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ABSTRACT

Nanoscale mechanical resonator-based nanoelectromechanical systems (NEMS) have
been reported with ultra-high sensitivity, which are normally acquired from an ultra-vacuum
environment at cryostat temperature. To facilitate their practical applications for gas sensing
or bio-detection, it is critical to understand how the fluid (gas or liquid) environment will
impact the resonance behaviours of the nano-resonator. This work reports a first-time
comprehensive investigation on the influence of the N gaseous environment on the resonance
properties of carbon nanotube (CNT)-based mechanical resonator, through a combination of
grand canonical Monte Carlo and large-scale molecular dynamics simulations. It is shown that
the gaseous environment exerts a significant effect on the resonance properties of the CNT
resonator through a dynamic desorption and re-adsorption process. Under the temperature of
100 K and the pressure of 1 bar, the displacement amplitude of the CNT resonator is found to
experience a sharp reduction of about 82% within first 90 ps vibration in the N> gaseous
environment. Further, a large initial excitation is found to result in smaller adsorption and a
reduced damping effect. For instance, when the excitation amplitude increases from 2 A/ps to
8 A/ps, the damping ratio receives more than 40% reduction. It is found that higher pressure
leads to a smaller resonance frequency and enhanced damping effect, while higher temperature
induces an increase in the resonance frequency but a decrease in the damping ratio. This work
shows that the gaseous environment has a marked impact on the vibrational properties of nano-
resonators, which should shed lights on the applications of mechanical nano-resonators in fluid

environment.



Introduction

Nanoscale mechanical resonator-based nanoelectromechanical systems (NEMS) have
drawn significant interests from both scientific and engineering communities in the past decade
due to their extraordinary sensitivity. A large variety of emerging NEMS applications have
been developed in areas such as mass spectrometry (reaching a single-proton level),'” force
spectrometry*> (such as single-molecule force®), ultrasound vibrations detection (for
subsurface characterization),’ insulating electronic states measurement.® The excellent NEMS
sensitivity is enabled through a combination of ultra-small mass, stiffness, and precise resonant
frequency f determination in the nano-resonator, which allows perturbations to that frequency
5f (such as mass or force) to be detected.’ Different low-dimensional nanomaterials have been
utilized to construct nanoscale mechanical resonators, including nanoparticles,'® one-
dimensional (e.g., CNT!! or nanowire'?) and two-dimensional (e.g., graphene'® and MoS;'%)
nanomaterials. In theory,'*!> the mass sensitivity for the NEMS can be calculated from
(8f/f)~10"PR/20 /20 . Here, DR is the dynamic range (in the unit of dB), which is the power
level associated with the signal-to-noise ratio (SNR). Q is the quality factor, which is a measure
of the energy dissipation per vibration cycle (through internal or external loss channels).! In
this regard, there are extensive efforts being devoted to achieve a high O for better resolution.'®
17-18

To date, majority of the reported high sensitivity was measured from a vacuum
condition at a cryostat temperature.'” However, a number of applications require the

mechanical nano-resonator operating in a fluid (i.e., a gas or a liquid), such as the application

20-22 24-28

in biological detection, gas sensing,>’ chemical vapor sensing, or atmospheric pressure
sensing.” Therefore, it is crucial to understand how the nanoresonators would behave in a
gaseous environment. However, the influence from the fluid environment at nanoscale is still

widely unexplored. The viscous drag by the fluid medium is expected to induce significant



impact on the Q of the resonator. In addition to that, there are extensive experimental
measurements® and simulation results'® showing a marked reduction of Q at higher
temperature. As such, to maintain a high sensitivity for practical applications in fluid
environment at a certain temperature (e.g., ambient temperature) becomes crucial for the
NEMS. Earlier experiments have shown a low Q of around 40 for CNT-based resonator even
at a pressure less than 1 Torr (at room temperature), which decreases when the pressure
increases.>’ In comparison, later experiments reported a Q up to 5 million in ultra-clean
condition at a temperature of 30 mK."” Such significant change of the Q signifies the profound
impacts on the sensitivity of NEMS from the fluid (liquid or gaseous) environment.

