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Static and Dynamic Analysis of
Carbon Nanotube-Based Switches
In this paper, we report on molecular dynamics (MD), continuum (based on linear
nonlinear beam theories) and combined molecular dynamics/continuum simulatio
carbon nanotube based nanoelectromechanical switches. As a prototype device, we
the pull-in voltage characteristics of a nanoelectromechanical switch made of a
pended single wall nanotube over a ground plane. The various simulations (MD,
tinuum and combined MD/continuum) have been performed accounting for the ele
static and van der Waals forces between the nanotube and the ground plane. The
from the nonlinear continuum theory compared well with the results from MD, excep
cases, where nanotube buckling was observed. When buckling occurs, the electrome
cal behavior of the switch is simulated by employing a combined MD/continuum
proach. The combined MD/continuum approach is computationally more efficient
pared to the MD simulation of the entire device. Static and dynamic pull-in, pull-in t
and fundamental frequency analysis is presented for fixed-fixed and cantilever c
nanotube switches.@DOI: 10.1115/1.1751180#
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1 Introduction
Carbon nanotubes have recently attracted a lot of attention

cause of their excellent mechanical and electrical properties.
bon nanotubes can be used to design nanoscale sensors, act
devices and systems~collectively referred to as Nanoelectrom
chanical Systems~NEMS!!. NEMS applications that have recent
been demonstrated include the random access memory@1#, nanot-
weezers@2# and electrostatic switches@3#. Even though NEMS
can be designed using a number of materials, carbon nano
based NEMS are attractive as, for example, carbon nano
based electrostatic switches have the potential to offer extrem
high resonant frequencies in the gigahertz range because of
high stiffness. Electrostatic switches can be designed by susp
ing single wall nanotubes over a ground electrode. When a po
tial difference is created between the nanotube and the gro
electrode, the nanotube deflects and when the potential is l
enough, the tube makes a contact with the ground electrode
addition to the elastic and the electrostatic forces, for a small
between the nanotube and the ground electrode, it is importa
account for van der Waals forces to fully understand the beha
of the switch. In this paper, we investigate the static and dyna
behavior of electrostatic switches by developing molecu
dynamics, continuum and hybrid molecular dynamics/continu
approaches.

Molecular dynamics simulations accounting for electrosta
and van der Waals forces can be used to understand the stati
dynamic behavior of electrostatic switches. Electrostatic inter
tions, which are typically implemented by a Coulomb potent
requireO(n2) operations, wheren is the number of atoms in the
system. Although, alternative techniques such as fast multip
methods@4# or Particle Mesh Ewald~PME! @5# techniques, which
scale asO(nlogn), can be used to compute the electrostatic
teractions, it can still be quite involved. Similarly, computation
van der Waals interaction by a direct summation of the Lenna
Jones potential requiresO(n2) operations, which can again b
quite involved. In this paper, we employ a continuum treatmen
electrostatic and van der Waals forces to make molecular dyn
ics simulations more tractable. To fully understand the mechan
behavior of the switches, we have employed linear and nonlin

Contributed by the Materials Division for publication in the JOURNAL OF ENGI-
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Material
Division June 20, 2003; revision received March 1, 2004. Associate Ed
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beam theories combined with electrostatic and van der W
forces and compared the results with molecular dynamics sim
tions. The material properties required in the beam theories
obtained from molecular dynamics simulations. While the line
beam theory deviated from MD simulations, the nonlinear be
theory showed a good agreement with MD simulations, except
large applied voltages, where a nanotube buckling has been
served. To overcome the buckling problem, we have develope
combined MD/continuum approach where MD is used in regio
where the nanotube buckling has been observed and the rest o
nanotube has been modeled with the continuum theory. The a
racy of the continuum and the hybrid MD/continuum approach
has been compared with results from full MD simulations f
fixed-fixed and cantilever switches—specifically, we investig
the static and the dynamic pull-in behavior, the pull-in time a
fundamental frequency of various switches.

