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Grain boundaries guided vibration wave
propagation in polycrystalline graphene

Zhi Yang, (2 Fei Ma*® and Kewei Xu*®°

Molecular dynamics (MD) simulations are performed to study the propagation of mechanical transverse
wave in both single-crystal and polycrystalline graphene sheets. It is found that the vibration propagation
in graphene sheet behaves in damping oscillation. The wave propagation in single-crystal graphene
sheet is anisotropic as a result of orientation dependent phase velocity but is completely isotropic in
polycrystalline ones. Particularly, the propagation velocity in grain boundaries (GBs) is much faster than
that in grains, and the vibration amplitude at GBs is substantially larger than that in grains as a result of
reduced bonding force and the lower mass density in GBs. The large out-of-plane displacement regions
distribute along the GBs. It is believed that the GBs could be more capable of absorbing energy from the
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1. Introduction

Graphene is the thinnest material consisting of carbon atoms in
honeycomb lattice. The atoms are bonded with each other
through sp®> hybridization." Graphene has remarkable
mechanical, physical and chemical properties, such as, the
largest surface to volume ratio, extremely high mechanical
strength/stiffness, excellent flexibility and high sensitivity to
environment.”™* Therefore, graphene is an outstanding candi-
date for nanoelectromechanical systems (NEMS) and ultrasen-
sitive detection.>® Since the mass of graphene is very small, the
quality factor (QF) of the sensors to pressure and stress is
remarkably high, it can be used to detect single molecular,
highlighting potential applications in healthcare, homeland
security and other critical fields.”™ The improved nano-
fabrication techniques have undoubtedly accelerated the
development.”” Kim et al. has developed a flexible hydrogen
sensor with Pd thickness of 3 nm exhibits a gas response of
~33% when exposed to 1000 ppm H, and it is able to detect as
low as 20 ppm H, at room temperature (22 °C).”* Fan et al. has
report a fundamentally different sensing mechanism based on
molecular dipole detection enabled by a pioneering graphene
nanoelectronic heterodyne sensor.* Rapid (down to ~0.1 s) and
sensitive (down to ~1 ppb) detection of a wide range of vapour
analytes is achieved, representing orders of magnitude
improvement over state-of-the-art nanoelectronics sensors.
Graphene biosensors reported so far are mostly based on
polycrystalline graphene flakes which are anchored on
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waves, but have less capability to spread the gained energy again.

supporting substrates. The influence of grain boundary and the
scattering from substrate drastically degrade the properties of
graphene and conceal the performance of intrinsic graphene as
a sensor. Cui et al. have report a label-free biosensor based on
suspended single crystalline graphene (SCG), and multiplex
detection of three different lung cancer tumor markers was
realized. The SCG sensors have superior uniformity compared
to polycrystalline ones and exhibit superb specificity and large
linear detection range from 1 pg ml~" to 1 pg ml~".** As we know
that terahertz vibration carries the fingerprint information with
a sub-nanometer resolution. So, the nature of ultrahigh
frequency mechanical transverse wave propagation in poly-
crystalline graphene sheets is of fundamental interest. In the
recent years, several researchers investigated the mechanical
vibration behavior of graphene sheets,'**® and it was found that
the fundamental frequency decreases with increasing graphene
sheet size. For the given sheet length, the frequency in circular
graphene sheet is higher than that in square one. The funda-
mental frequency in rectangular single-layer graphene sheets of
1 nm in width is independent on the number of vibrating
atoms.' Commonly, the mechanical transverse wave propaga-
tion in single-layer graphene is isotropic in low-frequency
range, but becomes anisotropic in terahertz range. However,
the research works are mainly focused on single-crystal gra-
phene sheets, the ideal two-dimensional material.

