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Abstract: Herein, a peripherally clamped stretched square monolayer graphene sheet with a side
length of 10 nm was demonstrated as a resonator for atomic-scale mass sensing via molecular
dynamics (MD) simulation. Then, a novel method of mass determination using the first three resonant
modes (modell, mode21 and mode22) was developed to avoid the disturbance of stress fluctuation
in graphene. MD simulation results indicate that improving the prestress in stretched graphene
increases the sensitivity significantly. Unfortunately, it is difficult to determine the mass accurately by
the stress-reliant fundamental frequency shift. However, the absorbed mass in the middle of graphene
sheets decreases the resonant frequency of modell dramatically while having negligible effect on
that of mode21 and mode22, which implies that the latter two frequency modes are appropriate
for compensating the stress-induced frequency shift of modell. Hence, the absorbed mass, with
a resolution of 3.3 x 10722 g, is found using the frequency ratio of modell to mode21 or mode22,
despite the unstable prestress ranging from 32 GPa to 47 GPa. This stress insensitivity contributes to
the applicability of the graphene-based resonant mass sensor in real applications.

Keywords: stretched graphene resonator; mass sensor; resonant mode; frequency ratio; molecular
dynamics simulation

1. Introduction

As typical representatives in the burgeoning field of nanoelectromechanical systems (NEMS),
nanomechanical resonators [1-3] are expected to bring dramatical improvement to mass [4-7]
pressure [8], acceleration [9] measurement and chemical/biological detections [10-12] due to their
ultra-high sensitivity. Significantly, the mass sensitivity reached 1072 gHz ™' by using a 205 nm
long carbon-nanotube (CNT) as a resonator [6]. In other words, the mass of a single gold atom can
be measured. The measure principle of a nanomechanical resonant mass sensor is generally based
on the frequency shift induced by particles absorbed in the resonant beam or a membrane made
from carbon nanotubes (CNT) or graphene [4-7,13,14]. In addition to their excellent mechanical
properties, such as extremely high intrinsic strength and Young’s modulus [15,16] and tunable electrical
performance [17-19], graphene sheets have a larger aspect ratio compared with CNTs, which means
that enough areas are available for incoming mass flux. Consequently, an increasing number of
theoretical studies have focused on graphene-based nanomechanical resonators with atomic-mass
resolution in recent years [4,20-28].

It should be noted that nonlocal elasticity theory [21,22], molecular structural mechanics
methods [20], and molecular dynamics (MD) simulation methods [25-28] have been studied to
calculate the frequency shift of graphene membrane in response to the absorbed mass. Among these
methods, MD simulation shows an extraordinary advantage in investigating the nanostructure’s
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properties by directly computing the state of every atom, which takes the scale effect into consideration.
In fact, using MD simulation, Arash et al. [25] studied the frequency shifts of graphene sheets with
four edges fixed and two edges fixed due to attached gas atoms, and the mass sensitivity of a square
single-layer graphene sheet with a side length of 10 nm was achieved to reach 102! gHz~"2. Then
Kwon et al. [26] explained the gate voltage’s effect on the mass induced frequency shift, which was in
good agreement with the experimental results of Chen et al. [4]. Recently, Duan et al. [27] proposed a
new kind of resonator with a mass resolution of 10724 g using pillared graphene structures. However,
these studies focused on either relaxed graphene sheets or graphene sheets with tension induced by
the electrostatic force between graphene and silicon oxide substrate, which was far below the intrinsic
strength (about 130 GPa) [16]. In fact, stretched graphene sheets with greater prestress, tended to
have higher resonant frequencies, and were expected to achieve higher mass sensitivity. Moreover, in
previous studies, the calculation of the absorbed mass was mainly based on fundamental frequency
shift, which is sensitive to stress in graphene. Nevertheless, it is not easy to control the stress in
stretched graphene accurately and steadily. For example, the temperature fluctuation, resulting from
the difference of the thermal expansion coefficient between graphene and silicon oxide substrate,
disturbs the stress in graphene significantly [1]. In addition, the variance of the gate voltage may
influence the stress as well [4].

However, it is important to mention that higher resonant modes of graphene, which are common
in the vibration process [29,30], can be used to compensate for the fundamental frequency shift induced
by unstable stress. Therefore, in this paper, the applicability of a stretched graphene-based mass sensor
via the frequency ratio of the first three resonant modes was investigated by performing MD simulation.
A peripherally clamped square graphene sheet with a side length of 10 nm served as the resonator, and
the frequencies, as well as the mass-induced frequency shifts of the three resonant modes (modell,
mode21, and mode22), were calculated. Considering the susceptibility of fundamental frequency to
unstable stress in a stretched graphene sheet, a novel method of mass determination based on the
frequency ratio of modell to mode21 or mode22 was proposed, where the frequencies of mode21 and
mode22 were used to compensate for the fundamental frequency shift caused by stress variation.

