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Nanoelectromechanical systemssNEMSd can be designed and characterized by understanding the
interaction and coupling between the mechanical, electrical, and the van der Waals energy domains.
In this paper, we present physical models and their numerical simulation for coupled electrical and
mechanical analysis of silicon NEMS. A nonlinear continuum elastic model is employed for
mechanical analysis. The material properties required in the continuum model are extracted from
molecular-dynamics simulations. We present three electrostatic models—namely, the classical
conductor model, the semiclassical model, and the quantum-mechanical model, for electrostatic
analysis of NEMS at various length scales. The electrostatic models also account for the corrections
to the energy gap and the effective mass due to the strain in the silicon nanostructure. A continuum
layer approach is introduced to compute the van der Waals forces. The coupling between the
mechanical, electrical, and the van der Waals energy domains as well as their numerical
implementation is described. Numerical results are presented for several silicon NEM switches to
understand the static electromechanical pull-in behavior. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1897483g

I. INTRODUCTION

Microelectromechanical systemssMEMSd have found
widespread applications in many areas including communi-
cations, information technology, medical, mechanical, and
aerospace technologies.1 Nanoelectromechanical systems
sNEMSd are MEMS with submicron critical dimensions.
NEMS have the potential to offer even better solutions to
many of the above-mentioned application areas as they can
attain fundamental frequencies in the microwave range, me-
chanical quality factors in the tens of thousands, force sensi-
tivities at the attonewton level, active masses in the femto-
gram range, mass sensitivity at the level of individual
molecules, heat capacities far below a yoctocalorie, etc.2,3

Although NEMS can be designed using a variety of materials
including silicon, silicon carbide, single and multiwall car-
bon nanotubes, and other materials, silicon is one of the most
actively investigated materials for many nanotechnology ap-
plications because of its technological importance. Recent
papers have demonstrated the use of silicon as nanotweezers4

and nanoresonators.5 Silicon nanoswitches are a class of
NEM devices with potential applications in mass memory
storage, high-frequency electrical switches, and mass or
force sensors.

The design and characterization of NEMS can be accel-
erated by developing accurate physical theories and compu-
tational design tools that describe the motion and operation
of NEMS. Microelectromechanical systems have been ana-
lyzed using the classical physical models or continuum
theories6–8 for the mechanicalselastostatic or elastodynamicd
and the electricalselectrostaticd energy domains. However,

the physical models and the computational design tools that
have been developed for MEMS may not be directly appli-
cable for NEMS because of the small scales encountered in
NEMS. For example, van der Waals forces, which can be
neglected for MEM devices, can become important for
NEMS. In addition, the mechanical and the electrical behav-
ior as well as the coupling between the mechanical and the
electrical energy domains could be different for nanoscale
structures, necessitating a proper understanding and the de-
velopment of accurate physical theories for NEMS.

Molecular-dynamicssMDd simulations can be used for
nanoscale structural or mechanical analysis. However, be-
cause of the large number of atoms involvedstypically over
one million atoms are required for practical NEM devicesd
and the small time stepsstypically 1 fsd required, MD simu-
lation of a system, even for a nanosecond time scale, is very
expensive and practically impossible for device design or
optimization. An alternative is to use the classical continuum
elasticity theory,6 but with proper improvements or enhance-
ments. Previous molecular-dynamics simulations for ideal
structures appear to indicate that the atomistic behavior be-
comes manifested only at the truly molecular scale, i.e., of
the order of tens of lattice constants in cross section.9 Hence,
for ideal structuresse.g., no defectsd with cross-sectional ar-
eas larger than a few nm2, it appears that the continuum
approximation could be adequate. In this paper, we employ a
geometrically nonlinear continuum elastostatic model with
MD-corrected material properties for structural or mechani-
cal analysis of NEMS.

Electrostatic analysis of MEMS assumes that the micro-
structures can be treated as conductors. In this case all the
charges distribute on the surface of the conductors and the
coupling between the electrical and the mechanical domains
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is through the electrostatic force which acts only on the sur-
face of the conductors. The conductor assumption may not
hold for some NEM devices as silicon nanostructures are
more appropriately treated as semiconductors and the
charges distribute not only on the surface but also in the bulk
of the semiconductor. When the charges are distributed in the
bulk, the electrical and the mechanical domains are coupled
not only through the surface but also through the bulk or the
volume of the semiconductors. In addition, for nanoscale
structures the energy gap and the effective mass of the semi-
conductor can change with the strain in the semiconductor
leading to more complicated interaction or coupling between
the mechanical and the electrical energy domains. In this
paper, we consider three electrostatic models—namely, the
classical model, the semiclassical model, and the quantum-
mechanical model. We discuss the length scales at which
these models can be used and also describe the coupling of
the three electrostatic models with the physical model for the
mechanical energy domain.

van der Waals interactions can play an important role for
the small gaps encountered in NEMS. The direct method to
calculate the van der Waals forces is to sum over all the pair
atoms in the NEM device. The computational complexity of
the direct method scales asOsn2d, wheren is the number of
atoms in the system. For large systems, the calculation of the
van der Waals forces by the direct summation method can be
inefficient. In this paper, we develop a continuum layer ap-
proach to compute the van der Waals forces. This approach
significantly reduces the computational cost. The accuracy of
the approach is assessed by comparing the results with the
direct summation method. The coupling of the van der Waals
energy domain with the electrical and the mechanical energy
domains is also discussed.

The rest of the paper is organized as follows. In Sec. II,
we introduce the operation of a simple NEM device, a
nanoswitch, that will be used to test the various physical or
continuum models discussed in this paper. The physical
models employed for the mechanical, electrical, and the van
der Waals energy domains are discussed in Secs. III–V re-
spectively. The corrections to the energy gap and the effec-
tive mass due to the strain in the silicon device are discussed
in Sec. VI. The integration of all models is summarized in
Sec. VII. The electromechanical behavior of several
nanoswitches is investigated in Sec. VIII. Finally, conclu-
sions are presented in Sec. IX.

