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We present a computational analysis of the morphology and adhesion energy of graphene on the
surface of amorphous silica (a-SiO,). The a-SiO, model surfaces obtained from the continuous
random network model-based Metropolis Monte Carlo approach show Gaussian-like height
distributions with an average standard deviation of 2.91 = 0.56 A, in good agreement with existing
experimental measurements (1.68-3.7 A). Our calculations clearly demonstrate that the optimal
adhesion between graphene and a-SiO, occurs when the graphene sheet is slightly less corrugated
than the underlying a-SiO, surface. From morphology analysis based on fast Fourier transform, we
find that graphene may not conform well to the relatively small jagged features of the a-SiO,
surface with wave lengths of smaller than 2nm, although it generally exhibits high-fidelity
conformation to a-SiO, topographic features. For 18 independent samples, on average the van der
Waals interaction at the graphene/a-SiO, interface is predicted to vary from E,; = 0.93eV to
1.56 eV per unit cross-sectional area (nmz) of the a-Si0O, slab, depending on the choice of 12-6
Lennard-Jones potential parameters, while the predicted strain energy of corrugated graphene on
a-Si0, is E,=0.25-0.36eV/nm”. The calculation results yield the graphene/a-SiO, adhesion
energy of about E,;=0.7-1.2eV/nm, given E,;,=E, w—E,. We also discuss how the adhesive
strength is affected by the morphological conformity between the graphene sheet and the a-SiO,
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surface. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801880]

. INTRODUCTION

Graphene has received great attention for potential use
in a wide range of applications due to its unique physical and
chemical properties." For instance, graphene has been con-
sidered as a promising channel material for future electronic
devices.” However, its electronic transport properties tend to
be sensitive to the interaction with the underlying substrate;
when a graphene sheet is placed on an atomically rough
substrate, charge transport in graphene can be influenced
by its morphological corrugation, which is dominated by
the graphene-substrate adhesion.” Likewise, the adhesion
between graphene and other materials may play an important
role in determining the performance of many graphene-
based devices, let alone their fabrications.

In recent years, several research groups have experimen-
tally characterized graphene adhesion on the surface of
a-SiO,, which is an important support material for graphene
in various applications.*™ Earlier atomic force microscopy
measurements*” showed evidence that highly flexible gra-
phene can conform to a rough a-SiO, surface with high fidel-
ity. While the conformal adhesion is thought be driven
mainly by the van der Waals (vdW) force between graphene
and a-Si0,," previous estimates for the graphene/SiO, adhe-
sion energy are widely scattered. Ishigami et al.* estimated
the graphene/SiO, interaction energy to be 0.6 eV/nm? based
on the interlayer vdW interaction in graphite. A similar value
(~0.63 eV/nm?) was predicted by Miwa er al.® using density
functional theory (DFT) calculations with vdW interaction
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corrections. On the other hand, the adhesion energy meas-
ured by Koenig et al.® is substantially higher, 2.81eV/nm?
for monolayer graphene and 1.93 eV/nm? for multilayer (2-5
layers) graphene. For other substrate materials, the adhesion
energies of graphene on polydimethylsiloxane and copper
are experimentally estimated to be 0.044eV/nm” (by
Scharfenberg et al.lo) and 4.49 eV/nm?> (by Yoon et al.”),
respectively. The widely scattered values may be due to the
difficulty of precise measurement of the adhesion strength of
a single-atom-thick carbon layer particularly on an amor-
phous solid surface using conventional experimental techni-
ques. In addition, the high computational cost of DFT
calculations may make them limited to small structural
models; for instance, the surface area of a-SiO, samples
employed in previous DFT calculations™'*'? is around 1-2
nm?, which can be insufficient to replicate properly a-SiO,
surface roughness and in turn graphene/a-SiO, adhesion
characteristics.