2. Modeling and MD Simulation

As shown in Figure 1a, the resonant mass sensor is mainly composed of the substrate and the
square graphene sheet. The substrate is a silicon wafer with a SiO, layer on the top. A trench is etched
into the central SiO,. Then a gate electrode, a source electrode and a drain electrode are placed at the
bottom and on the two sides of the trench. Thus, the gate electrode sends an actuation force to the
graphene sheet, while the source and the drain electrodes are used to detect vibration [1,4,29-32]. In
this case, the graphene sheet is deposited on the trench. Note that the adhesion between the graphene
and the substrate is strong enough (up to 20.64 J/m?) to clamp the four edges of the graphene [33,34].
Moreover, when strong tension was exerted to the graphene in this study, as shown in Figure 1b,
enlargement of the area of graphene fixed prevents slippage between the graphene and the silicon
oxide substrate. When external pressure is applied to the silicon wafer, the deformation of the silicon
oxide substrate stretched the graphene, therefore adjusting the tensile stress in the graphene.
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Figure 1. Schematics of the stretched graphene-based mass sensor. (a) A monolayer graphene sheet
suspended on a silicon oxide substrate. (b) A peripherally fixed stretched monolayer graphene sheet
with gold atoms absorbed on the surface.

To investigate the resonant frequency of the stretched graphene, the evolutionary process of
vibrating the graphene was obtained by calculating every atom'’s position and momentum directly [35],
which was performed with the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package [36]. As shown in Figure 1b, the square monolayer graphene sheet contained 7782 atoms with
3928 fixed atoms (boundary) and 3854 free atoms (middle, 10 nm x 10 nm). The four edges were fixed
herein, thus preventing the “flipping” motion, which generally happens with free edges, and decreasing
the resonator’s quality factor significantly [30,37-39]. Then, gold atoms were added to this system as
absorbed mass. The adaptive intermolecular reactive empirical bond order (AIREBO) [40,41] and the
potential and embedded-atom method (EAM) [42] potential were used to describe C-C and Au-Au
interactions, respectively. The Lennard-Jones 12-6 equation, representing a cursory approximation of
the interaction between C and Au [28,43—45], is defined by

=) (]

where € = 29 meV and ¢ = 3.0 A. With these three potential functions, the Hamiltonian equation of the
system could be established. By solving the Hamiltonian equation, the corresponding evolutionary
process could be determined after obtaining every atom’s position and momentum.

The simulation process was divided into four parts: equilibration, deformation, actuation and
oscillation. Followed by further equilibration under the NPT ensemble (where the number of atoms,
pressure and temperature are kept constant) of 100 ps, the simulation system was first optimized to
obtain the relaxed structure with the minimum energy. Then, the axial deformation was imposed
on the graphene sheet to stretch it. The induced stress ranged from 12 GPa to 47 GPa in this study.
Afterwards, the edges were fixed, and then a velocity distribution v, was exerted on the free part,
described as

. X . Y
v, =7 51n(n—7r) sm(m—n) 2)

Ly Ly
where m and n refer to the resonant mode, x and y are the coordinates of every atom on the x—y plane,
Ly and Ly are the side length of the vibrating square graphene sheet, which were both set to 10 nm. The
initial velocity vy is equal to 1 A/ps. In this case, the corresponding amplitude was less than 1.5 A,
which is too small to cause violent nonlinear vibrations [38,44]. We made a convergence test, which
demonstrates that 1 A/ps is appropriate for harmonic vibration, and the corresponding results are
shown in Section 3.1. After the graphene sheet started oscillating under the NVE ensemble (where the
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number of atoms, volume and energy are kept constant), the kinetic energy and potential energy of the
system were traced and recorded. Finally, the Fast Fourier Transform (FFT) method was utilized to
calculate the frequency of the energy change, which was twice the vibration frequency. The whole MD
simulation lasted for 600 ps with a time-step of 1 fs, and the simulation temperature was 10 K.

3. Results and Discussion

By performing the MD simulation, we calculated three corresponding resonant frequencies of
the peripherally clamped graphene sheet with different absorbed masses and prestress values. The
simulation results show that the position of the absorbed mass greatly affects the frequency shift.
Particularly, when gold atoms were placed at the center area of the graphene sheet, the frequency
of modell decreased significantly, whilst the frequencies of mode21 and mode22 remained steady.
Moreover, a linear relationship exists between the frequency and the square root of tension in a
graphene sheet, thus indicating an effective way to improve the mass-induced frequency shifts by
increasing the prestress. However, this phenomenon also means that stress fluctuation would disturb
the determination of the absorbed mass to a large extent. Consequently, a novel and effective method
for solving the absorbed mass is proposed based on the ratio between the fundamental frequency
f11 and the higher frequencies f»;, and f, instead of the fundamental frequency shift susceptible to
stress variance.