II. NEM SWITCHES: DEVICE PHYSICS

NEMS typically contain one or more mechanical com-
ponents which undergo deformation when subjected to elec-
trostatic actuation. Figure 1 shows a typical nanoswitch. The
nanoswitch consists of a beam structure that is clamped at
one end and the beam is separated from the ground electrode
by a small gap. When a voltage is applied between the beam
structure and the ground electrode, a charge distribution is
induced in the beam and on the ground electrode. The charge
distribution gives rise to an electrostatic force which causes
the beam to deform. When the beam changes shape, the
charge redistributes in the structuressd and the electrostatic
force also changes. In addition to the electrostatic force,
when the gap between the beam structure and the fixed elec-
trode is sufficiently small, van der Waals interactions be-
tween the structures can become significant. Furthermore,
the van der Waals force changes as the beam structure de-
forms and the gap changes. In addition, if there is a fluid
surrounding the beam structure and the fixed electrode, the
fluid forces acting on the surface of the structuressd can
change the deformation of the beam. As shown in Fig. 1, an
equilibrium state of the electromechanical system is obtained
when the mechanical forcesselastic forcesd balance with the
electrostatic, van der Waals, and the fluidic forces. We as-
sume that the nanoscale electromechanical systems operate
in vacuum and neglect the fluidic forces in this paper.

We consider two types of NEM switches, namely,sad a
double-clampedsfixed–fixedd switch andsbd a side-clamped
scantileverd switch. In both cases, the top and the bottom
surfaces of the switches and the substrate are taken to be
parallel to as001d plane. The electromechanical analysis of
NEM switches involves the modeling of three coupled en-
ergy domains: elastostatic, electrostatic, and the van der
Waals energy domains. The modeling of these energy do-
mains is discussed in the following sections. We focus on
two-dimensionals2Dd problems in this paper but the model-
ing approaches can be extended for three-dimensional prob-
lems.

III. ELASTOSTATIC MODELS

The continuum mechanics theory is widely used for me-
chanical analysis of microstructures.6,7 The governing equa-
tions for the continuum elastostatic analysis on an arbitrary
domainV are given by10

¹ • sFSd + B = 0 in V, s1d

FIG. 1. sad A silicon beam over a
ground plane. Charges are induced on
the beam and the ground plane when a
potential sVÞ0d is applied. sbd De-
formed position of the beam whenV
Þ0. Note that the charges redistribute
as the beam deforms.
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u = G on Gg, s2d

PN = T on Gh, s3d

whereF is the deformation gradient given by

F = I + ¹ u, s4d

u is the displacement vector from the initial configurationX
to the deformed configurationx, x=X +u, I is the identity
tensor,N is the unit outward normal vector in the initial
configuration,B is the body force vector per unit unde-
formed volume,G is the prescribed displacement vector on
the boundary portionGg, T is the surface traction vector per
unit undeformed area on the boundaryGh, andP is the first
Piola–Kirchhoff stress tensor given by

P = FS, s5d

whereS is the second Piola–Kirchhoff stress given by

S= CE, s6d

E is the Green–Lagrange strain,

E =
1

2
sFTF − I d, s7d

and C is the material tensor. Specifically, for the 2D plane
strain situation, which is considered in this paper, the mate-
rial tensor reduces to a 333 matrix of the form

C =
Y

s1 + yds1 − 2yd11 − y y 0

y 1 − y 0

0 0 1 − 2y
2 , s8d

whereY is Young’s modulus andy is Poisson’s ratio.
For nanoscale structures, the use of continuum mechan-

ics theory fEqs. s1d–s8dg can be questionable if there are
defects or inhomogeneities present in the structure. Extended
continuum mechanics theories or multiscale methods11 are
currently being developed to address this issue. In this paper,
we will consider ideal silicon structures that can be treated
by the continuum mechanics theory. However, the use of the
bulk material properties—that are typically accurate for mi-
croscale and bigger structures—can be questionable. This is
because, at nanoscale, the generally defined elastic constants
depend not only on the material but also on the device ge-
ometry. For example, even though surface reconstruction can
be neglected for MEM structures, it can affect the elastic
properties of NEM structures. MD simulations can be used
to capture the atomic-scale characteristics of nanoscale struc-
tures. However, MD simulations are expensive and can be
impractical for analysis of large and real systems. The ap-
proach taken in this paper is to retrieve the elastic constants
from molecular-dynamics, and to use these constants in the
continuum mechanics theory. By combining the advantages
of the continuum theory and the molecular-dynamics, this
approach provides an efficient and accurate way for nanos-
cale structural analysis.

Calculating the elastic constants efficiently and accu-
rately is important since these constants are directly em-
ployed in the continuum theory. There are several ways of
calculating the elastic constants. In Ref. 12, Ray and Rahman

calculated the adiabatic elastic constants using a fluctuation
formula appropriate for the microcanonicalsEhNd ensemble
using molecular-dynamics. Karimiet al.13 calculated the
elastic constants of a bulk silicon crystal with an
isoenthalpic–isotension–isobaricsHtNd ensemble using a
Monte Carlo technique. In Ref. 14, the fluctuation formulas
for obtaining the elastic constants of an arbitrary system are
summarized. Although these analytical methods are accurate
and converge rather quickly, we will not use them because
handling the crystal surface effect at nanoscale using an ana-
lytical method can be nontrivial for potentials that have
terms beyond pair interactionsse.g., Tersoff potentiald. In-
stead, we adopt the direct or the traditional method to re-
trieve the elastic constants from molecular-dynamics simula-
tions. The traditional method is based on the fact that
Young’s modulus is defined as the stress divided by the strain
for a tensile stress acting in one direction, with the sides of
the specimen left free, and Poisson’s ratio is defined as the
ratio of the transverse contraction strain to the longitudinal
extension strain in the direction of the stretching force. We
carry out a uniaxial tension test by using molecular-dynamics
and retrieve Young’s modulus and Poisson’s ratio. After
Young’s modulus and Poisson’s ratio are obtained, the mate-
rial tensor C fEq. s8dg can be obtained. Substituting Eqs.
s4d–s8d into Eqs. s1d–s3d, the governing equationsfEqs.
s1d–s3dg are solved by using the finite cloud methodsFCMd15

in this paper.
To validate the use of continuum mechanics theory for

the nanoscale structures considered here, we have developed
a molecular-dynamics code to solve the equations of motion
by using a fifth-order Gear’s predictor-corrector algorithm.16