The rest of the paper is organized as follows: in section 2,
discuss the theory and continuum modeling of nanoelectro
chanical switches. In section 3, molecular dynamics simulation
carbon nanotubes is presented. In section 4, the comb
continuum/MD technique is presented with details. In section
the parameterized continuum model and the combin
continuum/MD technique are used for electromechanical anal
of single wall nanotube switches. Finally, conclusions are p
sented in section 6.

2 Theory of Nanoelectromechanical Systems

2.1 Pull-In Phenomena. Shown in Fig. 1 is the physica
operation of a carbon nanotube based cantilever switch. The
components are a movable structure, which can be a single wa
a multiwall carbon nanotube, and a fixed ground plane, which
modeled by a graphite bulk. When a potential difference is crea
between the movable structure and the ground plane, electros
charges are induced on both the movable structure and the gr
plane. The electrostatic charges give rise to electrostatic for
which deflect the movable tube. In addition to electrostatic forc
depending on the gap between the movable tube and the gr
plane, van der Waals forces also act on the tube altering the
flection of the movable tube. The direction of the electrostatic a
van der Waals forces is shown in Fig. 1. Counteracting the e
trostatic and van der Waals forces are elastic forces, which tr
restore the tube to its original position. For an applied voltage,
equilibrium position of the tube is defined by the balance of
elastic, electrostatic and the van der Waals forces. As the

tor:
004 by ASME Transactions of the ASME
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Fig. 1 Force balance for a nanotube over a ground plane: „a… position of the tube when VÄ0; and
„b… deformed position of the tube when VÅ0
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deflects, the electrostatic, van der Waals and the elastic fo
change, so a self-consistent analysis is necessary to comput
equilibrium position of the tube.

When the applied potential difference between the tube and
ground plane exceeds a certain potential, the tube becomes
stable and collapses onto the ground plane. The potential w
causes the tube to collapse onto the ground plane is defined a
pull-in voltage or the collapse voltage. When the pull-in voltage
applied, the tube comes in contact with the ground plane, and
device is said to be in the ON state. When the potential is relea
and the tube and the ground plane are separated, the device i
to be in the OFF state.

2.2 NEMS Modeling. The simulation of NEM switches in-
volves the modeling of three coupled energy domains: elastost
electrostatic, and van der Waals energy domains. These en
domains have been modeled previously using continuum theo
@6#. As a complete description of the continuum modeling h
already been presented in@6#, we provide very few details on the
derivation of the formulas and put emphasis on the differen
between the previous model and the model used in this study

2.2.1 van der Waals Interactions.The van der Waals energ
describing the interaction of a nanotube with a ground plane
been modeled by the well known Lennard-Jones potential@7#. The
Lennard-Jones potential between two atomsi and j is given by

f i j 5
C12

r i j
12

2
C6

r i j
6

(1)

wherer i j is the distance between atomsi andj, C6 andC12 are the
attractive and repulsive van der Waals constants, respecti
characterizing the interactions between the two atoms. For
ample, for a carbon-carbon interaction the value ofC6 is 15.2
eV•Å6 and the value ofC12 is 2.42 keV•Å12 @8#. Since the initial
gap between the nanotube and the ground plane can be as sm
1 nm, the attractive and the repulsive part of the Lennard-Jo
potential will need to be modeled. The modeling of the repuls
component, not present in@6#, has been added in this study.

As shown in Fig. 2, the infinite ground plane will be model
by N ~we chooseN540 in our study! graphene sheets and
graphite bulk beyond theNth graphene sheet. Such a represen
tion to model the ground plane is justified because the integra
of a graphene sheet with the SWNT accounts for the atomic st
ture of the original system and produces a result very close to
double summation of the Lennard-Jones potential@6#. If the
ground plane is located far away from the nanotube, the atom
detail is not important and the graphite sheets can be modele
a graphite bulk. The repulsive term is not significant when
ground plane is modeled as a graphite bulk as the repulsion
is negligible at large distances.
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By differentiating Eq.~1! with respect tor and by integrating
over the ground plane, the expression for the force on an atom
the SWNT due to its interaction with a graphene sheet can
obtained

