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Abstract

Microfabricated electrostatic actuators are employed in a wide variety of microelectromechanical systems (MEMS) for applications
ranging from relays and switches to valves and displays. The rapid expansion of the set of materials available to MEMS designers motivates
the need for a systematic and rational approach toward the selection of materials for electrostatic actuators. We apply the Ashby methodology
to accomplish such a selection. The primary performance and reliability metrics considered are the actuation voltage, speed of actuation,
stroke (or displacement), actuation force, stored energy, electrical resistivity, mechanical quality factor, and resistance to fracture, fatigue,
shock, and stiction. The materials properties governing these parameters are the Young’s modulus, density, fracture strength, intrinsic residual
stress, resistivity, and intrinsic material damping. Materials indices are formulated by appropriate combination of these properties and a
graphical procedure for materials selection is presented. Our analysis suggests that diamond, alumina, silicon carbide, silicon nitride, and
silicon are excellent candidates for high-speed, high-force actuators; polymers for large-displacement, low actuation-voltage devices; and
aluminum for low-electrical resistivity, low actuation-voltage and high-speed actuators. The properties of composite actuator structures are

briefly discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrostatic forces are seldom considered for the actuation
of macroscale structures [1]. In contrast, electrostatic actua-
tors are widely employed as prime movers in a variety of
microelectromechanical systems (MEMS) [2—4]. The appli-
cations for such devices include electromechanical switches
and relays [5], optical switches [6], displays [2], valves [7],
flow control actuators [8], microscale mechanical testing
instruments and structures [9—13], and tunable vertical cavity
lasers [14]. As a consequence of their popularity and utility,
many aspects of the design of electrostatic actuators—the
nature of the pull-in electromechanical instability [11,15],
characteristics of the displacement during actuation [16—19],
shape and location of electrodes [20-23], speed-energy trade-
offs [24,25], optimization of the actuation force [26,27],
dynamics of actuation [28-30], the effects of residual stresses
and support compliance [31], and reliability [32]—have been
studied in detail.
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An important aspect of design that has received little
attention is the selection of materials for electrostatic actua-
tors [33]. Processing considerations have made silicon a
popular choice for actuator material, but recent advances in
micromachining techniques now enable the integration of a
number of different metals, alloys, ceramics, glasses, and
polymers into MEMS [34]. Examples of materials used to
fabricate electrostatic actuators include silicon dioxide [35],
aluminum [5], nickel [36], diamond [37,38], silicon carbide
[39], Ta—Si—N [7], and parylene [8]. As the MEMS mate-
rials set continues to expand, there is a clear need for a
rational and systematic approach toward the selection of
materials in micromechanical design.

An approach to materials selection in the design of macro-
scale structures has been suggested by Ashby [40,41]. We
have recently extended this approach to MEMS design [42].
In this paper, these techniques are applied to the selection of
materials for electrostatic actuators. Section 2 contains a brief
description of the important performance metrics of electro-
static actuators based on a lumped-parameter representation.
The materials properties governing these metrics are dis-
cussed in Section 3, leading to the formulation of materials
indices. Materials selection graphs, which are plots with axes
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Fig. 1. (a) Lumped-parameter representation of an electrostatic actuator.
(b) Schematic cross-section of a beam electrostatic actuator.

corresponding to different materials indices, are presented in
Section 4. Many electrostatic actuators are laminated com-
posite structures; the properties of such structures are briefly
discussed in Section 5.

2. Performance indices

A good first-order representation of a voltage-controlled
electrostatic actuator is the lumped-parameter model shown
in Fig. 1(a) [2]. When a potential difference is maintained
between the plate (of mass m) and the fixed ground elec-
trode, the magnitude of the electrostatic force (F,) acting on
the plate is given by [2]

eAV?
g (D

where ¢ is the permittivity of the air in the gap, A the area of
the plate, V the applied voltage, and g is the size of the gap
between the plate and the electrode. The mechanical force
(Fy) exerted by the spring on the plate is given by [2]

Fy = kd = k(go — &) 2

where k is the stiffness of the spring, g¢ the initial (unac-
tuated) gap size, and 0 is the displacement of the actuator.
The plate is in equilibrium when the two forces are equal.
The actuation voltage (V) is, hence, given by [2]