Plenty of works have investigated the resonant or vibrational behaviours of micro-scale
resonators in fluid environment.?!*2 However, how the fluid environment impact the resonant
behaviour at nanoscale is still largely lacking. Besides the free gas molecules in the
environment, the adsorbed ones are expected to exert significant influence on the vibrational
properties of the resonator at nanoscale. Extensive studies have shown a significant gas
adsorption on nanomaterials or nanostructure due to their large surface-to-volume-ratio,*
through grand canonical Monte Carlo (GCMC) method** and density function theory (DFT)
calculations.’® To this end, this work aims to explore how the gas environment introduces
adsorption, and alters the resonance behaviour of CNT-based mechanical resonator. Based on
a serial of in silico studies considering a representative N2 gaseous environment, this work
establishes a first time understanding of the coupled effects from the gaseous environment and
finite temperature on the resonance frequency and damping ratio (or Q factor) of the CNT-

based mechanical resonator.

Methods



Model Establishment. The grand canonical Monte Carlo (GCMC) method was employed to
simulate the gas adsorption on the CNT both inside and outside the tube under different

pressure and temperature 37

, which describes the system in the grand canonical ( uVT )
ensemble (where the chemical potential u, volume V, and temperature T are constants). The
single-wall open end CNT (10,10) was considered as the adsorbent (with a length of 173.24
A), and N> was the adsorbate. N> can be adsorbed on both internal and external surface of (10,
10) CNT.** To mimic the adsorption of the open end CNT, GCMC moves are performed in the
internal region and external region of the CNT.** The commonly used adaptive intermolecular
reactive empirical bond order (AIREBO) potential was employed to describe the C-C atomic
interactions within the CNT.* This potential has been shown to well represent the binding
energy and elastic properties of carbon materials. The N-N atomic interactions were described
by a harmonic potential, given by Epyng = K(r — 15)?, where 1y = 1.1 A is the equilibrium
bond length, and K = 71.6 eV /A? is the bond coefficient. The atomic interactions between C

and N were described by the 12-6 Lennard-Jones (LJ) potential ¢;; = 48[(0’/Tij)12 —
(0/73j)°], where & = 2.88 meV, and o = 3.36 A.>* The cut-off distance of LJ potential was

chosen as 10 A. A periodic cuboid simulation box (a size of 5.41x5.41x21.32 nm?) was
considered, where CNT was located in the middle. The chemical potential of gas reservoir was
calculated as ideal gas. During the GCMC process, gas molecules were inserted or deleted for
2 x 10° times, and the system finally reached an equilibrium status for chemical potential
(with the total gas molecule number saturated to a certain value). After the equilibrium, another
GCMC process was conducted to avoid the error of tail corrections caused by the increase of
the system density for 1 x 10° time steps. The gas molecules were fixed rigid during GCMC
simulation, i.e., no intra-molecular interactions. The final adsorption model was further

equilibrated by a heating and annealing process using molecular dynamics (MD) simulations



to assess the stability of the model. All simulations were performed with Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS).*!

Vibration Simulation. Based on the equilibrated adsorption model established from the GCMC
simulation, the vibration simulation was carried out by fixing two ends of the CNT (mimicking
a doubly-clamped configuration). A further relaxation under a canonical (NVT) ensemble of
the system was performed (for 250 ps). Nose-Hoover thermostat is adopted to maintain the
temperature.*” Thereafter, a transverse velocity excitation was applied to the CNT, which has
a distribution of sine function along the CNT axis, i.e. v,(z) = Asin (kz).****> Without further
declaration, the velocity excitation was applied to both the CNT and its internal and external
gas adsorbates, and the magnitude 1 was set to 1 A/ps. The vibration simulation was conducted
under a microcanonical (NVE) ensemble (where the number of atoms N, the system volume V,
and the total energy E are constants). Periodic boundary conditions were kept during the
vibration simulation to mimic an infinite open space. A small time step of 0.5 fs was used for

all simulations.

