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ABSTRACT

A nanoscale continuum model of carbon nanotube-based oscillators is proposed in this paper. In the continuum
model, the nanotube is discretized via the meshfree particle method. The atomistic interlayer interaction between
the outer and inner tubes is approximated by the interlayer interaction between particles. The mechanical
behaviors of oscillators are studied and compared well with molecular dynamics simulation results. The
nanotube-based oscillator can be employed to design a nanoelectromechanical system. In this system, two
electrodes are attached on the top of the outer tube so that the induced electromagnetic force can overcome the
interlayer friction. The mechanisms of such nanoelectromechanical systems as memory cells are also considered.
Keywords - carbon nanotube, oscillator, memory cell, meshfree, nanoscale continuum modeling

l. INTRODUCTION

Recent  developments in  nanotechnology
promote that nanoscale materials and devices can
enhance new engineering techniques in the relevant
technology areas, including nanoelectromechanical
systems (NEMS). Current advancements in nanotube
technology have occurred predominantly in the area
of carbon nanotube (CNT) development [1, 2] for
nanoscale electronic components and devices [3-7].
Numerical methods play an important role in
engineering design to accelerate and foster
maturation of nanotechnology that will enable future
electronics to become smaller, lighter, multi-
functional and autonomous. Since molecular
dynamics (MD) has been a powerful tool to elucidate
complex physical phenomena at the nanoscale, it is
one of the effective candidates to assist
nanoengineering designs.

Srivastava [8] proposed a phenomenological
design of a single laser-powered molecular motor for
CNT-based gears. Using MD simulations, he found
that the rotational angular momentum of the driven
gear tended to stabilize the rotational dynamics of the
system. Kang and Hwang [9] proposed another
conceptual design of CNT-based motor. They
investigated nanoscale engine schematics composed
of a CNT oscillator, motor, channel, and nozzle via
MD simulations. Popov et al. [10] reported on three
new NEMS designs based on multi-walled carbon
nanotubes  (MWNT): an  electromechanical
nanothermometer, a nanorelay, and a nanomotor.
They used Ab initio and semi-empirical calculations
to estimate the operational characteristics and
dimensions of their proposed NEMS systems. Zhao
and his co-workers [11] studied CNT devices based

on the crosshar architecture and found that this
topology was well suited for parallel programming or
learning in the context neuromorphic computing.

A few electromechanical models were employed
to study CNT-based devices due to the limitation of
MD in length and time scales. The electromechanical
models can be viewed as continuum models since the
electric fields and the configuration of CNTs were
modeled via continuum approaches. Axelsson et al.
[12] presented theoretical and experimental
investigations of three-terminal NEMS relays based
on suspended CNTs, which were modeled via the
classical continuum elasticity theory. Ke and
Espinosa [13] examined a switchable CNT-based
NEMS with closed-loop feedback. They investigated
the pull-in/pull-out and tunneling characteristics of
the system by means of an electromechanical
analysis, in which the model included the
concentration of electrical charge via an empirical
function, and the van der Waals force via a
continuum approximation. They also wused the
assumption of continuum mechanics to derive a
complete nonlinear equation of the elastic line of the
CNT for modeling and simulating CNT-based NEMS
devices [14]. In other studies, Bichoutskaia [15]
employed an electromechanical model to study
interwall interactions in CNTs. Poot et al. [16]
developed a model for flexural oscillations of
suspended CNTSs based on the theory of continuum
mechanics.

Recently, a few efficient multiscale methods that
are capable of addressing large length and time scales
have been developed. Multiscale methods either
employ a nanoscale continuum approach to
approximate a group of atoms [17-19] or couple MD

WWW.ijera.com 160|Page




Shaoping Xiao et al. Int. Journal of Engineering Research and Applications

WWWw.ijera.com

ISSN: 2248-9622, Vol. 5, Issue 12, (Part - 2) December 2015, pp.160-170

with continuum mechanics [20-22]. Some researchers
have combined the classical MD simulations with the
continuum electric models to investigate CNT-based
NEMS devices. For example, Kang et al. [23]
employed this combined method to study suspended
CNTs for memory device applications. Dequesnes et
al. [24] reported a combined MD/continuum
simulation of CNT-based NEMS switches. In their
research, a multiscale method that combined the
nonlinear beam theory with MD was presented to
model and simulate CNTs. Xiao and Hou [25]
proposed the first numerical modeling and study of
CNT-based resonant oscillators. In their multiscale
model, the paddle was modeled as the continua while
the CNT was modeled via MD. In addition, the
molecular and continuum domains were attached
with each other at the interfaces via the edge-to-edge
coupling [26].