Fgraphene52psS C12

r a
11

2
C6

r a
5 D (2)

wherer a is the distance between the atom on the nanotube and
graphene sheet ands.38 nm22 is the graphene surface densit
The expression for the force on an atom on the SWNT due to
interaction with a graphite bulk is given by

Fbulk5
pC6r

2r a
4

(3)

wherer51.1431029 m23 is the graphite volume density. The ex
pression for the force on an atom that will be used in the mole
lar dynamics simulation will be the summation of the two com
ponents from Eq.~2! and Eq.~3!, i.e.,

Fcont5Fbulk1 (
graphene sheets

Fgraphene5
pC6r

2~Nd1r init!
4

12ps(
n51

N S C12

@r init1~n21!d#11
2

C6

@r init1~n21!d#5D
(4)

wherer init is the distance between the atom and the top graph
sheet,N is the number of graphene sheets, andd53.35 Å is the

Fig. 2 van der Waals integration of a SWNT over a graphite
ground plane
JULY 2004, Vol. 126 Õ 231



r

t

e

s

e

t

d

-

ular

ch
any
-
ud

for

or
ns
ies

s
ew-
is

ube.
od-

mu-
ith

y.
por-
ns.
r-

re
is

tom
on-
e
um
ly of

by
eat-
ics
the

uta-

-

ized
rum
ou-

he

g-
interlayer distance of graphite. By integrating Eq.~2! over the ring
of the nanotube, we can retrieve a force per unit length of the t
characterizing the van der Waals interaction of a nanotube
with the graphene sheets, i.e.,

qgraphene5(
n51

N E
2p

p

2psS C12

@~n21!d1r init1R1R sinu#11

2
C6

@~n21!d1r init1R1R sinu#5D sRdu (5)

whereR is the radius of the nanotube. By integrating Eq.~3! over
the ring of the nanotube, the force per unit length of the tu
characterizing the van der Waals interaction between a tube
the graphite bulk is obtained as

qbulk5E
2p

p pC6r

2~Nd1r init1R1R sinu!4
sRdu (6)

The expression for the van der Waals force per unit length
will be used in the continuum simulation is given by

qvdW5qbulk1qgraphene (7)

whereqgrapheneand qbulk are obtained from Eq.~5! and Eq.~6!,
respectively.

2.2.2 Electrostatic Interactions.The electrostatic forces ar
computed by using the classical capacitance model@9#. More so-
phisticated models, such as the one presented in@10#, can be used
to capture higher order effects that are neglected in the clas
model. As shown in@6#, the capacitance per unit length for th
cylindrical beam over a conductive ground plane is given by

C~r !5
2p«0

logF11
r

R
1AS r

R
11D 2

21G (8)

where«0 is the permittivity of vacuum. The electrostatic force p
unit length,qelec, is then given by

qelec5

dS 1

2
C~r !V2D
dr

52
p«0V2

RAr ~r 12R!

R2
log2F 11

r

R
1Ar ~r 12R!

R2
G (9)

whereV is the applied voltage.

2.3 Governing Equation for Continuum Modeling of NEM
Switches. In our previous studies~@6,11#!, the mechanical be-
havior of the nanotube is approximated by a linear beam equa
i.e.,

rA
]2w

]t2
1c

]w

]t
1EI

]4w

]x4
5q (10)

wherew is the transverse deflection of the tube,r is the material
density,A is the cross-sectional area,E is the Young’s modulus,I
is the moment of inertia,c is the coefficient of damping term, an
q is the force per unit length.

In this paper, the deformation of a SWNT is modeled by
nonlinear beam equation@12#, i.e.,

rA
]2w

]t2
1c

]w

]t
1EI

]4w

]x4
5FEA

2L E
0

LS ]w

]x D 2

dxG ]2w

]x2
1qtot

(11)
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whereL is the beam length, andqtot is the perpendicular compo
nent of the load (qelec1qvdW). The expressions forqvdW andqelec
are given in Eq.~7! and Eq.~9!, respectively. Equation~11! im-
plies that two parameters need to be extracted from molec
dynamics simulations, one that characterizes the bending~product
EI) and one that characterizes the stretching~productAE). The
governing integral-partial-differential equation is nonlinear, whi
means that an analytical solution may not be possible for m
cases of interest. Equation~11! is solved by using a central
difference scheme for the time derivatives and a finite clo
method for space discretization@13#.

