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Using classical molecular dynamics and a simulated annealing technique, we show that microscopic corrugations

occur in monolayer and bilayer graphene on 6H-SiC substrates. From an analysis of the atomic configurations, two

types of microscopic corrugations are identified, namely periodic ripples at room temperature and random ripples at high

temperature. Two different kinds of ripple morphologies, each with a periodic structure, occur in the monolayer graphene

due to the existence of a coincidence lattice between graphene and the SiC terminated surface (Si- or C-terminated

surface). The effect of temperature on microscopic ripple morphology is shown through analysing the roughness of

the graphene. A temperature-dependent multiple bonding conjugation is also shown by the broad distribution of the

carbon—carbon bond length and the bond angle in the rippled graphene on the SiC surface. These results provide

atomic-level information about the rippled graphene layers on the two polar faces of the 6H—SiC substrate, which is

useful not only for a better understanding of the stability and structural properties of graphene, but also for the study

of the electronic properties of graphene-based devices.
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1. Introduction

Graphene, an isolated plane of carbon atoms ar-
ranged on a honeycomb lattice, is becoming a new
star of condensed matter physics, because of its out-
standing electronic properties and a high potential
for applications.' 3! In particular, the recent devel-
opments of graphene are attracting great attention
as a new and unique electronic materiall*~7 owing
to its room-temperature quantum Hall effect,’® to-
gether with large coherence length and high electronic
mobility. !

Graphene is the latest carbon allotrope discov-
ered experimentally. From the point of view of an
ideally perfect crystal, graphene has a strictly two-
dimensional (2D) carbon structure, in which the unit
cell contains two equivalent carbon atoms (named A
and B). Because of this peculiar lattice, graphene elec-
trons behave like relativistic, massless fermions, to-
gether with near-ballistic transport at room temper-
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ature and high carrier mobility.®~6 Recently, it has
been claimed that a free-standing isolated graphene
layer is intrinsically corrugated at a microscopic
atomic level, i.e., the suspended graphene sheets are
not perfectly flat but exhibit microscopic ripples or
roughness so that the surface normally varies by sev-
eral degrees and the out-of-plane deformation can
reach 1 nm.['%~13] Since graphene sheets must be sup-
ported on a substrate for fabrication and applica-
tions, the effect of the substrates on the morphology of
monolayer or multilayer graphene requires further in-
vestigation. Recently, a periodic ripple has been found
in graphene sheets placed on various metal substrates,
such as Ru (001), Ir (111), and Cu (111)."717 The
formation mechanism of these ripples differs from that
for the free-standing graphene, in which the roughen-
ing of the carbon plane is related to the instability of
a perfect two-dimensional crystal. Furthermore, the
experimental results supported by scanning tunnel-
ing microscopy (STM),!'¥] Raman spectra,[' atomic
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force microscopy (AFM),[%) and angle-resolved photo-
[21] have revealed that
the morphology of graphene is influenced by the in-

electron spectroscopy (ARPES),

teraction between graphitic layers and the underlying
substrate. These ripples have strong effects on the
electronic structure and the transport properties of
graphene.

A single-atomic-layer graphene sheet was
firstly produced using a micromechanical cleaving
technique,®22! while the most promising approach to
obtain graphene with an area exceeding thousands
of square microns for practical electronic applications
is “epitaxial” growth on SiC surfaces.[*5! Namely,
graphene layers can be produced by sublimating Si
atoms from either the 4H- or 6H-SiC surfaces at suf-
ficiently high temperatures to graphitize the excess
carbon. Recent theoretical and experimental results
have demonstrated that the electronic property of
graphene layers on SiC substrates differs from that
of isolated graphene because of the existence of a
strong covalent bond between the substrate and the
graphene layers.[?3:24] Extensive ab initio calculations
supported by the STM experiments also show clear
evidence of a strong nanostructuration of the interface
carbon layer between graphene and an Si-terminated

[25] So, it is interesting to investigate the

SiC surface.
atomic morphologies and the electronic properties of
On the other

hand, obtaining the stable configurations of graphene

graphene on the different substrates.

layers, studying their electronic properties, and under-
standing their fundamental physics are essential steps
toward device realization. Controlling the surface or
interface morphology of graphene layers on the two
polar hexagonal SiC surfaces should be a priority for
future applications. For instance, how the SiC sub-
strate affects the specific structure of graphene, and
what the details about the interface between graphene
and the substrate are. Consequently, an atomic-level
understanding of the nanoscale structures of mono-
layer and multilayer graphene on SiC substrates is
crucial to explaining the observed electronic structure
and transport properties.