CNT-based oscillators have been of great interest
to scientists and engineers since Zheng et al. [27, 28]
employed a MWNT to design gigahertz oscillators. A
few MD simulations have been conducted to study
mechanisms of CNT-based oscillators. The
oscillatory frequency of the oscillators might be up to
87 GHz based on MD simulations [29-31]. Legoas et
al. [29] also pointed out that stable oscillators were
only possible when the interlayer distances between
the outer and inner tubes were of ~0.34 nm, the
interlayer distance of regular MWNTSs. Unlike other
CNT-based machines, the energy dissipation plays a
key role and needs to be considered when designing a
stable nano-oscillator. Xiao et al. [31] observed
mechanical energy dissipation in a CNT-based
oscillator, when the oscillator was subject to a finite
temperature. Such energy dissipation was found to be
strongly dependent on the morphology combination
of the tubes [32, 33], and the relative velocity of the
inner and outer tubes [34].

As employed in modeling and analysis of many
engineering designs, MD has difficulties in
simulating large models of CNT-based oscillators.
However, the existing continuum approaches and
multiscale methods cannot directly be employed. In
this paper, we propose a nanoscale continuum model
of CNT-based oscillators and study the mechanisms
of oscillators as well as their applications as memory
cells. Consequently, this research will contribute to
assist other engineering design of CNT-based
devices.

The outline of this paper is as below. Molecular
modeling and simulation of nanotube-based
oscillators are reviewed in Section 2. In Section 3, a
nanoscale continuum modeling is proposed, and it is
employed to study CNT-based oscillators in Section
4. Then, a NEMS design consisting of a nanotube-
based oscillator is described and studied as memory
cells in Section 5 followed by the conclusion.

1l MOLECULAR MODELING OF CNT-
BASED OSCILLATORS

A simple CNT-based oscillator is designed via a
double-walled carbon nanotube (DWNT), which
consists of an inner tube (core) and an outer tube
(shell), as shown in Fig. 1. When the outer tube is
partially fixed, the inner tube can oscillate inside the
outer tube once it is given an initial velocity or an
initial extrusion length.

Figure 1. A DWNT-based oscillator.

MD simulations of CNT-based oscillator were
conducted [31] via solving the following equations of
motion if there were no external forces:
oE - a(Einner + Eouter + ELJ ) (1)
od, ad,
where E is the total potential of the simulated
oscillator, which consists of the potential of the inner

tube, E;.cr, the potential of the outer tube, E, /.

and the potential due to the interlayer interaction
E. m, is the mass of atom | and d, is its

displacement.

The reactive empirical bond order (REBO)
potential function [35] was used for describing
carbon-carbon interatomic interactions within a
single CNT. This potential function considers
chemical reactions and includes remote effects
caused by conjugated bonding, and it can be written
as follows:

E=) Zb’ (1)~ A1y ) )
i jGi)
where r; is the bond length, V ®(r) and V*(r) are

pair-additive interactions that represent all
interatomic repulsions and attractions from valence
electrons, respectively. by contains the functions that

depend on the local coordinates and bond angles for
atoms i and j. The detailed formulations of REBO

can be found in [35]. The equilibrium carbon-carbon
bond length obtained by minimizing this potential is
0.142nm.

The interlayer interaction between the inner tube
and the outer tube is described by the following
Lennard-Jones 6-12 potential [36],

Eu (r): Al:ly_g—i} 3)

2 r12 r.6
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where A=2.43x102*Jnm° and vy, =0.3834nm.

Minimizing the Lennard-Jones potential gives an
equilibrium interlayer distance of 0.34nm, which
results in stable oscillators as discussed by Legoas
and his co-workers [29].