3 Molecular Dynamics Simulation
Molecular dynamics simulations have been used extensively

the simulation of nanodevices@14,15#. Since molecular dynamics
simulations are expensive, they are not attractive for design
design optimization. However, molecular dynamics simulatio
can play an important role in the extraction of material propert
and in the validation of continuum theories.

3.1 Implementation. In molecular dynamics, the position
of the atoms are computed in a classical way by using the N
ton’s law of motion. The motion of an atom in the system
defined by

d2zi

dt2
5

Fi

M i
(12)

wherezi is the position of atomi, Fi is the force applied on atom
i, andMi is the mass of atomi. For anN-body problem, the forces
arise due to the interactions between the atoms forming the t
These interactions are mainly bonded interactions and are m
eled with a Brenner potential@16#. The Brenner potential, with a
parameterization for graphite, has been widely used for the si
lation of carbon nanotubes. Since we are primarily concerned w
SWNTs in this paper, the nonbonded interactions~namely, the van
der Waals interactions! within the tube are neglected in this stud
The non-bonded interactions within the nanotube become im
tant for multiwall nanotubes because of the interwall interactio
Equation~12! is integrated in time by using a 5th order predicto
corrector algorithm@17#. The molecular dynamics simulations a
initialized at a temperature of 1K and the total simulation time
in the range of 100 ps with a timestep of 1 fs.

The van der Waals forces describing the interaction of an a
with a ground plane have been implemented by using the c
tinuum formulation ~cf. Eq. ~4!!. The electrostatic forces hav
been implemented in molecular dynamics by using the continu
formulation where the nanotube is considered as an assemb
rings and the forces are distributed uniformly on the ring~cf. Eq.
~9!!. The calculation of electrostatics forces can be improved
using a 3D electrostatic solver. The continuum approach to tr
ing electrostatic and van der Waals forces in molecular dynam
has a significant advantage in terms of computation time since
electrostatic and van der Waals force haveO(n2) complexity ~n
representing the number of atoms! and the modeling of these
forces in a continuum manner significantly reduces the comp
tion time.

3.2 Test Case. In order to check the accuracy of the mo
lecular dynamics code, the phonon spectra of a~10,10! tube has
been compared with the results obtained from the parameter
force-field based simulation of nanotubes. The phonon spect
has been obtained in molecular dynamics by calculating the F
rier transformation of the velocity autocorrelation function. T
velocity autocorrelation function is given by

A~ t !5^v i~0!•v i~ t !& (13)

wherev i(0) andv i(t) are the velocities of the atomi at the initial
time and at timet, respectively. The brackets indicate an avera
ing within the atoms of the system~index i!. As the name sug-
Transactions of the ASME
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given time is correlated with the initial state. The result obtain
from molecular dynamics is in very good agreement with the p
lished results@18#. One characteristic series of peaks in the ph
non spectra shown in Fig. 3 is the tangential stretch G-band mo
of the tube appearing around 1610 cm21 in MD ~cf. Fig. 3! and
predicted around 1580 cm21 in a previous study@18#. The agree-
ment is within 2 percent.

3.3 Parameterization of the Material Properties. To
make use of the continuum mechanical model discussed in se
2.3 we need to extract two parameters from MD. The two para
eters characterize the bending behavior and the stretching be
ior of the tube. The first parameter is the productEI. This param-
eter has been obtained by applying a small uniform load t
fixed-fixed tube~the load needs to be small enough so that
tube deformation is in the linear regime! @11#. The productEI has
been obtained by applying a uniform vertical load of 0.0157 N
and matching the deflection in MD with the deflection predict
by the beam equation. The second parameter is the productAE.
This parameter is obtained by doing a tensile test on the tube~the
force should again be small enough so that we are still in
linear regime!. The productAE has been obtained by applying
horizontal load of 40 nN at one end of the tube and matching
elongation in MD with the elongation predicted by the continuu
theory. The test configurations are shown in Fig. 4.