In the present paper, we perform a classical
molecular dynamics (MD) study of the ripples in
monolayer (MLG) and bilayer (BLG) graphene on the
two polar 6H-SiC surfaces (Si-terminated surface and
C-terminated surface). We use simulated annealing to
obtain the minimal energy configurations of the MLG
and the BLG on 6H-SiC substrates and investigate the
microscopic roughness of the ripples through analysing
the bonding conjugations of carbon atoms in graphene
layers, associated with the change in temperature.

2. Model
method

and computational

Our calculations are performed using the MD
and the simulated annealing technique. The semi-
empirical many-body Tersoff potential is employed
to describe the C-C, Si-Si, and Si—-C interactions in
the simulation.?6) The constant number of particles-
volume-temperature (NVT) ensemble is used for the
simulation environment. The Newton equation of mo-
tion is solved by the fifth-order Gear algorithm, with
a time step of At = 1 fs. The temperature is con-
trolled by the velocity scaling method, and the cut-
off distance for interatomic interaction is chosen to
be 10 A (1 A=0.1 nm) for all atoms. A standard
simulated annealing process is used to find the stable
configuration of graphene on the 6H-SiC surface, and
this has been widely used in recent years to computa-
tionally search for the lowest-energy structures of the
nanostructures.27—2

In our simulations, the simulated 6H-SiC sub-
strate consists of 12 planes (six pairs of C and Si
planes) with N = 4608 in a 73.9x49.3x47.9 A rhom-
bic cell. Two sets of calculations (with monolayer and
bilayer graphene on SiC substrates) were performed on
both the Si- and C-terminated surfaces. To start, the
graphene monolayer is made up of carbon atoms on
a flat and complete honeycomb lattice. The distance
between the graphene and the SiC surfaces is set to
be approximately 2 A. The second set of calculations
includes the BLG on top of the SiC substrate. In
the BLG, the two carbon layers are arranged with the
atoms in one layer located on the top of the centre of a
hexagon in the other layer, i.e., AB stack. In both cal-
culation sets, the periodic boundary conditions along
the x and the y directions are taken into account so
that both the graphene layers and substrate can be
viewed as infinitely large in these dimensions. In order
to maintain a reasonable computation time, we keep
the atoms in the lowest SiC bilayer fixed at a bulk po-
sition. A simulated annealing process is performed to
find the stable morphology of the graphene layer on
the SiC substrate. In this process, the configuration of
graphene is relaxed for At = 100 ps at each simulated
temperature, and then reaches a local minimum en-
ergy configuration by means of the simulated anneal-
ing, with a cooling rate of R = 10 K/ps. Using the
MD simulation, the roughness morphologies of MLG
and BLG on SiC substrates are displayed. The effect
of temperature on the ripple is also studied through
analysing the covalent bonding inhomogeneities in the
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bond-length and bond-angle distributions. The MD
simulation results are illustrated in Figs. 1-7.

3. Results and discussion

Figure 1 shows the atomic configurations of MLG
and BLG on Si-terminated 6H-SiC (0001) surfaces,
associated with the change in temperatures. For the
MLG on the Si-terminated surface, one can easily
identify two different kinds of microscopic corrugation
structures, namely periodic ripples and random rip-
ples. At room temperature (T = 300 K), an atomic
configuration with periodic corrugations is very clear
in MLG on the Si-terminated SiC (0001) surface (see
Fig. 1(a)). An elaborate atomic pattern of MLG on
the Si-terminated 6H-SiC (0001) surface is also shown
in Fig. 2, in which a periodic rippled structure with
a triangle is very apparent. The wavelength of the
ripples presents a periodicity of 12.340.1 A, and the
height is about 1.4 A (see Fig. 2(d)). These periodic
ripples should come from the coincidence lattice of the
graphene and Si-terminated surface, differing from the
roughening of the free-standing monolayer graphene
due to the instability of a strictly two-dimensional
crystal. It can be found that the lattice of graphene
has a size relation to the underlying Si lattice of the
Si-terminated SiC surface, namely, five carbon honey-
combs (0.246 nm) will be adjusted almost exactly with
four Si-Si interatomic distances (0.308 nm) on the
Si-terminated surface of 6H-SiC (0001). This slight
lattice mismatch between SiC and graphene results
in a structural strain at low temperature. Thus, the
graphene layer is rippled in a periodic fashion, with a
periodicity determined by the difference between the
lattice parameters. However, high temperature affects
the lattice mismatch between MLG and the substrate

) N

T=1000 K

due to a difference in the thermal expansion coeffi-
cient between graphene and SiC. At high temperature,
a larger and random corrugation occurs in the MLG
as shown in Figs. 1(b)-1(e).
plitudes of these ripples are much smaller than those

Nevertheless, the am-

found in free-standing monolayer graphene. The max-
imal height of the random ripple in MLG on the SiC
surface is around 1.6 A and the wavelength reaches
~ 18 A.