Results and Discussion

Resonance Characteristics. Figure 1a shows the front view of the configuration of the CNT
after N2 adsorption at the temperature of 100 K and a pressure of 0.5 bar. Due to its open ends
and relatively large diameter compared with the size of the individual N> molecule, N>
molecules can enter into CNT and be adsorbed on the CNT internal surface, as well as the
external surface (Figure 1b). The adsorption amount follows the classic Langmuir theory in the
investigated pressure range (see Supporting Information S1). The adsorption amount used
for vibration test can be found in Supporting Information S2. Since no charge is considered

in the system, the only interactions between CNT and N2 molecules are van der Waals (vdW)



interactions, which causes adsorption, and increases the low frequency phonon density of state
in N2 (see Supporting Information S3). It is worthy to mention that wider CNTs are utilized
in experiments to construct the mechanical resonators, which will induce more internal
adsorption and thus result in stronger effect on their resonators properties.

According to the adsorption configuration, the gaseous environment may influence the
resonators through free gas molecules and adsorbates (either on internal or external surfaces).
In reality, the internal adsorbates only exist in open end CNTs, and the closed end prevents the
CNT from the internal adsorption.*® Thus, four different vibration scenarios are simulated for
CNT resonators fabricated by different processes, including: S1 - vibration in a vacuum
condition; S2 - vibration in a complete gaseous environment (with full adsorption and free gas
molecules, mimics an open end CNT resonator in reality); S3 - vibration in a vacuum condition
with only internal adsorption (mimics an open end CNT resonator manufactured in gaseous
environment, but work in vacuum with two end sealed); and S4 - vibration with only external
adsorption and free gas molecules (mimics an closed end CNT). The partial adsorption models
are obtained by removing the irrelevant gas molecules after GCMC simulations. According to
the radial distribution function (RDF, see Supporting Information S4), part of the internal N2
adsorption is in a liquid-like phase at low temperature. A velocity excitation is applied to the
system in the transverse direction (x-axis in Figure 1) to activate the vibration of the CNT,
which has a distribution of sine function along axis, i.e. v,(z) = Asin (kz).** The velocity
excitation is applied to both the CNT and its internal and external gas adsorbates. The
adsorption model at 100 K and a pressure of 0.5 bar are used for vibration simulations unless

otherwise specified.



Figure 1. A segment of the (10, 10) CNT with N> gas adsorption on both internal and external
surfaces (at 100 K, 0.5 bar). Upper panel (a) is the front view and the bottom panel (b) is the

cross-sectional view.

Figure 2 compares the time trajectory of the displacement of the CNT mass centre
recorded from these four types of vibration simulations. Due to the intrinsic friction and
clamped boundary conditions, the pristine CNT experiences a slight damping during the
vibration (S1, Figure 2a).*” Compared to the vibration in the vacuum condition, a significant
damping effect is observed for the vibration in the complete gaseous environment (S2, Figure
2b). For instance, the displacement amplitude is found to experience a sharp reduction of about
82% within first 90 ps vibration (from 1.5 A to 0.27 A). In particular, after the initial sharp
reduction, the displacement of the mass centre along the excited direction can hardly be
resolved from the noise (with a magnitude around 0. 25 A). In comparison, a gradual reduction
of the displacement amplitude is observed for the CNT with only internal adsorption (S3,
Figure 2c), and the displacement amplitude receives ~ 78% reduction after 1000 ps vibration.
Different results are observed for the vibration with external gas (S4, Figure 2d), from which a
significant reduction of the displacement amplitude is detected within the first 100 ps vibration.
These results signify that the free gas molecules together with the external adsorption induces

a remarkable damping effect to the vibrational behaviour of the CNT. Overall, the gaseous



environment (coupled with the gas adsorption) exerts a significant damping effect to the CNT

mechanical resonator.

—
i)
—

-

o

Displacement (A)
N gon o i =

—
2]
—

(d)

-

S4

2 <
S o ot = o

Displacement (A)

-
w

o 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Time (ps) Time (ps)

Figure 2. The time history of the displacement of the CNT mass centre for the vibration under
a temperature of 100 K and a pressure of 0.5 bar. (a) Vibration in a vacuum condition — S1; (b)
Vibration in a complete N> atmosphere with full adsorption — S2; (¢) Vibration with only
internal adsorption — S3; and (d) Vibration with external adsorption and free gas molecules —

S4.

