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LOW-VOLTAGE MICRO-SWITCH ACTUATION TECHNIQUE

PRIORITY INFORMATION

This application claims priority to United States Provisional Patent Application No.

60/533,127, filed December 30, 2003 which is incorporated herein by reference in its

entirety.

BACKGROUND OF THE INVENTION

The invention relates to the field of micro-electro-mechanical systems (MEMS), and
in particular a new actuation technique for MEMS switching that injects the energy required
to actuate a switch over a number of mechanical oscillation cycles rather than just one.

In MEMS parallel plate and torsional actuators, the pull-in phenomenon has been
effectively utilized as a switching mechanism for a number of applications. Pull-in is the
term that describes the snapping together of a parallel plate actuator due to a bifurcation
point that arises from the nonlinearities of the system. Typically the analysis of the pull-in
phenomena is performed using quasi-static assumptions. However, it has been shown that
under dynamic conditions, the pull-in voltage can be different from what the quasi-static
analysis predicts. In a torsional switch, the pull-in voltage is found to be 8V when the
voltage is slowly ramped up whereas when the voltage is applied as a step function, the pull-
in voltage is only 7.3V.

Micro-electro-mechanical system (MEMS) switches based on parallel plate
electrostatic actuators have demonstrated impressive performance in applications such as RF
and low frequency electronic switching as well as optical switching. However, these devices
have not yet become significantly commercialized. One of the reasons for this 1s that these
switches tend to have operating voltages higher than what is normally available from an
integrated circuit. Voltage up-converters are therefore necessary for these devices to operate
in commercial applications which add cost, complexity, and power consumption. While
some electrostatic MEMS switches have been designed for low voltage operation by
decreasing the structure stiffness, this has so far only been with a significant sacrifice in
reliability and performance. There are other actuation techniques, such as thermal or
magnetic, that operate with lower voltages, however these are significantly slower than

electrostatic switches and also consume much more power.
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SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided an electro-mechanical
switch structure. The switch structure includes at least one fixed electrode and a free
electrode which is movable in the structure. There is a voltage potential applied between
each fixed electrode and the movable electrode. The voltage potentials are modulated in
such a way as to inject energy into the mechanical system until there is sufficient energy in
the mechanical system to achieve actuation of the electromechanical switch structure.

According to one aspect of the invention, there is provided a method of forming an
electro-mechanical switch structure. The method includes providing at least one fixed
electrode and a free electrode that is movable in the structure. There is also provided voltage
potentials applied between each fixed electrode and the free electrode. The voltage
potentials are modulated in such a way as to inject energy into the mechanical system until
there is sufficient energy in the mechanical system to achieve actuation of the

electromechanical switch structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1A-1B are schematic diagrams of a cantilever beam implementation of a
parallel plate actuator, and its corresponding lumped parameter model, respectively;

FIG. 2 is a graph illustrating the voltage for a given maximum overshoot for various
levels of dampening;

FIG. 3 is a schematic diagram illustrating a lumped parameter model of a torsional
electrostatic actuator;

FIG. 4 is a graph comparing a parallel plate actuator’s quasi-static equilibrium curve,
the maximum overshoot due to a step input voltage curve, and the numerical and analytical
results of the system limit cycle due to a modulated voltage input;

FIG. 5 is a graph of the ratio of the modulated pull-in voltage to the quasi-static pull-
in voltage and the ratio of the step pull-in voltage to the quasi-static pull-in voltage as a
function of the quality factor, Q, of the mechanical system; and

FIG. 6A-6B are schematic drawings of lumped parameter models of a parallel plate
and torsional actuator, respectively, where the actuators are composed of two fixed

electrodes and one movable electrode.

DETAILED DESCRIPTION OF THE INVENTION
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The invention involves a technique that will allow the operation of MEMS switches

with a significantly lower voltage without decreasing the stiffness. The actuation time will
become slower but with the reduction in voltage that is potentially possible, some of this
speed can be recovered by making the structure stiffer. This will have the side benefit of
making the switch more reliable by reducing the chance of failure by stiction.