We  further
dependence of the ripples in BLG on the Si-terminated
6H-SiC (0001) surface. In our simulation, the BLG
consists of two layers of graphene sheets with AB

investigate the temperature-

stacking, namely the bottom and top graphene lay-
ers. In Figs. 1(f)-1(j), the atomic configurations of
the top layer of the BLG are shown at temperatures
ranging from 300 K to 2500 K. One can see that the
top layer is almost flat at room temperature and ran-
dom ripples appear at high temperature. At room
temperature, a detailed atomic configuration of BLG
on the Si-terminated SiC substrate is shown in Fig. 3.
In the BLG, a slight ripple still occurs in the top
graphene layer (see Fig. 3(a)), and the ripples have
an amplitude of 0.04 nm for a wavelength of 1.2 nm.
The periodic ripples are also displayed in the bottom
graphene layer as shown in Fig. 3(b). One can find
that the top layer of BLG tends to follow the mor-
phology of the bottom layer so that the amplitude
modulation of ripples in the top layer is smaller than
that of the bottom layer (see Figs. 3(c) and 3(d)).
Nevertheless, the corrugation of the bottom graphene
layer of BLG is still clear, in which a height difference

between the lower atom and the upper atom is close
to 0.07 nm. This height is only half the one found in
MLG.

Fig. 1. (colour online) Top view of the rippled configurations of the MLG and the BLG on the top of the Si-terminated

6H-SiC surface associated with a change in temperature. Panels (a)—(e) show the atomic configurations of the ripples in
MLG at temperatures ranging from 300 K to 2500 K, and panels (f)—(j) exhibit the atomic configurations of the ripples in

the BLG.
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Fig. 2. (colour online) (a) The periodic corrugation of MLG on an Si-terminated SiC surface at room temperature
(T =300 K). (b) A three-dimensional (3D) schematic illustration of the rippled MLG in panel (a). (c) Cross section of
the MLG with periodic atomic corrugations. (d) A height profile of the carbon atoms along the line defined in panel
(a). The atomic corrugation in MLG is around 0.14 nm at room temperature.
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Fig. 3. (colour online) Atomic configurations of BLG on an Si-terminated SiC surface at room temperature. (a) The
top graphene layer of BLG. (b) The bottom graphene layer of BLG. (c¢) Cross section of BLG with periodic atomic
corrugation. (d) Height profiles of the top and bottom layer atoms along the lines marked, respectively, in panels (a)
and (b).

In order to show the microscopic fluctuations of  where NNV is the number of measured heights in the rip-
the carbon atoms of graphene on the SiC substrate,  pled graphene on the SiC substrate, Z; is the height
the surface roughness, R,, of the rippled graphene is  of the surface carbon atoms, and Z,,. is the aver-
evaluated from age height of all the carbon atoms within the rippled
graphene. We investigate the effect of temperature

Z Zave
= Z |Ta (1) on the microscopic roughness of graphene layers on
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the Si-terminated SiC surface. As shown in Fig. 4(a),
the temperature dependences of the roughness of rip-
pled MLG and BLG are displayed. For the MLG, a
clear enhancement in the roughness is displayed as the
temperature increases. For the BLG, we have calcu-
lated the roughnesses of the bottom and top graphene
layers, and compared them with that of the MLG. We
find that at low temperature (7' < 1500 K), the rough-
ness of the top layer of BLG is much smaller than that
of MLG. However, at high temperature (7' > 1500 K),
the top layer shows larger microscopic roughness, close

—s— bottom layer graphene

—s—top layer graphene

0.15 p —+=monolayer graphene 1
* ‘ o
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to that of MLG. In contrast to the top layer of BLG,
the enhancement of the roughness of the bottom layer
is slower, and is associated with an increase in tem-
perature. At low temperature, the corrugation of the
bottom layer is larger than that of the top layer, but
smaller than the one found in MLG. Therefore, the
bottom graphene layer can be regarded as a buffer
layer between the SiC substrate and the top layer of
the BLG. The buffer layer smoothes down the ripples
of the top graphene layer, so that the BLG seems to
be flatter than the MLG.
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Fig. 4. (colour online) (a) The surface roughnesses of the MLG, the top graphene layer and the bottom graphene layer
on the Si-terminated SiC surface, each as a function of temperature. (b) The adhesive energies of the MLG and the
BLG on the top of the Si-terminated SiC surface, each as a function of temperature.