3.1. Effect of Absorbed Mass Distribution

Since the bending rigidity of the monolayer graphene is as low as 2.31 X 1071 Nm [46], the
stretched monolayer graphene sheet, as shown in Figure 1b, can be modeled as a flat square membrane
under tension [30], whose resonant frequencies can be written as

V2 +m? [o
=\ o~ 3)
Po

where L is the side length of the square membrane, ¢ is the stress of graphene, and py is the density.
The parameters n and m refer to the different resonant modes as defined in Figure 2. Considering
that Equation (3) is applicable to harmonic vibration, a convergence test was made beforehand to
ensure that the nonlinearity was neglectable in our simulation. A set of amplitudes, ranging from 0.2
to 10 A/ps of initial velocity, were applied successively, and the corresponding frequencies of modell,
mode21 and mode22 were then obtained by the MD simulation, as shown in Figure 3. In this study,
the stretched graphene sheets with a prestress ranging from 12 to 47 GPa serve as resonators. Since a
strong prestress in the graphene can decrease the out-of-plane deflection dramatically and weaken
the nonlinearity, the value of 12 GPa was chosen in this convergence test to render the simulation
results effective. Figure 3 shows that when the initial velocity amplitude was lower than 2 A/ps, the
error between the MD simulation results and the theoretical results obtained in Equation (3), based
on the harmonic vibration hypothesis, was within 5%. The small variance of resonant frequencies
demonstrates the convergence of the MD simulation results, thus indicating that the nonlinearity
effect was weak in this case. Consequently, the initial velocity amplitude was set to 1 A/ps and the
corresponding vibration can be regarded as harmonic.
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Figure 2. Three typical mode shapes of the square membrane peripherally clamped. (a) Modell: n=1,
m=1. (b) Mode21l: n =2, m =1. (c) Mode22: n=2, m = 2.
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Figure 3. Frequencies calculated by the molecular dynamics (MD) simulation at different initial velocity
amplitudes. (a) modell, (b) mode21, (c) mode22.

When the gold atoms were put on the surface, the equivalent density of graphene changed slightly
and the corresponding frequency shift can be described as

Afnm 1Am
Fon ~ 27mo @)

The volume of the graphene sheet is considered unchanged, so the change of density can be regarded as
the change of mass. Note that this equation is suitable for evenly distributed golden atoms. Otherwise,

a correction factor Sy, (x, y) should be added in Equation (4) [47]. The correctional formula is expressed

as Af, 1A
fnrr:n =T mSnm(x Y) 5)

The factor S, (x, y) represents the effect of the absorbed mass distribution. In order to obtain the
value of S;m (x, y) corresponding to each position, we divided the graphene sheet into 100 small square
areas, and two gold atoms were placed on each of them in turn. The resulting frequency shift was
then calculated by the MD simulation. After the traversing of all 100 areas, the results are illustrated
in Figure 4. For this part, the prestress was set to 47 GPa, so the stress caused by oscillation (about
0.2 GPa) can be neglected. The frequencies of modell, mode21 and mode22 were 323.2 GPa, 515.4
GPa, and 647.4 GPa respectively, which agrees well with the theoretical values of f1; = 326.8 GPa, f7;
=516.8 GPa, and f7, = 462.2 GPa. When two gold atoms were placed on the graphene surface, the
corresponding frequency shifts Af,;; were obtained using the MD simulation. As for the right side of
Equation (5), the vibrating part of the graphene contained 3854 carbon atoms with a molar mass of 12,
and the molar mass of the two absorbed gold atoms was 197, therefore calculating Amy/mg as 0.0085. In
this way, the value of S, (x, y) can be confirmed by Equation (5), as illustrated in Figure 4.
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Figure 4. The values of S, (x, y) obtained by MD simulation for (a) modell, (b) mode21, and
(c) mode22.

