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ABSTRACT

The sensitivity of nonequilibrium Casimir forces on material optical properties can have strong impact on the actuation of devices. For this
purpose, we considered nonequilibrium Casimir interactions between good and poor conductors, for example, gold (Au) and highly doped
silicon carbide (SiC), respectively. Indeed, for autonomous conservative systems, the bifurcation and phase portrait analysis have shown that
the nonequilibrium Casimir forces can have signi�cant impact on the stable and unstable operating regimes depending on the material optical
properties. At a few micrometer separations, for systems with high conductivity materials, an increasing temperature di�erence between the
actuating components can enhance the stable operation range due to the reduction of the Casimir force, while for the poor conductive mate-
rials, the opposite takes place. For periodically driven dissipative systems, the Melnikov function and Poincare portrait analysis have shown
that for poor conductive systems, the nonequilibrium Casimir forces lead to an increased possibility for chaotic behavior and stiction with
an increasing temperature di�erence between the actuating components. However, for good conducting systems, the thermal contribution to
Casimir forces reduces the possibility for chaotic behavior with increasing temperature, as comparison with systems without thermal �uc-
tuations shows. Nevertheless, the positive bene�t of good conductors toward increased actuation stability and reduced the chaotic behavior
under nonequilibrium conditions can be easily compromised by any voltage application. Therefore, thermal, nonequilibrium Casimir forces
can in�uence the actuation of devices toward unstable and chaotic behavior in strong correlation with their optical properties, and associated
conduction state, as well as applied electrostatic potentials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124308

Micro- and nanoelectromechanical systems have attracted
widespread attention from the scienti�c and technology point
of view for sensor technologies, accelerometers, microswitches,
etc. Because Casimir forces are omnipresent, they could always
in�uence the actuation of devices, and under certain conditions,
they can draw moving elements together into permanent adhe-
sion, which is a phenomenon termed as stiction. As a result, the
design of devices can be challenging due to the occurrence of
chaotic behavior driven by the Casimir forces, which can cause
abrupt changes in their dynamical behavior leading to possi-
ble stiction. Therefore, detailed knowledge about the phenom-
ena of stiction due to Casimir interactions and its relation to
chaotic motion during actuation is necessary in order to improve
the long term performance of devices. It is shown here that the
nonequilibrium Casimir forces, which are the most general case
when the interacting components havedi�erent temperatures, can

in�uence the actuation of devices toward unstable and chaotic
behavior in strong correlation with their optical properties,
and associated conduction state, as well as applied electrostatic
potentials.

I. INTRODUCTION

Micro- and nanoelectromechanical systems (MEMS/NEMS)
have attracted widespread attention from the scienti�c and tech-
nology point of view for applications in industry related to sen-
sor technologies, accelerometers, microswitches, etc. By decreasing
the length scales into the micrometer and submicrometer regimes,
new areas open not only for consideration but also for applica-
tions of Casimir forces.1–7 Because the electrostatic forces can be
switched o� when no potential is applied, while the Casimir forces
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are omnipresent, the latter could always in�uence, in principle, the
actuation dynamics of micro- and nanodevices. This is because these
systems have surface areas large enough but gaps small enough for the
Casimir force to play a signi�cant role, and under certain conditions
to be strong enough to draw moving mechanical elements together
into permanent adhesion. The latter is a phenomenon known as
stiction, and it can obscure the actuation dynamics of devices.2,8,9

Casimir forces between two objects arise due to the perturba-
tion of quantum �uctuations of the electromagnetic (EM) �eld, as it
was predicted by Casimir in 1948,10 assuming two perfectly re�ect-
ing parallel plates. Lifshitz and co-workers in the 1950s11 considered
the general case of real dielectric plates by exploiting the �uctuation-
dissipation theorem at thermal equilibrium, which relates the dis-
sipative properties of the plates due to optical absorption by many
microscopic dipoles and the resulting EM �uctuations. This theory
describes the attractive interaction due to quantum �uctuations at
all separations covering both the Casimir (long-range) and van der
Waals (short-range) regimes.1–4,10–13 Several works so far have shown
the strong dependence of the Casimir force on the material optical
properties,14–20which is an important attribute that can be utilized to
tune the actuation dynamics of devices.21,22