As an example, we consider a (10,10)/(5,5)
double-walled nanotube as the oscillator, in which
the (5,5) inner tube has a length of 2.5 nm while the
(10,10) outer tube has a length of 3.7 nm. The initial
extrusion length is half of the inner tube length. Two
MD simulations are conducted. In the first study, the
oscillator is considered as an isolated system, i.e. no
heat exchanging between the oscillator and its
surrounding. The oscillation mechanisms of the
oscillator can be studied through the calculated
separation distance between the inner and the outer
tubes. It is found that the oscillation of the simulated
oscillator is stable as shown by the solid line in Fig.
2. The calculated oscillatory frequency is 55 GHz.

In the other simulation, the oscillator is at the
room temperature of 300K, and the Hoover
thermostat [37] is employed in the MD simulation.
As shown by the dashed line in Fig. 2, we find that a
stable oscillatory frequency and amplitude cannot be
obtained. The oscillatory amplitude decays until the
nano-oscillator eventually stops. This phenomenon is
caused by the interlayer friction, which mainly
dissipates the interlayer energy of the oscillator. Such
dissipated energy is transferred to the kinetic energy
of the outer tube, and the artificial thermostat
thereafter dissipates the energy of the outer tube. As
a result, the whole energy of the system is dissipated.

(3]
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Figure 2. Oscillation mechanism of a (10,10)/(5,5)

DWNT-based oscillator.

1. NANOSCALE CONTINUUM MODELING
AND SIMULATION OF CNT-BASED
OSCILLATORS

111.1 CONTINUUM MODEL OF A SINGLE-WALLED
CARBON NANOTUBE

Since a single-walled carbon nanotube (SWNT)

can be viewed as an appropriate roll-up of a planar

graphene sheet, it is convenient to define the planar

graphene sheet as the undeformed or reference

configuration during the continuum modeling of a

SWNT. The continuum object replacing the
crystalline monolayer is a curvature surface without
thickness. Therefore, the nuclei are assumed to lie on
the surface, and the lattice vectors are chords of the
surface.

In most continuum models of nanomaterials, the
Cauchy-Born (CB) rule [38] was employed. The
Cauchy-Born hypothesis assumes that the lattice
vectors deform as line elements within a
homogeneous deformation, a=FA, where a and
A are deformed and undeformed lattice vectors
respectively. F is the deformation gradient which
maps the “infinitesimal” tangential material vectors
of the undeformed body into the vectors of the
deformed body. The lattice vectors a and A, each
of which connects two atomic positions, are physical
entities with finite length. Consequently, the CB rule
holds exactly, at least locally, only when the
“infinitesimal” material vector is equivalent to the
lattice vector. Therefore, the deformation is assumed
to be locally homogeneous.

Arroyo and Belytschko [39] introduced a so-
called “exponential Cauchy-Born rule” (ECB rule) to
overcome the difficulties of conventional CB rule in
approximating curved membranes. The exponential
mapping, which maps the lattice vector precisely
from the reference configuration to the current one, is
approximated locally via the ECB rule based on the
stretch and curvature of the membrane. In studying
mechanisms of CNT-based co-axial oscillators, we
are mainly interested in the longitudinal motion of
the CNT. We assume that the nanotube is deformed
uniformly in the radial direction so that the out-of-
plane motion can be neglected. Consequently, the CB
rule is still appropriate as a homogenization
technique in the continuum model of SWNTSs. In this
case, the lattice vectors are approximated in the
tangent plane at the material point.

Since only the developable surface with zero
Gaussian curvature can be mapped to a planar body,
the caps of a CNT, which are semi spheres, cannot be
modeled via the proposed continuum approach.
However, the need to represent this kind of surfaces
can be covered by splitting the surface into pieces.
Those pieces can be represented as approximately
developable patches, and then glued together with
continuity boundary conditions, which are easily
accommodated by the Lagrange multiplier technique.

111.2 MESHFREE PARTICLE APPROXIMATION

Using the meshfree particle method [40], the
surface of a SWNT is discretized with a number of
particles. Since the out-of-plane motion of the
nanotube is ignored, the particles are only allowed to
move along the surface of the nanotube. It is natural
to use the Cartesian components on the planar

graphene in Q? to express the particle coordinates in
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Q3. If we denote x and x, as the Cartesian

g
components of particles in the nanotube and graphene
respectively, and R as the radius of the nanotube, the
mapping can be written as

p:Q° - 0° Xq > x=0lx,) (4)
or
X; = Rcos(Xqy /' R)
X, =Rsin(xg; /R), (5)
X3 = Xg2

In a planar graphene sheet, we define X, en?

in the deformed/current configuration and X € Q? in
the undeformed/reference configuration. According
to the meshfree particle methods [40], the
displacement field can be approximated by

u"(X,t)=> o (X, ) ©)

where o, (X) are called Lagrangian kernel functions.
The deformation gradient is then written as
F=dx, /06X, in which X, =X+u",

The nominal stress, P, can be computed as

P(F)-2e )/ ™

where W is the strain energy density and calculated
as the potential density via the CB rule. It should be
noted that the free energy density will be employed in
equation 7 when considering the temperature effects
via the temperature-related Cauchy-Born rule [18].