The simulation time is in the range of 0.2 ns with a time step
of 0.5 fs. The MD code uses a Gunsteren-Berendsen
thermostat17 to control the temperature, and neighbor lists to
improve the performance of the code.18 The bonded interac-
tions for the silicon material are modeled with the Tersoff
potential.19 The effect of the doping impurities on the elastic
properties of silicon is neglected, as typically the effect of
heavy doping is to decrease the elastic constants by
1%–3%.20 Figure 2 shows Young’s modulus as a function of
sample cross-sectional area at different temperatures. The
temperature-dependent Young’s modulusY obtained by us-
ing the molecular-dynamics simulations is compared with
that obtained by using an empirical formula, the Varshni
function, given in Ref. 21 and shown by the dashed and the
dotted lines in Fig. 2. Figure 2 shows that when the cross-
sectional area decreases to 9 nm2, the effective Young’s
modulus begins to deviate from that of the bulk silicon. This
is due to the fact that the surface area-to-volume ratio in-
creases as the structures are miniaturized, and the surface
effects become more important. Using the parameterized
constants, the continuum mechanics theory is validated by
comparing with the classical molecular-dynamics results as
shown in Fig. 3. In the MD simulations, the silicons001d
surfaces are reconstructed according to a 231 dimmer-row
configuration.22 We also investigated the silicons001d sur-
face without reconstruction, where the bonds are left dan-
gling on the surface. Figure 4 shows the comparison and we
conclude that the surface reconstruction leads to stronger
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bonds and hence an increase in the Young’s modulus of the
material when the cross-sectional area is small. When the
cross-sectional area increases, the contribution of the surface
bonds will be small and the surface reconstruction effect can
be negligible.

IV. ELECTROSTATIC MODELS

The critical dimension in NEMS can vary from several
hundred nanometers to just a few nanometers. Appropriate
calculation of the electrostatic force on the structures is one
of the key issues in the simulation of NEMS. In this section,
we show that, depending on the critical dimension of NEMS,
three electrostatic models—the classical conductor model,
the semiclassical semiconductor model, and the quantum-
mechanical model—can be used to compute the electrostatic
forces.

A. Criteria for different electrostatic models

For real materials, the electrons in solids obey the
Fermi–Dirac distribution for different energy states. This
means an external electric field can penetrate into the device
over a finite distance, namely, the Debye screening length.
The Debye screening length, which is also called the charac-
teristic screening length, is defined as23

lds=ÎeskBT

e2ND
, s9d

wherees is the dielectric constant of the semiconductor,e is
the elementary charge,kB is the Boltzmann constant,T is the
temperature, andND is the doping density. For most of the
metals, and for heavily doped semiconductors, the Debye
length is estimated to be several angstroms, which is typi-
cally much smaller than the geometrical characteristic length
of the device. In this case, it is reasonable to assume that the
structure is an ideal conductor where all the charges are lo-
cated on the surface, and the electric potential is constant
over the structure. For semiconductor devices with a lower
doping density, however, the Debye length can be several
tens of nanometers and this can be comparable to the geo-
metrical characteristic length of the device. In this case, the
semiconductor structures cannot be treated as ideal conduc-
tors and the semiclassical semiconductor model is necessary.

As the geometrical characteristic length of the device
continues to shrink, quantum effects become more significant
and the carrier concentration at the boundary cannot be de-
scribed by the semiclassical model due to the effects of car-
rier quantization.24 Quantum depletion length, which is the
distance from the carrier concentration peak to the surface of
the device, is given by25

lq <
p3/2"

8e
Î es

m*ND
, s10d

where" is the reduced Planck’s constant, andm* is the elec-
tron effective mass. For nanometer-scale devices, the quan-

FIG. 2. Young’s modulus and Poisson’s ratio as a function of the device
cross-sectional area. The Varshni function is an empirical formula for
Young’s modulus which is discussed in Ref. 21.

FIG. 3. Peak deflection of a fixed–fixed silicon beam as a function of the
applied load. The beam geometry is 32.633.2633.26 nm3 slength
3width3 thicknessd.

FIG. 4. Young’s modulus as a function of the device cross-sectional area.
Note that the surface reconstruction leads to an increase in Young’s modulus
when the cross-sectional area is small.
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tum depletion length can be comparable to the geometrical
characteristic length. For example, at room temperature
s300 Kd, the quantum depletion length for silicon withND

=1018 cm−3 is about 2.3 nm. When the geometrical charac-
teristic length is comparable to the quantum depletion length,
a quantum-mechanical model is needed to accurately com-
pute the charge distribution in the semiconductor structure.

In summary, if the geometrical characteristic length of
the system is much larger than the Debye screening length
and the quantum depletion length, the classical conductor
model is sufficient. When the quantum depletion length is
much smaller than the geometrical characteristic length, and
the Debye screening length is comparable to the geometrical
characteristic length, the semiclassical model can give accu-
rate results. When the quantum depletion length is compa-
rable to the geometrical characteristic length, the quantum-
mechanical model will be necessary. These three electrostatic
models and their coupling to the elastostatic models are dis-
cussed in detail in the following sections.

B. Classical conductor model: Laplace’s equation

For metals or heavily doped semiconductor structures,
the Debye screening length is quite small. For example, the
Debye screening length for silicon with a doping density of
1020 cm−3 at room temperatures300 Kd is estimated to be
0.4 nm. To a high degree of precision, the charge distribution
can be modeled as a delta function at the semiconductor-
dielectric medium interface and the semiconductor structure
can be treated as an ideal conductor. Considering the NEM
switch discussed in Sec. IIssee Fig. 5 for a simple exampled,
the classical Laplace equation can be used to describe the
electric potential field for systems comprised of conductors,
i.e.,

¹ • sed ¹ fd = 0 in v̄, s11d

f = gi on dvi, i = 1,2 s12d

wheref is the potential,ed is the dielectric constant of the
dielectric medium,dv1 and dv2 are the boundaries of the
beam structuresv1d and the ground electrodesv2d, respec-
tively, g1 and g2 are the potentials prescribed ondv1 and
dv2, respectively, andv̄ denotes the domain exterior tov1

andv2. Note that Eq.s11d is defined in the domain exterior
to the deformed structuressv1 andv2d. An efficient approach
to treat the exterior electrostatic problem is to use a boundary
integral formulationsBIEd of the governing equationsfEqs.
s11d and s12dg,26 i.e.,

fspd =E
dv

Gsp,qdssqddgq + C, s13d

E
dv

ssqddgq = CT, s14d

where s is the unknown surface charge density,p is the
source point,q is the field point,G is Green’s function,dv
=dv1ødv2, CT is the total charge of the system, andC is an
unknown variable which can be used to compute the poten-
tial at infinity. In this paper, a boundary cloud method27 is
used to solve the boundary integral equations given in Eqs.
s13d and s14d to compute the unknown surface charge den-
sity s. Once the surface charge density is obtained, the elec-
trostatic pressure on the beam surface in the initial configu-
ration can be computed by

T =
s2

2ed
JF−TN, s15d

whereJ is the determinant of the deformation gradientF ssee
Ref. 7 for more detailsd. The electrostatic pressurefEq. s15dg
is then applied as the surface traction boundary condition
fEq. s3dg in the mechanical analysis discussed in Sec. III.