As well known, chemical vapor deposition (CVD) is the
popular method adopted to prepare graphene sheets, and the
as-fabricated samples are usually polycrystalline with randomly
distributed grain boundaries and grain domains. The detailed
structures of the GBs are visualized by scanning tunneling
microscopy (STM) and atomic-resolution TEM imaging.**** GBs
are composed of topological defects and vacancies with disor-
dered atomic configurations,”® and have higher chemical
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activity owing to the large dangling bond density and the local
strain.”*** For instances, the GBs in graphene have the sensi-
tivity to the adsorbed gas molecules ~300 times higher than
grain domain.” Besides, it was predicted that the Stone-Wales
(SW) defect or vacancies greatly affect the propagation of ripples
because of substantial energy absorption.”® The behavior of
terahertz wave in polycrystalline graphene sheet is still not well
understood. Although the continuum equivalent plate model
has been widely used to understand the rippling on graphene
sheets,?® it cannot deal with the non-continuum effects.?” In this
paper, molecular dynamics (MD) simulations are done to
uncover the vibration and wave propagation in terahertz range,
particularly, to discuss the effects of GBs as well as the physical
mechanism.

2. Simulation model and method

The simulation models of polycrystalline graphene with
randomly distributed grain size and orientation are constructed
by Voronoi tessellation.”® A Voronoi tessellation represents
a collection of convex polygons isolated by planar cell walls
perpendicular to lines connecting neighboring points. Each cell
is filled with randomly oriented graphene domains and the
atomic layers adjacent to the planar cell walls are defined as
GBs. The initial carbon-carbon bond length is set as 1.42 A that
is the same as the experimental value. If two atoms in the GBs
have too small a separation (<1.41 A) from each other, one of
them will be removed, while an atom will be added if there is
a large void in the GBs. As shown in Fig. 1, the grain boundaries
are mainly composed of SW defects, vacancies and topological
defects. The mis-orientation angles in the simulation models
are analyzed and they are almost randomly distributed in the
range of 0-30° for any model. The average mis-orientation angle
is about 15.95°. The statistic results of our models are similar to
those obtained by others.”*** The initial carbon-carbon bond
length is set as 1.42 A. Either single-crystal graphene or poly-
crystalline graphene is 200 nm x 200 nm in size. As shown in
Fig. 2(a), the outmost of the graphene sheets is fixed during the
simulation. The center of the square is set as the coordinate
origin, and located the vibration source. The mechanical
vibration source move out-of-plane as a sinusoid form with the
amplitude and the period of 0.3 nm and 1 ps, respectively.
The simulation is carried out using the package LAMMPS.
The interactions between carbon atoms are described by the
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AIREBO potential, which can accurately capture the interaction
between carbon atoms as well as bond breaking and bond
reforming.” The cutoff parameter describing the short-range
C-C interaction is selected to be 2.0 A in order to avoid spuri-
ously high bond forces and nonphysical results at large defor-
mation.* The Nose'e-Hoover thermostat is utilized to account
for the thermal effect. The vibration source moves in an oscil-
latory fashion, so that the amplitude at the time ¢ A(¢) is given in
vector notation as: A(f) = Ay X sin(27t/T) A, is the specified
amplitude of 0.3 nm and T is the oscillation period of 1.0 ps.
The interlayer separation of graphite, 3.4 A, is taken as the
effective thickness of the monolayer graphene. Prior to loading,
the polycrystalline graphene sheets are fully relaxed to an
equilibrium state in the isothermal-isobaric ensembles at 300 K
for 20 ps. The time step of 1 fs is adopted in the MD simulation
and for each step.