Based on the time history of the displacement of the CNT mass centre, we apply the
fast Fourier transformation (FFT) to extract the resonance natural frequencies. For the vibration
in the vacuum condition (S1), a clean frequency spectrum is resolved, which shows a natural

frequency of around 141.73 GHz (Figure 3a). According to the continuum mechanics, the

2
frequency of the undamped CNT can be estimated from w,, = % JY(a? + b?)/p, where a

and b are the inner and outer radius, respectively; L and p are the length and density,
respectively; [3,, is a constant determined by the boundary condition, and Y is Young’s modulus.
In this regard, Young’s modulus of the CNT(10,10) is estimated as 1.26 TPa, which agrees
well with previous experimental work.*® Similar with the resonance under a vacuum condition,
a similar clean frequency spectrum but smaller value (~ 129.97 GHz) is derived for the

vibration with only internal adsorption (S3, Figure 3b). In comparison, the frequency spectrum



suffers from significant noise when the CNT vibrates with external adsorption and free gas
molecules, either with (S2) or without internal adsorption (S4) (Figure 3¢ and 3d). Such noise
can be decomposed into the white noise, and the frequency fluctuation.*” The white noise is
caused by the uncorrelated frequencies in the system, which has the same amplitude in all
frequency range.’® The frequency fluctuation is the shift of frequency response, which has a
larger amplitude around the natural frequency. Theoretically, the adsorption and desorption of
the gas molecules, and the diffusion of adsorbed gas molecules can change the frequency
response of the CNT resonator, causing the frequency fluctuation.’'>? To evaluate the noise
brought by gas molecules, we calculate the Allan variance g4 to further analysis the frequency

spectrum components, which is estimated according to*

1 1
2f2 N-1

Z%:Z(fm _fm—l)z (1)

0 (t4) =
The calculation divides the whole signal into N intervals in time domain, with 74 as the time
interval length (in the unit of ps) and £. as the average frequency in the whole time domain. f,,
is the average frequency in the mth interval. With the increase of 74, the Allan variance
decreases if the noise is the white noise; it retains as a constant when there is only frequency
fluctuation; for the combination of both, the Allan variance will decrease and converge to the
value determined by frequency fluctuation. For all the tested 74, the Allan variance decreases
continuously with the time interval length in the full or partial gaseous environment (S2, S3,
S4, see Figure 3e and 3f), indicating the profound influence on the resonance behaviours of the
CNT resonator from the white noise. A converged Allan variance is not observed (Figure 3e
and 3f), which is due to the insufficient simulation time. Refer to the experimental
measurements for the Si nanoresonators, the Allan variance saturates when the time interval is
longer than 1 s.* A significantly longer simulation time is required to further analyse the Allan
variance (up to 10° times longer if considering 1 s time interval), which exceeds our current

computational capacity and beyond the scope of the current work.

10



(a) 4 (c) 1 {e)

—_ 141.73 21.96
308 51 308 52
8 8 107
o 08 v 08 4
g E g 52
=204 =04 <
E E
& 0.2 < 0.2
¢ 0 - 10
0 200 400 600 800 0 200 400 800 800 100 200 300 400500
Frequency (GHz) Frequency (GHz) Ta s
(b) () (M (e
1 10°
- 129.97 _ 130.22
508 53 508 S4
5 =
% 0.6 % 0.8 % S4
204 S04 z
g_ ; E— . 10°
< 0.2 < 0.2
0 A 0- b
0 200 400 600 800 0 200 400 800 800 100 200 300 400500
Frequency (GHz) Frequency (GHz) Tau (ps)

Figure 3. Natural frequency spectrum of the CNT resonator. (a) Vibration in a vacuum
condition - S1; (b) Vibration in a vacuum condition with only internal adsorption - S3; (c)
Vibration in a complete N> atmosphere with full adsorption - S2; (d) Vibration with external
gas - S4. (e) The Allan variance as a function of the time interval for the vibration scenario of:

(e) S2, and (f) S3 and S4.

To affirm above observations, we perform a serial of simulations by varying the
vibration settings (based on the same full adsorption model at the temperature of 100 K and the
pressure of 0.5 bar). First, considering that the adsorbed gas molecules are randomly distributed
on the CNT surfaces, we perform the resonance tests in four transverse directions, i.e.,
imposing the vibration excitation along x, z, x=z, and x=-z directions (refer to the model in
Figure 1a). Second, we alter the excitation approach by adding the excitation only to the CNT
and the internal adsorption. All of these tests yield to similar results, i.e., a sharp reduction (~
80%) of the displacement of the mass centre within a simulation time of about 100 ps, which

fluctuates around 0.25 A afterwards (see Supporting Information S5 for full results).