The internal force in Q2 is then calculated as

fo = Igoawa'—)((x)PdQO (8)
which can be mapped onto the nanotube as
= ol ©)
Indeed, the equations of motion solved in Q3
are
m =P - (10)

where m, and f7*' are the mass and the external

force of particle I, respectively.

111.3 NON-BONDED INTERLAYER INTERACTION

The internal forces calculated above are due to
the deformation of the nanotube itself. In the MD
simulation of CNT-based oscillators, the non-bonded
interlayer interaction, as in equation 3, plays an
important role. Although a SWNT or single layer of a
MWNT can be modeled by the continuum
approximation with the meshfree particle method as
described in the above, the continuum approach to
interlayer interaction, Lennard-Jones interaction,
remains an issue. In the meshfree particle method-
based continuum model, this issue becomes how to

map the Lennard-Jones interaction between two
groups of atoms to the interaction between two
particles.

To calculate the non-bonded energy in the
continuum level, two representative unit cells, one in
the inner tube and the other in the outer tube, of area
Sy are chosen. Each of the cells contains n nuclei
(n=2 for graphene). The continuum-level Lennard-
Jones energy density is

o1 (d)=(n/So EL (d) (11)
where d =|xo —x,| is the distance between the

centers of those two considered cells.
The total continuum-level non-bonded energy is
calculated as

© = Iﬂo J-QI Pu (”Xo =X ")dQ 1dQ0 (12)

where Qg and €, are the deformed configuration

of outer and inner tube respectively. Then, the force
applied on particle | can be derived as the first
derivative of ® with respect to the coordinates of
particle I . Such forces will be counted as the
external forces in solving the following equations of
motion,

L) .y
mi, =——-—

[l | 8X| | (13)
111.3 NANOSCALE CONTINUUM SIMULATIONS

We restudy the oscillation mechanism of the (10,

10)/(5, 5) DWNT-based oscillator as shown in Fig.1
via the meshfree particle method. In the continuum
model shown in Fig. 3, the outer tube surface is
discretized with 320 particles, and the inner tube is
modeled by 152 particles.

Figure 3. The continuum model of a (10,10)/(5,5)
DWNT oscillator.

In the first simulation, the outer tube is fixed and
the inner tube is given an initial extrusion, which is
half of the inner tube length. When the inner tube is
released without any initial velocity, the interlayer
force, due to the Lennard-Jones energy between the
tubes, will drive the inner tube to move towards the
center of the outer tube. The inner tube will be
accelerated until the interlayer potential reaches the
minimum. The center-of-mass velocity of the inner
tube starts to decrease when the interlayer potential
increases. Once the center-of-mass velocity of the
inner tube becomes zero, the separation reaches the
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maximum. Then the interlayer force tends to drive
the inner tube backwards to the center of the outer
tube. Fig. 4 shows the evolution of separation
distance obtained from the meshfree particle method
and compared well with the molecular dynamics
result. The calculated oscillatory frequency is around

55GHz which agrees to molecular dynamics
simulations [31] as well.
.
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Figure 4. Separation distance evolutions.

T= 0.25 (ps)
AED
i 4
v, (m/s): 20184208040004 081215 20
T= 6.75 (ps)

v, (mIs): 20151208040004 0812 15 20

Figure 5. Relative velocity contours on the inner tube
at various times.

In this simulation, we observe that shock waves
propagate along the inner tube when it oscillates
inside the outer tube. Fig. 5 illustrates the relative
velocities, which are the particle velocities with
respect to the local coordinate system at mass center
of the inner tube. It can be seen that several shock
waves are generated on the inner tube during its
oscillation. Those shock waves propagate back and
forth between the ends of the inner tube and interact
with each other. However, the relative velocities are
very small in comparison with the velocity of the

center-of-mass of the inner tube. It should be noted
that the background meshes of the outer tube are
plotted in Fig. 5 for visualization.
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Figure 6. The effects of outer tube length (top) and
inner tube length (bottom) on the oscillator
frequency.