C. Semiclassical model: Laplace/Poisson’s
equations

For semiconductor materials with regular doping, the
Debye screening length can be comparable to the critical
dimension of the device. In fact, a sufficiently small semi-
conductor might not be able to screen an external field at all.
For example, for silicon with a doping density ofND

=1018 cm−3, lds<4 nm, which may not be negligible for a
device with a characteristic length of a few tens of nanom-
eters. In such cases, the induced charges accumulate not only
on the surface of the semiconductor but also in the bulk of
the semiconductor. As a result, the Poisson equation24 should
be solved in the domain of the beam structure since the
source term is not zero due to the volume-distributed
charges. The governing equations in the semiclassical model
for electrostatic analysis are given byssee Fig. 5 for a better
description of where the Poisson and the Laplace equations
are solvedd

¹ • ses ¹ fd = r = − ef− nsfd + psfd + ND
+sfd

− NA
−sfdg in v1, s16d

¹2f = 0 in v̄, s17d

f = gc on gc, s18d

f = g2 on dv2, s19d

es
]f

]nout
+ ed

]f

]nin
= sint on gint, s20d

where r is the total charge density,ND
+ and NA

− are the
ionized donor and acceptor concentrations, respectively, and
n andp are the electron and hole densities given by

n = NC
2

Îp
F1/2SEF − EC

kBT
D , s21d

FIG. 5. The electrostatic system.
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p = NV
2

Îp
F1/2SEV − EF

kBT
D , s22d

whereEF is the Fermi-level energy,F1/2 is the Fermi integral
of the order of 1/2,NC and NV are the effective density of
states of conduction and valence band, respectively, andEC

and EV are the conduction- and valence-band energies, re-
spectively. We assume that the ground structure, denoted as
v2 in Fig. 5, is a conductor and the specified potential onv2

is g2. The specified potential at the fixed end of the beam,
denoted asgc, is assumed to begc. In Eq. s20d, nout andnin

are the outward and inward normal vectors at the boundary
of the beam, respectively,sint is the beam/dielectric medium
interface charge density, andgint denotes the interface be-
tween the beam and the dielectric medium.

In the exterior domainv̄, as shown in Eq.s17d,
Laplace’s equation is satisfied. As discussed in Sec. IV B, an
efficient approach to treat the exterior electrostatic problem
is to use a BIE of Laplace’s equation. For semiconductors,
the boundary integral equations are given by28

aspdfspd =E
dv

fsqd
]Gsp,qd

]nin
dgsqd

−E
dv

]fsqd
]nin

Gsp,qddgsqd + fref, s23d

E
dv

]fsqd
]nin

dgsqd = 0, s24d

wherefref is the unknown constant reference potential anda
is the corner tensor. The potentialf and the charge densityr
are obtained by solving Eqs.s16d and s18d–s24d self-
consistently. This approach is referred to as the hybrid BIE/
Poisson approachssee Ref. 28 for detailsd, where the interior
Poisson equationfEq. s16dg is solved by using FCM15 and
the boundary integral equationsfEqs. s23d and s24dg are
solved by the boundary cloud method.27 Once the potentialf
and the charge densityr are computed, the electrostatic body
force can be computed by

felec= r ¹ f. s25d

By transforming the electrostatic body force on the deformed
configuration to the initial configuration, the electrostatic
component,Belec, of the body force vectorB fsee Eq.s1dg in
the initial configuration is given by10

Belec= Jfelec. s26d

Similar to Eq.s15d, the electrostatic pressureT on the beam
surface in the initial configuration is given by

T =
sint

2

2ed
JF−TN. s27d

D. Quantum-mechanical model: Laplace/
Poisson/Schrödinger’s equations

When the size of the device shrinks to nanoscale, quan-
tum effects, such as the carrier quantum confinement in the
semiconductor structure, become significant.24 To account

for the quantum effects in the system, Laplace/Poisson’s
equations given in Sec. IV C are combined with
Schrödinger’s equation. For the quantum-mechanical model,
the hybrid BIE/Poisson approachssee Ref. 28 for detailsd is
extended to include the solution of Schrödinger’s equation.
By solving the BIE/Poisson/Schrödinger’s equations self-
consistently, the potential field and the charge distribution in
the system can be determined. The two-dimensional
effective-mass Schrödinger’s equation is given by

Ĥscnd = − S "2

2mx
*

]2

]x2 +
"2

2my
*

]2

]y2Dcn + Usefdcn

= Encn in v1, s28d

whereĤ is the Hamiltonian,Usefd is the potential energy,
mx

* and my
* are the effective masses of electrons or holes in

thex- andy-direction, respectively, andcn is the wave func-
tion corresponding to the energy levelEn. In this paper, we
employ Usefd=Eg/2−ef for electrons andUsefd=−Eg/2
−ef for holes, whereEg is the energy gap. By solving
Schrödinger’s equationfEq. s28dg, the energy levelsEn and
the corresponding wave functionscn can be obtained for
electrons and holes.

Poisson’s equation fEq. s16dg is coupled with
Schrödinger’s equation through the quantum electron and
hole densities,29

nqsfd = Nno
n

cn
2F−1/2SEF − En

kBT
D , s29d

pqsfd = Npo
n

cn
2F−1/2SEn − EF

kBT
D , s30d

where the summation is over all the energy levels and

Nn =
1

p
S2mn

*kBT

"2 D1/2

, Np =
1

p
S2mp

*kBT

"2 D1/2

s31d

for a conduction-band valley and a valence band, respec-
tively. mn

* andmp
* are the density-of-state masses of electrons

and holes, respectively. Note that, in the quantum-
mechanical analysis, the electron and hole densities,n andp,
in Eq. s16d are replaced by the quantum electronsnqd and
hole spqd densities given in Eqs.s29d ands30d. Assuming the
semiconductor structure to be an ideal quantum well, we
enforce the Dirichlet boundary condition for the wave func-
tion, cn=0, at the boundary of the semiconductor beam.
Schrödinger’s equation is solved on the same domain as
Poisson’s equation,v1 ssee Fig. 5d. Schrödinger’s equation is
discretized on the deformed configuration by using FCM.15

The discretized Schrödinger’s equation can be rewritten in
the matrix form

Hcn = Encn, s32d

where H is the coefficient matrix obtained by discretizing
Eq. s28d. The discretized eigenvalue problem,fEq. s32dg, is
then solved by using the eigensolver ofARPACK sRef. 30d to
obtain the energy levels and the wave functions of electrons
and holes. By using Eqs.s29d ands30d, the quantum electron
and hole densities can be computed. Table I summarizes the
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procedure for self-consistent electrostatic analysis of NEM
structures by using the hybrid BIE/Poisson/Schrödinger ap-
proachssee Ref. 28 for more detailsd.

