fol-
lows. For a given nanowire size, if the spacing between
nanowires is small, conforming to each nanowire results in a
significant increase in the graphene strain energy [note that
E,>1/L} in Eq. (15)]. Consequently, A, tends to zero. On
the other hand, if L,, is large, the resulting graphene strain
energy is limited even when A,/d,, tends to one. Conse-
quently, the graphene tends to closely follow the surface en-
velope of the patterned nanowires.

0.8 -

0.6

Ay/d,,,

Snap-through instability
0.4 .

0.2 -

0 20 40 60 80
Nanowire spacing L, (nm)

(a) (b)

FIG. 3. (Color online) (a) The amplitude of graphene corrugation normal-
ized by the nanowire diameter A,/d,,,, as a function of nanowire spacing L,,,
for two nanowire diameters d,,=2.0 and 3.2 nm. Here, D/e=300. As the
nanowire spacing approaches a critical value L;, , the graphene morphology
snaps between two distinct states: (1) closely conforming to the envelope of
the nanowires patterned on a substrate surface and (2) nearly remaining flat
on the nanowires patterned on a substrate surface, as illustrated in (b).
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A significant feature shown in Fig. 3(a) is the sharp tran-
sition in the equilibrium amplitude of the graphene corruga-
tion as the nanowire spacing varies. For example, for d,,,
=3.2 nm, A,/d,, raises abruptly from 0.1 to 1.0, as L,,
varies slightly from 52.8 to 54.4 nm. In other words, the
graphene morphology snaps between two distinct states [Fig.
3(b)]: (1) closely conforming to the envelope of the nano-
wires patterned on a substrate surface and (2) nearly remain-
ing flat on the nanowires patterned on a substrate surface,
when the spacing of nanowires reaches a critical value, L; .
Further comparison shows that the critical nanowire spacing
is approximately equal to the width of corrugated graphene
region L, determined in Sec. IV A [e.g., in Fig. 2 or Eq.
(16)]. For example, Eq. (16) gives L,=51.1 nm for d,,
=3.2 nm and D/e=300, which agrees well with the critical
nanowire spacing defined in Fig. 3. Such a snap-through in-
stability of graphene morphology is similar to that of
graphene morphology regulated by the underlying substrate
surface with engineered nanoscale patterns (e.g., surface
grooves, herringbone or checkerboard wrinkles). It has been
shown that the snap-through instability of graphene morphol-
ogy results from a double-well profile of total free energy of
the system (i.e., E,+E;,) as a function of the amplitude of
the graphene morphology (e.g., A,) at a critical value of sur-
face feature size (e.g., nanowire spacing, surface groove
roughness, etc.).”** For example, the simulation results in
this paper show that (E,+E;,) minimizes at two values of A,
when L, =L .

Emerging from the results in Secs. IV A and IVB is a
coherent understanding of the graphene morphology regu-
lated by nanowires patterned in parallel on a substrate sur-
face: for a given nanowire size (e.g., d,,,) and graphene-
nanowire/substrate interfacial bonding energy (e.g., D/g),
there exists a critical nanowire spacing L!’ . which can be

nw?
estimated by LS =3.84d,,,,(D/¢&)"*. If the nanowire spacing
L,, is greater than L; . graphene can corrugate to wrap
around the nanowires, with a maximum amplitude equal to
the nanowire diameter and in a region of width equal to L' .

The morphology of the corrugated portion of graphene can
then be described by

0o<x<LY

nw

0 Ly <x<L,,
(17)

4d,, [4(x/L )3 = 3(x/LE)?]

W(x) - nw

By contrast, if the nanowire spacing L,,, is smaller than L;' ,
graphene remains near flat on the patterned nanowires. When
L,,=L;" . the regulated graphene morphology snaps between
the above two distinct states.

The above understanding also implies that, besides the
nanowire spacing, the interfacial bonding energies can influ-
ence the graphene morphology. Figure 4 further shows the
effect of D/e on the normalized amplitude of graphene cor-
rugation A,/d,, for various values of L,,. Here, d,,
=3.2 nm. For a given nanowire spacing L,,, if the interfa-
cial bonding is strong (i.e., small D/g), A,/d,,,, tends to one
(i.e., graphene wraps around nanowires); if the interfacial
bonding is weak (i.e., large D/g), A,/d,,, approaches zero
(graphene does not conform to the nanowires). There also
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FIG. 4. (Color online) A,/d,,, as a function of D/g for various values of
L,,. Here, d,,=3.2 nm. Note the snap-through instability similar with that
in Fig. 3 as D/e reaches a critical value for a given value of L,,.

exists a snap-through instability at which the graphene mor-
phology switches abruptly between the abovementioned two
distinct states when D/ e reaches a critical value, for a given
value of L,,. For example, such a critical value of D/g is
about 15, 100, and 400 for L,,, =24 nm, 40 nm, and 56 nm,
respectively. Substituting these critical values of D/e into
Eq. (16) yields L,,,=24.2 nm, 38.9 nm, and 55.0 nm, respec-
tively, further demonstrating quite well agreement with the
simulation results.

