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Abstract

We have utilized classical molecular dynamics to investigate the mass sensing potential of
graphene monolayers, using gold as the model adsorbed atom. In doing so, we report two key
findings. First, we find that while perfect graphene monolayers are effective mass sensors at
very low (T < 10 K) temperatures, their mass sensing capability is lost at higher temperatures
due to diffusion of the adsorbed atom at elevated temperatures. We demonstrate that even if the
quality (Q) factors are significantly elevated through the application of tensile mechanical
strain, the mass sensing resolution is still lost at elevated temperatures, which demonstrates that
high Q-factors alone are insufficient to ensure the mass sensing capability of graphene. Second,
we find that while the introduction of single vacancies into the graphene monolayer prevents the
diffusion of the adsorbed atom, the mass sensing resolution is still lost at higher temperatures,
again due to Q-factor degradation. We finally demonstrate that if the Q-factors of the graphene
monolayers with single vacancies are kept acceptably high through the application of tensile
strain, then the high Q-factors, in conjunction with the single atom vacancies to stop the
diffusion of the adsorbed atom, enable graphene to maintain its mass sensing capability across a

range of technologically relevant operating temperatures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Graphene has recently been discovered as the simplest
two-dimensional crystal structure [1, 2], and has been
found to have a variety of exceptional or unusual physical
properties [3, 4], many of which have contributed a view of
graphene as being one of the key building blocks for future
nanoelectromechanical systems (NEMS) [5-8].

One of the key applications for graphene is as an
ultrasensitive mass sensor, with the potential to detect single
atoms or molecules with masses as small as fractions of
zeptograms [5]. In this respect, graphene will serve as the
next-generation of carbon-based nanosensors, where carbon
nanotubes have been investigated as mass sensors for many
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years [9-13], and where recent experimental work by various
researchers [12, 13] has indicated that carbon nanotubes may
be utilized to detect individual atoms. We note that other
nanomaterials such as nanowires have also been investigated
for their mass sensing potential [14—16].

In studying the potential of graphene to act as a high
performance nanoscale mass sensor, the key measure of its
mass sensing potential is whether it will be possible to observe
relatively large shifts in resonant frequency Af for very small
amounts of adsorbed mass Am. It is currently anticipated
that graphene will be able to meet this performance measure
for the following reasons. First, graphene can oscillate at
high resonant frequencies fy due to its high elastic modulus,
which was recently measured experimentally to be 1 TPa
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for a graphene monolayer [17]. Second, graphene sheets
have an extremely low mass mg, on the order of 1072 kg;
this combination of high resonant frequency and low mass
indicates that graphene should be an ideal choice to serve as
ultrasensitive nanometer mass sensors.

The detection of individual atoms using graphene sheets
is further thought to be feasible despite the low quality (Q)-
factors for graphene, on the order of 2-4000, that have
been experimentally reported [5, 7, 18] for both single and
multilayer graphene and graphene oxide sheets. The Q-factors
of graphene may limit its mass sensing capability because the
amount of adsorbed mass Am that can be detected obeys the
following relationship, as written by Ekinci et al [19]:

b \1/2
Am ~2my | —— 10~ PR/20, (D
Qwo

where DR is the dynamic range of the resonator and b is
the bandwidth, or the available frequency range of detection;
equation (1) clearly indicates that a higher Q-factor is
necessary to detect ever smaller masses.

Therefore, the goal of the present work is to utilize
classical molecular dynamics (MD) simulations to examine
the potential of monolayer graphene sheets as nanoscale mass
sensors by studying their response, i.e. changes in their
vibrational frequency, to added mass. To do so, following
recent experiments [12] using carbon nanotubes, we study
the detection of individual gold atoms. Gold is chosen
for multiple reasons; for example it is relatively easy to
evaporate experimentally onto carbon-based nanostructures, it
is relatively mobile at room temperature on graphite, it does
not oxidize, unlike other FCC metals such as copper, and it is
relatively non-reactive.

Furthermore, in contrast to heavier biomolecules, the
addition of gold atoms to graphene monolayers does not
cause significant local variations in the Young’s modulus of
graphene. As shown by Tamayo et al [20], these local stiffness
variations due to the attachment of heavy biomolecules can
cause even larger variations in the resonant frequency than
due to the attached mass, thus complicating the mass sensing
analysis. Because we wish to isolate the sensitivity of graphene
to added mass, we choose gold atoms, rather than specific
biomolecules in the present work.

