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A nanomechanical resonator based sensor works by detecting small changes in the natural
frequency of the device in presence of external agents. In this study, we address the length and the
temperature-dependent sensitivity of precompressed armchair Boron-Nitride nanotubes towards
their use as sensors. The vibrational data, obtained using molecular dynamics simulations, are ana-
lyzed for frequency content through the fast Fourier transformation. As the temperature of the sys-
tem rises, the vibrational spectrum becomes noisy, and the modal frequencies show a red-shift
irrespective of the length of the nanotube, suggesting that the nanotube based sensors calibrated at
a particular temperature may not function desirably at other temperatures. Temperature-induced
noise becomes increasingly pronounced with the decrease in the length of the nanotube. For the
shorter nanotube at higher temperatures, we observe multiple closely spaced peaks near the natural
frequency, that create a masking effect and reduce the sensitivity of detection. However, longer
nanotubes do not show these spurious frequencies, and are considerably more sensitive than the
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shorter ones. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937559]

I. INTRODUCTION

Boron-Nitride nanotubes (BNNTs) have excellent me-
chanical properties' along with good chemical and thermal
stability.3’4 As a result, like their carbon counterpart, BNNTs
have seen several applications, like protective shields
for nanomaterials,” hydrogen storage,”’ sorption of gases,®
water puriﬁcation,9 and fabrication of new composite materi-
als.'® The continuously shrinking size of nanomechanical
devices, however, presents a problem; heat generated in these
devices needs to be dissipated over a small length."' The
resulting thermal induced vibrations may significantly ham-
per the desired performance of these devices. Interestingly,
the vibrational frequencies can also be used to calculate the
Young’s modulus of the nanotubes.'?

The temperature of the system significantly alters the me-
chanical behavior of the devices as well. Thus, understanding
the structural response of the nanotubes under mechanical and
thermal loads is important to realize their full potential. For
example, applications, such as mass detection through nano-
mechanical resonators'® rely predominantly on detecting
the changes in the natural frequency of the nanotubes as the
mass attaches itself to the latter. In fact, other sensing applica-
tions of nanomechanical resonators'*' also rely upon their
dynamic characteristics. However, these mechanisms of
detection assume that the vibrations induced by thermal load-
ing, which is inherent in any nanomechanical device, does not
alter the frequency spectrum drastically. Thus, the addition of
significant noise, because of thermal loading, may wash out
the small changes arising in the frequency spectrum, render-
ing it impractical to use nanomechanical resonators as detec-
tors for use in highly sensitive cases.
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Although the mechanical properties of Boron Nitride
nanotubes have been studied for several years using molec-
ular mechanics,'® molecular dynamics simulations,!” first
principle studies,"®'? and continuum modelling,”**' no
such study exists for understanding the thermal induced
vibrations, and their impact on device performance. The
present study aims to address this gap. We employ molecu-
lar dynamics simulations to obtain the vibration data of
armchair Boron-Nitride nanotubes of different lengths. To
mimic the loading conditions seen in real applications,”? we
impose a precompression on the nanotubes. The resulting
vibrational data are then analyzed for their frequency con-
tent. We show that the amplitude of the thermal induced
noise is comparable to the amplitude of the mechanically
induced vibrational frequencies for shorter length nano-
tubes, and the former have a masking effect on the latter,
rendering the shorter nanotubes less sensitive towards sens-
ing applications. However, for longer nanotubes, the noise
induced in the frequency spectra due to thermal vibrations
are much smaller.

Il. MODELING AND SIMULATION
A. Boron Nitride Nanotubes

A Boron-Nitride sheet has hexagonal rings, where every
atom of Nitrogen is covalently bonded to three different
Boron atoms, and vice versa. The nearest BN bond length is
a=1445TA% Typically, three parameters: the chiral indi-
ces (n, m) and the length / are sufficient to characterize a
BNNT. A chiral BNNT is denoted by a value of m that satis-
fies 0 <m < n. A value of m=0 gives us a zig-zag BNNT,
while a value m = n gives an armchair BNNT. In the present
study, we restrict ourselves to the armchair (10, 10) BNNTs
of two different lengths, 6.9 and 20.7 nm. The BNNTSs have

© 2015 AIP Publishing LLC
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been modelled using the nanotube builder tool of the open-
source VMD package.?*

B. Interaction potential

In the present study, we have adopted the three-body
Tersoff-type potential”®> for modelling the interactions
between the B-N atoms. The Tersoff potential can be
expressed in the following form:

1
B2 Bi=32. 200

S(ry) = D D fe(ri)lfr(ri) + b)), (D)

i j>1

where r;; is the distance between the ith and the jth atoms, b;;
represents the bond order function, f¢ is the cutoff function
that ensures the nearest-neighbor interaction, fp represents
the repulsive pair potential, and f4 is the attractive pair
potential. The mathematical forms of the individual func-
tions are as follows:

1 Vr,‘j < R,‘j
1 1 . v I'ij —R,"

Je(rij) = { 53— 38 (5 X ﬁ) VRij <T1ij < Sjj
0 rij > S,j

Tr(ri) = Ae~ i, fa(rij) = —Be i,
by = (1+525) %,
Gy = Y fe(ru)g (O)exp | 23 — ruey’ ]

ki

g(0) = 1+ /d* =/ [dz + (h— cos Giik)z}’ 2)

where 0, represents the angle between the bonds i — j and i
— k. Depending upon the system being simulated, the param-
eters in the equation take different values. For BN materials,
several Tersoff potential parameters have been proposed.>®2
In the present study the parameters proposed by Sevik
et al.,”® which was obtained by fitting the simulation results
to the structural, mechanical, and vibrational characteristics
of hexagonal BN, have been used. We were motivated to
use this potential parameter set because of its widespread
use”>*? and good agreement with results from first principle
studies and experiments.**°

C. Simulation mechanism

In this work, we have tried to keep the boundary condi-
tions, and the external environment as close to real-life experi-
ments as possible. Typically, in experiments that involve
nanomechanical resonators, the nanotubes are connected
between two electrodes, the “source” and the “drain.1* A
small part of the nanotube, along each end, rests on these elec-
trodes, and the adhesion between the two surfaces provides
clamping at the suspension points. Thus, a good choice of
modelling these nanotube resonators is by treating the bounda-
ries as clamped-clamped.® Because of the source-drain config-
uration, a tensile/compressive stress is induced in the
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nanotube.”” The effect of tensile and compressive stresses on
the sensitivity of nanoresonator performance has been well
studied.*'*® An effective way of introducing tensile and com-
pressive stresses in the nanotubes is by prestretching/precom-
pressing them prior to clamping.

Molecular dynamics simulation is performed using the
open source LAMMPS package.>” The entire nanotube is
divided into three regions, 1, 2, and 3 as shown in Figure 1(a).
The second region has 3 rings, 1, 2, and 3. Regions 1 and 3,
and all the rings are 5 Ain length. Each ring is comprised of
four layers of atoms. In this study, the z coordinate is along
the axis of the nanotube, whereas the x and y coordinates
specify the transverse directions.

At the beginning of the simulation, region 3 of the
BNNT is fixed, as shown in Figure 1(b), and the resulting
structure is minimized using conjugate gradient to obtain a
stable configuration. During the minimization procedure,
region 1 of the BNNT is allowed to move freely only in the z
direction (along the axis) to prevent any spurious nanotube
bending, while region 2 is kept free from any constraints.

Subsequently, the system is subjected to a uniaxial
compression by imposing a constant displacement rate of
0.1 A/fs on region 1 along the negative z direction, as
shown in Figure 1(c), until a strain of 0.725% is reached.
Thus, the shorter nanotube (of 6.9 nm length) is compressed
by 0.5 A and the longer nanotube (of 20.7 nm length) is
compressed by 1.5 A. Each compression step (of 0.1 /ok/fs)
is followed by 5000 equilibration steps performed at near
ground state of 0.1 K using the Nosé-Hoover thermostat.*®
The time step for performing the numerical integration is 1
fs. Post-achieving the desired compression, region 1 is also
kept fixed, as shown in Figure 1(d), such that the nanotube
now has a clamped-clamped boundary condition.

Since we are interested in thermal vibrations, it is imper-
ative that the temperature be increased from 0.1K. The

(a) Rings in Region 2 (b) Minimization Setup (c¢) Compression Setup (d) Data Collection Setup
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FIG. 1. (a) Division of a nanotube into regions and rings. Each BNNT has
three regions, 1, 2, and 3. Certain subsections of region 2 that have a length
of 5 A are labelled as rings. (b) Setup during minimization. The bottom
region marked 3 is kept fixed in all directions. The top region marked 1 is
allowed to move only along the z direction. The region marked 2 is allowed
to move freely. (c) The nanotube is compressed along the negative z direc-
tion. (d) Post the desired compression is achieved, the region 1 is kept fixed
along all three directions.
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fluctuations in the instantaneous temperature arise due to the
Nosé-Hoover thermostat and serve as the input noise. It can
be shown from theoretical arguments that the fluctuations
decrease with an increase in system size.”> We slowly ramp
the temperature to the desired value at 0.05K per fs. Once
the system reaches the desired temperature, 200 000 NVT
equilibration runs are performed. The relevant vibration data
are collected for these 200 000 time steps, and is then further
analyzed. We limit ourselves to analyzing the center of mass
displacements of the three rings shown in Figure 1. For each
ring, we calculate the center of mass displacement along the
x and y directions as follows:

N 1 N

1
Xeom = NZ(xz)v Yeom = NZ()’:% (3)

i i

where the summation is carried over the N atoms that consti-
tute the ring. The resulting center of the mass data are then
analyzed for the frequency content by performing a fast
Fourier transform in MATLAB. We discuss our findings
next.

lll. RESULTS AND DISCUSSIONS

The coupled nature of the Nosé-Hoover equations of
motion solved in the simulations makes it difficult to sepa-
rate the thermal effects from pure mechanical vibration. The
thermostat variable of the equations of motion is directly
influenced by the temperature of the system. The temporal
evolution of the thermostat variable, in turn, modifies the
momentum evolution equation. Thus, there is an interesting
interplay between the temperature and the response varia-
bles. However, it is important to know the mechanical
frequencies in the absence of the thermal excitations for
gauging the noise induced by the thermal loading. In order to
accomplish this, we perform a set of simulations under con-
stant particle number, volume and energy (NVE) conditions,
postequilibrating the system at 0.1 K. The particles compris-
ing the second ring have been imposed with small velocities
S A/ps) along the x and y directions. The data collected, as a
result, is Fourier transformed to obtain the vibrational fre-
quencies, as shown in Figure 2. For a particular nanotube, in
the absence of thermal excitations, the vibrational spectra
along the x and y directions are almost overlapping. There
are uniquely defined sharp peaks in the power spectra corre-
sponding to the different modes of vibration.

J. Appl. Phys. 118, 234503 (2015)

Let us now look at the frequency spectra dependence on
temperature for the two nanotubes, the first one being 6.9 nm
long and the second one being 20.7 nm long. The input noise
(i.e., the coefficient of variation) is 2.7% for the shorter
nanotube, and 1.5% for the longer nanotube. In typical ex-
perimental realizations of nanomechanical resonators, the
response is usually measured at the center of the nanotube
suspended between the source-drain electrode.? Therefore,
to make our results consistent with the experimental setups,
the first set of results, shown in Figure 3, correspond to the
second ring (see Figure 1). Moreover, the amplitude of vibra-
tions of ring 2 are observed to be the largest among the three
rings, providing yet another reason to analyze the second
ring first.

Figure 3 shows the power spectra along the x direction
for the two nanotubes at three different temperatures. The
inset figures show a zoomed-in view near the first modal
vibration frequency at a temperature of 1000 K. A compari-
son with Figure 2 shows that the noise due to thermal excita-
tions are in the range of the modal frequencies obtained due
to mechanical vibrations. As the temperature increases, the
peaks in the shorter BNNT get dispersed and thus it becomes
difficult to exactly pinpoint the natural frequencies. The fre-
quency spectra of the shorter nanotube also shows that these
closely spaced multiple frequencies are practically indistin-
guishable, and have high amplitudes associated with them.
The presence of closely spaced frequencies renders it difficult
to use the shorter nanotubes in highly sensitive mass detec-
tion or any other application that depends on the changing
frequency content. This is because the change in frequency
content due to the external agent may get “masked” by these
closely-spaced nearby multiple frequencies. In essence, the
nanotube can work as a sensor only if the external agent is
large enough to overcome the thermal noise, i.e., the sensitiv-
ity of the instrument decreases. The power spectra for y.,,
show similar features as well. Similar closely spaced frequen-
cies around the natural frequencies are observed for the other
rings as well for the shorter nanotube (see Figure 4).

On the one hand, in the longer BNNT (see Figure 3
(right)), specific natural modes of vibration still prevail at
higher temperatures, and there is no evidence of multiple fre-
quencies of high amplitude around any modal frequency,
making the longer nanotube based devices ideal for sensitive
sensing applications. The amplitudes of vibrations of both
the BNNTs are seen to increase as the temperature is
increased, which is not very surprising.

—Power spectra in X direction

Power spectra in y direction

it FIG. 2. Power spectra for ring 2 solely

, | due to mechanical vibrations for (left)

\ 6.9nm nanotube, and (right) 20.7 nm

nanotube. The x and y vibrational spec-

tra are nearly the same for both cases.

The inset figures show a zoomed-in
view near the first mode of vibration.
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FIG. 4. Power spectra for ring 1 along the x direction at different tempera-
tures for the 6.9 nm nanotube. The inset figure shows the presence of multi-
ple closely-spaced high-amplitude frequencies near the first vibration
frequency.

