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Abstract: In this study, based on continuum mechanics, an Euler—Bernoulli model has been applied to analyze the
pull-in instability of nanocantilever switch by consideration of thermal effects. The effects of initial gap, length of the
nanoswitch and temperature change are studied on the pull-in voltage. Results are demonstrated for the dependence of
pull-in voltage on the length of the nanoswitch as well as temperature change. It is concluded that the effect of
temperature change on the instability of nanoswitch is significant. Interesting results are obtained, which are helpful in

the modeling or designing process of a nanoswitch.
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Introduction

Beam-type electrostatic actuators have become one of the
common components in constructing micro/nano-
electromechanical  system (MEMS/NEMS) [1-2].
Nanomechanical switches are important building blocks
for the design of NEMS applications, such as
nanotweezers and some other nanoscale actuators [3].
However, there is an inherent instability, known as the
pull-in phenomenon, in NEMS switches.

Consider a beam-type actuator constructed from a
conductive electrode suspended over a conductive
substrate. Applying voltage difference between an
electrode and ground causes the electrode to deflect
towards the ground. At a critical voltage, which is known
as pull-in voltage, the electrode becomes unstable and
pulls-in on to the substrate.

The first issue that appears at the nanoscale is the effect
of dispersion forces such as Casimir attraction. At small
separations (typically less than several micrometers), the
Casimir force can highly influence the instability of
NEMS. These forces can be explained by electromagnetic
quantum vacuum fluctuations existing between two
separated plates [4]. In this case, the interaction between
the two surfaces is described by the Casimir force. Some
researchers have studied the pull-in behaviour of
electromechanical systems having considered the effect
of the Casimir force but without considering of thermal
effects [5-8].

A one degree of freedom lumped parameter model has
been proposed by Lin and Zhao [5, 6] to survey stiction
of nanoswitch in the presence of electrostatic and Casimir
attractions. Ramezani et al. [7] used Green’s function to
investigate the pull-in parameters of nanocantilever beam
type actuators under Casimir forces.

It is noted from [9, 10] that the operating temperature of
the flexible part of a MEMS and NEMS device can be
changed. Any change in the operating temperature of the
flexible part, cause the coupled behaviour of the MEMS
and NEMS device varies because the stress state is

altered. Therefore, a full thermo-electro-mechanical
analysis is required in identifying pull-in voltage. Several
researchers have studied the effects of temperature
variations on the performance of microbeam-based
MEMS, particularly microswitches [11-13], but there are
not any similar investigations for nanoswitch.

However, to the best of our knowledge, no investigation
has been performed on pull-in instability of nanoswitch.
In this study, for the first time, Thermal-Euler-Bernoulli
model has been applied to analyse the pull-in instability
of a nanocantilever switch. The effects of temperature
variations, length of the beam and initial gap on the pull-
in instability of the nanoswitch are considered in detail.

Modeling

Figure 1 shows a typical nano-switch that consists of a
fixed electrode and a nano-beam of length L, width w and
thickness h, separated by a dielectric spacer with an initial
gap g.

h nano-beam

fixed electrode

Figure 1. Beam model of a nano-switch

To investigate the pull-in parameters of the switch, we are
only interested in static deflection of the beam. Therefore,
the governing equation using Euler-Bernoulli model
maybe written as

d* d?
El—%—No—=5=F+F, )
Where vy is the deflection of the beam, x is the position a
long the beam measured from the clamped end, I =
wh3/12 is the moment of inertia of the beam cross
section, and E is the young modulus, N, is the constant
axial force associated with thermal effect, F, and F. are
the electrostatic and Casimir forces per unit length of the
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beam,
nanoswitch without thermal effect has been obtained
before in [7].

respectively. It is noted that the equation for

Considering the first order fringing field correction [14],
the electrostatic force per unit length of the beam is

F,= EOW")Z (1+0.6522) @)

Where g, = 8.854 x 10712 CZN Im=2 is the permittivity of
vacuum and V is the applied voltage.
The Casimir force per unit length of the beam is [15]
n2hcw

€ 240(g-y)* ®)
Where h =1.055x1073*Js is Planck’s constant
divided by 2 and ¢ = 2.998 x 108 ms~! is the speed of
light.
On the basis of the theory of thermal elasticity mechanics,
the axial force Nt can be written as [16]

N, = —0-a,T @)
Where a, denotes the coefficient of thermal expansion in

the direction of the x-axis, v is Poisson’s ratio, 4 is cross

section of the beam, and T is temperature change.