The technique described herein uses a modulated actuation voltage rather than the
standard DC actuation voltage. This increases the complexity of the drive circuitry but
allows the elimination of the off-chip voltage upconverters that would otherwise be
necessary.

Consider the geometry shown in FIG. 1A, which illustrates a cantilever beam
implementation of a parallel electrode actuator 2. The parallel electrode actuator 2
includes a free electrode 4, a fixed electrode 6, a voltage source 8 that is applied between
the fixed electrode 6 and free electrode 4, and a substrate 10 where the fixed electrode is
formed on. The free electrode 4 is movable along the vertical direction. An end portion
of the free electrode 4 is coupled on an insulating slab 12. The insulating slab 12 permits
the free electrode to be movable along the vertical axis at its end opposite to the insulating
slab. A conducting material is used to form the electrodes 4, 6. The substrate 10 could be
Si, but in other embodiments the substrate can be GaAs or the like without diminishing the
performance of the actuator. Although it is mot shown in FIG. 1A, an electrically
insulating layer is required between the fixed electrode 6 and the free electrode 4. This
insulating layer could be a non-conducting material such as silicon oxide or silicon nitride
or could be simply a gap formed due to the geometry of the switch.

FIG. 1B shows a lumped parameter model 20 of the parallel plate actuator 2. The
parallel plate actuator 2 is modeled as a free electrode 22 suspended by a damped spring
24 over a fixed electrode 26. The distance between the free electrode 22 and fixed
electrode 26 is d,. A voltage source 28 is coupled between the fixed 26 and free 22
electrodes. The direction of movement of free electrode 22 is defined by the x-direction.

The equation of motion for this system is

eAV*
2(do _x)z ’

where m is the mass of the cantilever 22, b and & the damping coefficient and stiffness of

mi+bx+kx = EQ. 1
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4
the spring 24, respectively, ¢ is the DC dielectric constant of the surrounding medium, 4

is the area of overlap between the fixed electrode 26 and the free elecirode 22, d, is the
zero-potential spacing between the two electrodes 22, 26. The dynamic variable x is the
displacement of the cantilever 22 from the position d, in response to the application of the
potential V.

It is well known that the system 20 of FIG. 1B experiences a bifurcation when V

exceeds the value

8kd,’
Yn =\ 2754 FQ.2

For V<V

pis

the cantilever possesses a stable equilibrium position within 0 < x <
d,. This equilibrium position is found by assuming quasi-static conditions (X ~ x =~ 0) with
respect to EQ. 1. The stable equilibrium is then given by the root of the cubic equation
eAV?
Z(do =X, )2

that satisfies 0 < x,, < dy/3. When V > V,

i

EQ. 3

Gq=

there is no root to EQ. 3 in the range [0, d,].
The only remaining equilibrium is x,,> d,. Because of this property, the cantilever 22
"snaps" to the ground electrode 26; for this reason, V) is referred to as the "pull-in
voltage."

The pull-in calculation is usually done for the quasi-static case, as in EQ. 3. For
parallel plate MEMS devices that have significant damping or if the applied voltage is
slowly ramped up to the pull-in voltage (compared to the system time constant), the quasi-
static analysis captures pretty well the actual pull-in voltage of the system. However, if the
damping is small, the pull-in behavior of the MEMS device may be significantly affected
by the dynamic response of the device to an applied voltage.

Perhaps the most common signal applied to parallel plate MEMS devices is a step
voltage. For low damping, the response of the structure to a step input causes the structure
to overshoot the equilibrium position. If the overshoot is large enough, pull-in could
potentially occur at voltages lower than V.