Dynamic adsorption-desorption process. To unveil how the gaseous environment affect the
vibrational behaviour of the CNT resonator, we assess the atomic configurations of the system

during vibration. Figure 4a compares the time history of the displacement of the CNT mass
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centre and the total N2 adsorption during vibration with a small excitation velocity (1 A/ps). It
is found that the total adsorption amount fluctuates around a certain value, indicating a stable
adsorption during the vibration. Figure 4b and 4c illustrate the trajectory of a randomly picked
gas molecule absorbed on the internal and external CNT surface during a simulation time of
250 ps. While the movement of the internal or external gas molecules is constrained inside or
outside the CNT, they exhibit a large relative movement along the CNT surfaces. Figure 4d
compares the atomic configurations of the system at different status, including the initial stats,

at a maximum displacement, and after 1000 ps vibration. As is seen, the configuration is nearly

unchanged.
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Figure 4. Gas adsorption during the vibration of the CNT with an excitation amplitude of =1
A/ps. (a) The time history of the displacement of the CNT mass centre and the total adsorption
amount. The red star marker highlights the initial adsorption amount. The trajectories of a
randomly picked N> molecule adsorbed on: (b) the internal surface, and (c) the external surface
of the CNT during the vibration. Left panel is the cross-sectional view, and right panel is the
front view. The black circles in the left panel represent the maximum displacement during

vibration. The trajectories are coloured according to the simulation time with an interval of 250
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ps. (d) The atomic configurations of the system before vibration (left panel), at a maximum

displacement (middle panel), and after 1000 ps vibration (right panel).

To further assess the influence from the gas adsorption, we consider the vibration of
the CNT mechanical resonator under a larger displacement of the mass centre. For such purpose,
we increase the initial excitation amplitude A from 0.6 A/ps from 8 A/ps. It is found the increase
of the excitation will induce a significant occurrence of the adsorption-desorption of the N>
molecules during the vibration. As illustrated in Figure 5a, there are three distinguishable
changing stages of the adsorption amount for the vibration under an excitation velocity of 8
A/ps. Due to the sudden large velocity excitation, a strong desorption is observed at the
beginning of the vibration, and the total adsorption amount is reduced sharply from 1200 to
650 (within 50 ps, stage I - desorption). Thereafter, the total adsorption amount recovers to
around 790 (stage I — re-adsorption), and fluctuates around this value with continuing vibration
(corresponding to around 37% of the initial adsorption amount, state III — saturated adsorption).
As aforementioned, the N> molecules are attached to the CNT surfaces through weak vdW
interactions, i.e., physisorption. It is assumed that under higher excitation velocity, the
physisorption strength is not strong enough to provide the adsorbed gas molecules sufficient
acceleration/deceleration to follow the movement of the CNT. As such, they are “shaken off”
from the CNT surfaces, resulting in a desorption process. Such desorption phenomenon is well
reflected in the atomic configurations in Figure 5b and Sc, from which the trajectories of a
randomly picked gas molecule absorbed on the internal and extern surfaces do not follow the
vibration of the CNT. After 1000 ps vibration, the amount of the free gas molecules increases
significantly compared to the initial configuration (Figure 5d). The desorption is a direct
signature of the damping effect that coverts the kinetic energy into the thermal energy of the
system, i.e., increase the temperature. As is well understood, the adsorption amount decreases

when the temperature rises, which is in line with the reduced adsorption amount after damping.
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For the vibration with a small excitation, the temperature rise is not obvious and thus the
adsorption amount remains nearly a constant. A detailed temperature increment for the
adsorbed N> and free N> molecules after damping is compared in the Supporting Information
S6. Besides the overall temperature increment, we also calculated the kinetic energy of the N»
molecules corresponding to their translational, rotational, and vibrational degree of freedoms,
from which, an overall increase of these kinetic energy components are observed after the

damping process (see details in Supporting Information S7).
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Figure 5. Gas adsorption during the vibration of the CNT with an excitation amplitude of =8