We also note that previous theoretical studies have studied
mass sensing using graphene and CNTs, i.e. [21, 22]. However,
because both of these are based upon continuum mechanics
studies of the carbon-based structure, the actual atomistic
nature of bonding between the adsorbed atom and graphene
was not considered, and neither considered the importance of
Q-factor engineering on the mass sensing capability.

There are two major results in this work. First, while
perfect monolayer graphene sheets are found to be effective
mass sensors at very low (7 < 10 K) temperatures, the
mass sensing capability is lost at higher temperatures due to
both diffusion of the gold atom coupled with the decrease in
Q-factors of graphene with increasing temperature. Second,
to reduce the loss in mass sensitivity due to diffusion, we
introduce single atom vacancies into the graphene monolayer,
which successfully prevents diffusion of the gold atoms due to

the significantly enhanced binding energy between gold and
single atom vacancies in graphene. However, we find that
despite the success at preventing diffusion, the low Q-factors
of the defective graphene monolayer at elevated temperatures
result in a loss of mass sensitivity. Therefore, we then
demonstrate that introduction of single atom vacancies in the
graphene monolayer to prevent diffusion at high temperatures,
coupled with the application of tensile mechanical strain
to enhance the Q-factors of graphene at high temperatures,
enables graphene to keep its single atom mass sensing
capability across a range of technologically relevant operating
temperatures.

2. Numerical examples

We studied the mass sensing potential of graphene using a
circular monolayer of graphene with two different sizes. The
smaller model had a diameter of 42.6 A, which consisted of
547 carbon atoms; the larger model had a diameter of 125.4 A,
which consisted of 4886 carbon atoms. For both models,
all atoms along the outer edge of the sheet were fixed; this
was performed in previous experimental studies [7] and MD
calculations [23, 24] which showed that spurious edge modes
of vibration are one of the key factors that contribute to the
low Q-factors of graphene sheets that have been observed
experimentally [5, 7, 18]. These edge modes are eliminated
in the MD simulations by constraining the edge atoms not to
move, and can be removed experimentally by suspending the
graphene sheet over a silicon oxide substrate.

We utilized the second generation Brenner potential
(REBO-II) [25] for all carbon—carbon interactions; this
potential has been shown to accurately reproduce binding
energies, force constants and elastic properties of graphene.
For the carbon—gold interactions, we utilized a Lennard-Jones
(LJ) potential with potential parameters modified for two cases.
For the case where the gold atoms interact with a defect-free
graphene sheet, recent experimental studies have shown that
the cohesive energy of gold on graphite (0001) surfaces is
about 0.40 eV [26, 27]. We therefore modified the LJ potential
parameters to be oa,—c = 2.9943 A, and €py_c = 0.02936 eV
in order to reproduce the cohesive energy of 0.40 eV for gold
on perfect graphite.

We also considered the case in which a single atom
vacancy was introduced at the center of the graphene sheet, to
determine if the adsorption of gold into the vacancy enhances
the mass sensing capability. Recent density functional theory
(DFT) calculations have found that the cohesive energy of
gold in a single defect on the graphite (0001) surface is about
2.62 eV [28]; other DFT calculations have placed this value
near 3 eV [29]. For this case, we modified the LJ energy
well depth parameter €5,—c = 0.77860 eV to reproduce the
2.62 eV cohesive energy for gold interacting with a single
atom vacancy on (0001) graphite. We further justify the
usage of the LJ potential for the gold—vacancy interactions
as the DFT calculations demonstrated that the density of
states between gold and the three defected carbon atoms is
strongly localized [28]. Therefore, the modified LJ well
depth parameter e€x,—c = 0.77860 eV was only utilized
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Figure 1. Frequency shift for a perfect graphene monolayer (small
model: 547 carbon atoms) for a single adsorbed gold atom at
different temperatures and applied tensile strain.

for interactions between gold atoms and the three carbon
atoms around the single atom vacancy defect. Gold-gold
interactions for multi-atom (three and four atom) gold clusters
were modeled using the embedded atom (EAM) potential of
Cai and Ye [30].