For the step response analysis, the applied voltage will take the form
V(t)=V,U() EQ. 4

where U(t) is a unit step function and V, is the magnitude of the voltage.
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5
Due to the nonlinear nature of the parallel plate model 20, finding an analytical

solution for the step response of the system 20 is difficult. However, by analyzing the
energy of the system 20, the important features of the system 20 response, such as
overshoot and pull-in, can be identified.

Initially, the system 20 is at rest and has no stored energy. The applied voltage then
injects energy into the system 20. The system 20 proceeds to store energy as both kinetic
and potential energy, and also dissipates energy through damping. The energy balance of
the system 20 can thus be written as follows
Eiiected = Exinetic = Epotentiat = Latissipatea = 0- EQ. 5

The lowest possible pull-in voltage occurs when the overshoot has its maximum
value. The overshoot can be maximized by setting the damping to zero. Under this
condition, no energy is lost to dissipation and, hence, the energy dissipation term in EQ. 5
can be set to zero.

When the system is at its point of maximum overshoot, all of the stored energy is
in the form of potential energy. The velocity and therefore the kinetic energy are zero at

that point. The stored potential energy can be expressed as

lkx2 EQ. 6

potential — E max

E

where x,,, is the maximum overshoot.
The energy injected into the system 20 by the applied voltage can be found by

integrating the force of the actuator over the displacement as follows

™ AV eAV, x
Ein'ece = = — . EQ 7
vected 0 2(do_x)2 2dO (dO _xmax)

Combining EQs. 5, 6, and 7, and setting the kinetic and dissipated energy terms to
zero, gives the following expression for the step voltage as a function of maximum
overshoot

nz\/ﬁwﬂﬁ_ HO. 8
&4

Taking the derivative of EQ. 8 and setting it to zero (%0— = 0) gives

d

0
X = —
‘max ?
2

EQ.9
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which is the largest maximum overshoot that can be achieved without pull-in occurring. The

step voltage associated with this overshoot is analogous to the quasi-static pull-in voltage
expressed in EQ. 2. Both voltages give the critical voltage above which the structure
experiences pull-in. For this reason, we will refer to the step voltage associated with the

overshoot expressed in EQ. 9 as the step pull-in voltage, V,

i~ Lhe step pull-in voltage is

given by

kd’
V.=,/ 0o EQ. 10
P Nded Q

Taking the ratio between the step pull-in voltage, V,,;, and the quasi-static pull-in

voltage, V,;, gives
V.. /
s _ 27 ~0.919, EQ. 11
Vy 32

which indicates that the step pull-in voltage, for the ideal case of no damping, is about
91.9% of the quasi-static pull-in voltage.

Simulations of the response of the system to a step voltage signal that include
damping indicate that for moderate to low damping (Q > 10), the step pull-in voltage
stays relatively close to 91.9% of the quasi-static pull-in voltage. As the system damping
increases, the step pull-in point follows the quasi-static equilibrium curve up until it
reaches the quasi-static pull-in point, as shown in FIG. 2.

In particular, FIG. 2 is a graph that demonstrates the required voltage for a given
maximum overshoot for various levels of damping (Q values). As the quality factor of the
system decreases, the step pull-in voltage moves from the ideal step pull-in voltage with no
damping to the quasi-static pull-in voltage value.

FIG. 3 illustrates a model 30 for a torsional electrostatic actuator. The model 30
includes a rotational plate 32, a fixed plate 34, a torsional spring 36, a torsional damper
31, and a voltage source 38. The rotational plate 32 rotates about the point where the
spring 36 is attached. The energy injected into the system 30 up to the point of maximum
overshoot is given by

e WV LO Lo 1 a1 L8 L
+In| 1-=—||d0 =—=ewV?*| —In| 1 -—=2= |+ — | EQ. 12
260° {do—LH ( doﬂ 2 [9 ( d, ) dJ Q

max

where L is the length of the rotating plate from the center of rotation to the plate tip, w is
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the width of the rotating plate, d, is the initial separation between the plates, and 6 is the

rotational displacement.
The energy stored in the system at the maximum overshoot is

%k,ez, EQ. 13

where k, is the spring constant.