V. CONCLUDING REMARKS

In this paper, we determine the graphene morphology
regulated by nanowires patterned in parallel on a substrate
surface through energy minimization. The equilibrium
graphene morphology is governed by the interplay between
the corrugation-induced strain energy of the graphene and
the interaction energy between the graphene and the under-
lying nanowires and substrate. The graphene strain energy
consists of the contribution from both out-of-plane bending
and in-plane stretching, which are derived from nonlinear
plate theory. The interaction energy is characterized by the
sum of all atomic pair potential between the graphene carbon
atoms and the substrate atoms/molecules, which is computed
through a Monte Carlo type numerical scheme. The major
conclusions emerging from the modeling results are summa-
rized as follows.

e The graphene morphology on nanowires evenly pat-
terned in parallel on a substrate surface can be regu-
lated by the nanowire size, nanowire spacing, and in-
terfacial bonding energy between the graphene and the
nanowire and that between the graphene and the sub-
strate surface.

* For a given nanowire size and a given interfacial
bonding energy, there exists a critical nanowire spac-
ing, greater than which the graphene can conform to
the surface envelope of the patterned nanowires, while
smaller than which the graphene remains nearly flat on
the nanowires. The graphene morphology snaps be-
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tween these two distinct states at the critical nanowire
spacing. The conforming morphology of the graphene
can be quantitatively determined.

e For a given nanowire size and spacing, there exists a
critical interfacial bonding energy, higher than which
the graphene can conform to the surface envelope of
the patterned nanowires, while lower than which the
graphene remains nearly flat on the nanowires. The
snap-through instability of graphene morphology also
exists at this critical interfacial bonding energy.

e The abovementioned critical nanowire spacing, critical
interfacial bonding energy and the nanowire size can
be correlated by L7 /d,,=3.84(D/&)", a rule-of-
thumb estimate that agrees quite well with the full-
scale simulation results.

In the present model, we consider graphene morphology
regulated by rigid nanowires (e.g., SiO,) patterned on a rigid
substrate (e.g., SiO,). The graphene corrugation induced de-
formation in the nanowires and the substrate is expected to
be negligible. Recent experimental progress enables transfer
printing graphene onto a wide variety of substrate
surfaces”> (e.g., polymers or elastomers). The graphene-
substrate interaction may result in appreciable deformation
of the underlying compliant polymer or elastomer substrate.
To extend the results from the present study to such a case,
the strain energy of the substrate needs to be considered in
the energy minimization. The present model also assumes the
weak graphene-nanowire/substrate interaction. In practice, it
is possible to have chemical bonding or pinnings%f38 be-
tween the graphene and the substrate, the nanowire surface
can also be functionalized to facilitate chemical bonding
with the graphene, both of which lead to an enhanced inter-
facial bonding. Recent experiments report the blister mor-
phology in thin graphene sheet due to the intercalation of
gold nanoparticles between the graphene and the underlying
silicon wafer.” The size of such blisters is shown to be cor-
related with the graphene-silicon adhesion and the nanopar-
ticle diameter. The energetic framework and the numerical
strategy reported in the present paper still holds and can be
readily adapted to determine the graphene morphology regu-
lated by nanoparticles intercalated along the graphene-
substrate interface. The research in this regard will be re-
ported elsewhere.

In summary, we further extended our earlier energetic
research framework to quantitatively determine the graphene
morphology regulated by nanowires of diameters of one to a
few nanometers patterned in parallel on a substrate surface.
The critical physical and geometric parameters that define
the characteristics of the regulated graphene morphology can
be correlated through a rule-of-thumb formula in quite well
agreement with full-scale simulation results. Such a formula
can serve as a first order guideline in nanostructural design to
achieve certain desired graphene morphology via nanowire
regulation. The results from the present study further dem-
onstrate the potential to regulate the graphene morphology
with ultrafine resolution against its intrinsic randomness via
patterned nanowires with diameters approaching the regime
of one to a few nanometers.*®
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