Once we get the potential and the charge density, the
electrostatic body forceBelecand the surface tractionT in the
initial configuration can be computed by following the same
steps given in Eqs.s25d–s27d.

V. VAN DER WAALS INTERACTIONS

van der Waals interactions account for nonbonded inter-
actions between atoms or molecules. The van der Waals en-
ergy is computed by using the well-known Lennard-Jones
potential31 which is a spherically symmetric two-body inter-
molecular potential. The Lennard-Jones potential contains an
attractive term and a repulsive term. Since the repulsive term
decays rapidlys1/r12d, it has a significant effect only when
the distance between the atoms is close to molecular contact.
Hence, we neglect the repulsive term and assume that the
pair potential between two atoms is purely attractive and
takes the form

wsrd = − c/r6, s33d

wherer is the distance between the atoms, andc is the van
der Waals coefficient. For silicon–silicon interaction, this co-
efficient is 1.309310−77 Jm6.32

The total van der Waals energy can be calculated by the
summation of all the pair atoms in the beam and the ground
plane. The cost is aboutOsn2d, wheren is the number of
atoms in the system. For NEMS,n is typically over 106 and
the use of the direct summation method to compute the van
der Waals energy during each time step is impractical. We
suggest an alternative approach to compute the van der
Waals energy by replacing the direct summation with inte-
gral quantities. Consider the substrate as layers of two-
dimensional continuous plates with each layer having the
same number densityrp of atoms. The van der Waals energy
can then be computed by performing an integration between
an atom in the beam and the infinite layers on the substrate
region. In practice, just several top layers in the substrate

need to be summed separately and all the other layers can be
replaced by an integration over the bulk as shown in Fig. 6.
The van der Waals energy for the interaction between an
atom in the beam and the ground plane is given by

EvdW = o
j=0

N−1E
Sj

crp

r6 dSj +E
V

crb

r6 dV

= −
1

2o
j=0

N−1
pcrp

sg + jDhd4 −
1

6

pcrb

sg + NDhd3 , s34d

whereN is the number of summation layers in the substrate,
Sj is the cross-sectional area of thej th layer,V is the volume
of the substrate bulk,g is the gap between the beam and the
top layer of the substrate,rp is the surface number density of
molecules for the substrate layers,rb is the bulk number
density of molecules for the substrate bulk, andDh
=0.136 nm is the interlayer distance between two contiguous
layers.

The van der Waals force for each atom in the beam is
then computed by

fvdW =
dEvdW

dg
s− j d

= Fo
j=0

N−1
2pcrp

sg + jDhd5 +
1

2

pcrb

sg + NDhd4Gs− j d, s35d

wherej is the unit vector along they-direction.
The result in Eq.s35d for the computation of van der

Waals force on an atom in the beam is compared with the
pairwise summation approach in Fig. 7. The forces from both
approaches agree very well and the deviation is below 0.8%
for a distance of 0.5 nm between the atom and the ground
plane. For even smaller gaps between the beam and the
ground plane, the deviation would increase significantly as
the repulsive term has been neglected.

In the continuum theory, the van der Waals force is ap-
plied as a body force. Assuming the beam has the bulk num-
ber densityrb, the body force componentBvdW due to the
van der Waals interactions in the initial configuration is given
by

TABLE I. Solution of the coupled Laplace/Poisson/Schrödinger’s equations.

s1d Discretize the domain of the semiconductor structurev1 and the
boundary of the structuresdv.

s2d At the initial stepk=0, set the initial value of the potential to be
fs0d=0.

s3d Solve Schrödinger’s equationfEq. s28dg by usingfs0d to computecn
s0d

andEn
s0d for electrons and holes.

s4d Compute quantum electron densitynq
s0d and hole densitypq

s0d

fEqs.s29d and s30dg.
s5d Repeat

sad Solve the coupled BIE/Poisson’s equations
fEqs.s16d, s18d–s20d, s23d, ands24dg by usingnq

skd andpq
skd to

obtain potentialfsk+1d.
sbd Solve Schrödinger’s equationfEq. s28dg by usingfsk+1d to compute
cn

sk+1d andEn
sk+1d for electrons and holes.

scd Compute the new quantum electron densitynq
sk+1d and hole density

pq
sk+1d by using Eqs.s29d and s30d, respectively.

s6d until unq
sk+1d−nq

skdu and upq
sk+1d−pq

skdu,error toleranceet.

FIG. 6. Layer integration method for the calculation of van der Waals in-
teractions. The ground plane is approximated by layersSj sperpendicular to
the plane of the paperd with surface number densityrp and the bulk with the
number densityrb. g is the gap between the atom in the beam and the top
layer of the substrate.
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BvdW = JrbfvdW = rb0fvdW, s36d

where rb0 is the bulk number density of the device in the
initial configuration.

VI. STRAIN EFFECTS ON ENERGY GAP AND
EFFECTIVE MASS

In the presence of strain, the valence bands for silicon
may shift or split. This can result in the change of energy gap
and effective mass.33–35 To account for this change, we as-
sume that the strain effect on a finite volume is the same as
that on a bulk silicon crystal, as the theory we use here is
based on the analysis of a bulk crystal.