A/ps. (a) The time history of the displacement of the CNT mass centre and the total adsorption
amount. The red start marker highlights the initial adsorption amount. The trajectories of a
randomly picked N2> molecule adsorbed on: (b) the internal surface of the CNT, and (c) the
external surface of the CNT during the vibration. Left panel is the cross-sectional view, and
right panel is the front view. The black circles in the left panel represent the maximum
displacement during vibration. The trajectories are coloured according to the simulation time
with an interval of 150 ps. (d) The atomic configurations of the system before vibration (left

panel), at a maximum displacement (middle panel), and after 1000 ps vibration (right panel).
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Figure 6a compares the maximum displacement amplitude (Adn», acquired from the
first vibration cycle), the instantaneous adsorption loss ratio, and the equilibrium adsorption
loss ratio under the excitation magnitude A ranging from 0.6 A/ps to 8 A/ps. Here, the
instantaneous adsorption loss ratio is defined as 1;,, = (ng — Nyin) /Mo, Where ny is the initial
adsorption amount before vibration, and n,,;, is the adsorption amount after desorption at the
end of the initial desorption - stage 1. The equilibrium adsorption loss ratio is defined as 1., =
(ng — Ngpe) /Ny, With ng,, as the adsorption amount averaged over 500 ps simulation time
during the equilibrium vibration stage (i.e., from 2000 ps to 2500 ps). Basically, the maximum
displacement amplitude (Ad,,) has a good linear relationship with the excitation magnitude 4,
especially at smaller excitation magnitude range. Simplifying the CNT resonator as a mass-
spring system, the potential energy stored in the system during the resonance can be calculated
by kAd?Z /2 in the linear regime, and the excitation (kinetic) energy as imposed on the system
equals to mA?/2. Thus, a good linear relationship between Ad,,, and A indicates that the CNT
resonator is vibrating essentially in the linear regime. Here k& and m are the equivalent spring
constant and mass, and A is the equivalent initial excitation velocity. Along with the increase
of the velocity excitation, a continuously increasing instantaneous desorption ratio and
equilibrium loss ratio continuously is observed. That is, larger initial excitation induces

stronger initial desorption and leads to less adsorption amount after equilibrium.
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Figure 6. Vibrational properties under varies excitation magnitudes. (a) The maximum
displacement amplitude Ad,,,, the instantaneous adsorption loss ratio 1;,, and the equilibrium
adsorption loss ratio 1.4 as a function of the excitation magnitude; and (b) The normalized

resonance frequency and damping ratio as a function of the excitation magnitude.

The initial excitation not only affects the gas adsorption, but also influences the
resonance frequency and the damping ratio as shown in Figure 6b. The damping ratio { is
estimated using logarithmic decrement (LDM) method based on the recorded time history of

the displacement,’”

¢
=g

Ajyr
Aj

=exp [— 2nn| (2)

Here, A; represents the displacement amplitude in the ith vibration cycle, and # is the total
vibration cycle. Both damping ratio and resonance frequency are averaged from four
simulations (with velocity excitations being imposed in four different directions) and
normalized in relative to their maximum value. In general, the damping ratio is found to

experience a marked decrease when the excitation amplitude increases, e.g., the damping ratio

16



reduces more than 40% when the excitation amplitude increases from 2 A/ps to 8 A/ps. Since
the amount of free gas molecules increases with severe desorption (at higher excitation
amplitude), the decreasing damping ratio implies that the damping effect is dominated by the
adsorbed gas molecules, rather than the free gas molecules. In comparison, the resonance
frequency of the CNT increases slightly with the excitation amplitude increase (less than 5%).
Such increasing tendency can be explained from two perspectives. First, considering the CNT

resonator as a mass-spring system, its natural frequency is determined by the mass and

equivalent spring constant, i.e., f = \/k/_m /2m. Since larger excitation leads to smaller
adsorption, which will thus reduce the mass and yields to a larger frequency (here the gas
adsorption is assumed to have negligible effect on the equivalent spring constant). Second, for
the doubly clamped CNT resonator, the increasing excitation amplitude will lead to severer
axial extension during vibration, which will increase the extracted resonance frequency.>*