3. Results and discussions
3.1 Vibration characteristics in single-crystal graphene

Fig. 2 displays the mechanical wave propagation in single-
crystal graphene sheet and it is colored according to the out-
of-plane displacement. The vibration ripple morphology is
a circle in the central region, characteristic of isotropic propa-
gation but becomes a hexagon pattern at the wave front, char-
acteristic of anisotropic propagation. Fig. 1(a) shows the
enlarged hexagonal region at 6 ps. The zigzag (ZZ, 0°) and
armchair (AC, 30°) directions are denoted by the red arrows. The
displacement profiles along z axis are extracted, and the results
are shown in Fig. 2(b). The curves become separated from each
other gradually with increasing distance from the vibration
source, confirming different phase velocities. Clearly, the
propagation velocity along the ZZ direction is faster than that
along the AC direction by 8.3%. This results in the ripples in
hexagonal symmetry rather than in circle pattern. Similar
results were observed by Wu et al.** Fig. 2(c) shows the vibration
profile along ZZ direction at different times. The out-of-plane
movement is damping and the damped amplitude can be
fitted by A(x) = yo +A; exp(—x/22), in which x is the distance
from the vibration source, 4, is the amplitude at the vibration
source, 4 is the propagation wave length. The fitted values for y,,
Ay and A are 1.02, 2.92 A and 32.45 A, while these for the AC
direction are 0.96, 2.72 A and 38.42 A, respectively. The damp-
ing can be attribute to the bending curvature to some extend.*?

Fig. 1 A typical polycrystalline graphene model.
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Location

(a) A hexagonal vibration wave pattern, (b) the vibration amplitudes along ZZ and AC directions, (c) the displacement of the wave front

along AC directions as a function of time, (d) the bond length distributions and (e) the bending curvatures of Points 1-6 in panel (a).

The amplitude profile is fitted with a sinusoidal function, and
the curvatures at Points 1-7 are presented in Fig. 2(e). When the
distance from vibration source is larger than a critical value (at
Point 6), the difference of curvature along ZZ and AC directions
becomes more and more considerable. For instance, the
curvature at Point 6 along AC direction is much smaller than
that along ZZ direction. The flexural response of graphene sheet
of small size cannot be accurately described by the classical
Euler regime, and preferential buckling occurs along ZZ direc-
tion owing to the non-continuum effect. As the buckling range
increases, wrinkles dominate the morphology of monolayer
graphene.*

Thermodynamically, the large-amplitude wave cannot
propagate far away from the vibration source, unless energy is
continuously supplied. Ripples emerge on the graphene layers
during dynamic loading, while part of them disappear during
unloading, and the energy is partially absorbed. The absorption
of vibration energy is related to bond length variation, bond
angle adjustment and dihedral angle change. Fig. 2(d) shows
the bond length distribution at Points 1-7. Apparently, the
bonds at the vibration source are substantially elongated, and
the bond length decreases with increasing distance from the
vibration source by 1.2%. This results in damping wave, and the
wave amplitude decreases with increasing distance from the
vibration source. Lahiri et al. also observed ripples in monolayer
graphene,* and the ripples commonly lead to the damping
behavior of waves in graphene membrane.

3.2 Vibration propagation in polycrystalline graphene

The influences of GBs in a polycrystalline graphene sheets on
the vibration wave propagation are studied in this section.
Fig. 3(a) shows the oscillation mode and the evolution of
vibration wave as a function of time. The double arrow in
Fig. 3(b) shows the position of the vibration source. The
amplitude profile along the white dot line is plotted in the red
curve at the bottom of the panel. Fig. 3(c) shows the wave