Here, we have considered the e�ect of Casimir forces in
microswitches, which are essential MEMS/NEMS components.
These systems are typically constructed from two electrodes of
which one is �xed and the other is suspended by a mechanical
spring governed by Hooke’s law.23 The application of a bias volt-
age between the electrodes actuates them toward each other, but
it is also possible for the moving component to become unstable
and collapse (pulls-in) onto the other.24,25 The design of MEMS
could always be quite challenging due to the occurrence of chaotic
behavior, which causes abrupt changes in their dynamical behav-
iors, and as a result, device malfunctions related to possible stiction
of moving components. Obviously, more detailed knowledge about
the phenomena of stiction and its relation to chaos is necessary
to improve the long term performance and the design of MEMS
devices operating under thermal equilibrium and/or nonequilibrium
conditions.26–30

Despite of several studies, which have been performed on
the e�ect of optical properties on the actuation dynamic of
microswitches,26–28 it still remains unexplored how signi�cant is
the in�uence of thermal nonequilibrium conditions on the perfor-
mance of microdevices in view also of recent advances to measure
thermal e�ects with MEMS.29 Indeed, besides the optical prop-
erties of material coatings on device components, when MEMS
operate under ambient conditions, additional factors like thermal
nonequilibrium conditions, due to temperature di�erences between
the interacting bodies, can in�uence the Casimir forces.30 Conse-
quently, the dynamical behavior of actuating components can also
be a�ected with unknown long term e�ects. Therefore, here we aim
to explore to what extent thermal nonequilibrium conditions in�u-
ence the actuation dynamics of microswitches toward chaos, which
prohibits the long term prediction of stable device operation. This
will be accomplished by taking also into account the optical prop-
erties of di�erent materials ranging from poor to good conductors
in order to compare how signi�cant is the choice of materials and
any applied electrostatic potentials that lead to additional attractive
interactions.

II. OPTICAL PROPERTIES OF MATERIALS

AND DEVICE ACTUATION

In order to make realistic the results of this research in under-
standing the thermal e�ects on the actuation of a wide range of
microdevices, we considered the e�ect of optical properties of gold
(Au) as a good conductor and highly nitrogen-doped silicon carbide
(SiC) as a poor conductor. In fact, Au as a good conductor is widely
used for Casimir force measurements, while highly nitrogen (N)-
doped conductive SiC is a promising material for devices operating
under harsh environments, allowing also integration with Si based
technologies. Both materials were optically characterized in the past
with the same equipment at J. A. Woollam Co., Inc. using the ellip-
someters VUV-VASE (0.5–9.34 eV) and IR-VASE (0.03–0.5 eV).19,29

Figure 1 shows the real and the imaginary parts of the measured
dielectric functions of these materials. For comparison, after anal-
ysis of the optical data, the static conductivity ratio ωp

2/ωτ (in
terms of the Drude model with ωp the plasma frequency and ωτ

the relaxation frequency, see Appendix A) obtains for these mate-
rials the values ωp

2/ωτ|SiC = 0.4 eV29 and ωp
2/ωτ|Au ≈ 1600 eV.19

The latter indicates a conductivity contrast of almost four orders of

FIG. 1. Imaginary (a) and real (b) parts of the frequency dependent dielectric
functions for both the Au and SiC systems measured with ellipsometry. The inset
in (a) shows the schematic of the MEMS under consideration.
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FIG. 2. Comparison between F0 (zero-point fluctuations contribution) and the
FCas(= F0 + Fthermal) for both the Au-Au and SiC-SiC systems. The calcula-
tions for the thermal contribution Fthermal were performed under nonequilibrium
conditions for T1 = 300 K and T2 = 400 K.

magnitude to justify these materials as suitable candidates for our
analysis.