V:,/m 3)
eA

When the gap is reduced to two-thirds the initial size, i.e.
g = 2g0/3, the stability of the equilibrium is lost, and the
plate collapses (or pulls-in) onto the ground electrode [2].
From Eq. (3), the collapsing voltage (or pull-in voltage, Vpy)
is given by

e

8k
27eA
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The speed of actuation (s) is, to first-order, directly
proportional to the natural frequency of vibration (f) of
the spring—mass system [29]. This can be expressed as
socf = o/ )

2n Vm

The mechanical quality factor (Q) is a measure of the
damping of the actuator. Electrostatic actuators operated
under ambient conditions exhibit Q-values typically in the
range 10-200; air- and squeezed-film damping are typically
the dominant dissipative mechanisms. (The speed of actuation
of heavily damped actuators is expected to be independent of
the mechanical properties of the actuator material [29].)

The electrostatic energy (Ugiectrostatic) Stored in the actua-
tor is given by [2]

eAV?
UElectrostatic = —5— (6)

2g
and the elastic energy (Ugjasic) stored in the spring is given
by [2]

UElastic = %kgz @)

The stiffer the spring, the higher the energy stored in the
actuator.

3. Materials indices

The next step in the process of materials selection is to
express explicitly the various performance metrics as func-
tions of the applied load, structural geometry, and materials
properties. We illustrate this procedure using a prismatic
beam (of thickness A, width b, and length L) as the actuator
structure of interest (Fig. 1(b)); extensions to plates, mem-
branes, and other structures could be achieved using an
analogous calculation. In what follows, we discuss the
various properties of the beam sequentially. Failure due to
fatigue, shock, and stiction is also discussed.

3.1. Stiffness

The stiffness of the beam (kpeam) is given by [40]

F_ CEl

kbeam = 3 3’ M, =FE (8)

where F is the applied force, § the displacement, C; a
constant (dependent on the details of the loading and
boundary conditions), E the Young’s modulus, and I is
the moment of inertia of the beam. It is clear that the only
materials property governing the stiffness is the Young’s
modulus. This is identified as a materials index, M;. For
arbitrary beam geometry, loading, and boundary conditions,
the stiffness can be optimized (maximized or minimized) by
choosing materials with optimal values of M;. (Since the
actuation voltage is proportional to the square root of the
stiffness, it is convenient to define M, = VE.)
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3.2. Frequency

The frequency of flexural vibrations of the beam can be

expressed as [40]
E
\/ 1sz47 =15 ©)

where C, is a constant and p is the density. The materials
index, M3 is also the speed of propagation of longitudinal
waves in the material. Materials with high wave-speeds are,
therefore, good candidates for high-speed actuators.

3.3. Energy, force and stroke

From Egs. (1), (3), (7) and (8), it follows that the actuation
force and stored energy are directly proportional to the
stiffness. Therefore, the higher the value of M, the higher
the actuation force and energy. Conversely, the higher the
stiffness, the lower the displacement for a given force. The
maximum displacement (or stroke) of the actuator is limited
by the failure strength (o¢) of the material (yield and fracture
strength for ductile and brittle materials, respectively). The
displacement of the beam can be related to the maximum
tensile stress (gg) by the expression [40]

2L2 () Ot
3R E’ ‘T E
Materials with large values of M, are good candidates for
high-stroke actuators. It is important to note that the fracture
strength is a stochastic variable and is sensitively dependent
on the processing conditions.

(10)

3.4. Electrical resistivity

In some applications, for example, in low-loss microwave
switches [5], it is desirable for the actuating electrode to
have a low electrical resistivity (p.). Therefore,

Ms = p, (1)

3.5. Residual stress

Micromachined structures fabricated using deposited thin
films are invariably in a state of residual stress. These
stresses can influence the actuation voltage, speed of actua-
tion, and reliability of electrostatic actuators [2]. The mag-
nitude of the intrinsic residual stress in a micromachined
structure is sensitively dependent not only on the processing
technique used, but also on the details of the processing
parameters (argon pressure in sputtering, temperature of
deposition in chemical vapor-deposition, etc.). For the pur-
poses of materials selection, it is important to note that, for
many metals and ceramics, the residual stress can be tuned
over a wide range of several hundred megapascals by
appropriate choice of process parameters [42].