The productsEI and AE have been estimated to be 22
310226 Pa•m4 and 1.0831026 Pa•m2, respectively. From con-
tinuum theory, the fundamental frequency of a fixed-fixed beam
given by @19#

Fig. 3 Raman spectra of a 20.7 nm length „10,10… tube in mo-
lecular dynamics. Inset is the spectra in the tangential stretch
G-band modes region of the nanotube.

Fig. 4 Test configurations for the extraction of material prop-
erties: „a… tensile load for the extraction of AE ; and „b… bending
load for the extraction of EI
Journal of Engineering Materials and Technology
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is

f 5
b2

2pL2
AEI

m
(14)

whereb54.7301 for a fixed-fixed nanotube,L is the length of the
nanotube, andm is the mass per unit length of the nanotube. Fo
~10,10! nanotube,m53.24310215 kg/m. In the test case dis
cussed above, by applying a small perturbation to the unifo
load of 0.0157 N/m, the fundamental frequency is retrieved to
69.5 GHz. This result is close to 69.2 GHz, which is the frequen
obtained from Eq.~14!.

4 Combined ContinuumÕMD Technique
In this section, a multiscale method that combines the nonlin

beam theory with the molecular dynamics method is presen
The coupling of atomistic and continuum approaches has b
accomplished by using a Schwartz technique@20# with overlapped
subdomains. This coupling approach solves a fully atomistic pr
lem in regions with buckling but uses a continuum theory to
fectively integrate out the degrees of freedom in the rest of
regions of the material where deformation gradients are sm
The molecular dynamics region involves a few hundred atoms
represents a small part of the computational complexity of
simulation.

In the Schwartz method with overlapped subdomains, Dirich
type boundary conditions~e.g., displacement, bending angle etc!
are employed along interfaces as shown in Fig. 5. The couplin
atomistic and continuum regions is accomplished as summar
below:

Algorithm 1: Overlapped Schwartz Method for Coupling
MD and Continuum Regions.

Begin: n50, initialize the displacement and bending angle
G1

Repeat:n5n11
Solve the nonlinear beam equation inV1 with boundary con-

ditions ~deflection, bending angle! on G1
Update the displacements onG2
Run MD simulation inV2 with displacements onG2 as

boundary conditions
Update the displacement and bending angle onG1
until convergence.

From MD simulation, we can obtain thex andy-displacements
of each atom. But we cannot directly apply the displacements
boundary conditions for the continuum sub-domain as we us
one-dimensional theory for the continuum model. We transfo
the displacements alongx andy-directions to the vertical displace
mentw and the bending angleu by the approximationsw5uy and

u5arctgS N( i
Nux~ i !uy~ i !2( i

Nux~ i !( i
Nuy~ i !

N( i
Nuy

2~ i !2~( i
Nuy~ i !!2 D (15)

whereux( i ) is the x-displacement of atom or particlei, uy( i ) is
they-displacement of atom or particlei, andN is the total number
of particles on the interface. Here we assume that the MD p
ticles which form the interface lie on a plane when the tube

Fig. 5 Decomposition of a sample geometry into overlapping
subdomains
JULY 2004, Vol. 126 Õ 233
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forms and the plane is perpendicular to the tube centerline.
transformed vertical displacementw and bending angleu are the
boundary conditions for the continuum sub-domains. To cou
the continuum sub-domain to the MD region, the vertical d
placementw and bending angleu on the interface are used t
compute the displacements alongx- andy-directions and these ar
used as boundary conditions for the MD sub-domains.

5 Results

5.1 Static Pull-In Voltage Analysis. The pull-in voltage of
a ~10,10! fixed-fixed carbon nanotube of radius 0.68 nm a
length 20.7 nm has been computed by using continuum theory
molecular dynamics. As shown in Fig. 6, for an initial gap of
nm, the tube deflects by about 0.1 nm without any applied volta
This deflection is due to the van der Waals forces which beco
significant for the tube geometry and the gap considered. The
is defined as the distance between the lower end of the nano
and the ground plane. One can notice that the gap at contact i
0 nm but about 0.34 nm. This distance corresponds to the van
Waals contact distance between the atoms.