In this work, we evaluate the structure and adhesion
energy of graphene on a-SiO, using classical force field
calculations. The vdW interaction between graphene and
a-Si0O, is computed by employing three different sets of
vdW parameters, which were extracted from the Charmm
and Dreiding force fields and by fitting to semi-empirical dis-
persion corrected DFT (DFT-D2) calculations. Continuous
Random Network model-based Metropolis Monte Carlo
(CRN-MMC) simulations are performed to prepare defect-
free a-SiO, surface models with various degrees of surface
roughness; the a-SiO, surface structures are analyzed in
terms of surface height distribution and Si/O spatial distribu-
tion. For different surface morphologies of a-SiO,, we deter-
mine the topology of graphene that leads to the optimal

© 2013 AIP Publishing LLC
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adhesion on each a-SiO, surface; the graphene/a-SiO, inter-
face structure is used to estimate the adhesion energy (which
is given in terms of the vdW interaction energy between
graphene and a-SiO, and the strain energy of corrugated gra-
phene on a-Si0,). Finally, we also look at the sensitivity of
the adhesive strength to the morphological conformity
between graphene and a-SiO,.

Il. CALCULATION METHODS
A. Graphene/a-SiO, interface structure determination

As illustrated in Fig. 1, we first constructed nine (9)
defect-free a-SiO, slabs using CRN-MMC simulations [(a)
— (b)].14 For each slab, 3600 SiO, units were placed in a
supercell with lateral dimensions of 77.22A x 77.22 A,
yielding a slab thickness of about 20 A. The top- and
bottom-layer Si atoms were all passivated with O atoms,
giving two defect-free surfaces. The highly strained initial
structures were then relaxed via a sequence of bond transpo-
sitions using the MMC sampling based on the energetics
from Keating-like potentials for silica.'* During the geome-
try relaxation, two-dimensional periodic boundary conditions
were imposed in the x and y directions.

Then, two single graphene sheets were placed, respec-
tively, on the top and bottom surfaces of the a-SiO, slab.
The initial graphene/a-SiO, system was relaxed using molec-
ular dynamics (MD) at 100K for 100 picoseconds, followed
by static energy minimization using the conjugate gradient
method (until the total energy change between two consecu-
tive iterations steps became less than 1073eV) [(b) — (c) in
Fig. 1]. For each system, the optimal adhesion condition was
determined by varying the size (lateral dimension) of gra-
phene. We used the AIREBO potential'>'® for describing
the structure and energetics of graphene, and refined the
a-Si0; slab structure with the CHIK force field.'” The 12-6
Lennard-Jones (LJ) potential was used to describe the vdW
interaction between a-SiO, and graphene. The MD and
(static) energy minimization simulations were performed
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) program.'®

B. Van der Waals parameter selection

The predicted graphene/a-SiO, adhesion strength can
strongly depend on the choice of vdW parameters; therefore,
caution is required in selecting them. As listed in Table I, we
employed three different sets of LJ parameters (o, &) for
Si and O atoms in a-SiO, (which were extracted from
Charmm'® and Dreiding® force fields, and also by fitting to
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the graphene/a-SiO, interaction energies from semi-
empirical dispersion corrected DFT calculations®'); they are
hereafter referred to as LJ(Charmm), LJ(Dreiding), and
LJ(DFT-D2), respectively. The LJ parameters for C in
graphene are from Ref. 22.

LJ(DFT-D2) parameters were obtained as follows. First,
three a-SiO, slabs with 20 SiO, units each were constructed
using combined CRN-MMC and DFT calculations,'* and then
a graphene sheet was placed on top of each slab; the a-SiO,
lateral dimensions (=8.544 x 7.399 A?) were adjusted to
match the 24-atom rectangular graphene supercell with a lat-
tice constant of 2.466 A (calculated). The graphene/a-SiO,
interaction energies were calculated by varying the distance of
graphene from the a-SiO, surface using the DFT-D2 approach.
With the DFT-D2 data, the optimal values for o; and ¢; were
obtained through minimization of the cross-validation error
(&&= ﬁZle (Eggrfoz - El(fl/))z» where Eglz"T—D2 and EZ?
refer to the DFT-D2 and LJ energies, respectively, of the nth
of N total data. Here, the eg/ep ratio was fixed at 2 as
employed in LJ(Charmm). As summarized in Table I, the opti-
mized &g; and ¢o values turn out to be substantially smaller
compared to LJ(Charmm), while the ¢ values are close to
LJ(Charmm). As such, as shown in Fig. 2, LJ(Charmm) and
LJ(Dreiding) tend to overestimate the graphene/a-SiO, inter-
action compared to LJ(DFT-D2) and DFT-D2.