3.6. Mechanical quality factor (Q)

The quality factor (Q) of a resonator is proportional to the
ratio of the maximum potential energy to the total energy
dissipated per cycle of vibration. The quality factors of
microdevices operated under ambient conditions are, to
first-order, independent of materials properties. However,
in vacuum-operated devices with suitably engineered sup-
port structures, the intrinsic material damping becomes the
dominant mechanism of dissipation [43,44]. As initial
design values for intrinsically limited O, we suggest the
following bounds for various classes of materials [42]:

10* < Q < 107 (ceramics)
10° < Q0 < 10° (metals) (12)
0 < 10? (polymers)

3.7. Stiction

Stiction refers to adhesion-induced immobilization of
mechanical elements. Such immobilization can occur when
a collapsing force (due to capillarity, shock, actuation, etc.)
brings adjacent structures into contact and solid—solid adhe-
sion prevents separation. From a materials viewpoint, an
approach to reduce stiction is by the use of low-energy self-
assembled coatings (see, forexample, [45]). These coatings are
sufficiently thin (approximately a few nanonmeters) as to have
negligible effect on the mechanical properties of the structure.

3.8. Fatigue resistance

Structures that are subjected to repeated stress cycles may
fail at stresses significantly lower than the fracture strength.
Fatigue-induced damage of MEMS structures is currently a
topic of active research [46]; the fatigue life of a device is
typically evaluated experimentally. Anecdotal evidence sug-
gests that the resistance to fatigue increases with decreasing
length scale. Lifetimes in excess of 10° cycles have been
reported in polysilicon [10], aluminum [5], silicon dioxide
[35], and nickel [36] microfabricated structures.

3.9. Shock reliability

Many electrostatically actuated devices can be subjected
to shock loads during fabrication, deployment, or operation.
The common modes of failure in shock environments
include delamination, fracture, and stiction [32]. The selec-
tion of materials for improved shock reliability has pre-
viously been discussed [42].

4. Materials selection charts

The optimal values of the performance metrics are strongly
application-dependent. For instance, a low actuation voltage
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is desirable in many applications including displays and
switches, whereas a high actuation voltage is essential in
applications requiring large forces. Similarly, a high mechan-
ical quality factor (Q) improves the performance of sensors,
whereas a low Q leads to improved dynamic behavior in
displays [2] and switches [30]. Moreover, some performance
metrics can impose conflicting demands on the materials
indices, a common example being the combination of
high speed (i.e. high \/E/p) and low actuation voltage
(i.e. low VE).

A convenient method of comparing and selecting materi-
als based on the relative values of their materials indices is
through the use of materials selection charts [40]. These are
graphs with axes corresponding to different materials
indices; the scale on each axis is chosen to accommodate
all materials of interest. A common feature of such charts is
that, in general, materials of a class (i.e. metals, ceramics,
polymers) tend to cluster together. These charts can be used
not only to identify optimal materials choices for each
performance metric, but also to identify optimal trade-offs
when the metrics are in conflict.

Fig. 2 is a materials selection chart for existing micro-
fabricated materials with axes of /E and +/E /p. It is clear
that the materials that maximize speed also require high
actuation voltages, and vice versa. A trade-off line can be
identified as shown on the figure [41]. Materials that lie on,
or close to, this line are the best candidates for actuators; the
choice depends on the relative importance of speed and
actuation voltage. Candidate materials for actuators requir-
ing a high speed of operation are diamond, silicon carbide,
alumina, silicon nitride, and silicon. Similarly, polymers,
lead and tin are the materials of choice when the actuation
voltage is to be minimized, although linearity and hysterisis
in mechanical response may be issues. For combinations
of modestly high speeds and low actuation voltages, Fig. 2
suggests that silicon dioxide, quartz, aluminum, and
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Fig. 2. A materials selection chart with the wave-speed \/ E/p plotted
against the square root of the Young’s modulus.
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Fig. 3. A materials selection chart with the Young’s modulus (E) plotted
against the ratio of the fracture strength (g¢) to the Young’s modulus.

titanium are good candidates. As the MEMS materials set
continues to expand, the coordinates of new materials can be
located on charts such as these to evaluate their utility for
various applications.