For convenience, the model is formulated in the non-
dimensional form. Substituting Eqgs. (2) — (4) into (1) and
introducing the non-dimensional variables

u=y/g, z=x/L ©)
The following non-dimensional equation is obtained
«d%u _ _ R, B B
TN = PO = e Timer Ve ©
The non-dimensional parameters appearing in Eq. (6) are
_ w2hewL* _ gowV 2Lt _ g " AaxTL
R = 240g5EI’ B = 2g3El f =065 w Ve T a- 217)1( )

And the associated boundary conditions are

du(O) d?u(1) _ d3u(1)
u(o) - dz2 - dz3 O (8)
Due to the nonlinearity of the distributed lateral load
F(z) acting on the nano-beam, an exact solution of Eq. (6)
is almost impossible. To simplify the analysis and yet
achieve sufficient accuracy, a linear distributed load
(LDL) model is proposed by Yang et al. [8] which
approximately treat the distributed lateral load as a linear

function of z.

Using a similar method to the one described in [8], the
pull-in voltage can be obtained for nanocantilever switch.

Results and Discussion

Based on the formulations obtained with the Thermal-
Euler-Bernoulli  model, the pull-in properties of
nanoswitch are discussed here. Our objective is to
investigate the effect of the temperature variations on the
pull-in instability of hanoswitch.

In order to evaluate the validity of the present method,
results were compared with those given in the literature.
A cantilever switch with L=200 nm, h=3.5nm,
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E=166GPa, w=30nm was considered. In Table 1 pull-in
voltages obtained by the LDL are compared to those
given by [6, 7]. The thermal effect is not considered in
this case. As can be observed, the present results are quite
close to those predicted by [6] because the present
analysis is based on the distributed parameter model as
well.

Table 1. Pull-in voltages (in V) obtained by the LDL
compared with previous studies.

g/w [7] [6] Present
0.9 0.8944 1.2329 1.2208
1.0 1.1705 1.5309 1.4407
1.1 1.4162 1.8093 1.7168

Now, let us consider the influence of the initial gap on the
pull-in voltage. The maximum deflection of the
nanoswitch versus applied voltage is shown in Figure 2
for different values of initial gap. According to this
figure, as the initial gap decreases, the pull-in voltage
decreases. As a result, by decreasing the initial gap, the
nanoswitch becomes more unstable.
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Figure 2. Non-dimensional maximum deflection versus
applied voltage for different initial gaps.

We next present the results for the thermal effect on the
pull-in voltage of the silicon nano-beam with a, = 2.6 X
107°K~! and v = 0.06 [17]. The results are shown in
Figure 3. This figure shows the variations of the pull-in
voltages with the temperature for various initial gaps. It is
observed that, as the temperature increases, the pull-in
voltage is reduced.

The presence of temperature change is to decrease pull-in
voltage. It is found that the pull-in voltage for the
nanoswitch including the thermal effect is much lower
than that without considering the change of temperature.
As a result, by increasing the temperature, the nanoswitch
becomes more unstable. Also the pull-in voltage increases
with the increase of initial gap.
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Figure 3. Pull-in voltage versus temperature for different

values of initial gap.

Figure 4 shows the variations of the pull-in voltages with
the temperature for various nanoswitch’s lengths.
According to this figure, with increasing temperature, as
the length of the nanoswitch increases, the pull-in voltage
decreases. In long lengths, the temperature effect on the
pull-in voltage is higher than short lengths. So a
nanoswitch with length of more than 10w, quickly
becomes unstable.
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Figure 4. Pull-in voltage versus temperature for various

nanoswitch’s lengths.

Conclusions

On the basis of the theory of thermal elasticity mechanics,
an Euler - Bernoulli model is developed for pull-in
instability of nanocantilever switch, which takes into
account the effect of temperature change in the
formulation.

The influence of temperature change on the pull-in
instability of nanoswitch is discussed. It can be concluded
that, the pull-in voltage decreases with increasing the
temperature. As a result, in constructing NEMS, we must
use a nanoswitch with the length of lower than 10w.
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