Another repercussion of the presence of multiple fre-
quencies near the fundamental mode for the shorter nanotube
is our inability to reconstruct the dynamics from the modal
data. Given the power spectrum data, with distinct £ natural
frequencies (w; to wy), the dynamics can be reconstructed
using the following expression:

k
xwm,r(t) = ZA, sin ((,L)I‘t + ¢1) +c.

i=1

“)

Here, ¢; is the phase of the ith frequency, and c is a constant
that is obtained from the power spectra at zero frequency. A
reconstruction of the dynamics of ring 2, based on the first
four modes for both nanotubes, is shown in Figure 5. Despite

0.4 1.5

— Reconstruction

1

= 02 =

% “fj 0.5

g g

: | .uw\l‘hil‘. -

z 2.-05

A -0.2 A 1
S04 e - -1.54
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FIG. 3. Power spectra for ring 2 at dif-
ferent temperatures: (left) 6.9nm long
BNNT, and (right) 20.7nm long
BNNT. The inset figures show a
zoomed-in view near the first modal
o1 vibration frequency. For the shorter
nanotube, it is clear from the inset fig-
ure, that at higher temperature, multiple
frequencies with high amplitudes get
| excited. This unwanted feature is absent
in the longer nanotube. These results

—1000K
—400K
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correspond to X,,,,. A similar conclu-

0.6 .
) sion can be drawn for y,,,, as well.

0.8 1

significant efforts, we could not exactly pinpoint some of the
modal frequencies (due to thermal noise) for the shorter
nanotube, and hence have taken the largest amplitude fre-
quencies from amongst the multiple closely-spaced frequen-
cies. It is evident that the actual dynamics could be
reconstructed using the first four modes for the longer nano-
tube, while for the shorter nanotube, no meaningful result
can be obtained using the modal data.

Let us now look at the change in the frequency spectra
arising due to an increase in temperature. It is important to
note that at low temperatures the natural frequencies
obtained does not change with the ring considered, but their
relative contributions might change. At higher temperatures
while in one ring it may be impossible to single out the
modal frequencies (see the inset Figure 3(left)), in the other
rings it might not be difficult to do so. In general, it is seen
that in the rings closer to the fixed regions, thermal vibra-
tions are not so pronounced and better estimates of the natu-
ral frequencies may be obtained. We reiterate that some of
the previous figures have been plotted for the second ring,
keeping in mind that in real spectrometry and experiments,
measurements are usually taken at the center of the nano-
tube. We plot the first four frequencies corresponding to the
vibration of ring 1, which lies closer to the boundary (see
Figure 1). The results are shown in Figure 6. In typical struc-
tural mechanics or continuum models of nanotubes, succes-
sive frequencies vary as the square of the mode number.
However, a comparison based on Figure 6 shows that such
does not hold true for our case.

The length of the nanotube greatly influences the natural
frequencies of vibration and their contributions. The modal
frequencies of the shorter BNNT are significantly higher as
compared to the longer BNNT. As the temperature increases,

— Reconstruction

FIG. 5. Reconstructing the actual dy-
namics of the second ring through
modal contributions at 1000K: (left)
6.9nm long BNNT constructed using
the first four modes, and (right)
20.7nm long BNNT constructed using
the first four modes. Notice that the
first four modes are able to provide a
good description of the actual dynam-
ics for the longer nanotube. For the
shorter nanotube on the other hand, no

100
Time (ps)

meaningful result can be extracted
from the reconstructed dynamics.
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the first four modal frequencies show a red-shift. This shift is
more pronounced for (i) the shorter nanotube than the longer
nanotube, and (ii) the higher modes than the fundamental
mode. The results highlight two important points: (i) a nano-
mechanical oscillator device calibrated at a given tempera-
ture cannot be used directly for highly sensitive sensing
applications without recalibration, and (ii) nanomechanical
oscillator devices based on shorter nanotubes are more sus-
ceptible to thermal fluctuations than the longer ones. Our
limited exploration with chiral and zig-zag nanotubes reveal
that similar conclusions could be drawn about them as well,
however, at larger precompressing strains. The red-shift of
the frequency spectrum is reminiscent of the damped har-
monic oscillator, where the frequency at which the peak am-
plitude occurs, decreases with increasing damping
coefficient. Drawing a parallel, we conjecture that in the
present case, the Nosé-Hoover reservoir variable (which acts
like the damping coefficient) is responsible for the shift in
frequency.

IV. CONCLUSIONS

Throughout this work, we highlight the importance of
the thermal environment and the length of the nanotubes for
nanomechanical devices that rely on change in natural fre-
quency for sensing applications. Our results indicate that as
the devices become smaller, the thermal effects become pro-
nounced, so much so that they can mask the additional con-
tribution arising due to an external factor. The masking
effect may result in decreasing sensitivity of the devices with
increasing temperature. Apart from inducing a “noise” in the
frequency spectrum, a higher system temperature also causes
a red-shift of the frequency spectrum, i.e., the modal fre-
quencies decrease with increasing temperature. Thus, the
devices calibrated at a certain temperature may not perform
desirably at higher temperatures.
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