Referring to Figure 4a, the mass in the central area reduced the fundamental frequency dramatically
with the correction factor 511(0, 0) of about 4, while the mass at the edge had little influence on the
frequency. Note that the areas with larger vibration amplitudes tended to have a larger factor S, (x,
y), which was similar to the deflection eigenmode. Hence, S, (x, ) could be written as S, (x, y) =
4[1-cos(2nmx/Ly)][1-cos(2mmy/L,)] [48]. This expression conforms well with the simulation results,
which had a coefficient (R?) of determination of up to 0.98 for the mode11. This conclusion can also be
applied to higher modes (mode21 and mode22), as shown in Figure 4b,c. However, the fitting results
are not very accurate because they are only a coarse approximation of the deflection eigenmode of
mode21 (n =2, m = 1) and mode22 (n = 2, m = 2). Compared with the one in model1l, the areas with
large Sy (x, y) values in mode21 and mode22 are much smaller and more scattered, which produces
an adverse effect on the detection of the absorbed mass. Therefore, the frequency shifts of mode21 and
mode2?2 are not available for direct mass determination. In contrast, the frequencies of these higher
modes can be used to compensate for the effects of stress instability in mass determination using the
fundamental frequency shift. It should be mentioned that the prestress of stretched graphene cannot
remain entirely unchanged. Although the stress fluctuation affects the frequencies of all the modes, the
absorbed mass in the center only reduces the fundamental frequency. As a result, the frequencies of
modell, mode21 and mode22 were employed together to determine the absorbed mass accurately in
spite of the unstable stress in the graphene.

3.2. Effect of Prestress Variation

It is well known that enhancing the stress in graphene sheets contributes to an increase of rensonant
frequencies and frequency shifts. Hence, the square graphene sheet was stretched axially to generate a
series of tensile stress at a range of 12—47 GPa. To achieve higher sensitivity, absorbed gold atoms were
constrained to a circular area with a radius of 10 A in the middle of the graphene sheet. Then, the
resulting different frequency responses to the absorbed mass were observed, as depicted in Figure 5.
Under tensile stresses of 12, 23, 32, 40 and 47 GPa, the fundamental natural frequency of the graphene
sheet was calculated as 169.5, 227.3, 268.0, 298.8 and 323.2 GPa, respectively, as shown in Figure 5a.
The fundamental frequency is proportional to the square root of the tensile stress, as indicated in
Equation (3). Moreover, Figure 5a presents the frequency shift of modell when 1-10 gold atoms with
masses of 3.3-33 x 10722 g were placed in the middle of the monolayer of the graphene sheet. The
fundamental frequency shift was —0.480, —0.643, —0.772, —0.864 and —0.943 GHz/(10~%? g), respectively,
thus showing a linear relashionship with the square root of the tensile stress. By contrast, Figure 5b,c
show the insensitivities of mode21 and mode22 to central mass. The frequency shifts of mode21
and mode22 were less than 0.01 and 0.05 GHz/(107%? g), respectively, and much lower than that of
modell. It can also be seen from Figure 5b,c that the frequencies of mode21 and mode22 increased
simultaneously with the increasing stress in the graphene, obeying Equation (3), as the fundamental
frequency did. In Figure 5d, the frequency-shift ratio Afym/fnm under different tensions exhibited
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almost an identical relationship with the absorbed mass. The average frequency shift ratio of modell
induced by the central absorbed mass of 1022 g is 0.287%, similar to the theoretical result of 0.266% and
in accordance with Equation (5) where S11(0, 0), is assumed to be 4. On the contrary, the frequencies
of mode21 and mode22 showed negligible variations in response to the absorbed mass. In this way,

the insensitivity to the central absorbed mass can be made use of to compensate for the influence of
stress fluctuation.
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Figure 5. The frequency shift in response to the absorbed mass in the middle of the monolayer graphene
sheet with a prestress of 12-47 GPa. The frequencies of (a) modell, (b) mode21, and (c) mode22 versus
absorbed mass. (d) The frequency shift rates Afuu/fum versus absorbed mass.

3.3. Mass Determination by Frequency Ratio

In previous studies [6,7,9-11,22-24], the determination of the absorbed mass was simply based on
the fundamental frequency shift or the fundamental frequency shift ratio. For the use of the former, the
change of the tension in the graphene would induce a significant interference with the calculation of
the absorbed mass. For the use of the latter, the natural frequency f is generally obtained in advance,
but other factors, such as temperature, are likely to change during the measurement of the resonant
frequency f after mass absorption. The frequency shift ratio (f — f¢)/fo results from the absorbed mass
and the circumstance change. There is no essential difference between these two methods. As a result,
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these methods of mass determination are inapplicable to the stretched graphene-based resonator,
whose stress cannot be controlled precisely and steadily.