If it is assumed that no damping is in the system 30, then the energy injected will
always be equal to the energy stored. This allows us to equate EQs. 12 and 13. By solving
for the voltage, a relationship giving the necessary step voltage to achieve a given
overshoot is found. This maximum of the EQ. 13 also indicates the step pull-in voltage for
a torsional parallel plate actuator. Note the gfaph of the voltage for a given maximum
overshoot for various levels of damping (Q values) in the torsional case is similar to the
graph illustrated in FIG. 2.

Although the embodiment of the invention shown in FIG. 1 is better represented by
the above discussed torsional actuator model, the invention can be embodied equally well
by a parallel plate actuator, a torsional actuator or some other different embodiment
whereby one of the electrodes is free to move under electrostatic actuation with respect to
another, fixed, electrode. For sake of simplicity the following description will refer to the
case of the parallel plate electrode, although, as shown above, very similar results can be
achieved for a different actuation model.

In the case of a modulating potential in a parallel plate actuator, with the following
relationship defining the pofential
{VO if >0

0 otherwise

EQ. 14

In this instance, energy is input into the mechanical system with each cycle. Also, for each
cycle a certain amount of energy is lost due to damping. After some number of cycles,
there are two possible outcomes to this situation. Either the system will reach a point
where the energy input equals the energy lost per cycle, or the system will reach a pulled-
in state. For now it is assumed that the system reaches a limit cycle. The energy balance at
the limit cycle is

Einjected = Edissipated' EQ. 15

The energy injected per cycle at the limit cycle is
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X,

‘max 2
_ EAV? EAVY X o
injected ~ j

Z(do—x)z =(d02—x2max)’ EQ. 16

~Xmax

where x,,,, refers to the amplitude of the limit cycle, for the modulated signal case.

The energy dissipated is found indirectly by using the definition of the quality
factor along with the stored energy in the system. The quality factor definition is
Q= ZEM-. EQ. 17

dissipated

By using this in the derivation, it assumes that the displacement is sinusoidal in time. Due
to the nonlinearities of the system, this is not exactly true. However, for high Q values the
assumption has very little effect and even for Q values as low as 10, reasonably accurate
results are obtained.

The energy stored in the system is, in general, the sum of the kinetic and potential

energy at any given instant. However, at the point of maximum displacement, x,,, all of

the stored energy is in the form of elastic potential energy. This energy is expressed as

1
E stored — _2—

o max. EQ. 18

By combining EQs. 15, 16, 17, and 18, it is possible to find a relationship for the

voltage required for a given amplitude limit cycle. This relationship is

I (A’ =% )
v, = \/ 30 . EQ. 19

The amplitude of the limit cycle which corresponds to the maximum voltage that

leads to a limit cycle can be found by taking the derivative of EQ. 19 and setting it to zero

(-ddxﬁ = Oj . The amplitude of the maximum amplitude limit cycle is therefore

X =—, EQ. 20

The voltage associated with the limit cycle amplitude in EQ. 20 is referred to as the

modulated pull-in voltage, V,

mpi*

For any voltage, V,, above this voltage, the system will

pull-in. By combining EQs. 19 and 20, the modulated pull-in voltage is found to be

27kd)
V = |—2—. EQ. 21
™ =\33e0 ¢
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The ratio of the modulated pull-in voltage, Vmpi to the quasi-static pull-in voltage,

|2
—mpi é&zz.oz\/__l: EQ. 22
V, \l 40 Q

This indicates that for a system with a quality factor of 100, the modulated pull-in voltage

Vpi, 1S

would be only 20% of the quasi-static pull-in voltage. This is a significant decrease in the
required pull-in voltage. Systems with higher quality factors can have even lower
voltages. A quality factor of 1000 would lower the required voltage to less than 7% of
the quasi-static pull-in voltage. This relationship between the quality factor and the
required pull-in voltage is shown in FIG. 4 and FIG. 5. Note similar results are attained
for the torsional case.