Next, we address the force and stroke of the actuator. Fig. 3
is a materials selection chart with axes of £ and (¢/E). From
Figs. 2 and 3, materials for large-force actuators are dia-
mond, alumina, silicon carbide, titanium carbide, tantalum
carbide, tungsten carbide, and tungsten. Polymers are very
attractive candidates for large-stroke actuators. As men-
tioned previously, the fracture strength depends strongly
on the processing conditions. The nominal values shown
in Fig. 3 are intended to guide only the initial choice of
materials. Experimental determination of fracture strengths
is usually required to narrow the choice of materials.

As mentioned earlier, a low value of the electrical resis-
tivity is required in some applications. Figs. 4 and 5 are
materials selection charts with the electrical resistivity
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Fig. 4. A materials selection chart with the wave-speed \/E/p plotted
against the electrical resistivity.
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Fig. 5. A materials selection chart with the Young’s modulus (E) plotted
against the electrical resistivity.

(at 300 K) plotted against the wave-speed and the Young’s
modulus, respectively. The large range of resistivity values
indicated for silicon, silicon carbide, diamond, and polymers
is indicative of their sensitivity to doping. The Young’s
modulus and density are relatively weak functions of the
doping concentration and only the nominal values of these
properties are shown in Figs. 4 and 5. Of the materials that
exhibit the lowest resistivities (silver, copper, gold and
aluminum), aluminum has the best combination of high
wave-speed and low Young’s modulus and is therefore
the best choice for high-speed and low actuation-voltage
devices. Copper is the best choice if large actuation forces
are required. For applications requiring low resistivity and
low actuation voltages, Fig. 5 suggests that conductive
polymers (such as doped polyaniline [47]) are attractive
choices. Such polymers are not widely used in MEMS
applications at present.

5. Selection of composite materials

The structures discussed thus far have been considered
to be monolithic. In practice, many electrostatic actuators
are composites, typically a laminate of two layers. The
motivation for such structures is the ability to combine
multiple functionalities with desirable structural proper-
ties. A common example is a thin metallic electrode layer
(of thickness %) deposited on a thicker dielectric layer (of
thickness h,). The volume fractions (f) of the two materials
are given by

hl h2

N P hem

(13)
where the subscripts 1 and 2 refer to the electrode and
dielectric layers, respectively. The properties of the com-
posite structure can be related to the properties of the
individual components using well-established formulae. In

particular, the density of the composite structure is given
by [48]

p =fipy + 1202 (14)
Similarly, bounds for the values of the Young’s modulus are
given by [48]

E\E;
hHE, +fHE;
As an example of the application of these relationships,
consider the cantilever switch structure reported by Yao
and Chang [35], which has an aluminum electrode layer of
thickness 0.25 pm deposited on a silicon dioxide structural
layer of thickness 2 um. Using p,; = 2710 kg/m?, Psio, =
2200 kg/m®, Ea; = 69 GPa, and Es;o, = 73 GPa [3], it fol-
lows that the density of the composite structure is 2256 kg/m”;
the bounds for the Young’s modulus converge to 72.5 GPa.
These properties of the composite can then be located on the
appropriate materials selection charts.

Other aspects of the selection of the components of
composite structures, including the selection of contact
materials [49] and dielectrics [33], have previously been
addressed in the literature.

<E<f]E| —|—f2E2 (15)

6. Conclusions

As the set of materials available to MEMS designers
expands, there is a clear need for a systematic approach
to the selection of materials for various applications. We
have described the use of one approach, namely the Ashby
methodology, for the initial selection of materials in elec-
trostatically actuated microdevices. Performance metrics
and materials indices were formulated, and materials selec-
tion charts were presented. Our analysis suggests that dia-
mond, alumina, silicon carbide, silicon nitride, and silicon
are excellent candidates for high-speed, high-force actua-
tors; polymers for large-displacement, low actuation-voltage
devices; and aluminum for low-resistivity, low actuation-
voltage and high-speed actuators.

The effects of residual stresses, intrinsic damping coeffi-
cient, fatigue resistance, shock reliability, and stiction resis-
tance on the selection of materials was discussed, along with
the properties of composite structures. As the MEMS mate-
rials set expands, the coordinates of new materials can be
located on the appropriate materials properties charts to
determine their utility for various applications. Equally, as
MEMS technologies continue to evolve, we expect that other
reliability concerns will be identified (aging of polymeric
structures, for example). These mechanisms will have to be
included in the framework for materials selection.
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