We also investigate the effect of tube length on
the frequency of CNT-based oscillators. We first
study (10,10)/(5,5) DWNT-based oscillators with
various length of the outer tube. The inner tube has a
constant length of 2.5 nm and the initial extrusion is
half of its length as described in the above. Fig.6
(top) shows that the oscillatory frequency is lower
with a longer outer tube. It agrees well with MD
simulations as well as the estimation in [31]. To
study the effect of the inner tube length on the
frequency of oscillators, we use the (10,10) outer
tube with the length of 25 nm. Fig.6 (bottom)
concludes that the frequency becomes lower with a
longer inner tube.

The interlayer friction was observed in the nano
oscillator at a finite temperature via MD simulations
[31]. In the nanoscale continuum simulation, the
interlayer friction is prescribed as the external force
when solving the equations of motion. It has been
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shown in [31] that the interlayer friction depends on
the temperature as well as the chirality difference of
the inner/outer tubes. However, the calculated
interlay frictions have the same order as what
Cumming and Zettles [41] predicted, i.e. 0.015 pN
per atom. In this paper, we mainly study the
mechanisms of CNT-based oscillators at the room
temperature of 300K, and the interlayer friction of
0.025 pN per atom at the room temperature is
employed based on MD simulations. Therefore, the
equations of motion, i.e. equation 13, solved in
nanoscale continuum simulations are modified as

Py _(002e—gN Ve, —fiM (1)

.0
mu, =
X, Vi
where N is the number of atoms that one particle
represents in the nanoscale continuum model.

We restudy the oscillation of the (10,10)/(5,5)
DWNT-based oscillator at 300K. The energy
dissipation is observed and the oscillation is getting
weaker and weaker till ceasing as shown in Fig. 7. It
compares well with the MD simulation results in
[31].
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Figure 7. Separation distance evolutions when the
oscillator is at the room temperature of 300K.

V. CNT-BASED MEMORY CELLS

IV.1 ACNT-BASED NEMS SYSTEM

Since the CNT-based oscillator's oscillatory
motion is not stable at a finite temperature, a NEMS
is designed so that stable oscillation can be achieved.
The conceptual idea is shown in Fig. 8. A DWNT is
positioned on top of a conducting ground plane. It
should be noted that the outer tube is semiconducting
while the inner tube can be either metallic or
semiconducting. For example, a (17,0)/(5,5) DWNT
can be wused here since (17,00 CNTs are
semiconducting while (5,5) CNTs are metallic. The
atomic materials for conducting electrodes 1 and 2
are deposited on top of the outer nanotube. In this
configuration, the inner tube sits in a double-bottom
electromagnetic potential well. The depth of the
potential well under electrode 1 is proportional to the
voltage applied to electrode 1. Similarly, the depth of
the potential well under electrode 2 is proportional to
the voltage applied to electrode 2. The
electromagnetic forces exist when applying a high

voltage to one electrode while a low voltage is
applied to the other electrode. Such electromagnetic
forces can overcome the interlayer friction. The high
applied voltage is referred to as the WRITE voltage,
and the low applied voltage is the READ voltage.
Consequently, the inner tube will move from one side
to another due to the induced electromagnetic forces,
and the stable oscillation could be obtained. In most
cases, the outer tube is capped so that the inner tube
won’t escape if the induced electromagnetic forces
are too large.

Electrode 1 Electrode 2

Ground
Figure 8. A CNT-based NEMS.

It shall be noted that the capacitance of the
NEMS gate can be read by a distinct READ process.
A constant-current pulse, i.e. a READ voltage, is
applied to one of the electrodes. If the inner CNT is
present under that electrode, a relatively large
capacitance will be observed, and the time required to
charge the electrode will be longer. If the inner tube
is not present under that electrode, a relatively small
capacitance come forth with a concomitant fast
charging time for the electrode. As a result, the logic
state of the NEMS gate can be determined. It is
worthy to mention that all READ voltages are
sufficiently small so that the motion of the inner tube
will not be influenced. Whether the inner tube is
underneath electrode 1 or electrode 2 will result in
two different physical states determined by the
READ voltage. These two states can be interpreted as
Boolean logic states. Therefore, the system can be
used as a random access memory (RAM) cell.