C. Density functional theory

Our DFT calculations were performed within the
Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation® using the Vienna Ab initio Simulation
Package (vasp).>* We employed the projector augmented
wave (PAW) method to describe the interaction between
core and valence electrons,” and a planewave basis set with
a kinetic energy cutoff of 400eV. Periodic boundary condi-
tions were imposed in all three directions with a vacuum gap
of 30A in the vertical (z) direction to separate the system
from its periodic images. A (6 x 6 x 1) k-point grid in the
scheme of Monkhorst-Pack?® was used for the Brillouin zone
sampling. We used the semi-empirical approach proposed by
Grimme, also known as the DFT-D2 method,27 to take into
account the vdW forces within DFT in determining the gra-
phene/a-SiO, interaction energy.

lll. RESULTS AND DISCUSSION
A. Surface structure of a-SiO,

We first analyzed the atomic structure of 18 different
a-SiO, surfaces employed in this work; note that the vdW

FIG. 1. (a) SiO; slab initial configuration,
(b) defect-free a-SiO, slab structure con-
structed using the CRN-MMC approach,
(c) relaxed graphene/a-SiO, interface
structure; two single graphene sheets are,
respectively, placed on the top and bot-
tom surfaces of the a-SiO, slab.

Downloaded 22 Apr 2013 to 146.6.194.60. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



164901-3 E. Paek and G. S. Hwang

TABLE I. 12-6 LJ parameters employed in this work.

£ (eV) a (A)

Charmm/Dreiding/DFT-D2 Charmm/Dreiding/DFT-D2

S 0.01301/0.013443/0.00576 3.8264/3.8041/3.8230
(6] 0.00650/0.00415/0.00288 3.1181/3.0332/3.0669
C 0.00239 3.4121

interaction of graphene with the underlying a-SiO, surface
can be a function of surface density and composition. The
surface Si and O atoms were chosen such that their surface-
projected coordinates have no overlap with those of other
atoms nearer the surface [see the inset of Fig. 3(b)]; the over-
lap radii of 2.511 A for Si and 2.252 A for O were selected
based on the projection of the average Si-Si and O-O
separations.

The defect-free a-SiO, surfaces mostly show Gaussian-
like height distributions; as summarized in Table II, the
standard deviation (gs;0») varies from 1.95 to 3.65 A with an
average of 2.91 = 0.56 A. The surface roughness is in good
agreement with existing experimental measurements
(1.68-3.7 A)“*S In the surface layers, the number densities
(per unit horizontal cross-sectional area) of Si and O atoms
are estimated to be about ng;=8.25*0.17nm > and
no=10.92 £ 0.25 nm_z, yielding an Si:O ratio of 1:1.32;
however, on average, O atoms are 0.62 * 0.06 A more pro-
truded than Si atoms from the a-SiO, surface.

Figure 3 shows the radial pair distribution functions for
Si-Si, Si-O, and O-O in a-SiO, bulk [(a)] and surface layer
[(b)]. For the bulk structure with a density of 2.26 g/cm3
(Ref. 14), the calculated first peak positions of 1.63/2.63/
3.13A for the Si-O/0-O/Si-Si pairs are close to the corre-
sponding experimental values of 1.62/2.65/3.12 A2 In the
surface layers, we notice that the first peak position of Si-Si
(=293 A) noticeably decreases in comparison to that
(=3.13 A) in the bulk, which is apparently related to the rel-
atively high Si density compared to the bulk counterpart;
while there is no noticeable change in the Si-O and O-O
peak positions.