In addition, we have studied the adhesive energies
of the MLG and the BLG. The adhesive energy E can
be defined as Ea = N~ (Esu, + Egnr — E), where
Egsyp is the total energy of the SiC substrate, Egngr
is the total energy of the freestanding graphene, F
is the energy of the whole system including graphene
and the substrate, and N is the number of all the car-
bon atoms in graphene. All the calculations have been
performed in the same simulation cell. The tempera-
ture dependence of the adhesive energy Ep is shown
in Fig. 4(b). The values of Ej for both MLG and
BLG on the Si-terminated SiC surface decrease, which
is associated with the increase in temperature. This
suggests that the falling strength of the interaction
between the graphene layer and SiC substrate is ac-
companied by a gradual change in graphene morphol-
ogy from an almost flat surface to a strongly corru-
gated surface. In Fig. 4(b), we find that the adhesive
energy of BLG is stronger than that of MLG, which
suggests that a stronger adhesive behaviour occurs be-
tween BLG and the substrate, so that the BLG ripples
are smaller than those of MLG.

We also investigate the atomic configurations of
MLG on the C-terminated SiC surface to compare

them with the Si-terminated surface. The simula-
tion cells used for the calculations are equivalent. As
shown in Fig. 5, the periodic ripples also occur in
the MLG placing on a C-terminated SiC surface at
room temperature, and show a hexagon of gibbose
shape, namely, a honeycomb pattern with a size of
12.3x12.3 A (see Fig. 6(a)), which is different from
the periodic ripples with a cupped-shape triangle in
the MLG on the Si-terminated SiC surface. In addi-
tion, the temperature dependences of the microscopic
roughness and the adhesive energy of the MLG on
Si- and C-terminated surfaces have been studied. As
shown in Fig. 6(c), an enhancement in the roughness
of the MLG occurs, which is associated with the in-
crease in temperature. We find that the roughness is
smaller on the C-terminated surface than on the Si-
terminated surface at low or high temperature. The
MD simulation results are in good agreement with
the experimental results, in which the graphene layer
seems to be flatter on the C-terminated SiC surface
than on the Si-terminated SiC surface, since the bond-
ing strengths of the graphene layer to the substrate are
different.!?3] The adhesive energy of MLG on the C-
terminated surface is also smaller than that on the Si-
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terminated surface at low temperature (see Fig. 6(d)).
In the C-terminated case, the MD simulations show
that only a few covalent C-C bonds are formed in
the interface between MLG and the substrate (see
Fig. 6(b)). Although C-C bonds are stronger and
shorter than Si—C bonds, the number of C—C bonds is

top view

so small that the adhesive energy of MLG on the C-
terminated SiC surface is not high. The molecular dy-
namics results reveal that the microscopic ripples in-
duced by the coincidence lattice between the graphene
and substrate affect the strength of the substrate-

graphene bonding.

~
side view
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Fig. 5. (colour online) Top and side views of the rippled atomic configurations of the MLG on the top of the C-
terminated SiC surface associated with the change in temperature.
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Fig. 6. (colour online) (a) Top view of the atomic configuration of the MLG on the C-terminated SiC surface at room
temperature. (b) Cross section of the MLG with periodic atomic corrugation. (c) Surface roughnesses of the MLG on
the Si-terminated and the C-terminated SiC surfaces, each as a function of temperature. (d) Temperature dependences
of the adhesive energy of MLG on the Si- and C-terminated SiC surfaces.