Thermal influence. Considering the strong correlation between the gas adsorption and the
temperature, it is critical to probe how the gas environment would affect the vibrational
behaviours of the CNT resonator at different temperatures. In this regard, a serial of GCMC
simulations are conducted to establish the CNT resonator system with gas adsorption under the
temperature ranging from 100 K to 400 K (with the pressure of 1 bar). A small excitation
magnitude of 1 A/ps is adopted to minimize the temperature increase induced by the added
velocity excitation. For comparison purpose, the vibrations of the CNT resonator under a
vacuum condition are also revisited. The simulation models under different temperatures are
established from the GCMC simulations. As expected, both internal and external adsorption
amount decreases continuously with temperature (see Supporting Information S2). According
to the equation of status for ideal gas (i.e., PV = NRT), there are around 15 free N2 molecules
in the simulation domain if the adsorption phenomenon is ignored (at 300 K and 1 bar). Here,

P, V and N represent the pressure, volume, and the number of gas molecules. R is the gas

17



constant, and 7 is the temperature. That is, the adsorption phenomenon is non-ignorable even
at ambient temperature.

Figure 7a compares the resonance frequency of the CNT resonator as a function of
temperature. For the scenario under a vacuum condition (S1), the frequency is nearly a constant
(fluctuating around 142 GHz), indicating an ignorable influence of the temperature on pure
CNT vibration. In comparison, the resonance frequency increases when the temperature
increases under either a partial/full gaseous environment (S2, S3 and S4). Such observation is
reasonable as the corresponding initial model has less adsorption amount at higher temperature.
Refer to the mass-spring approximation, the resonance frequency (f) of the CNT with gas
adsorption can be calculated from

mo

f=r 3)

mo+Am
Here, f, is the natural frequency without adsorption, my is the mass of the CNT, and Am is the
adsorption mass. Thus, the reduced adsorption amount (at higher temperature) will lead to an

increase in the resonance frequency. To note that, the frequency shift (Af) in a mechanical

. A I L .
resonator is commonly calculated from Af = — % fo in literature, which is derived from the
0

).> Here, this equation is not

one-term Taylor series expansion (assuming a small Am
applicable as the adsorption mass Am is comparable with CNT mass m,. By correlating the
temperature with the initial adsorption amount, it is found that the frequency shift (for
temperature over 150 K) can be well depicted by Eq. 3 (see Supporting Information S8). At
the low temperature of 100 K, the dense adsorption layer deviates the vibrational behaviour
from a simply mass-spring approximation. It is surprising to note that the resonance frequency
increases remarkably in the temperature range from 100 K (122 GHz) to 250 K (140 GHz)

under a full gaseous environment, about 15% increment. Such high temperature-dependent

characteristics of the resonance frequency suggests that a CNT mechanical resonator can be
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used as a novel thermal sensor in gaseous environment, which is beyond the reach of a
traditional mechanical resonator.

(a) 145
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Figure 7. Influence of the temperature on the CNT resonance properties. (a) The resonance

frequency as a function of temperature. (b) The damping ratio as a function of temperature.

Figure 7b illustrates the influence of the temperature on the damping ratio. For the
vibration under a vacuum condition, the damping ratio increases from 1.18 x 107*
to 5.01 X 10~* when the temperature increases from 100 K to 400 K. For { < 0.1, the quality
factor can be calculated from Q = 1/2.%* Thus, the quality factor of CNT resonator decreases
from 4240 to 1000 when the temperature increases from 100 K to 400 K. The calculated quality
factor is about 1340 at 300 K, much larger than that reported previously from experiments,>¢
which is ascribed from the ideal simulation conditions. In consist with previous experimental
and simulation results,>’>” the quality factor decreases when the temperature increases.

For the vibration under the gaseous environment, the damping ratio is much larger,
which shows an opposite decreasing tendency with the temperature (compared with the