The equation of motion for the electromechanical system [inset
Fig. 1(a)], where both the �xed and movable plates are considered to
be coated with same material (Au or SiC), is given by

M
d2z

dt2
+

(

Mω0

Q

)

dz

dt
= −Fres + Felec + FCas + εF0cos(ωt), (1)

FIG. 3. αthermal = Fcas/F0 vs z for nonequilibrium conditions for both Au-Au
and SiC-SiC systems, where for the calculations we considered one plate at
T1 = 300 K.

FIG. 4. αthermal(= FCas/F0) vs T2(K) for both equilibrium (T1 = T2) and
nonequilibrium (T1 = 300 K) situations. The separation distance between plates
is z = 1µm, while that in the inset is z = 2µm.

whereM is themass of themovable plate, and (Mω0/Q) (dz/dt) is the
intrinsic energy dissipation in the actuating system associated with a
quality factor Q. The frequencyω0 is assumed to be close to frequen-
cies of dynamic mode atomic force microscopy (AFM) cantilevers
and MEMS (typically 300 kHz). The parameter ε was introduced
to distinguish between the conservative (frictionless) autonomous
operation of the actuating system (ε = 0) and the nonconserva-
tive driven system by an external force (ε = 1) in the presence of
dissipation (friction) having a �nite quality factor Q. In fact, for a
conservative system, we consider MEMS with a high quality factor
Q > 104,31 so that we can neglect any dissipation e�ects. Moreover,
for the study of nonequilibrium e�ects, we considered initial sep-
arations d (where any elastic restoring force is zero) between the
actuating plates in the range of 850 nm–2.5µm. We also assumed
plates with �at surfaces having lateral dimensions Lx = Ly = 10µm,
though any nanoscale roughness only gives signi�cant contributions
at short separations below 100 nm.17

In Eq. (1), the Casimir force FCas is opposed by the elastic restor-
ing force Fres = −K(d − z), where K is the spring constant and Felec
is the electrostatic force acting between two plates,

Felec(z) =
1

2

ε0AV
2

z2
, (2)

where V is the applied voltage between the two plates with respect to
the conduct potential di�erence due to di�erences in the work func-
tion of the material coatings of the plates, and ε0 is the permittivity
of vacuum. The Casimir force FCas is given by the expression

FCas(T1, T2, z) = F0(z) + F
neq/eq

th (T1, T2, z), (3)

where the contribution of the zero-point �uctuations F0(z) (at T= 0)
is separated from the contribution due to thermal �uctuations
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FIG. 5. Bifurcation diagrams δCas vs λ(= z/d) for nonequilibrium conditions (T1 = 300 K, T2 = 1 K and 400 K), δv = 0, and different initial actuation distances d: (a) and
(b) d = 1µm; (c) d = 850 nm; (d) d = 2.5µm. The solid and dashed lines represent the stable and unstable equilibrium points, respectively.

Fthermal = F
neq/eq

th (T1, T2, z). F0(z) has been calculated with the Lif-
shitz theory, where we used as input the dielectric response func-
tion at imaginary frequencies ε(iξ) after extrapolation at low optical
frequencies with the Drude model (see Appendix A). The chosen
materials show signi�cant optical contrast for the dielectric func-
tion at imaginary frequencies ε(iξ), which is the necessary input
for the calculation of the Casimir force via the Lifshitz theory (see
Appendix A).

According to Ref. 30, the thermal force between two bodies in
both con�gurations for thermal equilibrium (eq) and nonequilib-
rium (neq) conditions is given by (see Appendix B)

F
neq/eq

th (T1, T2, z) = F
neq/eq

th (T1, 0, z) + F
neq/eq

th (0, T2, z). (4)

The �rst and second terms at the right side of Eq. (4) describe the
thermal equilibrium/nonequilibrium of the two bodies at di�erent
temperatures T1 and T2, respectively. The thermal part of the force

F
neq/eq

th (T, z) for each single body can be split into two contributions
having the form

