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Abstract: Due to the excellent electronic, optical, thermal, chemical, and mechanical properties
of graphene, it has been applied in microdevices and nanodevices. However, there are some
structural defects in graphene limiting its application in micro electromechanical systems (MEMS).
These structural defects are inevitable during processing, and it is difficult to assess their effect on the
micro/nano devices. Therefore, this communication used molecular dynamics to study the resonance
properties of a nanoelectromechanical systems (NMES) resonator based on a graphene sheet with a
single vacancy defect and edge defects. This communication focuses on three factors: vacancy types,
external force, and temperature. The resonance frequencies of both types of graphene increased with
external stress loading, and the resonance frequency of the graphene showed a clear step-shaped
variation. Nonlinear deformation of the sheet occurred between resonant processes. When the
external force was less than 15.91 nN, the resonance frequencies of the two types of graphene showed
a consistent trend. The maximum frequency was up to 132.90 GHz. When the external force was
less than 90 nN, the resonance frequencies of graphene with edge defects were greater and changed
more rapidly. Temperature did not have a huge influence on the resonance frequencies of either type
of graphene structure. The resonance frequencies of graphene with two different vacancy defects
showed a consistent trend.
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1. Introduction

Graphene—a novel low-dimensional nano-material where carbon atoms are arranged in a
honeycomb-structure—is formed by a flat monolayer of carbon atoms [1]. Due to its outstanding
mechanical and electrical properties [2-5], graphene has broad application prospects, such as
micro—nano devices [6-8], reinforcing materials, and photoelectric detection. In 2011, Min et al. [9]
investigated a fast and reliable deoxyribonucleic acid (DNA) sequencing device. The feasibility of DNA
sequencing using a fluidic nanochannel functionalized with a graphene nanoribbon was theoretically
demonstrated. In 2014, Rajan et al. [10] found that the electron transmission of a graphene nanoribbon
on which a molecule is adsorbed shows molecular fingerprints of Fano resonances, which can be used
to devise an ultrasensitive Fano-resonance-driven DNA sequencing method. In addition, one research
hotspot is the high frequency NEMS (nanoelectromechanical systems) graphene resonator, which
shows potential for mass, charge, and force sensitivity [11,12]. In 2007, Bunch et al. [6] fabricated a
graphene-based resonator via a suspended graphene nanoribbon above predefined trenches etched
into a SiO, surface. The resonant properties of the monolayer and multilayer graphene were analyzed.
The graphene sample showed few defects when it was exfoliated from graphite [13]. Recently,
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graphene was chemically synthesized with no defects [14]. However, in most cases, a variety of
imperfections—including vacancy defects [15,16], topological defects [17,18], adatom [19,20] and grain
boundaries [21]—are inevitably produced during material processing. Because the mechanical and
electrical properties of graphene are very sensitive to lattice imperfections [22], it is critically important
to study defects in graphene [23]. In 2008, Meyer et al. observed graphene membranes with single
atomic vacancy defects and edge defects through transmission electron microscopy, as is shown in
Figure 1 [24].

Figure 1. Experimental transmission electron microscope (TEM) image of (a) a single vacancy defect;
and (b) an edge defect. Reproduced with permission from [24], © American Chemical Society, 2008.

It is noted that the experimental methods for the study of the vibrational properties of graphene
sheets are very difficult. In order to be observed, graphene should be adsorbed on a substrate, which
affects the original characteristic of graphene. However, the use of computer numerical simulation
based on molecular dynamics (MD) [25] can overcome the difficulties of experimentation. Kim et al. [26]
investigated the intrinsic loss mechanisms of monolayer graphene nanoresonators undergoing flexural
oscillations via classical MD simulations. Jiang et al. [27] investigated edge effects on the quality
factor of graphene nanoresonators with different edge configurations and of various sizes by MD.
Zhan et al. [28] carried out a fundamental study of the vibrational performance of Ag nanowires (NW)
by MD simulation. In this communication, MD has been employed to study the resonance pattern of
graphene sheets with vacancy defects, based on a micro-resonator. The effects of defect location, stress,
and environmental temperature of graphene on the resonance properties are discussed.