Herein, the absorbed mass can be determined using the frequency ratio of modell to mode21
or mode22, which are measured simultaneously, while suppressing the disturbance induced by the
variance of tension. To achieve higher sensitivity, absorbed gold atoms were constrained to the middle
of the graphene sheet, as demonstrated in Section 3.2. In this way, the parameter S;11(0, 0) was up to 4,
while S,1(0, 0) and Sy, (0, 0) were equal to 0. From Equations (3) and (5), the absorbed mass can be
calculated as

_my V10 fun
Am = 7(1—75), (6)
or f
_ Mo g _,J/11
Am = —==(1 2f22) @)

As shown in Equations (6) and (7), since the absorbed mass is linearly dependent on the frequency
ratio of modell to mode21 (or mode22), a linear function is employed to fit the MD simulation results
as given in Figure 6, which demonstrates a high correlation coefficient of 0.999. It should be noted that
the parameters changed slightly when the prestress was not strong enough, especially when it was
comparable to the effective stress due to the nonlinear oscillations (about 0.2 GPa). As a consequence,
only the frequencies under stresses of 32, 40 and 47 GPa are depicted in Figure 6. Furthermore,
theoretically, only the mass of the graphene sheet in Equations 6 and 7 were undetermined. In other
words, the stretched graphene-based resonant mass sensor can reach an atomic scale resolution via
the frequency ratio of modell to mode21 or mode22, which is advantageously insusceptible to stress
fluctuation.

35 1 354
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Figure 6. The relationship between the absorbed mass and the frequency ratio f11/f21, f11/f22- (a) The
absorbed mass as a function of f11/f>1. (b) The absorbed mass as a function of f11/f.

In addition, the absorption of the gold atoms on the surface of the graphene sheet needs to be
mentioned. In this study, lateral movements of gold atoms were constrained, in accordance with the
assumption that gold atoms are fixed tightly at the simulation temperature of 10 K. However, the
diffusion of gold atoms could not be neglected with the increase in temperature. The mass-sensing
capability was inclined to worsen particularly when the temperature reached up to 300 K due to the
diffusion of gold atoms [45]. Moreover, increasing temperature leads to a decrease in the quality
factor [1,4], which reduces the resolution of frequency shifts. Consequently, the conclusions obtained
at low temperatures cannot be generalized to high temperatures without any modifications. Future
research on restraining the diffusion and maintaining the mass sensing capability effectively under
high temperature is needed.
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4. Conclusions

In this paper, the applicability of a stretched graphene-based mass sensor via a frequency ratio was
investigated by performing an MD simulation. With regard to the square graphene sheet peripherally
clamped, the frequencies and the mass-induced frequency shifts of modell, mode21, mode22 were
analyzed. The simulation results show that, on the one hand, absorbed mass in areas with a larger
vibration amplitude decreased resonant frequencies more dramatically. The frequency shift of modell,
induced by the central absorbed mass was four times larger than that induced by evenly distributed
mass, while the frequencies of mode21 and mode22 were totally insensitive to the central absorbed mass.
On the other hand, a strong linear relationship between the frequencies and the square root of stress in
graphene was found; thus, the stretched graphene sheet tended to have higher resonant frequencies
and higher sensitivities. The fundamental frequency of a 10 nm long square monolayer graphene sheet
with a prestress of about 47 GPa was up to 323.2 GHz, which exhibited an ultra-high mass sensitivity of
0.943 GHz/(102? g). Compared with the inapplicable traditional method of mass determination based
on the fundamental frequency shift due to the unstable stress in stretched graphene, the proposed
method of mass determination via the frequency ratio of modell to mode21 or mode22 can achieve a
mass resolution of 3.30 x 10722 g, with an unstable stress ranging from 32 GPa to 47 GPa. The resulting
mass sensitivity was about 0.183 %/(10~22 g) for f11/f21 and 0.142 %/(10~22 g) for f11/f22. The benefit of
stress immunity indicates the great robustness of the proposed sensor against external disturbances in
real conditions.

Author Contributions: X.X. proposed the method of mass determination via frequency ratio, performed the MD
simulation, and drafted this manuscript; S.-C.F. conceived the idea of this model; C.L. analyzed the simulation
results and modified the manuscript; W.-W.X. assisted in the MD simulation.