We begin by setting up Hamiltonians under the influence
of external stresses. The total HamiltonianH0 of the valence
band with induced strain is given by34,35

H0 = He + Hk, s37d

whereHe is the strain Hamiltonian representing the shift and
splitting of the energy bands due to the induced strain andHk

is the effective-mass Hamiltonian which determines the
shape of the energy bands atk =0, wherek is the wave
vector. The spin-orbit interaction splits the sixfold degenerate
into fourfold degenerate states, denoted byp3/2, which form
the valence-band edge, and twofold degeneratep1/2 states.He

andHk are 636 matrices given by35

He = FH11
e H12

e

H21
e H22

e G, Hk = FH11
k H12

k

H21
k H22

k G , s38d

whereH11
e is a 434 matrix to describe the change within the

p3/2 multiplets written in terms of the orbital angular momen-
tum I sRef. 35d,

H11
e sed = D0o

i=1

3

eii Î +
1

3
D1o

i=1

3

eiiSI i
2 −

1

3
I2D

+
1

3
D2 o

i,j=1

iÞ j

3

eij I iI j , s39d

whereeijsi , j =1,2,3d are the conventional strain components

of the strain vectore ssee Ref. 35 for detailsd, Î is the 434
identity matrix, I is the orbital angular momentum operator,
I1, I2, andI3 are the three components ofI in the x-, y-, and
z-directions, respectively,D0, D1, and D2 are the valence-
band deformation potentials and their values are given in
Ref. 34. Note thatI, I1, I2, and I3 are all 434 matrices for
silicon. The 232 block matrixH22

e represents thep3/2−p1/2

splitting,

H22
e = F− L 0

0 − L
G , s40d

where the value ofL for silicon is 0.044 eV.36 The 432
off-diagonal elementH12

e and its transpose conjugate matrix
H21

e represent the spin-orbit interactions which can be calcu-
lated by decomposing them into basis operatorsssee Ref. 35,
Table I for detailsd. H11

k is a 434 matrix given by35

H11
k = A0o

i=1

3

ki
2Î +

A1

3 o
i=1

3

ki
2SI i

2 −
1

3
I2D +

A2

3 o
i,j=1

iÞ j

3

kikjI iI j ,

s41d

whereA0, A1, andA2 are the inverse mass band parameters
and their values can be found in Ref. 34, andkisi =1,2,3d are
the three components of the wave vectork in the x-, y-, and
z-directions.H22

k is a 232 matrix given by

H22
k = 3A0o

i=1

3

ki
2 0

0 A0o
i=1

3

ki
24 . s42d

The 432 off-diagonal elementsH12
k and H21

k can be calcu-
lated in the same way asH12

e and H21
e . For a given strain

vector, the HamiltoniansHe, Hk, andH0 can be obtained by
using Eqs.s37d–s42d. As discussed in Secs. VI A and VI B,
the energy gap and the effective-mass corrections can be
determined by computing the eigenvalues and eigenvectors
of He andH0.

35 The corrected energy gap and effective mass
are then employed in the effective-mass Schrödinger equa-
tion given in Eq.s28d.

A. Correction of energy gap

The eigenvalues ofHe in Eq. s38d are the valence-band
energy states atk =0. Six eigenvalues can be obtained from
He; however, there are only three different values, i.e., the
energy bands of the heavy, light, and split-off holes atk =0
under the influence of external stresses. The highest energy
will be the valence-band edge atk =0. Therefore, the correc-

FIG. 7. Comparison of the van der Waals forces given by the continuum
approachfEq. s35dg with that given by the discrete pairwise summation.
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tion in energy gap due to the strain can be determined by
calculating the change of the valence-band edge atk =0.

As an example, considering the case of a hydrostatic
pressureP the strain components are given by

e11 = e22 = e33 = − ss11 + 2s12dP, e12 = e13 = e23 = 0,

s43d

where s11 and s12 are cubic compliance constants. The
Hamiltonian,He in Eq. s38d, thus becomes

Hesed = F− 3D0ss11 + 2s12dPÎ 0

0 H22
e G , s44d

whereD0=1.96 eV for Sif001g. The eigenvalues ofHe in Eq.
s44d are −3D0ss11+2s12dP and −L. Note that −L is the en-
ergy for the split-off hole which remains unchanged. The
correction in the energy gap due to a hydrostatic pressure is
given by

DEg = − 3D0ss11 + 2s12dP < − 2.433 10−30P. s45d

This result matches well with the empirical band-gap correc-
tion formula given in Ref. 37, i.e.,

DEg = − 2.43 10−30P. s46d

The steps for computing the energy-gap correction are sum-
marized in Table II.

B. Correction of effective mass

Next, we consider the correction for the effective mass
due to an arbitrary strain. In Ref. 35, an analytical expression
for the energy bands, which is a function of three compo-
nents of the wave vectork, is derived for cases in which the
strains are applied along some simple crystal orientations. In
this paper, for an arbitrary induced strain, we numerically
calculate the eigenvalues ofHe. From the first-order pertur-
bation theory, the three different eigenenergies ofH0 can be
written as35

Eheavysk,ed = Eheavy
0 sed + o

i,j
cijsedkikj , s47d

Elightsk,ed = Elight
0 sed + o

i,j
ĉi jsedkikj , s48d

Esplit-offsk,ed = Esplit-off
0 sed + o

i,j
c̄i jsedkikj , s49d

wherecijsed, ĉi jsed, and c̄i jsed, i , j =1,2,3, are theunknown
coefficients for heavy, light, and split-off holes, respectively.
For a given strain vectore, Eheavy

0 sed, Elight
0 sed, andEsplit-off

0 sed
are the eigenvalues ofHe as discussed above in Sec. VI A.
Next we computecijsed, ĉi jsed, and c̄i jsed, i , j =1,2,3, by

appropriately setting values toki, i =1,2,3. Forexample, if
we setk1=1, k2=0, andk3=0, c11, ĉ11, and c̄11 can be com-
puted by substituting the values fork1, k2, and k3 into
Eheavysk ,ed, Elightsk ,ed, andEsplit-offsk ,ed in Eqs. s47d–s49d,
i.e., c11= uEheavysk ,eduk=h100jT−Eheavy

0 sed, ĉ11

= uElightsk ,eduk=h100jT−Elight
0 sed and c̄11= uEsplit-offsk ,eduk=h100jT

−Esplit-off
0 sed. Repeating this process, the unknown coeffi-

cientscij , ĉi j , andc̄i j can all be determined. For heavy holes,
Eq. s47d can be rewritten as35

Eheavysk,ed − Eheavy
0 sed = hk1 k2 k3j3c11 c12 c13

c21 c22 c23

c31 c32 c33
45k1

k2

k3
6

= kTck = kTPT3c118 0 0

0 c228 0

0 0 c338
4Pk

= c118 k18
2 + c228 k28

2 + c338 k38
2, s50d

wherek18, k28, andk38 are the components of the transformed
wave vectork8=Pk along the principle axesx8, y8, andz8,
the columns ofP are the eigenvectors ofc, andc118 , c228 , and
c338 are the eigenvalues ofc. The energy band is also given by

Eheavysk,ed − Eheavy
0 sed =

"2

2mx
*8

k18
2 +

"2

2my
*8

k28
2 +

"2

2mz
*8

k38
2,

s51d

wheremx
*8, my

*8, andmz
*8 are the effective masses along the

three principal axesx8, y8, and z8, respectively. Therefore,
from Eqs.s50d and s51d, we obtain

mx
*8 =

"2

2c118 sed
, my

*8 =
"2

2c228 sed
, mz

*8 =
"2

2c338 sed
. s52d

The effective massesmi
* for heavy holes along a given Car-

tesian coordinate axisi P hx,y,zj are given by36

1

mi
* =

ssinui cosgid2

mx
*8

+
ssinui singid2

my
*8

+
scosuid2

mz
*8

,

i = x,y,z, s53d

where ui is the polar angle of theith direction from the
z8-axis with 0øui øp, andgi is the azimuthal angle of the
ith direction in thex8y8-plane from thex8-axis with 0øgi

,2p. The algorithm to compute the effective-mass correc-
tion for heavy holes is shown in Table III. The effective
masses for light and split-off holes can be obtained similarly.