F
neq/eq

th (T, z) = F
neq/eq, PW

th (T, z) + F
neq/eq, EW

th (T, z), (5)

where the indices PW and EW denote propagating and evanes-
cent waves, respectively. The thermal parts in Eqs. (3)–(5) can be
calculated using the Lifshitz theory in the real frequency represen-
tation considering the PW and EW contributions. The PWs satisfy
the condition ck⊥ < ω (with k⊥ being the in-plane wave vector),
which is valid for real photons that propagate both in the vacuum
gap and inside the bodies. EWs satisfy the condition ω ≤ ck⊥, and
they exist only along the boundary planes, as well as their elec-
tromagnetic �eld decreases exponentially within the gap separating
the bodies. Figure 2 shows calculations of the Casimir force, where
comparisons are made between the contribution of zero-point �uc-
tuations F0 and the total force FCas(= F0 + Fthermal) for both the
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FIG. 6. Contour plots dλ/dt vs λ for
the conservative system. The elliptical
in shape homoclinic orbit contains the
initial conditions that lead to stable oscil-
lations. Au-Au system: (a) δCas = 0.07,
δv = 0, and d = 850 nm; (b) δCas
= 0.06, δv = 0, and d = 2.5µm.
SiC-SiC system: (c) δCas = 0.068,
δv = 0, and d = 850 nm. (d)
δCas = 0.05, δv = 0, and d = 2.5µm.
For the calculations, we used 150× 150
initial conditions (λ, dλ/dt) and
considered T1 = 300 K and T2as
indicated.

Au-Au and SiC-SiC systems. Clearly, the thermal e�ects appear to
in�uence more the poor conducting system leading to an increasing
force with surface separation and increasing temperature di�erences.
As a result, one can anticipate that for the poor conducting SiC-
SiC system, the nonequilibrium e�ects vs separation will likely play
more important role on actuation properties than those of the good
conductors.

III. RESULTS AND DISCUSSION

A. Conservative actuating system (ε = 0)

In order to investigate the thermal e�ect on the actua-
tion of the microsystem, we introduced the bifurcation parameter
δCas = FmCas/kd that represents the ratio of the minimum Casimir
force FmCas = FCas(z = d) to the maximum restoring force FMres = kd.

Chaos 29, 093126 (2019); doi: 10.1063/1.5124308 29, 093126-5
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FIG. 7. Contour plots dλ/dt vs λ

for the conservative system. The
elliptical in shape homoclinic orbit
contains the initial conditions that
lead to stable oscillations. Au-Au
system: (a) δCas = 0.07, δv = 0.02,
and d = 850 nm; (b) δCas = 0.07,
δv = 0.02, and d = 2.5µm. SiC-SiC
system: (c) δCas = 0.05, δv = 0.02, and
d = 850 nm. (d) δCas = 0.05, δv = 0.02,
and d = 2.5µm. For the calculations,
we used 150× 150 initial conditions
(λ, dλ/dt) and considered T1 = 300 K
and T2 as indicated.

The parameter δCas is useful to determine when there is a stable
periodic solution for the system, which corresponds to a su�cient
restoring force to prevent stiction of the plates.26 Using δCas, Eq. (1)
assumes the more convenient form for ε = 0

d2λ

dT2
+

(

1

Q

)

dλ

dT
= −(1 − λ) + δv

Felec

Fmelec
+ δCas

FCas

FmCas
, (6)

with λ = z/d, T = ω0t, and δv = Fmelec/F
M
res = ε0AV

2/2kd3 the corre-
sponding electrostatic bifurcation parameter.21,32

Figures 3 and 4 compare the strength of thermal e�ect between
equilibrium and nonequilibrium conditions for both poor (SiC) and
good (Au) conductingmaterials. Indeed, for the good conductive sys-
tem Au-Au, as Figs. 2–4 show the thermal correction Fthermal that
has signi�cant contribution at large separations (> 4µm), while at
shorter separations it decreases the Casimir force.33 As Fig. 4 shows,
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FIG. 8. Threshold curve α(= γω0d/F0) vs driving frequency ω/ω0 (with ω0

the natural frequency of the system) comparing the influence of zero-point fluctu-
ation and thermal effects under nonequilibrium conditions with T1 = 300 K and
T2 = 1 K or 400 K. (a) Au-Au system with δCas = 0.075 and (b) SiC-SiC system
with δCas = 0.058. The initial distance was I in both cases d = 1µm.