For all simulations, energy minimizing positions of the
graphene monolayer either with or without adsorbed gold
atoms were first found. Second, the graphene monolayer either
with or without adsorbed gold atoms was equilibrated at a
specified temperature using a Nose—Hoover thermostat [31] for
50000 steps with a 1 fs time step within an NVT ensemble.
After the thermal equilibration, a sinusoidal velocity profile
was applied to the sheet, which had a maximum at the center
of the circular sheet, and decayed to zero at the fixed edges
of the sheet. After applying the velocity field, the graphene
monolayer, either with or without adsorbed gold atoms, was
allowed to freely oscillate for 100000 steps in an energy
conserving NVE ensemble. The sinusoidal velocity that was
applied to induce the oscillations was only 0.016% of the
total potential energy of the system, to ensure that nonlinear
vibrational modes due to the applied velocity field would not
be present.

To calculate the resonant frequency shifts, we calculated
the frequencies of oscillation for the graphene monolayer,
both with and without the single atom vacancy, and with
and without adsorbed atoms for a range of temperatures
(0.01, 1, 3, 10, 30, 100, 300 K) and states of applied
tensile strain (0%, 1%, 2%, 3%). The strain was applied by
symmetrically expanding the circular graphene sheet before
the thermal equilibration process, and was utilized as previous
MD simulations [23, 24] have demonstrated the utility of
mechanical strain in enhancing the Q-factors of graphene
monolayers. We note that previous experiments [32], MD
simulations [33], and theoretical calculations [34] have all
demonstrated that mechanical stress and strain can be used to
enhance the Q-factors of both metallic and semiconducting

Table 1. Frequency shift for an unstrained perfect graphene
monolayer (small model: 547 carbon atoms). All frequencies are in
GHz.

T (K) NoAuatom fy One Auatom f; (Af)
0.01 255.73 237.53 (—7.12%)
1 255.76 238.49 (—6.75%)
3 255.80 239.11 (—6.52%)
10 255.45 241.57 (—5.43%)
30 256.00 249.03 (—2.72%)
100 255.68 248.50 (—2.81%)
300 256.04 255.75 (—0.11%)

Table 2. Q-factors for a graphene monolayer (small model: 547
carbon atoms) for different amounts of tensile strain as a function of
temperature.

T (K) 0 (0%) 0 (1%) 0 (2%) 0 (3%)
0.01 >1000000 >1000000 >1000000 >1000000
1 ~800000 >1000000 >1000000 >1000000
3 ~270000 >1000000 >1000000 >1000000
10 ~91000 >1000000 >1000000 >1000000
30 ~45 000 ~500000 ~600000 ~1000000
100 ~12000 ~160000 ~340000 ~480 000
300 ~2500 ~64 000 ~150000 ~270000

nanowires, as well as carbon nanotubes.  Only single

adsorbed gold atoms were considered for the perfect graphene
monolayer, while one, three, and four adsorbed gold atoms
were considered for the defected graphene monolayer. The
mass sensitivity measure utilized in the present work for a
given temperature and state of strain is the difference in
oscillation frequency for the graphene monolayer without
adsorbed atoms, and the graphene monolayer with adsorbed
atoms.

2.1. Perfect graphene monolayer

We first discuss results for the perfect graphene monolayer,
i.e. without the single atom vacancy, to examine its
performance as a resonant mass sensor. Figure 1 shows the
frequency shift that is obtained for a single gold atom adsorbed
on a perfect graphene monolayer for temperatures ranging
from near cryogenic (0.01 K) to room temperature (300 K)
for the small graphene monolayer (547 carbon atoms) strained
between 0% and 3% tensile strain; the actual per cent change
in the frequency of oscillation is summarized in table 1.

We also summarize the Q-factors for the graphene
monolayer in table 2 for each temperature as a function
of applied tensile strain. We emphasize that we found
nearly identical Q-factors regardless of whether the graphene
monolayer was perfect, or had a single atom vacancy in the
center of the monolayer. Because of this, we use the Q-
factor values in table 2 interchangeably for both the perfect and
defected graphene monolayers. The key point with regards to
table 2 is that, for all temperatures, the Q-factors for graphene
increase substantially with an increase in applied tensile strain.

The first key point that can be discerned in figure 1 and
table 1 is that at low temperatures (T < 10 K), there is a
noticeable shift in the frequency of the graphene monolayer
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Figure 2. Mean free path of a single gold atom diffusing on the
surface of perfect monolayer graphene (large model: 4886 carbon
atoms) as a function of temperature.

for a single adsorbed gold atom, where the frequency shift
ranges from Af = —5.5% for unstrained graphene at 10 K to
Af = —7.2% for graphene under a 3% tensile strain at 10 K.