Funding: This work was supported by National Natural Science Foundation of China (grant number 61773045
and 61573033), the National Key Scientific Instrument and Equipment Development Project (grant number
2014YQ35046103), and the Program for Changjiang Scholars and Innovative Research Team in University (under
grant -IRT_16R02).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bunch,].S; van der Zande, A.M.; Verbridge, S.S.; Frank, LW.; Tanenbaum, D.M.; Parpia, ].M.; Craighead, H.G.;
McEuen, P.L. Electromechanical resonators from graphene sheets. Science 2007, 315, 490—493. [CrossRef]
[PubMed]

2. Peng, H.B.; Chang, C.W.,; Aloni, S.; Yuzvinsky, T.D.; Zettl, A. Ultrahigh frequency nanotube resonators. Phys.
Rev. Lett. 2006, 97, 087203. [CrossRef] [PubMed]

3.  Poncharal, P,; Wang, Z.L.; Ugarte, D.; de Heer, W.A. Electrostatic deflections and electromechanical resonances
of carbon nanotubes. Science 1999, 283, 1513. [CrossRef] [PubMed]

4. Chen, C,; Rosenblatt, S.; Bolotin, K.I.; Kalb, W.; Kim, P.; Kymissis, I.; Stormer, H.L.; Heinz, T.F.; Hone, J.
Performance of monolayer graphene nanomechanical resonators with electrical readout. Nat. Nanotechnol.
2009, 4, 861-867. [CrossRef]

5. Chiu, H.-Y,; Hung, P; Postma, HW.C.; Bockrath, M. Atomic-scale mass sensing using carbon nanotube
resonators. Nano Lett. 2008, 8, 4342-4346. [CrossRef]

6. Jensen, K.; Kim, K.; Zettl, A. An atomic-resolution nanomechanical mass sensor. Nat. Nanotechnol. 2008, 3,
533-537. [CrossRef]

7. Lassagne, B.; Garcia-Sanchez, D.; Aguasca, A.; Bachtold, A. Ultrasensitive mass sensing with a nanotube
electromechanical resonator. Nano Lett. 2008, 8, 3735. [CrossRef]

8. Habibi, M.; Darbari, S.; Rajabali, S.; Ahmadi, V. Fabrication of a graphene-based pressure sensor by utilising
field emission behavior of carbon nanotubes. Carbon 2016, 96, 259-267. [CrossRef]

9.  Shi, ET,; Fan, 5.C.; Cheng, L.I; Peng, X.B. Modeling and analysis of a novel ultrasensitive differential resonant
graphene micro-accelerometer with wide measurement range. Sensors 2018, 18, 2266. [CrossRef]

10. Waggoner, P.S.; Craighead, H.G. Micro- and nanomechanical sensors for environmental, chemical, and
biological detection. Lab Chip 2007, 7, 1238-1255. [CrossRef]


http://dx.doi.org/10.1126/science.1136836
http://www.ncbi.nlm.nih.gov/pubmed/17255506
http://dx.doi.org/10.1103/PhysRevLett.97.087203
http://www.ncbi.nlm.nih.gov/pubmed/17026328
http://dx.doi.org/10.1126/science.283.5407.1513
http://www.ncbi.nlm.nih.gov/pubmed/10066169
http://dx.doi.org/10.1038/nnano.2009.267
http://dx.doi.org/10.1021/nl802181c
http://dx.doi.org/10.1038/nnano.2008.200
http://dx.doi.org/10.1021/nl801982v
http://dx.doi.org/10.1016/j.carbon.2015.09.059
http://dx.doi.org/10.3390/s18072266
http://dx.doi.org/10.1039/b707401h

Sensors 2019, 19, 3027 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Arlett, ].L.; Myers, E.B.; Roukes, M.L. Comparative advantages of mechanical biosensors. Nat. Nanotechnol.
2011, 6, 203-215. [CrossRef] [PubMed]

Eom, K.; Park, H.SS.; Yoon, D.S.; Kwon, T. Nanomechanical resonators and their applications in
biological/chemical detection: Nanomechanics principles. Phys. Rep. 2011, 503, 115-163. [CrossRef]
Mateiu, R.; Kiihle, A.; Marie, R.; Boisen, A. Building a multi-walled carbon nanotube-based mass sensor with
the atomic force microscope. Ultramicroscopy 2005, 105, 233-237. [CrossRef]

Schedin, F.; Geim, A K.; Morozov, S.V.; Hill, EW.; Blake, P.; Katsnelson, M.1.; Novoselov, K.S. Detection of
individual gas molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652—-655. [CrossRef] [PubMed]
Goémeznavarro, C.; Burghard, M.; Kern, K. Elastic properties of chemically derived single graphene sheets.
Nano Lett. 2008, 8, 2045. [CrossRef]

Lee, C.; Wei, X.; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

Castro Neto, A.H.; Guinea, F; Peres, N.M.R.; Novoselov, K.S.; Geim, A K. The electronic properties of
graphene. Rev. Mod. Phys. 2009, 81, 109-162. [CrossRef]

Peres, N.M.R. The electronic properties of graphene and its bilayer. Vacuum 2009, 83, 1248-1252. [CrossRef]
Zhang, Y.; Tan, YYW.; Stormer, H.L.; Kim, P. Experimental observation of the quantum Hall effect and Berry’s
phase in graphene. Nature 2005, 438, 201-204. [CrossRef]