The temperature dependence of the microscopic
roughness of the ripples on two polar faces of the 6H—
SiC substrate is also studied through analysing the
covalent bonding inhomogeneities in bond-length and
bond-angle distributions. We calculate the pair cor-

relation functions (PCFs) and the bond-angle distri-

butions of rippled MLG on C- and Si-terminated SiC
surfaces. The pair correlation function g;;(r) indicates
the average number of atoms (of atomic species i) per
unit volume of atomic species j atoms that are located
at distance r from a target atomic species i atom. The

number is expressed in terms of average density N;/V.
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The pair correlation function g;;(r) is defined as fol-
lows:

ngi(r — Ar/2,r + Ar/2
9 (1) = 3= N Z ol 47rr/2A7“ 2 o)
where N; is the total number of atomic species i
atoms included in the system, and n;; is the num-
ber of atomic species k atoms included in a spheri-
cal shell of thickness Ar located at a distance r. For
— 1. The PCFs

and the bond-angle distributions for different temper-

atoms of the same species, N; = N;

atures are shown in Fig. 7, which shows the changes in
the bond conjugation of the rippled MLG. We can find
from Figs. 7(a) and 7(c) that at room temperature, all
the first neighbour bonds of the carbon atoms in MLG
on the C- or Si-terminated SiC surfaces are equivalent,
and very close to the interatomic distance of 1.42 A
of perfect graphene, while a broad distribution of the
first neighbour bond lengths is shown at high temper-
ature, giving longer bonds of carbon (1.52 A). This
indicates that there is a large probability of having a

160 T T T T
L (a) Si-terminated surfaced
120 —T=300 K
[ — T=1500 K |}
— — T=3000 K
E 80F 1
5
40 F

r/A
i (c) C-terminated surface ]
120F — T=300 K
g — T=1500 K ]
— T=3000 K

E 80F 1
S [

40 1

Fig. 7.

broad distribution of short/long bonds, which is as-
sociated with local deviation from planarity. Simi-
larly, the ripples of MLG produce a broader distribu-
tion of carbon—carbon bond angles and induce various
bonding conjugations as the temperature changes. In
Fig. 7(b), the angular distribution at 300 K shows
two peaks, one around 120°, and the other 109°. This
could indicate the formation of an sp> state of car-
bon in rippled graphene. Similar results occur in the
case of the C-terminated 6H-SiC surface as shown in
Fig. 7(d). Our MD results suggest that extrinsic rip-
ples in graphene can produce structural distortions,
showing domains with lower than hexagonal symme-
try. Such domains can exhibit an admixture of sp?
and sp> carbon orbital character and 7 orbital mis-
alignment. Thus, it is believed that MLG placing on
a C- or Si-terminated 6H-SiC surface has a tendency
to form inhomogeneous bond patterns associated with
the microscopic fluctuations of carbon atoms at differ-
ent temperatures.

500F (b) Si-terminated surface]
400F — T=300K 1
— T=1500 K
300 — T=3000 K 1
S
& 200F 4
100pF
0 . . "
—1.00 70 50 0 0.50
cosf
500 T T T T T
(d) C-terminated surface
400 4
— T=300 K
— T=1500 K
s 300 — T=3000 K |
© 200F 4
100 M J
0 o . . o
—1.00 —0.50 0 0.50
cosf

(colour online) (a) The pair correlation functions of the rippled MLG on the Si-terminated SiC surface at

T =300 K, T = 1500 K, and T = 3000 K. (b) Variations in the carbon—carbon bond angle distributions of the rippled
MLG (a) at different temperatures. (c) Pair correlation functions of the rippled MLG on the C-terminated SiC surface

at different temperatures. (d) Carbon—carbon bond angle distributions of the rippled MLG in panel (c).

4. Conclusions

Using classical molecular dynamics, we show that
microscopic ripples occur in both MLG and BLG cov-
erings on the top of Si- or C-terminated 6H-SiC sub-

strates. Our atomic scale simulations indicate that
two types of microscopic corrugations are present in
both MLG and BLG associated with the change in
temperature, namely the periodic ripples at room tem-

perature and the random ripples at high temperature.
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We also show the rippled morphologies of the MLG on
Si-terminated and C-terminated SiC surfaces through
analysing the atomic configurations and the micro-
scopic roughnesses. We find that the periodic cor-
rugation of the MLG on an Si-terminated SiC sur-
face is different from that on a C-terminated SiC sur-
face. The former shows a cupped-shaped triangle,
In ad-
dition, the inhomogeneity of carbon covalent bonding
in the rippled graphene is identified through analysing
the bond-length and the bond-angle distribution. A
broad distribution of the carbon—carbon bond lengths

and the latter a hexagon of gibbose shape.

and the bond angles are shown when the temper-
ature increases, which implies that a temperature-
dependent multiple bonding conjugation occurs in the

graphene sheet on the SiC surface. These results

provide atomic-level information about the rippled
graphene layers on the SiC substrate, which are use-
ful not only for a better understanding of the sta-
bility and structural properties of graphene, but also
for the study of the electronic transport properties of
graphene-based devices.
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