Any waveform (sine, sawtooth, square, etc.) could be used to inject energy into the
mechanical. In applying the waveform, the frequency of the waveform must match the
resonant frequency of the MEMS structure. The MEMS resonant frequency actually varies
depending on the size of the gap at a particular instant so the frequency of the applied
signal needs to be altered as the mechanical oscillations increase in amplitude. Modulating
the actuation signal according to EQ. 14 automatically alters the frequency of the actuation
signal to match the variations in the mechanical resonant frequency. Of all waveforms, a
square waveform (EQ. 14) will inject the most energy per cycle of any waveform with a

given amplitude, and therefore provides actuation with the lowest possible voltage.

To achieve a modulated signal based on the state of the system, as defined in EQ.
14, a feed-back control system may be necessary. This feed-back control system would
need to include a sensing mechanism to sense the state of the system. Capacitive or optical
sensing are two possible methods to sense the state of the system. A possible alternative to
a feed-back control system would be a open-loop system that is carefully calibrated to
match the resonance frequency changes of the system during the pull-in (switching)

operation.

With one fixed electrode, energy is input during only half of the mechanical
oscillation cycle. By including a second fixed electrode on the opposite side of the
movable electrode, as shown in FIG. 6A and 6B, energy can be injected during the entire

mechanical oscillation. This is accomplished by modulating the voltage pOtential applied
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between the first fixed electrode and the free electrode according to EQ. 14 and the

voltage potential applied between the second fixed electrode and the free electrode being
modulated according to
| Vifx<0

= , EQ. 23
2 {0 otherwise Q

Using two fixed electrodes in this way allows for an even further reduction in the voltage
necessary for pull-in (the additional reduction is roughly a factor of one over the square
root of two for an arrangement where the fixed electrodes are symmetrically located with
respect to the movable electrode).

In particular, FIG. 6A shows a model of a parallel plate actuator 70 having two
fixed electrodes 72, 74 and one movable electrode 76. In addition, the model 70 includes
a damper 78 and spring 80. The fixed electrodes 72, 74 are coupled to voltage sources V1
and V2. The resistors R in the electrical circuit represent the intrinsic resistance in the
wires connecting the voltage sources to the electrodes.

Moreover, FIG. 6B shows a model 82 of a torsional actuator having two fixed
electrodes 84, 86 and movable electrode 88. In addition, the model 82 includes a spring
90. The fixed electrodes 84, 86 are coupled to voltage sources V1 and V2, respectively.

There are a number of electrostatic MEMS switches that can benefit from this
actuation technique. Some of these variations include cantilever and bridge parallel plate
electrostatic actuators, torsional electrostatic MEMS switches, and horizontal “zipper”
type electrostatic MEMS actuators.

The two main disadvantages to this actuation technique is that the switching time
becomes longer and to get quality factors greater than about ten, the switch needs to be
packaged in a vacuum package. These disadvantages are not that significant for many
MEMS switching applications. For many MEMS switches, reliable operation already
depends on a hermetically sealed package, which costs nearly the same as a vacuum
package. The switching time can also be overcome to some extent. The significantly lower
voltage requirements allow stiffer MEMS designs to be used. This leads to higher resonant
frequencies which offsets to some extent the longer switching times required due to the
multiple oscillations.

Because of the low damping (high Q) required for this pull-in technique, when the

structure is released it will experience a long period of oscillations before it settles to its
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equilibrium position. To minimize this oscillation period, the inverse of the actuation rules

set by EQs. 14 and 23 can be used to damp the oscillations in a much shorter time. The
effect is essentially the inverse of what happens with pull-in. Instead of injecting energy
into the mechanical system during each oscillation, energy is removed with each

5 oscillation. Like the pull-in technique, this would work with both the single fixed electrode
implementations as well as with the two fixed electrode implementations.