Sakhaee-Pour, A.; Ahmadian, M.T.; Vafai, A. Applications of single-layered graphene sheets as mass sensors
and atomistic dust detectors. Solid State Commun. 2008, 145, 168-172. [CrossRef]

Jiang, RW.; Shen, Z.B.; Tang, G.J. Vibration analysis of a single-layered graphene sheet-based mass sensor
using the Galerkin strip distributed transfer function method. Acta Mech. 2016, 227, 2899-2910. [CrossRef]
Shen, Z.-B.; Tang, H.-L.; Li, D.-K ; Tang, G.-]. Vibration of single-layered graphene sheet-based nanomechanical
sensor via nonlocal Kirchhoff plate theory. Comput. Mater. Sci. 2012, 61, 200-205. [CrossRef]

Murmu, T.; Adhikari, S. Nonlocal mass nanosensors based on vibrating monolayer graphene sheets. Sens.
Actuators B Chem. 2013, 188, 1319-1327. [CrossRef]

Zhou, S.-M.; Sheng, L.-P; Shen, Z.-B. Transverse vibration of circular graphene sheet-based mass sensor via
nonlocal Kirchhoff plate theory. Comput. Mater. Sci. 2014, 86, 73-78. [CrossRef]

Arash, B.; Wang, Q.; Duan, W.H. Detection of gas atoms via vibration of graphenes. Phys. Lett. A 2011, 375,
2411-2415. [CrossRef]

Kwon, OK,; Kim, K.-S;; Park, J.; Kang, JJW. Molecular dynamics modeling and simulations of
graphene-nanoribbon-resonator-based nanobalance as yoctogram resolution detector. Comput. Mater.
Sci. 2013, 67, 329-333. [CrossRef]

Duan, K.; Li, L.; Hu, Y.; Wang, X. Pillared graphene as an ultra-high sensitivity mass sensor. Sci. Rep. 2017, 7,
14012. [CrossRef]

Jalali, S.K.; Naei, M.H.; Pugno, N.M. Graphene-based resonant sensors for detection of ultra-fine nanoparticles:
Molecular dynamics and nonlocal elasticity investigations. Nano 2015, 10, 1550024. [CrossRef]
Garciasanchez, D.; Van, A.D.Z.; Paulo, A.S.; Lassagne, B.; Mceuen, P.L.; Bachtold, A. Imaging mechanical
vibrations in suspended graphene sheets. Nano Lett. 2008, 8, 1399-1403. [CrossRef]

Van der Zande, A.M.; Barton, R.A.; Alden, ].S.; Ruiz-Vargas, C.S.; Whitney, W.S.; Pham, P.H.; Park, J.;
Parpia, ].M.; Craighead, H.G.; McEuen, P.L. Large-scale arrays of single-layer graphene resonators. Nano
Lett. 2010, 10, 4869-4873. [CrossRef]

Lemme, M.C.; Echtermeyer, T.].; Baus, M.; Kurz, H. A graphene field-effect device. IEEE Electron. Device Lett.
2007, 28, 282-284. [CrossRef]

Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, L.V,; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]

Das, S.; Lahiri, D.; Agarwal, A.; Choi, W. Interfacial bonding characteristics between graphene and dielectric
substrates. Nanotechnology 2014, 25, 045707. [CrossRef] [PubMed]

Koenig, S.P.; Boddeti, N.G.; Dunn, M.L.; Bunch, J.S. Ultrastrong adhesion of graphene membranes. Nat.
Nanotechnol. 2011, 6, 543-546. [CrossRef] [PubMed]

Rapaport, D.C.; Blumberg, R.L.; Mckay, S.R.; Christian, W. The art of molecular dynamics simulation. Comput.
Sci. Eng. 2002, 1, 70-71. [CrossRef]

Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1-19.
[CrossRef]


http://dx.doi.org/10.1038/nnano.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/21441911
http://dx.doi.org/10.1016/j.physrep.2011.03.002
http://dx.doi.org/10.1016/j.ultramic.2005.06.042
http://dx.doi.org/10.1038/nmat1967
http://www.ncbi.nlm.nih.gov/pubmed/17660825
http://dx.doi.org/10.1021/nl801384y
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1016/j.vacuum.2009.03.018
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1016/j.ssc.2007.10.032
http://dx.doi.org/10.1007/s00707-016-1649-7
http://dx.doi.org/10.1016/j.commatsci.2012.04.003
http://dx.doi.org/10.1016/j.snb.2013.07.051
http://dx.doi.org/10.1016/j.commatsci.2014.01.031
http://dx.doi.org/10.1016/j.physleta.2011.05.009
http://dx.doi.org/10.1016/j.commatsci.2012.09.017
http://dx.doi.org/10.1038/s41598-017-14182-6
http://dx.doi.org/10.1142/S1793292015500241
http://dx.doi.org/10.1021/nl080201h
http://dx.doi.org/10.1021/nl102713c
http://dx.doi.org/10.1109/LED.2007.891668
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1088/0957-4484/25/4/045707
http://www.ncbi.nlm.nih.gov/pubmed/24399030
http://dx.doi.org/10.1038/nnano.2011.123
http://www.ncbi.nlm.nih.gov/pubmed/21841794
http://dx.doi.org/10.1109/5992.743625
http://dx.doi.org/10.1006/jcph.1995.1039