0.16 T
—g— LJ (Charmm)
—@— LJ (Dreiding)
—%— LJ (DFT-D2)
—&— DFT-D2

0.00
-0.2 -0.1 0.0 0.1 0.2 0.3

z-z2, A)

FIG. 2. Comparison of the graphene/SiO, interaction energies as a function
of graphene-SiO, distance (z) from semi-empirical dispersion corrected DFT
(DFT-D2) and force field calculations with different sets of 12-6 Lennard
Jones (LJ) parameters (see Table I). Here, the equilibrium distance (zy) is
estimated to be around 3.58 A.
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FIG. 3. Radial distribution functions (RDF) for Si-Si, Si-O, and O-O pairs in
a-Si0, bulk [(a)] and surface layer [(b)], as illustrated in the insets.

B. Interfacial structure and adhesion strength

The structure and adhesive strength of the graphene/a-
SiO, interface were calculated by varying the size (lateral
dimension) of graphene; special care was taken to ensure
that the graphene sheet was conformally adhered to the
rough a-SiO, surface. Once the optimal topology of gra-
phene was determined, the graphene/a-SiO, adhesion energy
was estimated using

1 —
Eaw =—7% (Egy/sio, — Esio, — NcEgr),

where, Eg,si0, and Eg;p, are the total energies of the gra-
phene/a-SiO, system and the a-SiO, slab, respectively, Eg,
is the per-atom energy of pristine graphene, N is the number
of C atoms in the adhered graphene sheet, and A is the
a-Si0, slab cross-sectional area.

The interface strength is also often characterized by the
work of separation (W,), which represents the reversible
work required to separate the interface into two free surfaces;
that is, Wy, = —(Egyssio, —Esio, —Ec)IA, whereEs;o, andEg,
refer to the total energies of the a-SiO, slab and the corru-
gated graphene sheet attached to the a-SiO, surface, respec-
tively, with no relaxation after separation. Note that E,,
differs from Wy, in that it takes full account of structural
relaxation after separation. In our calculations, the a-SiO,
slab energy is found to merely change before and after the
relaxation (i.e., Eg;o, Q:EGS,OZ) and the energy of corrugated
graphene can be described in terms of its elastic strain
energy (Ej,). Therefore, for the graphene/a-SiO, interface,
E 44 can be approximated by W, minus Ej,. In addition, given
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TABLE II. Standard deviations (o) of surface height distributions of graphene and a-SiO,, graphene-SiO, distances (dg,-sio,), and graphene-SiO, van der
Waals interaction energies (E, ), and graphene strain energies (Ej,), calculated using three different sets of LJ parameters (see Table I); the three values are

given in the order of LJ(DFT-D2)/LJ(Charmm)/LJ(Dreiding).

g

a-Sio, (A) Graphene (A) dgr-sio, (A) E,aw (eV/nm?) E,, (eV/nm?)
1.95 1.88/1.80/1.81 4.13/3.94/3.92 0.95/1.57/1.41 0.19/0.29/0.28
2.00 1.93/1.84/1.85 4.16/3.96/3.99 0.97/1.60/1.40 0.21/0.30/0.25
2.26 2.18/2.11/2.08 4.36/4.20/4.14 0.93/1.50/1.36 0.24/0.31/0.33
2.32 2.09/2.09/2.08 4.17/3.99/4.00 0.94/1.55/1.37 0.18/0.27/0.23
2.53 2.29/2.27/2.26 4.13/3.95/4.01 0.96/1.57/1.36 0.17/0.26/0.21
2.59 2.25/2.30/2.28 4.32/4.07/4.10 0.92/1.56/1.37 0.25/0.38/0.34
2.63 2.31/2.24/2.22 4.15/3.93/3.98 0.95/1.57/1.38 0.19/0.30/0.26
2.71 2.36/2.36/2.36 4.21/3.98/4.09 0.94/1.57/1.34 0.23/0.35/0.27
2.77 2.19/2.21/2.22 4.27/4.13/4.07 0.90/1.45/1.32 0.23/0.30/0.30
2.77 2.25/2.24/2.33 4.00/3.71/4.05 1.00/1.67/1.35 0.21/0.34/0.16
3.21 2.47/2.51/2.50 4.58/4.33/4.32 0.84/1.42/1.27 0.22/0.32/0.30
3.33 3.18/3.13/3.14 4.21/3.98/3.97 0.99/1.64/1.46 0.44/0.56/0.52
3.46 3.20/3.21/3.21 4.08/3.92/3.89 1.01/1.66/1.49 0.40/0.50/0.49
3.53 2.85/3.42/3.45 5.03/4.16/4.10 0.76/1.60/1.44 0.14/0.48/0.49
3.53 3.30/3.26/3.28 4.27/4.10/4.08 0.98/1.62/1.44 0.38/0.47/0.46
3.55 2.98/3.08/3.09 4.34/4.06/4.19 0.87/1.48/1.25 0.19/0.31/0.23
3.61 2.99/3.04/3.09 4.39/4.11/4.19 0.81/1.39/1.20 0.14/0.27/0.22
3.65 3.28/3.26/3.26 4.21/3.97/3.96 1.00/1.67/1.48 0.43/0.55/0.52
2.91 + 0.56 2.55+0.47/ 428 +0.22/ 0.93 + 0.07/ 0.25 +0.09/