VII. INTEGRATION OF ELASTOSTATIC,
ELECTROSTATIC, AND VAN DER WAALS MODELS

In secs. III–VI, we have described mechanical, electro-
static, and van der Waals models for analysis of nanoelectro-
mechanical systems at various length scales. To illustrate the
integration of all the models, we show in Table IV a com-
plete algorithm describing the proposed approach for nano-
electromechanical analysis, taking into account the strain ef-
fects.

TABLE II. Steps for computing the energy-gap correction.

s1d For a given strain,e, computeHe by using Eqs.s38d–s40d.
s2d Compute the eigenvalues ofHe.
s3d The energy-gap correction is given byDEg=maximum eigenvalue of
Hesed.

114304-9 Tang et al. J. Appl. Phys. 97, 114304 ~2005!

Downloaded 25 May 2005 to 130.126.121.152. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



VIII. NUMERICAL RESULTS

In this section, we present several results on the static
pull-in analysis of NEM switches by self-consistently solv-
ing the elastostatic, electrostatic, and van der Waals theories
described in the previous sections. From the MD simula-
tions, Young’s modulus and Poisson’s ratio are retrieved to
be 85 GPa and 0.34, respectively, for the bulk Tersoff silicon
material. The material constants such as Young’s modulus
and Poisson’s ratio can be strain dependent. However, the
strain is typically smalls,2%d in the NEMS applications
shown in this paper. In fact, as will be shown in the last
example of this section, the strain effect on the device pull-in
behavior is small. Hence, we use constant values of Young’s
modulus and Poisson’s ratio for all the simulations shown in
this paper. All calculations presented in this section are for
room temperatures300 Kd.

A. Example I: Application of the classical electrostatic
model

There are a number of NEMS examples where classical
electrostatics can produce accurate results. The first example

is a silicon beam with a geometry of 230.430.2 mm3 and
an initial gap of 20 nm between the beam and the substrate.
We consider both fixed–fixed and cantilever beams. Assum-
ing a dopant density of 1020 cm−3, the Debye screening
length is approximately 0.4 nm, which is negligible com-
pared with the beam geometry. Therefore, the ideal conduc-
tor electrostatic model is applicable for this example. Shown
in Fig. 8 is a plot of the gap-peak deflection as a function of
the applied voltage for the fixed–fixed NEM switch. Figure 9
shows a plot of the gap-peak deflection as a function of the
applied voltage for the cantilever NEM switch. The pull-in
voltage for the cantilever beam is 3.2 V, which is much
lower than the pull-in voltage of 20.5 V, computed for the
fixed–fixed beam.

B. Example II: Application of the semiclassical
electrostatic model

When the critical length of the silicon beam decreases to
submicron scales or when the doping density of the structure
is low, the Debye screening length can become comparable

TABLE III. Procedure for computing the effective-mass correction for
heavy holes.

s1d For a given strain,e, computeHe andHk by using Eqs.s38d–s42d.
s2d Compute the eigenenergy,Eheavysk ,ed, of H0, by using the first-order

perturbation theoryfRef. 35g.
s3d Computecii , i =1,2,3, in Eq.s47d by settingki =1 andkj =km=0, j ,m

=1,2,3, andj ,mÞ i, in Eheavysk ,ed.
s4d Computecij , i , j =1,2,3 andi Þ j , in Eq. s47d by settingki =kj =1 and

km=0, mÞ i , j , in Eheavysk ,ed.
s5d Compute the eigenvalues ofc in Eq. s50d to obtaincii8, i =1,2,3.

s6d Compute the effective masses,mx
*8, my

*8, andmz
*8, along the principal

axes by using Eq.s52d.
s7d Compute the effective masses,mx

* , my
* , andmz

* , along the Cartesian
axes,x, y, andz, by using Eq.s53d.

TABLE IV. A complete algorithm for self-consistent electromechanical
analysis of NEMS.

s1d Discretize the domain and the boundary of the semiconductor
structures.

s2d Repeat
sad Do mechanical analysisson the undeformed geometryd to compute

structure displacements.
sbd Update the geometry of the semiconductors using the computed

displacements.
scd Compute the corrections for energy gap and effective mass by using

the algorithms summarized in Tables II and IIIsthis step can be
neglected for small strainsd.

sdd Compute the surface charge density and the bulk charge distribution
by electrostatic analysisson the deformed geometryd.

sed Compute electrostatic pressure and body forceson the deformed
geometryd.

sfd Transform the electrostatic pressure and the body force to the
original undeformed configuration.

sgd Compute the van der Waals forces on the deformed geometry and
transform them to the original undeformed configuration.

s3d until an equilibrium state is reached.

FIG. 8. Gap-peak deflection as a function of the applied voltage for a fixed–
fixed beamsgeometry of 230.430.2 mm3d with an initial gap of 20 nm.

FIG. 9. Gap-peak deflection as a function of the applied voltage for a can-
tilever beamsgeometry of 230.430.2 mm3d with an initial gap of 20 nm.
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to the device critical size. Here we consider a silicon beam
with a geometry of 4003200340 nm3 and an initial gap of
20 nm between the beam and the substrate. AnN-type dop-
ing density of 1018 cm−3 is assumed. For this example, the
Debye screening length is approximately 4 nm and the semi-
classical electrostatic model is necessary. Shown in Fig. 10 is
a plot of the gap-peak deflection as a function of the applied
voltage for a fixed–fixed NEM switch. Shown in Fig. 11 is a
plot of the gap-peak deflection as a function of the applied
voltage for a cantilever NEM switch. Figures 10 and 11 also
show a comparison between the ideal conductor model and
the semiclassical model. From the comparisons in Figs. 10
and 11, we observe that the pull-in voltage computed by the
semiconductor model is higher compared to the value ob-
tained with the ideal conductor model. Hence, we can con-

clude that an ideal conductor model is not accurate when the
Debye length is comparable to the critical dimension of the
beam.