However, for temperatures exceeding 10 K, due to the low
binding energy between gold and perfect graphene (0.40 eV),
the gold atom begins to diffuse along the graphene surface.
This diffusion is reflected in the reduced frequency shift
in figure 1 and table 1, which decreases with increasing
temperature, where for unstrained graphene the measured
frequency shift drops to Af = —2.7% at 30 K, and then
down to Af = —0.11% at 300 K, which indicates a complete
loss of mass sensitivity at room temperature. Figure 1 also
demonstrates that at lower temperatures, i.e. 7 < 100 K,
the frequency of oscillation is essentially independent of
temperature regardless of the amount of tensile strain that is
applied to the graphene monolayer, while a slight decrease in
the frequency is observed near room temperature.

To further justify our conclusion that diffusion of the gold
atom with increasing temperature is responsible for the loss
in sensing capability of the graphene monolayer in figure 1,
we show in figure 2 the mean free path of a single gold
atom on monolayer graphene as a function of temperature.
Figure 2 clearly demonstrates that the mean free path for the
gold atom increases exponentially with temperature, following
the expected Arrhenius-type law. Specifically, the mean free
path at 30 K, when the mass sensitivity begins to degrade in
figure 1, is about 1.1 A ps~!, which is nearly ten times larger
than the mean free path at 0.01 K.

Furthermore, the mass sensitivity is lost at elevated
temperatures regardless of the amount of tensile mechanical
strain that is applied to the graphene monolayer.  For
example, as seen in table 2, when 3% tensile strain is applied,
the Q-factor is nearly 270000, which is 100 times larger
than the Q-factor at 0% strain; this should, according to
equation (1), significantly enhance the mass sensitivity of
the graphene monolayer. Despite the utility of mechanical

strain in significantly enhancing the Q-factor, as observed both
in the present work and also in previous works on metallic
and semiconducting nanowires [23, 32, 35], this increase in
Q does not overcome the loss in mass sensitivity due to
the diffusion of the gold atom resulting from the lack of
strong interatomic bonding between perfect graphene and gold
at elevated temperatures. Therefore, we have demonstrated
that high Q-factors alone are not sufficient to ensure highly
sensitive graphene-based mass sensors.

2.2. Graphene monolayer with single atom vacancy

While the mass sensitivity of perfect graphene was shown
to be excellent at low temperatures, a key performance issue
for practical graphene-based NEMS applications will be to
maintain this mass sensitivity at elevated temperatures, i.e. up
to room temperature. Due to the results of section 2.1,
which demonstrated that for perfect graphene, the lack of
strong bonding between the gold and graphene enabled the
diffusion of graphene at elevated temperatures, we now study
the potential of graphene monolayers with a single vacancy at
the center of the monolayer as an enhanced nanoscale mass
sensor. The defect is expected to enhance the mass sensitivity
of graphene at high temperature because the cohesive energy
of gold to defective carbon atoms as determined by recent DFT
calculations is about 2.62 eV [28], which is more than 6.5 times
larger than the binding energy of 0.4 eV for gold to perfect
graphene [26, 27].

Figure 3 shows the change in frequency for an unstrained
graphene monolayer with a single vacancy for one, three,
and four adsorbed gold atoms at different temperatures as
compared to an unstrained graphene monolayer with a single
vacancy and no adsorbed mass; we note that the frequency
shift is larger for the small model as expected due to its
smaller mass. The results in figure 3 are somewhat surprising,
because a loss in mass sensitivity is still observed for all
numbers of adsorbed gold atoms for temperatures exceeding
about 30 K, for both the small and large graphene monolayers.
Furthermore, for the single adsorbed gold atom on the small
graphene monolayer in figure 3(a), the loss in mass sensitivity
is observed for all temperatures exceeding 0.01 K, i.e. Af =
—7% when T = 0.01 K, but decreases to Af = —5.4% when
T = 3 K, and decreases even further to Af = —1.27% when
T = 30 K; this loss in mass sensitivity is observed even though
the single gold atom remains bound to the vacancy in the
graphene sheet and thus does not diffuse for all temperatures.
The three and four atom gold clusters are also found to have
similar losses in mass sensitivity with increasing temperature;
Af = —163% at 0.01 K for the three atom cluster but
decreases to Af = —4.2% at 300 K, while Af = —23.2%
at 0.01 K for the four atom cluster, and decreases to Af =
—14.0% at 300 K.