2. Physical Models and Simulation Methods

2.1. Modeling

Perfect graphene is a flat monolayer formed by single-layer hexagonal cellular carbon atoms.
The length between two carbon atoms is ~1.42 A. In this simulation, the graphene sheet was applied to
an electromechanical resonator (Figure 2). Nano-resonators based on graphene sheets can be extremely
fast and sensitive to reflect the changes in the tested factors. So, they have great potential and
advantages in the field of clinical laboratory diagnosis. They use the resonance properties of graphene
sheets to achieve energy conversion and sensing. When the surface mass load of the graphene sheet
changes slightly, the resonant frequency can change significantly. Additionally, it can detect biological
macromolecules which react specifically with immobilized probe molecules on the graphene surface
substance. There are two types of defects in graphene sheets: single atomic vacancy defects (Figure 3a)
and edge defects (Figure 3b). The dimension of the simulation model was [ = 30.06 nm x w = 4.05 nm.
The thickness was the interlayer spacing of graphite, which is 0.335 nm. The whole graphene nanosheet
was composed of 4828 carbon atoms. The graphene has to be suspended over a SiO, substrate in
the actual resonator, so the two ends of the graphene sheet structure were fixed in the simulation.
The actual oscillating length of the nanosheet was 27.56 nm. The atom vacancies were created by
removing carbon atoms within the graphene sheets. The central atom A (15.13 nm, 1.96 nm, 0 nm),
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boundary atom B (23.82 nm, 0 nm, 0 nm), atom C (23.89 nm, —0.12 nm, 0 nm), atom D (24.04 nm,
—0.12 nm, 0 nm), and atom E (24.10 nm, 0 nm, 0 nm) were removed.

Applied Gate Force

4l

Graphene Sheet

Figure 2. Model schematic of a graphene resonator.

Central atom

(a) (b)

Figure 3. Simulation model of the graphene sheet with defects: (a) Single vacancy defect; (b) Edge defects.

2.2. Simulation Method and Process

The simulation was completed by large-scale atomic/molecular massively parallel simulator
(LAMMPS) open source molecular dynamic software (version 15 May 2015, Sandia National
Laboratories, Albuquerque, NM, USA). The adaptive intermolecular reactive empirical bond order
potential (AIREBO) potential function was adopted to model the inter-atomic forces of carbon in the
graphene. We used the Velocity—Verlet algorithm, the canonical ensemble (NVT), and a Nose-Hoover
thermostat to control the temperature. The MD time step was 1 x 1073 ps or 1 fs. Thirty thousand time
steps were carried out during the relaxation, and the size of the cut-off radius was 10.2 A. A periodic
boundary condition was imposed in the x- and y-directions. The non-periodic boundary condition
was imposed in the z-direction.

3. Results and Analysis

3.1. Influence of Different Forces on the Resonance Properties of Graphene with Vacancies

In this communication, the total energy of the system is analyzed to determine whether a stable
equilibrium state is obtained. In this simulation, the relative variation of the total energy is output.
According to processing and counting output data, the relationship between the total energy and time
can be obtained. As Figure 4 shows, the total energy of the system in the initial relaxation time changes
to some degree. With the increase of the relaxation time, the total energy fluctuates on a small scale.
After that, the system reached a stable equilibrium state.
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Figure 4. Relationship between total energy and relaxation time of grapheme.
The graphene nano resonator is generally driven by an electrostatic capacitive force induced

by the potential difference between the graphene sheet and the gate [6,8]. So, in this simulation,
the magnitude of the external force is calculated by the formula (1):

_OW _ eabU?
Codg 2dg

F )
where F is the electrostatic force between two plate electrodes; W, dj are the energy and distance
between the two plate electrodes, respectively; U is the voltage loaded between the two plate electrodes;
and a, b are the length of the plate electrodes. Different voltages are selected to obtain different
magnitudes of stress. A uniform force is loaded perpendicularly on the surface of the graphene,
except the fixed ends (Figure 5). The electrostatic force is evenly distributed on each atom in the
graphene nanosheet [29]. The total force is F = f x N, where f is the force applied to each atom of the
graphene sheet, and N is the number of atoms in graphene’s effective region. The applied indented
forces were 1.77 nN, 7.07 nN, 15.92 nN, 28.29 nN, 44.20 nN, 63.65 nN, 86.64 nN, and 113.15 nN. In this
communication, a Fourier transform was applied to obtain the resonant frequency of the graphene with
two different vacancies by selecting the kinetic energy of the system as the time-domain signal [30].
When the graphene is subjected to a certain load, the potential energy of the system will change
accordingly. After 20,000 time steps, the load applied to the graphene was removed. The graphene
structure will recover to the initial state due to the C-C bonds inside the graphene structure. At this
point, the potential energy of the graphene will be converted to kinetic energy, and the graphene
structure will oscillate. When the kinetic energy and potential energy of graphene were converted to
each other, the graphene structure undergoes free vibration. During oscillation, 250,000 time steps or
250 ps were carried out. Figure 6 shows the amplitude versus frequency curve of the graphene sheet
with a single defect. Figure 7 shows the function of resonance frequency of external force with two
different vacancy defects.