This journal is © The Royal Society of Chemistry 2017

morphology evolution at different times. Interestingly, the
vibration features in the polycrystalline graphene sheets are
completely different from that in the single-crystal graphene.
The circular ripple can hardly move across the GBs. The front of
the vibration wave is no longer a regular hexagon or a circle at
all, and any sinusoidal-like wave propagation cannot be iden-
tified. The vibration amplitude in GBs is much larger than that
in grains, indicating stronger vibration at GBs. Under the same
condition, the phase velocity in polycrystalline graphene sheet
(133.3 A ps™!) is more than two times that in single-crystal
graphene sheet (58.7 A ps—'). As shown in Fig. 3(d), the atoms
in GBs act as the second-generation vibration source (2"%-gVs).
This results in circular ripples around the defects. The ripples
can spread out for several nanometers. The wave morphology
changes due to diffraction at vacancies. When the wave arrives
at the vacancies, the smooth circle ripples induce a small crater
or even be separated into two parts, dependent on the size and
shape of vacancies. At high vacancy density, the circle ripples
become quite rough, and interference takes place when two
diffraction waves are encountered in the same grain.** Conse-
quently, the wave propagation pattern can not only be adopted
to distinguish the GBs, but also be used to identify the locations
and sizes of the defects in GBs. For example, the contour lines of
GBs might be depicted by analyzing the 2"%-gVSs distribution,
as shown by the white dot lines in Fig. 2(d). Furthermore, the
strain field can be estimated by comparing the relative radius of
the circular ripples around the 2"%-gVSs. As marked by two
yellow lines in Fig. 3(a), the outward propagation from the 2™-
gVSs a is squeezed by two neighbors. Ideally, the circular ripple
around the 2"%-gVS at GBs is composed of two arc-shaped
segments, but at least three arc-shaped segments at triple-
junction. Based on the different propagation velocity along ZZ
and AC directions, the grain orientation can also be analyzed
from the wave propagation patterns.

The wave propagation in polycrystalline graphene is
isotropic as a whole because of randomly distributed grains. But
it is anisotropic in local regions. The propagation velocity in

RSC Adv., 2017, 7, 24667-24673 | 24669
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Fig. 3

(a) Oscillatory fashion of the moving vibration source indicated as the double arrow in (b), (b) a vibration profile on polycrystalline gra-

phene sheet at 6 ps, the red curve below shows the vibration amplitude profile along the write dot line, (c) the vibration wave propagation at
different times, and (d) a distribution of the second-generation vibration sources (2"4-gVSs).

GBs is faster than that in grain domains. Essentially, GBs are
composed of topological defects and disordered atomic
configurations without any symmetry, characteristics of an
amorphous state. Moreover, GBs have a lower mass density.***”
The phase velocity is related to the mass density as

1
r
coxt (pﬂh) , o)

in which D is the bending stiffness and the p is the area density
of graphene sheet, # is the thickness of the monolayer graphene
sheet, taking the value of 3.34 A. The bending curvature due to
vibration is very small, and the bending stiffness D can be
regarded as a constant. Therefore, the phase velocity is deter-
mined by the area density only. So, the phase velocity in GBs is
faster than that in grain domains. On the other hand, C atoms
in GBs are partially in sp® hybridization configuration. This will
improve the phase velocity at GBs.** Fig. 4 displays the wave
profile in a local region in which a grain domain is marked and
the GBs are highlighted by white dot lines. The white arrows
indicate the propagation directions of the vibration wave. The
grain domains are surrounded by the vibration waves at 4 ps.
Then the vibration waves propagate from the GBs toward the
interior of grain domains. It is confirmed that vibration wave

24670 | RSC Adv., 2017, 7, 24667-24673

propagates more quickly in GBs. The larger amplitude in GBs
can be ascribed to two reasons: (1) most of the vibration energy
is absorbed by GBs and (2) strong interference between waves
from different directions. Li have reported that the SW defect or
vacancies have a significant influence on the ripple propagation
in the defective region due to the changes in the geometric
configuration which is tightly coupled with the vibration prop-
erties of the graphene.”® Both the SW defect and vacancies are
very helpful for absorbing energy from the ripples instead of
transferring the gained energy. Along with the lack of
constraints at the free edge of the vacancies, it is no wonder that
vacancies possess high activity and relatively large strain energy
compared to SW defects. Furthermore, when the number of
vacancies reaches five because the distance is beyond the scope
of the non-bonded interaction, and waves cannot get across the
obstacles. Previous studies also show that the energy absorption
increases as the grain size decreases, which means that the
polycrystalline graphene sheets with small grain size can absorb
more energy compared to those with large grain size.®®
Furthermore, a high temperature or large strain can result more
strain energy adsorption. After 6.5 ps, the vibration wave pieces
are arranged in radial pattern. The valleys and peaks are
distributed alternatively along the circumference and extended
in a radial mode.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Snapshots of the vibration wave propagating near GBs.