1V.2 COMPUTATIONAL MODEL

The similar nanoscale continuum modeling can
be employed to study the proposed CNT-based
NEMS. However, the induced electromagnetic forces
need to be included as part of external forces when
solving the equations of motion.

In the proposed NEMS design, the outer CNT is
semiconducting so that its electric property is very
similar to that of an insulator. Consisting of two
electrodes and the conducting ground plane, the
whole device can be viewed as a two-conductor
capacitor with the dielectric spaces between them.
The capacitance of the system varies with the
presence or absence of the inner CNT. In other
words, the electric energy stored in the system varies
with different positions of the inner tube when a
constant voltage is applied on the electrode.
Therefore, the inner tube will be driven by the
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induced electromechanical force due to the gradient
of the electric energy. Poisson’s equation is a general
way to calculate the electric potential for a given
charge distribution, and then the electric field can be
obtained

V2p=-pls,, E=-Vg¢ (15)
where ¢ is the potential (in volts), p is the charge
density  (in  coulombs per cubic meter),
£y =8.854e—-12F /m is the permittivity of free

space (in farads per meter), and E is the electric
field. Then, the capacitance, C, can be expressed as

c =US E. gOdS) /v (16)

where S is for a surface integral over the conductor,
and V is the potential difference between the
electrode and the ground plane.

If the length of the electrode along the longitude
direction of the nanotube is sufficiently large as
regards with the diameter of the outer nanotube, it
can be assumed that the electric field is uniformly
distributed along the longitude direction and the
fringing regions at the both ends of the electrode are
negligible. Here, two cases are considered to
calculate the capacitance: the capacitor with or
without the presence of the inner tube, respectively.
For each case, the electric field and the capacitance
can be easily calculated by the two-dimensional
model. If the inner tube is partially under the
electrode, the system is effectively the combination

of two capacitors in parallel,
e
Cily with inner tube
C={ Cilo+Ci{(ly—1)  part of inner tube
Cilo without inner tube
7

where C; and Cé are the capacitances per unit
length with and without inner tube, respectively. Iy is
the inner tube length. | is the length of the inner tube
underneath the electrode, and it varies with the
positions of the inner tube, i.e. | = f(z). Hence, the

induced electromagnetic force applied on the inner
tube can be calculated as
1 ..,0C
Flz)==V*— 18
(2)=2v° = (18)
and the equations of motion, equation 14, at the room
temperature can be modified as

oD
m i, = (0.025%—9)N ' ¢,
[ |Vlz| (19)
Ly Ly g
2 0z,

Due to the Gauss’s law, the calculation of the
capacitance should be independent of the potential

and the total charge. As an example to calculate the
capacitance, a (17,0)/(5,5) DWNT with one electrode
of 10V is consider as shown in Fig. 9.

Free Space

Outer Tube

Ground Plane

! L=30 ‘

Figure 9. Cross-sectional view of the considered
NEMS.

Figure 10. The contours of the electric fields when
the inner tube is absent (top) or present (bottom).

Fig. 10 shows the electric fields when the inner
tube is absent (top) or present (bottom). The
calculated capacitances are 1.03e—19F and
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1.11e—19F , respectively. It should be noted that if
the diameter of the outer nanotube is large and the
length of the electrode is short, the fringing regions
cannot be neglected. In that case, a three-dimensional
calculation would be appropriate.

1V.3 SIMULATIONS AND RESULTS

At first, a (17,0)/(5,5) DWNT-based NEMS as
the memory cell is considered. In this device, the
(17,0) outer CNT has a length of 6.4nm, and the (5,5)
inner has a length of 3.7 nm. The electrodes attached
to the outer tube are 2.0nm in length and 1.1nm in
width. Initially the inner tube is located at the center
of the outer tube. In the nanoscale continuum
simulations, this device is modeled via 884 particles.