C. Example III: Application of the quantum-
mechanical model

As the size of the NEM switch further shrinks, the quan-
tum depletion length can become comparable to the system
characteristic size, e.g., the gap between the beam and the
ground plane. The silicon beam considered here has a geom-
etry of 80320038 nm3 and an initial gap of 6 nm between
the beam and the substrate. AnN-type doping density of
1018 cm−3 is considered. The quantum depletion length is
approximately 2.3 nm which is comparable to the character-
istic length of the NEM switch. As a result, a self-consistent
solution of the Schrödinger–Poisson equations is necessary
for electrostatic analysis. Shown in Fig. 12 is a plot of the
gap-peak deflection as a function of the applied voltage for a
fixed–fixed NEM switch. Shown in Fig. 13 is a plot of the
gap-peak deflection as a function of the applied voltage for a
cantilever NEM switch. The comparison with the ideal con-
ductor model and the classical semiconductor model is also
shown in these plots. The comparisons indicate that the
pull-in voltage computed with the quantum model is signifi-
cantly higher than the pull-in voltages computed with the
ideal conductor and the semiclassical model. Hence, we can
conclude that the ideal electrostatic and semiclassical models
are not accurate when the quantum depletion length is com-
parable to the critical length of the NEM switch.

D. Significance of van der Waals forces

van der Waals forces, which can be neglected for MEMS
design, can play an important role in NEMS design. To dem-
onstrate this, we consider a silicon beam with a geometry of
80320038 nm3 and an initial gap of 4 nm between the
beam and the substrate. The upper subplot shown in Fig. 14
is the gap-peak deflection of the beam as a function of the

FIG. 10. Gap-peak deflection as a function of the applied voltage for a
fixed–fixed beamsgeometry of 4003200340 nm3d with an initial gap of
20 nm.

FIG. 11. Gap-peak deflection as a function of the applied voltage for a
cantilever beamsgeometry of 4003200340 nm3d with an initial gap of
20 nm.

FIG. 12. Gap-peak deflection as a function of the applied voltage for a
fixed–fixed beamsgeometry of 80320038 nm3d with an initial gap of
6 nm.
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applied voltage for a cantilever NEM switch. We observe a
significant difference in the pull-in voltages obtained with
and without the van der Waals forces. Specifically, including
the van der Waals forces leads to a smaller pull-in voltage.
Even with no applied voltage, we observe that the tip of the
beam deflects because of the van der Waals forces. The lower
subplot in Fig. 14 shows the variation of the electrostatic and
the van der Waals forces as the gap between the beam and
the substrate decreases. It is clear that in this example, the
van der Waals forces are more dominant compared to the
electrostatic forces.

E. Effect of energy gap and effective-mass correction
on pull-in voltages

As discussed in Sec. VI, the energy gap and effective
mass can change due to strain. In this section, we solve the
quantum-mechanical models by accounting for the strain ef-
fects on the energy gap and effective mass. To understand the
significance of these corrections, we compare the simulation
results with and without such corrections.

We consider a NEM switch which has a beam geometry
of 80320038 nm3 and an initial gap of 6 nm between the
beam and the substrate. AP-type doping density of
1018 cm−3 is assumed for this example. As the switch dimen-
sions are very small, we use the quantum-mechanical model
for electrostatic analysis. Figures 15 and 16 compare the
pull-in behavior with and without the corrections for the
fixed–fixed and the cantilever beams, respectively. For the
cantilever beam since the possible maximum strainsin the
order of 10−3d is small, the effect of correction on the device
pull-in can be negligible. For the fixed–fixed beam example,
a slightly larger pull-in voltage is obtained with the correc-
tions as the fixed–fixed beam can have a larger strainstypi-
cally larger than 10−2d compared to the cantilever beam for
the same gap.

IX. CONCLUSION

In this paper, we have presented physical models and
their numerical implementation for coupled electrical and
mechanical analysis of silicon NEMS. The nonlinear con-
tinuum elastic theory, with material properties extracted from
MD simulations, is combined with either the classical, semi-
classical, or the quantum-mechanical electrostatic model and
the continuum theory for the van der Waals energy domain to
compute the self-consistent electromechanical behavior of
silicon NEM switches. We have also presented physical
models and their numerical implementation for the change in

FIG. 13. Gap-peak deflection as a function of the applied voltage for a
cantilever beamsgeometry of 80320038 nm3d with an initial gap of 6 nm.

FIG. 14. Effect of the van der Waals force for a cantilever NEM switch with
an initial gap of 4 nm. The cantilever beam has the geometry of 803200
38 nm3. The lower subplot gives a comparison between the electrostatic
force and the van der Waals force as the gap between the beam and the
substrate changes.

FIG. 15. Gap-peak deflection as a function of the applied voltage for a
fixed–fixed switchsgeometry of 80320038 nm3d with an initial gap of
6 nm. The solid curve is the result obtained by accounting for the correction
of energy gap and effective mass due to the strain. The dashed curve is the
result obtained without the corrections.
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the energy gap and effective mass due to the strain in the
silicon nanostructure. Numerical results for silicon NEM
switches indicate that the electromechanical characteristics
and the pull-in voltage can be sensitive to the electrostatic
model employed. In particular, when the characteristic length
of the NEM device is comparable to the quantum depletion
length, the quantum-mechanical model needs to be em-
ployed. When the quantum depletion length is much smaller
than the characteristic length but the Debye length is compa-
rable to the characteristic length, then the semiclassical
model is appropriate for electrostatic analysis. When the De-
bye length is much smaller compared to the characteristic
length of the NEM device, the classical electrostatic model
can be employed. Depending on the nanoswitch geometry
sfixed–fixed or cantileverd considered and the gap between
the beam and the ground electrode, the van der Waals forces
can significantly influence the pull-in voltage and the elec-
tromechanical behavior. When the corrections to the energy
gap and the effective mass due to the strain in the material
are taken into account, a small change in the pull-in voltage
is observed for the fixed–fixed beam.
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FIG. 16. Gap-peak deflection as a function of the applied voltage for a
cantilever beamsgeometry of 80320038 nm3d with an initial gap of 6 nm.
The solid curve is the result obtained by considering the correction of energy
gap and effective mass due to the strain. The dash curvescoincident with the
solid curved is the result obtained without the corrections.
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