The peak deflection of the tube obtained with the continu
theory is in good agreement with results obtained from molec
dynamics. The agreement establishes the accuracy of the
tinuum theory for simulation of NEM switches. Also shown
Fig. 6 is a comparison between linear and nonlinear theory fo
initial gap of 1 nm. While the nonlinear theory is in good agre
ment with molecular dynamics simulations, the linear theory
viates from the nonlinear theory for an applied voltage larger t
1.5 V. The pull-in voltage obtained with linear theory is within 1
percent error of the pull-in voltage obtained with nonlinear theo

The pull-in study has been extended by varying the gap
tween the nanotube and the ground plane from 1 nm to 2 nm~cf.
Fig. 7! and 3 nm~cf. Fig. 8!. The result for the 2 nm gap show
that the linear theory starts to deviate significantly from the n
linear theory. The agreement between nonlinear theory and
simulation is again good. The results for an initial gap of 3 n
show that the linear theory can be significantly inaccurate as
gap increases. It can be noticed that for a 3 nmgap, there is a
small deviation between nonlinear theory and MD close to
pull-in point. This deviation is due to the buckling of the nanotu
as it approaches closer to the ground plane. The buckling phen
ena cannot be captured by the beam theory. The comb
continuum/MD technique, discussed in section 4, is used to m
up for this limitation in the beam theory. Figure 9 compares
deformed positions obtained from the combined continuum/M

Fig. 6 Pull-in voltage analysis of a 20.7 nm long „10,10… fixed-
fixed SWNT with a gap of 1 nm
234 Õ Vol. 126, JULY 2004
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technique and the fully atomistic approach. The buckling wh
occurs at the two ends of the nanotube is captured by the
simulation. In the middle of the nanotube, the nonlinear be
theory is used to greatly save the computational cost. Figure
shows the agreement of the static pull-in between coup
continuum/MD method and fully molecular dynamics approac

A continuum analysis of a~10,10! cantilever carbon nanotub
~of the same length and radius!, with a gap of 3 nm over the
ground plane, shows that both linear and nonlinear theory give
same pull-in voltage~Fig. 11!. These results illustrate that nonlin
ear theories are more important for fixed-fixed switches compa
to cantilever switches. Nonlinear theories can, however, beco
more important even for cantilever switches at large gaps.

The van der Waals forces can be dominant in certain cases
negligible in certain other cases. The significance of van
Waals forces depends on the gap between the nanotube an
ground plane and on the geometry of the nanotube. For a 1 nm
gap between a fixed-fixed nanotube and the ground plane,
static pull-in voltage changes significantly if van der Waals int
actions are neglected~As shown in Fig. 12 the pull-in voltage ha
almost doubled from 1.89 V to 3.90 V if van der Waals forces a
neglected!. For a 2 nm and a 3 nm gapbetween the fixed-fixed

Fig. 7 Pull-in voltage analysis of a 20.7 nm long „10,10… fixed-
fixed SWNT with a gap of 2 nm

Fig. 8 Pull-in voltage analysis of a 20.7 nm long „10,10… fixed-
fixed SWNT with a gap of 3 nm
Transactions of the ASME
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nanotube and the ground plane, the van der Waals forces ar
significant as the pull-in occurs at a gap where the van der W
forces are not significant. The influence of van der Waals for
also depends on the geometry of the system. For example, a
tilever geometry is more sensitive to the van der Waals fo
compared to a fixed-fixed geometry@6#. The van der Waals force
can be important even at a 3 nm gap for a cantilever nano
~this can be observed in Fig. 11 where there is a small deflec
of the nanotube when there is no applied voltage!, whereas the
influence of the van der Waals force is negligible for a fixed-fix
nanotube with the same initial gap.