The amplitude at GBs, triple-junctions (TRI-]J) and grain
domains (GDs) on the red circle in Fig. 5(a) are recorded, and
Fig. 5(b) displays the result as a function of times. Before 2 ps,
the vibration amplitudes at GBs, TRI-J and GDs are almost the
same. After 3 ps, the vibration amplitudes at GBs and TRI-J
become substantial, and are much larger than that at GDs.
Fig. 5(c) displays a snapshot of the vibration configuration at 7
ps. The amplitude is radially distributed and significantly
enhanced at GBs. Fig. 5(d) shows the amplitude profile along
the black circle. Different from the smooth amplitude profile in
single-crystal graphene sheet, it is burr shaped in poly-
crystalline graphene sheet, which is related to the radial
pattern.

To further understand the effect of GBs on terahertz wave
propagation, a piece of grain boundary is magnified and
shown Fig. 6(a). At the beginning, the relaxed grain boundary
is almost smooth as a plane, but it is metastable and out-of-
plane protuberance and depression emerge under a perturba-
tion, resulting in intrinsic ripples, particularly, at GBs. The
number of the intrinsic ripples increases gradually. The red
circle is used to indicate downward movement with respect to
the plane of z = 0, while the white circle is adopted to indicate

This journal is © The Royal Society of Chemistry 2017
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upward displacement. When the vibration ripples arrive at, the
interference will take place between the vibration ripple and
the intrinsic ripple. The amplitude is increased at Point A, but
is reduced at Point B. Fig. 6(b) shows the amplitudes at Points
A and B as a function of time. A large height perturbation of 1.2
A is evidenced between Points A and B at 1.4 ps, which is
consistent with the reported results.*** When the wave moves
across the GB, Points A and B move up and down as the rhythm
of the vibration source. So, the vibration ripples might desta-
bilize the thermal stability of graphene sheets and thus change
the morphologies of intrinsic ripples. Public reports demon-
strate that the finite element approach yields considerably
close thermal conductivity to the equilibrium molecular
dynamics estimations for the entire range of studied grain
sizes, and decreasing the grain size decreases the thermal
conductivity due to phonon scattering at the grain bound-
aries.” Chowdhury finds that the vibrational frequencies ob-
tained from the simple continuum plate model are
comparable to the vibrational frequencies computed using the
molecular mechanics approach (MM), but the continuum
model tends to overestimate the MM predictions for smaller
grains because of the isotropic assumption.** Totally speaking,

RSC Adv., 2017, 7, 24667-24673 | 24671
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Fig. 6

for sample with small grain size, reliable result can be ob-
tained using MDs; for sample with large grain size, MDs result
have a similar accuracy with FET result except that MDs can
also show the configuration evolution of the grain boundaries.
Hence, our methods and the conclusions can be extended to
simulate the vibration wave propagation in large scale grains
to some extent.
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4. Conclusions

In this paper, molecular dynamic simulations are performed to
study the mechanical transverse wave in both single-crystal and
polycrystalline graphene sheets. It is found that the wave
propagation is isotropic in single-crystal graphene sheets at the
center of the vibration pattern but becomes anisotropic at
external frontiers because of orientation dependent phase

This journal is © The Royal Society of Chemistry 2017
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velocity. The transverse wave in single-crystal graphene sheet is
a damped oscillation that can be expressed as a function of the
vibration source amplitude and propagation wave length.
However, wave propagation in polycrystalline graphene sheet is
completely isotropic as a whole and, the phase velocity in GBs is
faster than that in grains, and the wave amplitude at GBs is
larger than that in grains, owing to the lower mass density and
the reduced bonding force in GBs. Regions with large out-of-
plane displacement distribute along the GBs. It is believed
that the GBs could be more capable of absorbing energy from
the waves, but have less capability to spread the gained energy
again. The results provide us a fundamental understanding on
the mechanical vibration in graphene sheets.
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