vibration under the vacuum condition, Figure 7b). For instance, the damping ratio decreases
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from 0.03 at 100 K to 0.007 at 150 K. After 200 K, it decreases gradually with the temperature.
To exploit the underlying mechanisms, we distinguish the damping effects from the internal
and external adsorption by calculating the damping ratio for the vibration with partial
adsorption (S3, S4). It is found that the damping ratio with only external adsorption decreases
continuously with the temperature, which is much more significant at lower temperature regime
(below 150 K). However, the damping ratio for the case with only internal adsorption increases
until the temperature approaches 200 K, which is larger than the external damping ratio in the
temperature range of 150 K to 250 K. The summation of these two damping ratios agrees well
with the total damping ratio. Since the damping ratio with external adsorption is much larger
than the internal damping at 100 K, which dominates the overall damping effect at low
temperature and leads to an overall decreasing damping ratio. Similar results are observed from
the vibration of others CNTs, including CNT (8, 8), CNT (12, 12), and CNT (15, 15), see
Supporting Information S9. Theoretically, there are two kinds of collisions that will induce
energy dissipation (or damping effect) during vibration: the collisions between gas molecules,
and the collisions between gas molecules and the CNT surface (or carbon atoms). Due to the
enclosed small space inside the CNT, the internal damping effect is expected to be enhanced
(or more frequent) at higher temperature (if assuming a same amount of the trapped molecules).
While, considering the decreasing adsorption amount at higher temperature but higher kinetic
energy of the gas molecules, further work is required to quantify the relationship between the

damping ratio and the temperature.

Before concluding, we also assess the impacts from the pressure on the vibrational
properties of CNT mechanical resonators. For such purpose, we construct the adsorption
models with a pressure ranging from 0.2 bar to 1.8 bar. A uniform temperature of 100 K is
adopted with an excitation velocity amplitude of 1 A/ps. As expected, the resonance frequency

decreases with pressure, while the damping ratio increases with pressure (see Supporting
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Information S1). Such observation is in line with the mass-spring approximation, i.c., f =

Jk/m /2. At higher pressure, the adsorption amount (mass) is larger and thus a smaller
resonance frequency is observed. Meanwhile, the increased adsorption and free gas molecules
at higher pressure lead to stronger energy dissipation, which is caused by more frequent

collisions among gas molecules and between gas molecules and carbon atoms.

Conclusions
By taking the doubly clamped (10,10) CNT as a representative system, this work reports a first-
time in-detail investigation on the impacts of gaseous environment on the vibrational properties
of the nanoscale mechanical resonators. Vibration tests reveal that the gaseous environment
exerts a significant effect on the performance of the CNT mechanical resonator. The vibration
amplitude (the mass centre of the CNT) experiences a sharp reduction of about 80% within a
simulation time of about 100 ps. Comparing with the vacuum condition, the gaseous
environment (including the free gas molecules and adsorption) is found to lower the resonance
frequency and remarkably enhance the damping ratio (or suppress the quality factor). Since the
N2 molecules are attached to the CNT surfaces through weak vdW interactions, i.e.,
physisorption, such fact leads to a dynamic desorption and re-adsorption process during
vibration. Under a relatively large excitation, three distinguishable changing stages can be
identified for the total gas adsorption, including initial desorption, re-adsorption, and saturated
adsorption. The desorption happens within a simulation time of ~ 50 ps, which is triggered by
the sudden velocity excitation applied to the system. A large initial excitation is found to lead
to smaller adsorption, and a reduced damping effect.

The increased adsorption and free gas molecules at higher pressure leads to a smaller
resonance frequency and enhanced damping effect. The strong correlation between the

adsorption and temperature results in a strong effect on the resonance properties from the
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temperature. Specifically, the resonance frequency increases when the temperature increases.
Opposite to the vibration under vacuum condition, the damping ratio decreases when the
temperature increases under gaseous environment. Strikingly, the resonance frequency is found
to increase remarkably in the temperature range from 100 K (122 GHz) to 250 K (140 GHz)
under a full gaseous environment, about 15% increment. Such high temperature-dependent
characteristics of the resonance frequency suggests that a CNT mechanical resonator can be
used as a novel thermal sensor in gaseous environment that is beyond the reach of a traditional
mechanical resonator. Overall, this work establishes a first-time comprehensive understanding
of the impacts of the gaseous environment on the performance of CNT mechanical resonator.
This study should shed lights on the applications of mechanical nano-resonators in fluid
environment, such as the application in biological detection, gas sensing, chemical analysis, or

atmospheric pressure sensing.

Supporting Information

The Supporting Information is available free of charge, including: pressure impacts on the
frequency and damping ratio; gas adsorption at different temperatures; VACF and DOS for N>
and CNT; RDF of N adsorbates; influence from simulation settings; temperature increment of
N2 molecules; kinetic energy of N> molecules; temperature impacts on the resonance frequency

and damping ratio.
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