2.57 +0.53/ 4.03+0.13/ 1.56 + 0.08/ 0.36 +0.10/

2.58 +0.53 4.06 +0.10 1.37 % 0.08 0.32+0.11

that the interfacial adhesion is entirely due to the vdW
force, W, should be equal to the vdW interaction energy
(E,qw) such that E,; is given in terms of E,; and Ej, (i.e.,
Ejq=Evaw — Eg).

We evaluated the vdW interaction at the interface using
three different sets of LJ parameters [LJ(DFT-D2),
LJ(Charmm), LJ(Dreiding)] and the elastic strain of corrugated
graphene with the AIREBO potential. From the 18 independent
interface structures considered, the predicted E, values vary
from 0.93 = 0.07eV/nm® [LI(DFT-D2)], 1.37 =+ 0.08 eV/nm*
[LI(Dreiding)] to 1.56 + 0.08 eV/nm? [LJ(Charmm)]. Since a
stronger vdW interaction at the graphene/a-SiO, interface
causes the graphene sheet to be more corrugated, the predicted
E;, becomes largest (=0.36 = 0.10eV/nm?)  with
LJ(Charmm), followed by 0.32 * 0.11 eV/nm? [LJ(Dreiding)]
and 0.25 + 0.09 eV/nm?® [(DFT-D2)]. As a result, E,; (= E,aw
— E,,) is predicted to be 0.68 eV/nm? (DFT-D2), 1.05 eV/nm?
(Dreiding), and 1.20eV/nm? (Charmm). Our predicted adhe-
sion energies are within the range of 0.6/0.63-2.81eV/nm?” as
reported by previous studies.*®*

As illustrated in Fig. 4, the height distribution comparison
between graphene and SiO, clearly shows that the optimal
graphene/a-SiO, adhesion commonly occurs when the gra-
phene sheet is slightly less corrugated than the underlying
a-SiO, surface, consistent with previous experiments.5  For
the 18 model interface systems considered, the predicted o,
and osio, with LJ(DFT-D2) are 2.55=047A and
291 +0.56 A, respectively; here, the average graphene-SiO,
distance is predicted to be dg,_si0, = 4.28 = 0.22 A, which is
very close to the experimental value of 4.2 A* The average
value of dg,.si0, decreases to 4.03/4.06 A when using

LJ(Charmm)/LJ(Dreiding), due to the increased vdW forces;
however, the topological change of graphene appears to be
insignificant with the choice of LJ parameter sets (i.e., o,
only varies from 2.55A to 2.58 A). It is also worth noting
that there is an insignificant variance in dg,.si0,, although the
surface roughness of a-SiO, varies significantly from sample
to sample; this is apparently due to the fact that graphene is
highly flexible and complies well with the morphological
change of the underlying a-SiO, surface.