The preceding results strongly imply that the lack of
mass sensitivity at elevated temperatures despite preventing
the diffusion of the adsorbed atom is caused by another
mechanism.  The mechanism we now explore for the
reduced mass sensitivity is the well-known reduction in
Q-factor that occurs in nanostructures with increasing
temperature [23, 24, 33, 36-39].
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Figure 3. Change in frequency for an unstrained graphene
monolayer with a single vacancy for one, three, and four adsorbed
gold atoms at different temperatures as compared to a graphene
monolayer with a single vacancy and no adsorbed mass for (a) small
(547 carbon atom) model: defected graphene (strain 0.0%); (b) large
(4886 carbon atom) model: defected graphene (strain 0.0%).

To determine if the Q-factor degradation with increasing
temperature is responsible for the loss in mass sensitivity, we
show in figures 4-6 the change in frequency for a graphene
monolayer under 1, 2, or 3% tensile strain with a single
vacancy for one, three, and four adsorbed gold atoms at
different temperatures as compared to a graphene monolayer
under 1, 2, or 3% tensile strain with a single vacancy and no
adsorbed mass.

We briefly comment here on the amount of tensile
mechanical strain we have applied to the graphene monolayer.
The maximum tensile strain we applied was 3%; for
comparison, previous MD simulations by Belytschko et al
[40] of the tensile loading of single walled carbon nanotube
found failure strains ranging from 10-15%. Similarly, Liu
et al [41] recently performed ab initio calculations of the
tensile loading of pristine graphene monolayers, and found
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Figure 4. Change in frequency for a graphene monolayer under 1%
tensile strain with a single vacancy for one, three, and four adsorbed
gold atoms at different temperatures as compared to a graphene
monolayer under 1% tensile strain with a single vacancy and no
adsorbed mass for (a) small (547 carbon atom) model: defected
graphene (strain 1.0%); (b) large (4886 carbon atom) model:
defected graphene (strain 1.0%).

that the failure strains for graphene depended on the loading
direction, with the smallest failure strain being about 19%.
Furthermore, researchers have recently demonstrated the
experimental capability to apply up to 1% uniaxial strain to
graphene sheets for strain-induced bandgap modification [42].
Overall, these results indicate that the amount of tensile strain
(1-3%) we have utilized in the present work should not lead to
any elastic instabilities in the graphene monolayer, either with
or without defects.

Figures 4-6 show interesting results. In particular,
they show that as the amount of applied tensile mechanical
strain increases, the mass sensitivity of graphene monolayers
with single atom vacancies can be sustained up to room
temperatures (300 K), and that the mass sensitivity increases
with an increase in applied strain; similar trends are observed
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Figure 5. Change in frequency for a graphene monolayer under 2%
tensile strain with a single vacancy for one, three, and four adsorbed
gold atoms at different temperatures as compared to a graphene
monolayer under 2% tensile strain with a single vacancy and no
adsorbed mass for (a) small (547 carbon atom) model: defected
graphene (strain 2.0%); (b) large (4886 carbon atom) model:
defected graphene (strain 2.0%).

for both the small (547 carbon atom) and large (4886
carbon atom) graphene monolayers that were considered. In
figure 4(a), which shows the results for the small graphene
monolayer (547 carbon atoms) with a single atom vacancy
under 1% tensile strain, the frequency shift for a single
adsorbed gold atom decreases by about 50% between 0.01 and
300 K, i.e. Af = —6.46% at 0.01 K and decreases to Af =
—3.25% at 300 K. While the 50% decrease in mass sensitivity
is still quite large, this indicates that the mass sensitivity has not
completely vanished, unlike the perfect graphene monolayer
in figure 1 and the defective monolayer at 0% applied tensile
strain in figure 3.

The mass sensing resolution can be further improved as
observed in figure 5, where the graphene monolayer with a
single vacancy has been stretched to 2% tensile strain; in
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Figure 6. Change in frequency for a graphene monolayer under 3%
tensile strain with a single vacancy for one, three, and four adsorbed
gold atoms at different temperatures as compared to a graphene
monolayer under 3% tensile strain with a single vacancy and no
adsorbed mass for (a) small (547 carbon atom) model: defected
graphene (strain 3.0%); (b) large (4886 carbon atom) model:
defected graphene (strain 3.0%).

figure 5(a) for the small graphene monolayer case, the change
in the frequency shift for a single adsorbed gold atom is smaller
than for the 1% tensile strain case, i.e. the frequency shift
decreases by about 32%, from Af = —6.77% at 0.01 K to
Af = —4.61% at 300 K.