for the Au-Au system, the thermal correction vs T decreases up to
300K and then it starts to increase at larger separations with the
nonequilibrium e�ects contributing more to the force. By contrast,
for the poor conductive system SiC-SiC, the nonequilibrium state has
stronger e�ect before 300K, and after this temperature the in�uence
of thermal equilibrium increases. Nevertheless, for the SiC-SiC sys-
tem, the thermal e�ects show signi�cantly di�erent contribution for
both equilibrium and nonequilibrium situations.

The bifurcation diagrams in Fig. 5 illustrate how the thermal
e�ect can in�uence the stable and unstable regions. If the restoring
force is strong enough (δCas < δMax

Cas ), then there are two equilibria

points for the system. The stationary points closest to the initial sep-
aration d are stable centers with periodic solutions around them.
While the ones closer to the �xed plate are unstable saddle points, and
the motion around them will lead to stiction on the �xed plate due
to the stronger Casimir force. These plots illustrate that the thermal
contributions are likely to make signi�cant change on the actua-
tion and the performance of MEMS. The width of the stable area
changes not only by considering the thermal contributions but also by
changing the temperature between the interacting bodies. Clearly, the
thermal e�ects are more prominent for the case of the poor conduc-
tive system (SiC-SiC). The thermal e�ect is also clearly demonstrated
if one considers di�erent initial separations d and compares the
bifurcation diagrams in Figs. 5(c) and 5(d).

Besides the bifurcation analysis, the sensitive dependence of the
actuation dynamics on the thermal e�ect is re�ected by the Poincare
maps in Fig. 6. The homoclinic orbit separates unstablemotion (lead-
ing to stiction within one period for the autonomous system) from
the periodic closed orbits around the stable center point. When the
thermal e�ects decrease the Casimir force, as shown in Fig. 6, they
produce a wider stable region (red elliptic in shape central area).
In fact, for the Au-Au system, the stable area increases by increas-
ing the temperature for both small and large separations, indicating
a decreasing Casimir force due to thermal e�ects. The situation is
the reverse for the SiC-SiC system where the stable area decreases by
increasing temperature for both small and large separations indicat-
ing an increasing Casimir force due to thermal e�ects. Nevertheless,
the positive bene�t of good conductors toward an increased actua-
tion stability due to thermal nonequilibrium e�ects onCasimir forces
can be compromised even by a weak voltage application (or due to
imperfect compensation of contact potentials) that leads to addi-
tional attractive forces. This behavior is depicted in Fig. 7, which
shows that any application of voltage strongly reduces the size of
the region enclosed by the homoclinic orbit and, consequently, the
range of initial conditions that favor stable motion as the material
conductivity increases.

B. Nonconservative actuating systems (ε = 1)

Here we performed calculations to investigate the existence of
the chaotic behavior in dissipative microsystems undergoing forced
oscillation via an applied external force F0 cos(ω t).34 The chaotic
behavior occurs if the separatrix (homoclinic orbit) of the conser-
vative system splits. The latter can be addressed by the so-called
Melnikov function and Poincare map analysis.34,35 In the driven sys-
tem, the unstable equilibrium turns into an unstable periodic orbit.
If we de�ne the homoclinic solution of the conservative system as
ϕC
hom(T), then theMelnikov function for the torsional system (ε = 1)

is given by34,35

M(T0) =
1

ϕ

∫ +∞

−∞

(

dϕC
hom(T)

dT

)2

dT

+
τ0

τMAX
res

∫ +∞

−∞

dϕC
hom(T)

dT
cos

[

ω

ω0

(T + T0)

]

dT. (7)