Although the present invention has been shown and described with respect to several
preferred embodiments thereof, various changes, omissions and additions to the form and
detail thereof, may be made therein, without departing from the spirit and scope of the

10 invention.

‘What is claimed is:
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CLAIMS

1. An electro-mechanical switch structure comprising:

at least one fixed electrode; and

a free electrode movable in said structure with a voltage potential applied between
each fixed electrode and the free movable electrode, wherein

said voltage potentials are modulated to actuate said electro-mechanical switch

structure.

2. The electro-mechanical switch of claim 1, wherein said free electrode is movable on a

vertical axis.

3. The electro-mechanical switch of claim 2, wherein said at least one fixed electrode

comprises a single electrode.

4. The electro-mechanical switch of claim 2, wherein said free electrode is parallel to said at

least one fixed electrode.
5. The electro-mechanical switch of claim 1, wherein said free electrode rotates on an axis.

6. The electro-mechanical switch of claim 5, wherein said at least one fixed electrode

comprises a single electrode.

1 7. The electro-mechanical switch of claim 2, wherein said at least one fixed electrode

comprises two or more electrodes.

1 8. The electro-mechanical switch of claim 5, wherein said at least one fixed electrode

comprises two or more electrodes.

9. The electro-mechanical switch of claim 1, wherein said modulated signal comprises a

square wave signal.

10. The electro-mechanical switch of claim 1, wherein said modulated signal comprises a

saw-tooth signal.

11. The electro-mechanical switch of claim 1, wherein said modulated signal comprises a



2

WO 2005/069331 PCT/US2004/036359

13
sine wave signal.

12. The electro-mechanical switch of claim 1, wherein said applied voltage potentials are
modulated in such a way as to inject energy into the mechanical system during plural

oscillation cycles of said electromechanical structure.

13. The electro-mechanical switch of claim 1, wherein a feed-back control system modulates

the voltage signals based on the state of the system.

14. The electro-mechanical switch of claim 1, wherein a calibrated open-loop control system
modulates the voltage signals to follow the resonant frequency changes experienced during

actuation.

15. The electro-mechanical switch of claim 1, wherein said applied voltage potentials are

modulated in such as way as to remove energy from the mechanical system to minimized

3 mechanical oscillations upon release.

WD W N =

16. A method of actuating electro-mechanical switch structure comprising:

providing at least one fixed electrode;

providing a free electrode that is movable with a voltage potential applied between
each fixed electrode and the movable electrode, wherein the applied voltage potentials are

modulated to actuate said electro-mechanical switch structure.

17. The method of claim 16, wherein said free electrode is movable on a vertical axis.

1 18. The method of claim 17, wherein said at least one fixed electrode comprises a single

electrode.

19. The method of claim 17, wherein said free electrode is parallel said at least one fixed

electrode.
20. The method of claim 16, wherein said free electrode rotates on an axis.

21. The method of claim 20, wherein said at least one fixed electrode comprises a single

electrode.

22. The method of claim 17, wherein said at least one fixed electrode comprises two or

more electrodes.
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23. The method of claim 20, wherein said at least one fixed electrode comprises two or

more electrodes.

24. The method of claim 16, wherein said modulated signal comprises a square wave signal.
25. The method of claim 16, wherein said modulated signal comprises a saw-tooth signal.
26. The method of claim 16, wherein said modulated signal comprises a sine wave signal.

27. The method of claim 16, wherein said applied potentials are modulated in such a way as
to inject energy into the mechanical system during plural oscillation cycles of said

electromechanical structure.

28. The method of claim 16, wherein a feed-back control system modulates the voltage

signals based on the state of the system.

29. The method of claim 16, wherein a calibrated open-loop control system modulates the

voltage signals to follow the resonant frequency changes experienced during actuation.

30. The method of claim 16, wherein said applied voltage potentials are modulated in such
as way as to remove energy from the mechanical system to minimized mechanical

oscillations upon release.
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