5.2 Dynamic Pull-In Voltage Analysis. The inertia or the
time-dependent term in Eq.~11! has been neglected in stat
pull-in voltage analysis and is taken into account to compute
dynamic pull-in voltage. When the nanotube deflects, the ine
of the nanotube will cause the nanotube to go beyond the s
equilibrium position. Thus the dynamic pull-in voltage is smal

Fig. 9 Deformation plot of a fixed-fixed carbon nanotube NEM
switch. The top figure is the result from full MD simulation, and
the lower figure is the multiscale result in which the middle
region is approximated by the one-dimensional nonlinear beam
theory. Note that the applied voltage is 19 V, and the initial gap
between the tube and the ground plane is 3 nm.

Fig. 10 Pull-in analysis of a 20.7 nm long „10,10… fixed-fixed
SWNT with a gap of 3 nm
Journal of Engineering Materials and Technology
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than the static pull-in voltage as the nanotube reaches the cri
pull-in gap sooner than in static analysis. The dynamic study
been done using the nonlinear beam theory.

For a 1 nm gapbetween a fixed-fixed nanotube and the grou
plane, the dynamic pull-in voltage is 1.64 V, which is about
percent lower than the static pull-in voltage. For a 2 nmgap, the
dynamic pull-in voltage is 9.0 V, which is about 13 percent low
that the static pull-in voltage. For a 3 nmgap, the dynamic pull-in
voltage is 17.8 V, which is about 8 percent lower than the sta
pull-in voltage. Van der Waals forces also play an important r
in determing the dynamic pull-in voltage. For a 1 nm gap betwe
the nanotube and the ground plane, the dynamic pull-in volt
changes significantly from 1.64 V~with van der Waals forces! to
3.53 V ~without van der Waals forces!. For a 2 nm gapbetween
the nanotube and the ground plane, there is a shift of 0.5 V in
dynamic pull-in voltage because of van der Waals forces. For
nm gap between the nanotube and the ground plane, the dyn
pull-in voltage is not modified by the presence of van der Wa
forces. Thus, the dynamic pull-in voltage is influenced by van

Fig. 11 Pull-in voltage analysis of a 20.7 nm long „10,10… can-
tilever SWNT with a gap of 3 nm. The results with linear and
nonlinear theory are identical.

Fig. 12 Influence of van der Waals forces on the pull-in volt-
age of a 20.7 nm long „10,10… fixed-fixed SWNT with a gap of 1
nm. The contact when considering van der Waas forces occurs
around 0.34 nm due to the van der Waals contact distance.
JULY 2004, Vol. 126 Õ 235



e

h
V

l
-
d

n

u

t

m

i

s

t

i

e
r
e
c

f

d to
the

lied
m
lts
o-

e in
an
ge
mpe-
ing
and
ss of
. As
the
in

tiff-
ncy.
fre-
the
Waals forces if the gap between the nanotube and the gro
plane is below 2 nm for the fixed-fixed geometry considered h

5.3 Pull-In Time Analysis. The pull-in time is the time re-
quired for the nanotube to go from the initial position to conta
The pull-in time analysis is performed for the~10,10! fixed-fixed
SWNT with a radius of 0.68 nm, length of 20.7 nm, and a gap
1 nm. The pull-in time has been computed by applying a volta
significantly bigger than the dynamic pull-in voltage because
pull-in time is extremely sensitive with the applied voltage in t
vicinity of the pull-in voltage. The applied voltage is 1.97
which is 20 percent higher than the dynamic pull-in voltage.

The pull-in time computed with linear, nonlinear and molecu
dynamics is shown in Fig. 13. The small difference in the pull
time between linear and nonlinear theory is due to the small
ference in the dynamic pull-in voltage between the linear a
nonlinear theory. The pull-in time for the fixed-fixed SWNT co
sidered here is of the order of ten picoseconds. Such small pu
times can produce faster switching speeds and switching freq
cies in the order of hundreds of GHz.