The separatrix splits if theMelnikov functionhas simple zeros so
that M(T0) = 0 and M′(T0) 6= 0. If M(T0) has no zeros, the motion
will not be chaotic. The conditions of nonsimple zeros, M(T0) = 0
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FIG. 9. Contour plot of the transient
times to stiction using Poincare phase
maps dλ/dt vs λ for the nonconserva-
tive system. (a) Left column is for the
Au-Au system with δCas = 0.075; (b) right
column is for the SiC-SiC system with
δCas = 0.058. For the other parameters,
we used δv = 0, d = 1µm, α = 0.35,
and ω/ω0 = 0.5. For both systems, we
considered also the effect of zero-point
fluctuations (F0), and for the nonequi-
librium effects, T1 = 300K and T2 as
indicated. For the calculations, we used
150× 150 initial conditions (λ, dλ/dt).
The central elliptical in shape (red) area
shows the initial condition for which the
device continues to follow stable motion
after 100 oscillations.

andM′(T0) = 0, give the threshold condition for chaotic motion.34,35

If we de�ne

µc
hom =

∫ +∞

−∞

(

dϕC
hom(T)

dT

)2

dT and β(ω)

=

∣

∣

∣

∣

∣

H

[

Re

(

F

{

dϕC
hom(T)

dT

})]
∣

∣

∣

∣

∣

, (8)

then the threshold condition for chaoticmotionα = β(ω)/µc
hom with

α = (1/Q)(F0/F
MAX
res )

−1
= γω0d/F0 obtains the form

α =
γω0 d

F0
=

∣

∣

∣

∣

∣

H

[

Re

(

F

{

dϕC
hom(T)

dT

})]
∣

∣

∣

∣

∣

/

∫ +∞

−∞

(

dϕC
hom(T)

dT

)2

dT, (9)

with γ = Iω0/Q, and H[. . .] denoting the Hilbert transform.34,35

Figures 8 shows the threshold curves α = γω0d/F0 vs the driv-
ing frequency ratio ω/ωo. For large values of α (above the curve),
the dissipation dominates the driving force (α ∼ γ/F0) leading to a

regular motion, which approaches asymptotically the stable periodic
orbit of the conservative system. However, for parameter values
below the curve, the splitting of the separatrix leads possibly to
chaotic motion. Clearly, for the good conductive system Au-Au, the
nonequilibrium thermal e�ects lead to the reduction of the area
below the threshold curve, suggesting a reduction of the possibility
for chaoticmotionwith increasing temperature.However, the inverse
behavior takes place for the poor conducting SiC-SiC, where the
area below the threshold curve increases due to the increment of the
Casimir force. The latter indicates enhanced possibility for chaotic
motion that increases with increasing temperature and/or strength-
ening of the nonequilibrium state. By comparing Figs. 8(a) and 8(b),
it becomes obvious that by weakening the dielectric function the
thermal part becomes stronger to change stable actuation to chaotic
motion and, consequently, limit the long term device predictability.

Since we study the occurrence of chaotic motion in terms of
the sensitive dependence of the motion on its initial conditions, we
present in Fig. 9 the Poincare maps to show how the thermal correc-
tion can change the dynamical prediction toward chaos for both good
and poor conductive systems. When chaotic motion occurs (with
decreasing value of α ∼ γ/F0), there is a region of initial conditions
where the distinction between qualitatively di�erent solutions is
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FIG. 10. Contour plot of the transient times to
stiction using Poincare phase maps dλ/dt vs
λ for the nonconservative system. (a) Left col-
umn is for the Au-Au system with δCas = 0.07;
(b) right column is for the SiC-SiC system with
δCas = 0.05. For other parameters, we used δv
= 0.02, d = 1µm, α = 0.75, and ω/ω0 = 0.5.
For both systems, we considered also the effect of
zero-point fluctuations (F0), and for the nonequi-
librium effects, T1 = 300 K and T2 as indicated.
For the calculations, we used 150× 150 initial con-
ditions (λ, dλ/dt). The central elliptical in shape
(red) area shows the initial condition for which the
device continues to follow stable motion after 100
oscillations.

unclear. For chaotic motion, there is no longer a simple smooth
boundary between the elliptical-like stable area (red) and the outer
area with unstable motion (blue region) toward stiction on the �xed
plate. As a result, if themotion is chaotic then stiction could take place
after several periods prohibiting the long term prediction of the actu-
ation state for the device. As a result, the chaotic behavior introduces
signi�cant risk for stiction, and this ismore prominent to occur when
the Casimir force tends to increase due to the thermal e�ects.