Sensors 2019, 19, 3027 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang, M.C.; Yan, C.; Ma, L.; Hu, N. Molecular dynamics investigation on edge stress and shape transition in
graphene nanoribbons. Comput. Mater. Sci. 2013, 68, 138-141. [CrossRef]

Sadeghi, M.; Naghdabadi, R. Nonlinear vibrational analysis of single-layer graphene sheets. Nanotechnology
2010, 21, 105705. [CrossRef]

Jiang, ].-W.; Wang, ]J.-S. Why edge effects are important on the intrinsic loss mechanisms of graphene
nanoresonators. J. Appl. Phys. 2012, 111. [CrossRef]

Brenner, D.W. Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of
diamond films. Phys. Rev. B 1990, 42, 9458-9471. [CrossRef] [PubMed]

Stuart, S.J.; Tutein, A.B.; Harrison, J.A. A reactive potential for hydrocarbons with intermolecular interactions.
J. Chem. Phys. 2000, 112, 6472-6486. [CrossRef]

Daw, M.S.; Baskes, M.I. Embedded-atom method: Derivation and application to impurities, surfaces, and
other defects in metals. Phys. Rev. B 1984, 29, 6443-6453. [CrossRef]

Wongkoblap, A.; Junpirom, S.; Do, D.D. Adsorption of Lennard-Jones fluids in carbon slit pores of a finite
length. A computer simulation study. Adsorpt. Sci. Technol. 2005, 23, 1-18. [CrossRef]

Jiang, ] W.; Park, H.S.; Rabczuk, T. Enhancing the mass sensitivity of graphene nanoresonators via nonlinear
oscillations: The effective strain mechanism. Nanotechnology 2012, 23, 475501. [CrossRef] [PubMed]

Kim, S.Y.; Park, H.S. On the utility of vacancies and tensile strain-induced quality factor enhancement for
mass sensing using graphene monolayers. Nanotechnology 2010, 21, 105710. [CrossRef] [PubMed]

Wei, Y,; Wang, B.; Wu, J.; Yang, R,; Dunn, M.L. Bending rigidity and Gaussian bending stiffness of
single-layered graphene. Nano Lett. 2013, 13, 26-30. [CrossRef] [PubMed]

Dai, M.D.; Eom, K.; Kim, C.W. Nanomechanical mass detection using nonlinear oscillation. Appl. Phys. Lett.
2009, 95, 203104. [CrossRef]

Dai, M.D.; Kim, C.W.; Eom, K. Nonlinear vibration behavior of graphene resonators and their applications in
sensitive mass detection. Nanoscale Res. Lett. 2012, 7, 499. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.commatsci.2012.09.035
http://dx.doi.org/10.1088/0957-4484/21/10/105705
http://dx.doi.org/10.1063/1.3691958
http://dx.doi.org/10.1103/PhysRevB.42.9458
http://www.ncbi.nlm.nih.gov/pubmed/9995183
http://dx.doi.org/10.1063/1.481208
http://dx.doi.org/10.1103/PhysRevB.29.6443
http://dx.doi.org/10.1260/0263617053737163
http://dx.doi.org/10.1088/0957-4484/23/47/475501
http://www.ncbi.nlm.nih.gov/pubmed/23117225
http://dx.doi.org/10.1088/0957-4484/21/10/105710
http://www.ncbi.nlm.nih.gov/pubmed/20160344
http://dx.doi.org/10.1021/nl303168w
http://www.ncbi.nlm.nih.gov/pubmed/23214980
http://dx.doi.org/10.1063/1.3265731
http://dx.doi.org/10.1186/1556-276X-7-499
http://www.ncbi.nlm.nih.gov/pubmed/22947221
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Modeling and MD Simulation 
	Results and Discussion 
	Effect of Absorbed Mass Distribution 
	Effect of Prestress Variation 
	Mass Determination by Frequency Ratio 

	Conclusions 
	References