For comparison, we also estimated the E,, of corrugated
graphene using®

B, =5 {5 | waera ), )

1.5 1 1 L L
1.5 2.0 2.5 3.0 3.5 4.0

Ggion (A)

FIG. 4. Predicted standard deviations of height distributions of graphene
(0Gr) with respect to the corresponding a-SiO, surface (gsio,) for three
different sets of LJ parameters employed.
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where C is the bending rigidity of graphene, S is the integra-
tion domain area, and 4(r) is the local height of graphene at
the spatial position r. A corrugated graphene sheet was
mapped into a rectangular grid for the integration with a
careful selection of optimal grid size (=1.6 A). For the same
graphene topologies as obtained with AIREBO/DFT-D2
(vide supra), E, is predicted to be 0.17-0.30 eV/nm? for a
typical range of C=0.85-1.5¢V,**>? which is in good
agreement with E;,=0.25*=0.09eV/nm? as estimated with
the AIREBO potential. Our calculations clearly demonstrate
that the E,; between graphene and a-SiO, can be substan-
tially greater than the E, associated with the resulting corru-
gation of graphene, permitting high-fidelity topological
conformation of graphene to the rough surface of a-SiO,.

C. Morphological conformity effect

Next, we turned to examining how the adhesive strength
is affected by the morphological conformity between gra-
phene and a-SiO,. Figure 5 shows the variations of E,;y and
dg-sio, With o, (which can be used as a measure of the
extent of graphene corrugation); a smaller (larger) value of
ogr indicates that the graphene sheet is less (more) corru-
gated as shown in the upper panels [(A)—(C)]. In this case,
the optimal adhesion is achieved when the graphene sheet is

(A) ®B) ©)

OO Al T T T T
(a) !
|
|
051 g X | -
E v ); X i xx
Rong X
5> 1O} @ x ! o
e | v
5 vy | B
iy 1.5 } ¥ LI (Charmm) By ]
O LJ (Dreiding) v |
X LI (DFT-D2) I
20 L 1 L | I
8 b 1 ) ] ] Ll
|
~ (b) Gsio2 i
I r @ \: =
= i
< s} X -
8 v | i
g sl N | Yo
= A | 1 X8
x v
4t w .
®) |
3 L L L 1 L
1 2 3 4

og (A)

FIG. 5. Variations in the graphene/a-SiO, vdW interaction energy (E,qw)
and distance (dg;-sio,) as a function of the standard deviation of graphene
height distributions (ag,); here, only one a-SiO, surface with g5;0, = 3.65 A
(indicated as the vertical dashed line) was used. Three selected graphene/a-
SiO, interface structures [(A)—(C) as indicated in (b)] are shown in the upper
panels.
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slightly less corrugated (oG, =3.28 A) than the underlying
a-SiO, surface (gsio, = 3.65 10%, indicated as the dashed line).
The calculation results clearly show that E,;y drops rapidly
as gg, increases or decreases relative to the optimal case
(06:=3.28 A); the reduced vdW interaction is apparently
attributed to the decreased graphene/a-SiO, contact area.
Likewise, dg,.sio, is found to increase as the graphene sheet
adheres less conformally to the a-SiO, surface.

We also performed Fast Fourier Transform (FFT) analy-
sis to evaluate the degree of the topological conformity of
graphene to a-SiO, for various ;. When og, = 3.28 A (opti-
mal adhesion), as shown in Fig. 6(a), the Fourier amplitudes
of graphene and a-SiO, are nearly identical when the wave
length (1) is greater than 2nm. However, for 1 <2nm, we
can see a noticeable discrepancy between the graphene and
a-Si0, spectra, implying that the graphene sheet may not
conform well to the relatively small jagged features of the
a-Si0, surface. The three-dimensional (3-D) mesh surface
plots (insets) of graphene and a-SiO, also clearly demon-
strate that graphene replicates well the surface topology of
a-Si0,, except the rough localized features with small

Fourier amplitude (nm)

® 4-Si0, 7
v graphene

._.
<
o

10
Wave length (1um)

FIG. 6. Fast Fourier transform of graphene and a-SiO, surface morphologies
for three different adhesion conditions; (a) optimal, (b) less corrugated, and
(c) more corrugated. Corresponding surface contour plots are also shown as
insets.
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curvatures. This implies that the energy cost for conforming
to the very bumpy features may exceed the energy gain from
the consequently increased graphene/a-SiO, contact area. A
back-of-the-envelope calculation based on Hook’s law
also suggests that graphene may hardly conform to a rough
surface (which has radii of curvature less than 1.0-1.3 nm
(Ref. 33)).