As Fig. 9(a) shows for the Au-Au system, with increasing tem-
perature the thermal contribution clearly suppresses chaotic motion
leading to stiction of themoving plate on the �xed one, since the cen-
tral elliptical-like (red) area increases in size. On the other hand, the
inverse takes place for the SiC, where the increasing Casimir force
with the thermal corrections leads to strong reduction of the stable
actuation area and, therefore, to enhancement of the chaotic behav-
ior and possibility to stiction. Therefore, any consideration of thermal
e�ects on the actuation of Casimir oscillators must be performed in
close synergy with the material optical properties. Nevertheless, the
in�uence of additional attractive electrostatic forces by voltage appli-
cation has to be carefully considered also for the driven dissipative
systems. In fact, Fig. 10 demonstrates the sensitive dependence of
chaotic motion on the applied electrostatic potential for both the Au
and SiC systems. Again it is con�rmed that any voltage application

will strongly in�uence the chaotic behavior of the system having a
dramatic e�ect for the higher conductivity materials, where any pos-
itive e�ects due to the thermal contributions on the Casimir forces
are highly compromised.

IV. CONCLUSIONS

In conclusion, we investigated thermal nonequilibrium e�ects
on the actuation of an autonomous and a driven microswitch under
the in�uence of Casimir forces between interactingmaterials. For the
latter, we considered Casimir interactions between good and poor
conductors. In both cases, the Drude model was used to extrapo-
late at low optical far-infrared frequencies, where measured optical
datawere not available. Furthermore, for the frictionless autonomous
systems, the bifurcation and phase portrait analysis shows that the
nonequilibrium conditions can have signi�cant impact on the stable
and unstable operating regimes depending on the material optical
properties. Indeed, at separation below 4µm, for systems with the
high conductivity materials, an increasing temperature di�erence
between the actuating components can enhance the stable operat-
ing region. This is due to the reduction of the thermal e�ect on the
Casimir force, while for the poor conductive materials the opposite
takes place.
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For a dissipative but periodically driven system, the Melnikov
function and Poincare portrait analysis have shown that for the poor
conductive systems (e.g., SiC) the thermal nonequilibrium e�ects,
whichwill increase theCasimir forces, lead to an increased possibility
for chaotic motion and possible stiction with increasing tempera-
ture di�erences between the actuating components. Therefore, in
this case, the thermal nonequilibrium e�ects could make impossi-
ble the long term prediction of the actuation state of a device with
increasing temperature di�erences. However, for good conducting
systems (e.g., Au-Au), the thermal �uctuations reduce the possibility
of the chaotic behavior with increasing temperature in comparison
to a system without thermal �uctuations. Nevertheless, the positive
bene�t of good conductors toward increased actuation stability and
reduced chaotic behavior due to nonequilibrium Casimir forces can
be easily compromised by any voltage application. Therefore, thermal
nonequilibriumCasimir forces can in�uence the actuation of devices
toward an unstable and chaotic behavior in strong correlation with
their optical properties, and associated conduction state, as well as
applied electrostatic potentials.
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APPENDIX A: BRIEF LIFSHITZ THEORY

AND DIELECTRIC FUNCTION OF MATERIALS

WITH EXTRAPOLATIONS

The equilibrium part of the Casimir force F0 (T= 0 K) in Eq. (3)
was calculated using the integral expression for the Lifshitz theory,11

FCas(d) =
−h

2π2

∫ ∞

0

dξ

∫ ∞

0

dk⊥ k⊥ k0
∑

ν=TE,TM

×
r(1)ν r(2)ν exp(−2k0d)

1 − r(1)ν r(2)ν exp(−2k0d)
. (A1)

The Fresnel re�ection coe�cients are given by r(i)TE = (k0 − ki)/

(k0 + ki) and r(i)TM = (εi k0 − ε0 ki)/(εi k0 + ε0 ki) for the transverse
electric (TE) and magnetic (TM) �eld polarizations, respectively.

ki(i = 0, 1, 2) =
√

εi(iξl)(ξ2/c2) + k2⊥ represents the out-o� plane
wave vector in the gap between the interacting plates (k0) and in each
of the interacting plates (ki=(1,2)). k⊥ is the in-plane wave vector.