It has been found that the voltage applied on the
electrodes cannot be too large; otherwise the CNT
could start unraveling carbon chains from the
exposed edge. Lee et al. [42] claimed that the
breakdown voltage of the CNT is round 2.0V/A.
Therefore, the CNTs employed in this NEMS could
afford a potential of several hundred volts to maintain
its electrochemical stability. Here we apply 16V
constant voltage on the two electrodes alternatively
with a time interval of 1ns.
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Figure 11: Boolean logic states of the (17,0)/(5,5)

CNT-based SRAM cell.

At the beginning, a WRITE voltage is applied on
electrode 2. The inner tube is stimulated to move due
to the induced -electromagnetic force. Such an
electromagnetic force overcomes the interlayer
friction, and the inner tube moves to be underneath
electrode 2. After the inner tube is bounced back by
the cap of the outer tube, the interlay friction and the
induced electromagnetic force will resist its
movement towards to electrode 1. This phenomenon
results in the inner tube oscillating underneath
electrode 2 till ceasing. The position of the inner tube
can be detected by the READ process and the logic
state 1 is produced. When the WRITE voltage is
shifted to electrode 1, the inner tube moves again and

halts under electrode 1. The READ process can
detect its position and the logic state 0 is produced as
shown in Fig. 11. We also studied CNT-based
memory cells with long tubes and observed similar
phenomena. It can be seen that the frequency of the
memory cell depends on the frequency of the voltage
shifting, which means the device working as a
SRAM. It can be calculated that the frequency of this
SRAM is 500MHz according to the time interval of
the WRITE voltage shifting. Fig. 11 also shows that
it takes 500ps for the inner tube to cease under an
electrode, the recommended maximum frequency is
1GHz.

The proposed memory cell was designed on the
basis of the CNT-based oscillator, which has its own
natural frequency. The application of the proposed
design can be extended to a dynamic random access
memory (DRAM) cell if its embedded oscillator can
oscillate at its natural frequency. As being studied
before, a CNT-based oscillator is an underdamped
system, and its oscillation will eventually cease due
to the interlay friction when the oscillator is subject
to a finite temperature in practical usages. To ensure
the oscillator to oscillate consistently at its natural
frequency, a WRITE voltage pulse is applied every
several oscillation periods to stimulate the oscillator.
The period of the WRITE voltage pulse should not be
larger than natural period of the oscillator so that the
induced voltage acts to enhance oscillation when it
becomes weak. Consequently, a steady oscillation
can be generated.

Logic State 1
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Figure 12. Boolean logic states of the nanotube-based
DRAM memory cell.

A memory cell containing a (17,0)/(5,5) CNT-
based oscillator as the DRAM is studied here. The
(17,0) outer tube has a length of 32 nm while the
(5,5) inner tube has a length of 18 nm. The natural
oscillating frequency of the oscillator is 6.75 GHz
based on the nanoscale continuum simulation. The
open-ended outer tube is employed to ensure that the
inner tube can oscillate at the natural frequency of the
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oscillator. Two 10-nm-long electrodes are attached
on the top of the outer tube. A WRITE voltage of 48
V with a duration of 2 ps is applied on electrode 2 so
that the inner tube starts to move. Then, the
amplitude of the oscillation will decrease due to the
interlayer friction. At every four oscillation cycles,
the same WRITE voltage pulse is given on electrode
2 to stimulate the oscillation. The WRITE voltage is
only applied on electrode 2 in this case to enhance
the oscillation from time to time. However, the
READ voltage is applied on both electrodes 1 and 2
to generate the logic states 0 and 1 as shown in Fig.
12.

V. CONCLUSION

A nanoscale continuum model was proposed to
study the CNT-based oscillators via the meshfree
particle method. Both the oscillators as isolate
systems and the ones at a finite temperature were
studied, and the results agreed well with the MD
simulation results. The shock wave propagation and
interaction were observed along the inner tube during
the oscillatory motion. Since the wave amplitude was
small, it didn’t have effects on oscillating
mechanisms of the oscillator. The proposed
numerical model could be referred to as a framework
to model and simulate other nanoscale devices.

In addition, a design of NEMS, containing a
CNT-based oscillator has been proposed as a memory
cell. The electrodes were attached on the top of the
outer tube so that the induced electromagnetic force
could overcome the interlayer friction when a
WRITE voltage was applied on the electrode. On the
other hand, a READ voltage was applied to detect the
position of the inner tube so that the Boolean logic
states could be generated. Numerical simulations
showed that the designed NEMS could be employed
as either SRAM or DRAM cells.
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