Stress F

Figure 5. Schematic diagram of stress loading on the graphene structure.
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Figure 6. Amplitude versus frequency for external forces of (a) 1.768 nN; (b) 7.072 nN; (c) 15.912 nN;
(d) 28.288 nNN; (e) 44.2 nN; (f) 63.648 nN; (g) 86.638 nN; and (h) 113.152 nN.
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Figure 7. Resonance frequency as a function of external force with two different vacancy defects.
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As shown in Figure 6, the resonance frequencies of both two types of graphene increase with
increasing external stress loading. Additionally, the frequency shows a clear step-shaped variation,
indicating that the dynamic behavior of graphene is dominated by nonlinear effects. The fundamental
cause is the nonlinear deformation of the sheet between resonant processes [31]. Actually, based on
thin plate theory, only when the deflection extremum value is much less than the thickness of the
thin plate can linear theory describe the mechanical response process of the thin plate. This result
is in good agreement with the literature [32]. As for a single-layered graphene sheet, its thickness
is only 0.335 nm, so the linear response range is narrow. In other words, the resonance behavior of
nanoscale systems is different from the resonance behavior of macroscopic systems. When the external
force is less than 15.91 nN, the resonance frequencies of both types of graphene structure show a
consistent trend. The maximum frequency is 132.9 GHz. When the external force was less than 90 nN,
the resonance frequencies of graphene with a single vacancy defect were greater than the resonance
frequencies of graphene with edge defects. When the external force was less than 90 nN, the resonance
frequencies of graphene with edge defects was greater and changed more rapidly. In this regard,
a defect-driven resonator may be useful to identify such defects.

In order to more accurately analyze the vibration process, the central atom of the graphene sheet
was tracked. Absolute displacement of the tracking atom in the normal direction under different
external loading is shown in Figure 8. It can be inferred that the graphene sheet demonstrated a
sinusoidal periodic vibration process. Under the effects of different external forces, the amplitude
and the vibration period of the graphene were different. As the stress increased, the amplitude of the
graphene showed an increasing tendency.
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Figure 8. Absolute displacement of central atom in the normal direction with different external loading;:
(a) Single vacancy defect; (b) Edge defects.

3.2. Influence of Different Temperature on the Resonance Properties of Graphene with Vacancies

First, a full relaxation should be completed; the system temperature was set to 0.1 K, 50 K, 75 K,
100 K, 200 K, 400 K, 600 K, 800 K, and 1000 K, respectively. When the relaxation was finished, a force of
15.91 nN in stress was loaded. Figure 7 shows the resonance frequencies of two different graphene
sheets with vacancy as a function of system temperature.

As is shown in Figure 9, the resonance frequencies of the two types of graphene structure show a
consistent trend with different temperature conditions. Actually, the resonance frequencies of edge
defects are 0.5 GHz lower than that of a single vacancy. The curve is fitted, so there is little difference
in the graph. We suspect that this phenomenon is due to the small amount of defects. The resonance
frequencies had a step-by-step jump increase between 50 K and 75 K. The resonance frequencies jumped
to 132.9 GHz at point N in Figure 9. Chen [8] and Singh [33] investigated the effect of temperature on the
resonant frequencies of the graphene resonators clamped on two edges. It was found that the change
in temperature resulted in an expansion/contraction reaction between the substrate and the graphene
beam, leading to an increase in thermal stress. It was also found that the stress in the graphene film
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increased the resonant frequency. Furthermore, during the free vibration process, statistical analysis
was conducted on the motion state of the central atom A (Figure 10). Both types of graphene structure
demonstrated a sinusoidal periodic vibration process. Under different temperatures, the amplitude
and the vibration periods of the graphene were different. The amplitudes of the graphene increased
with increasing temperature.
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Figure 9. Resonance frequency as a function of temperature with two different vacancy defects.
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Figure 10. Absolute displacement in the normal direction at different system temperatures: (a) Single
vacancy defect; (b) Edge defects.

4. Conclusions

In this communication, the resonant properties of graphene sheets with different types of
vacancies was investigated by molecular dynamics simulation. The effect of defect type, external stress,
and system temperature on the resonance properties of graphene have been discussed. The resonance
frequencies of both types of graphene increased with external stress loading. It shows a clear
step-shaped variation. This is mainly due to the occurrence of nonlinear deformations of graphene
in the vibration process. When the external force is less than 15.91 nN, the resonance frequencies of
two types of graphene showed a consistent trend. The maximum frequency was up to 132.9 GHz.
When the external force was less than 90 nN, the resonance frequencies of graphene with a single
vacancy defect were greater than the resonance frequencies of graphene with edge defects. When
the external force was less than 90 nN, the resonance frequencies of graphene with edge defects were
greater and changed more rapidly. Temperature had little influence on the resonance frequency of
the graphene nanosheet. The resonance frequency was 99.7 GHz between 0.1 K and 50 K. When the
temperature was 75 K, the resonance frequency jumped to 132.9 GHz. When the temperature was
greater than 75 K, the resonance frequency remained constant. Due to the ultralow density, ultrahigh
resonance frequency, high strength and stiffness, high sensitivity to the environment, and other
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characteristics, graphene can be considered as an ideal material for ultra-sensitive biosensors which
can achieve accurate and highly-selective detection of biomolecules.
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