Moreover, the function ε(iξ) is the dielectric function evaluated
at imaginary frequencies (ξ ), which is the necessary input for cal-
culating the Casimir force between real materials using the Lifshitz
theory. The latter is given by11

ε(iξ) = 1 +
2

π

∫ ∞

0

ω ε′′(ω)

ω2 + ξ2
dω. (A2)

For the calculation of the integral in Eq. (A2), one needs the
measured data for the imaginary part ε′′(ω) = Im[ε(ω)] of the fre-
quency dependent dielectric function ε(ω). The materials were opti-
cally characterized by ellipsometry over a wide range of frequencies
at J. A. Woollam Co. using the VUV-VASE (0.5–9.34 eV) and IR-
VASE (0.03–0.5 eV).17,26–28 In any case, the experimental data for the
imaginary part ε′′(ω) of the dielectric function cover only a limit-
ing range of frequenciesω1(= 0.03 ev) < ω < ω2(= 8.9 eV). There-
fore, for low optical frequencies (ω < ω1), we extrapolated using the
imaginary part of the Drude model,17,26–28

ε′′
L(ω) =

ω2
p ωτ

ω (ω2 + ω2
τ)
, (A3)

where ωp is the plasma frequency, and ωτ is the relaxation fre-
quency. Furthermore, for the high optical frequencies (ω > ω2), we
extrapolated using17,26–28

ε′′
H(ω) =

A

ω3
. (A4)

Finally, using Eqs. (A2)–(A4), ε(iξ) is given by

ε(iξ)D = 1 +
2

π

∫ ω2

ω1

ω ε′′
exp(ω)

ω2 + ξ2
dω + ∆Lε(iξ) + ∆Hε(iξ) (A5)

with

∆Lε(iξ) =
2

π

∫ ω1

0

ωε′′
L(ω)

ω2 + ξ2
dω and∆Hε(iξ)

=
2

π

∫ ∞

ω2

ω ε′′
H(ω)

ω2 + ξ2
dω. (A6)

APPENDIX B: BRIEF THEORY

OF THE NONEQUILIBRIUM CASIMIR FORCE

As it has been shown in Ref. 30, when both components of the
actuating device are made from the same material, the nonequilib-
rium thermal force between them is given by

F
neq

th (T1, T2, z) =
1

2
[F

eq,pw

th (T1, 0, z) + F
eq,Ew

th (T1, 0, z)]

+
1

2
[F

eq ,pw

th (0, T2, z) + F
eq ,Ew

th (0, T2, z)]. (B1)

The contribution of the propagating waves in thermal equilib-
rium can be written as

Feq,PW(T, z) =
−−h

π2

∫ ∞

0

dω
1

exp
(

−hω
kBT

)

− 1

∫ K

0

dk⊥ k⊥ k0

×
∑

ν=s,p

Re(rν1 r
ν
2 exp(2id k0)) − |rν1 r

ν
2|
2

|Dν|
2

, (B2)

while for the evanescent component, we have

Feq,EW(T, z) =
−h

π2

∫ ∞

0

dω
1

exp
(

−hω
kBT

)

− 1

∫ ∞

k

dk⊥ k⊥ Im(k0)

× exp(−2d Im(k0))
∑

ν=TE,T

Im(rν1r
ν
2)

|Dν|
2

. (B3)
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Equations (B1)–(B3) describe the force per unit area, with
ω the real frequency, and Dν = 1 − rν1 r

ν
2 exp(2i k0 z). Both coef-

�cients rν1 and rν2 are de�ned in Appendix A with ki(i = 0, 1, 2)

=
√

εi(ω)(ω2/c2) + k2⊥ and ε (ω) = Re [ε (ω) ]+iIm[ ε (ω)].
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