If the graphene sheet is much less [Fig. 6(b)] or more
[Fig. 6(c)] corrugated than the a-SiO, surface, as expected,
there are significant discrepancies in the Fourier amplitudes
over almost the entire range of wavelengths. At og, = 1.62 A
[Fig. 6(b)], the graphene amplitude is consistently lower than
the a-Si0O, case, indicating that the graphene sheet remains
relatively flat. On the other hand, when aGr:4.28/°%
[Fig. 6(c)], above 2nm (in /), the amplitude of graphene gets
larger than that of a-SiO,, which is apparently due to the
more corrugated graphene; still the graphene sheet cannot
conform to the small/localized roughness features (4 <2 nm)
of the a-Si0, surface. For both cases [Figs. 6(b) and 6(c)],
compared to the optical adhesion case [Fig. 6(a)], E,; signifi-
cantly decreases while dg,.sio, increases because of the
reduced graphene/a-SiO, vdW interaction.

IV. SUMMARY

Classical force field calculations were performed to eval-
uate the morphology and adhesion energy of graphene on the
surface of a-SiO,. First, nine (9) independent defect-free
a-Si0, slabs were constructed CRN-MMC simulations, pro-
viding eighteen (18) surface models with different degrees of
roughness. We find that the a-SiO, surfaces mostly show
Gaussian-like height distributions; the standard deviation
varies from 1.95 to 3.65 A with an average of 2.91 = 0.56 A,
in good agreement with existing experimental measurements
(1.68-3.7 /0%). In the silica surface layers, the number densities
(per unit horizontal cross-sectional area) of Si and O atoms
are predicted to be about ng;=825*0.17nm > and
no=10.92+0.25nm >, while on average O atoms are
0.62 =+ 0.06 A more protruded than Si atoms from the a-SiO,
surface.

Based on the a-SiO, surface models, the adhesion of
graphene was examined by employing three different sets of
LJ parameters (which were extracted from Charmm and
Dreiding force fields and also by fitting to semi-empirical
dispersion corrected DFT results). While the optimal adhe-
sion tends to occur when the graphene sheet is slightly
less corrugated than the underlying a-SiO, surface, the
predicted vdW interaction at the interface (E,;y) varies
from 0.93 = 0.07 [LJ(DFT-D2)], 1.37 £ 0.08 [LJ(Dreiding)]
to 1.56 = 0.08 eV/nm? [LJ(Charmm)]. Since a stronger inter-
facial interaction causes the graphene sheet to be more
corrugated, the strain energy in graphene (E,) turns out to
be largest (=0.36 = 0.10eV/nm?) with LJ(Charmm), fol-
lowed by 0.32+0.11eV/nm® [LJ(Dreiding)] and 0.25
+0.09 eV/nm? [(DFT-D2)]. From the results, the graphene/
a-Si0, adhesion energy (E, ;= E,,w — Ej,;) is estimated to be
0.68—1.20 eV/nm?, depending on the choice of LJ parameters.
We also find that the adhesive strength is rather sensitive to
the morphological conformity between graphene and a-SiO,;

J. Appl. Phys. 113, 164901 (2013)

that is, E, ,y drops rapidly as graphene is more (or less) corru-
gated compared to the optimal adhesion case, which is attrib-
uted to the decreased graphene/a-SiO, contact area. Finally,
morphology analysis based on Fast Fourier Transform clearly
demonstrates that, in general, highly flexible graphene is eas-
ily corrugated to follow the underlying rough a-SiO, surface,
but does not conform well to relatively small jagged features
with wave lengths of smaller than 2 nm.
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