Finally, through application of 3% tensile strain, as seen in
figure 6, the frequency shift for a single adsorbed gold atom is
found not to degrade between 0.01 and 300 K; Af = —6.00%
at0.01 Kand Af = —6.26% at 300 K for the small graphene
monolayer in figure 6 (a). Furthermore, similar performance is
observed for the detection of three and four atom gold clusters;
for the three atom gold cluster, Af = —17.19% at 0.01 K and
Af = —16.84% at 300 K, while for the four atom gold cluster,
Af = —24.61%at 0.01 Kand Af = —21.66% at 300 K.
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We therefore conclude that the key reason for the
improvement in mass sensing resolution is the increase in Q-
factor that occurs with increasing tensile mechanical strain;
figures 4-6 have all demonstrated that the mass sensing
resolution decreases with decreasing Q-factor (increasing
temperature) for a fixed amount of applied tensile strain. In
contrast, the mass sensing resolution is observed to increase
with increasing mechanical strain for a given temperature. For
concreteness, the Q-factor for the small graphene monolayer
with a single vacancy was found to be about 2500 at 0%
strain at 300 K, with an increase in Q up to 270000 at 3%
tensile strain at 300 K. According to equation (1), this 100 fold
increase in room temperature Q-factor due to the application
of tensile strain would enable the graphene monolayer to be
able to detect masses that are ten times smaller.

Furthermore, it is seen through figures 4-6 that the
increased mass sensitivity due to the increase in Q-factor with
increasing tensile strain also leads to increased sensitivity to the
same adsorbed atom, where the 3% tensile strained defected
graphene monolayer in figure 6 maintains its sensitivity to one,
three, or four adsorbed gold atoms due to its high Q-factor
of nearly 300000 seen in table 2. These results collectively
indicate that by keeping the Q-factor acceptably high across
a broad range of operating temperatures graphene monolayers
with single atom vacancies can be utilized to detect individual
gold atoms.

Before closing, we discuss the effect of the binding energy
of the LJ potential between the carbon atoms surrounding the
single atom vacancy and the adsorbed gold atom on the mass
sensing potential of graphene. This was done in the present
work for the small graphene monolayer at 1 K by varying
the LJ binding energy between 100 times smaller and 100
times larger than the 2.62 eV binding energy calculated from
DFT for gold to a single atom vacancy in graphite [28]. The
low temperature was chosen to eliminate thermal fluctuations
between the adsorbed gold atom and the defective graphene
monolayer.

Figure 7 illustrates two interesting points. First, it shows
that for a range of binding energies around ten times smaller
(0.26 eV) and ten times larger (26.2 eV) than the gold—
graphene vacancy value of 2.62 eV, the frequency shift due
to an adsorbed mass stays relatively constant. However,
for binding energies smaller than about 0.26 eV and larger
than about 26.2 eV, the observed frequency shift due to a
single adsorbed gold atom is found to increase. For the
extreme upper end of binding energies, we suspect that the
increased sensitivity results naturally from the strength of
the bond between the carbon atoms surrounding the single
atom vacancy and the adsorbed gold atom. For the extreme
lower end of binding energies, we suspect that the increased
sensitivity is due to increased fluctuations of the adsorbed gold
atoms resulting from the weakness of the bond connecting the
adsorbed gold atom to the carbon atoms surrounding the single
atom vacancy in the graphene monolayer.

3. Conclusions

In conclusion, we have utilized classical MD simulations
to study potential issues associated with mass sensing using

The effect of LJ binding energy on the frequency shift
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Figure 7. Effect of LJ potential binding energy upon the observed
frequency shift for a single adsorbed gold atom on an unstrained
small graphene monolayer (547 carbon atoms) with a single vacancy
at a temperature of 1 K.

graphene monolayers. We find that there are two distinct
issues that must be overcome. First, we demonstrated that
mass sensing resolution for pristine monolayer graphene is
lost when the adsorbed atom diffuses at elevated temperatures.
Second, we demonstrated that simply increasing the Q-
factor of graphene does not resolve the loss of mass sensing
resolution for a pristine graphene monolayer that occurs
due to the diffusion of the adsorbed atom. Finally, we
demonstrated that a combination of applied tensile mechanical
strain, which significantly enhances the Q-factors of graphene,
in conjunction with the introduction of single atom vacancies
to enhance the binding between the adsorbed atom and the
graphene monolayer to prevent diffusion, can lead to graphene
retaining its mass sensing promise across a technologically
relevant range of possible operating temperatures.
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