5.4 Fundamental Frequency Analysis. The fundamental
frequency of a carbon nanotube has been determined by firs
plying a voltage and then introducing a damping for 20 ps. T
damping has been removed after 20 ps and the frequency is
sured. The fundamental frequency in molecular dynamics is
tained by applying a small perturbation to the equilibrium po
tion. As explained in@21#, the electrostatic force acts as a negat
spring. As the electrostatic forces increase with the applied v
age, the stiffness of the beam is expected to decrease. The va
Waals forces have the same effect as the electrostatic force
cause the forces increase with deflection.

Figure 14 presents a frequency analysis for a nanotube tha
nm above the ground plane using the linear, nonlinear theory
molecular dynamics. It can be noticed that without any appl
voltage one would expect the fundamental frequency to be 6
GHz ~see the discussion in section 3.3!. However, because of th
van der Waals forces, the fundamental frequency dropped f
69.5 GHz to 56 GHz. The frequency obtained is still several t
of gigahertz. This demonstrates the significance of NEM devi
since the frequency of MEMS devices is typically a few tenths
MHz. From Fig. 14, we also observe that the fundamental
quency decreases with the applied voltage. The result from n
linear theory matches well with the MD results while the line
theory deviates from MD results for large applied voltages. T
frequencies from molecular dynamics have an errorbar of abo

Fig. 13 Pull in time analysis of a 20.7 nm long „10,10… fixed-
fixed SWNT with a gap of 1 nm. The applied voltage is 1.97 V.
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GHz. The error is due to the noise in MD. Frequencies are har
obtain close to the pull-in point as even a small perturbation to
equilibrium will induce the pull-in phenomena.

Shown in Fig. 15 is the frequency dependence on the app
voltage for a 3 nm gap. Observe that the result obtained fro
linear theory is significantly different compared with the resu
obtained with nonlinear theory and molecular dynamics. Both m
lecular dynamics and the nonlinear theory predict a decreas
the frequency with the applied voltage at first, but then predict
increase in the frequency with the voltage, until the pull-in volta
has been reached. This behavior can be explained by the co
tition between two physical phenomena. The first is the soften
of the beam with the applied voltage because of electrostatic
van der Waals forces. The second is the increase in the stiffne
the nanotube with deflection because of the nonlinear effects
nonlinear effects can be neglected for small deformations of
beam, the softening is dominant at first, but with the increase
deflection, the beam starts to become stiffer which induces a s
ening of the beam and this increases the fundamental freque

The van der Waals forces also influence the fundamental
quency. For a 3 nm gap between the fixed-fixed nanotube and

Fig. 14 Fundamental frequency analysis of a 20.7 nm long
„10,10… fixed-fixed SWNT with a gap of 1 nm

Fig. 15 Fundamental frequency analysis of a 20.7 nm long
„10,10… fixed-fixed SWNT with a gap of 3 nm
Transactions of the ASME
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ground plane, the frequency plot shown in Fig. 15 did not cha
when van der Waals forces are included. However, the fundam
tal frequency for a 1 nmgap, shown in Fig. 16, is significantly
different when van der Waals forces are included.

6 Conclusion
We have presented MD, linear and nonlinear beam theory ba

continuum, and combined MD/continuum analysis of single w
carbon nanotube based nanoelectromechanical switches. P
eterized nonlinear beam models have been found to be in g
agreement with MD results—except, when buckling of the na
tube is observed. The switch behavior is modeled by a comb
MD/continuum approach when the nanotube buckles becaus
an applied voltage. Even though the devices are very small,
inertia of the device is found to have to an effect—e.g., the
namic pull-in voltage of the device is found to be smaller than
static pull-in voltage. van der Waals forces have been found
play an important role depending on the device geometry and
gap between the nanotube and the ground plane—e.g., we
observed that the van der Waals forces can have a signifi
effect on the static and the dynamic pull-in voltage and fundam
tal frequency of a fixed-fixed nanotube with a gap of 1 nm. Pull
time analysis indicated that the devices can switch very quic
~typically in tens of pisoseconds! and the switching frequencie
can range from several tens to hundreds of GHz.

Fig. 16 Influence of van der Waals forces on the fundamental
frequency of a 20.7 nm long „10,10… fixed-fixed SWNT with a
gap of 1 nm
Journal of Engineering Materials and Technology
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