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(57) Abstract: The present invention relates
to a MEMS switch and a method of operating
a MEMS switch, in order to reduce impact
stress. Several MEMS suffer from a so-called
zipping effect. This zipping effect can take
place in MEMS switches consisting of spring-
suspended membranes, cantilevers or double-
clamped beams which are actuated electrostat-
ically and operated at pull-in. A capacitive
MEMS switch consists of a free hanging up-
per clectrode suspended by one or more
springs above a fixed lower electrode. The de-
vice is switched between a state of low capaci-
tance to a state of high capacitance by apply-
ing e.g. a DC potential between the two elec-
trodes. This DC potential pulls the upper elec-
trode towards the bottom electrode, leaving a
thin separation determined by an isolation lay-
er that is present on top of the lower electrode.
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MEMS SWITCH WITH REDUCED IMPACT STRESS

FIELD OF THE INVENTION

The present invention relates to a MEMS switch and a method of

operating a MEMS switch, in order to reduce impact stress.

BACKGROUND OF THE INVENTION

Microelectromechanical systems (MEMS) are the technology of the
very small, and merge at the nano-scale into nanoelectromechanical systems (NEMS)
and nanotechnology. MEMS are also referred to as micromachines (in Japan), or
Micro Systems Technology - MST (in Europe). MEMS are separate and distinct from
a hypothetical vision of Molecular nanotechnology or Molecular Electronics. MEMS
are made up of components between 1 to 100 um in size (i.e. 0.001 to 0.1 mm) and
MEMS devices generally range in size from a 20 um to a millimeter. They usually
consist of a central unit that processes data, the microprocessor, and several
components that interact with the outside such as microsensors. At these size scales,
the standard constructs of classical physics do not always hold true. Due to MEMS'
large surface area to volume ratio, surface effects such as electrostatics and wetting
dominate volume effects such as inertia or thermal mass.

Several MEMS suffer from a so-called zipping effect, which will be
explained in the remainder of this application. This zipping effect can take place in
MEMS switches consisting of spring-suspended membranes, cantilevers or double-
clamped beams which are actuated electrostatically and operated at pull-in.

A capacitive MEMS switch consists of a free hanging upper electrode
suspended by one or more springs above a fixed lower or bottom electrode. In a
MEMS upper and lower electrode may be interchanged. The device is switched

between a state of low capacitance to a state of high capacitance by applying e.g. a
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DC potential between the two electrodes. This DC potential pulls the upper electrode
towards the bottom electrode, leaving a thin separation determined by an isolation
layer that is present on top of the lower electrode.

The transition of the switch from an open to a closed state (and vice
versa) is governed by:

An electrostatic force caused by a potential difference between the
upper and lower electrode. This force increases with the inverse of the squared
distance that remains between the two electrodes. Just before contact, the remaining
distance to the lower electrode is small, and hence the electrostatic force is large.

A stiffness of springs with which the upper electrode is suspended. The
springs generate a vertical restoring force that increases linearly with their
displacement.

A flexibility of the upper electrode (or membrane). Due to a finite
rigidity of the membrane, not only the springs are deformed, but also the membrane
becomes slightly bent.

And the interplay of these above effects.

In many practical MEMS switch layouts, the springs are connected at
the corners of the membrane, as shown in figure 1. In Fig. 1, also the deformed shape
at first contact (in the middle of the membrane) is schematically illustrated.

The zipping effect of the membrane, and the corresponding high
acceleration of the membrane corners and spring ends, generates unwanted vibrations
in the springs, as measured with an interferometric setup (see Fig. 2). These vibrations
may result in plastic deformation or fatigue, reducing the reliability of the device.

Thus, prior art MEMS suffer from a variety of unwanted and undesired
effects, as is described above, resulting in the problems as described.

The present invention is aimed at solving one or more of the above
mentioned problems, and specifically to reduce the excessive vertical acceleration of

the membrane near the springs of the upper membrane.

SUMMARY OF THE INVENTION
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The present invention relates to a capacitive MEMS switch layout for
reduced impact stress comprising an upper electrode having a zipping motion, one or
more anchors, one or more springs having a first attachment to the upper electrode
and a second attachment to an anchor, and a fixed lower clectrode, characterized in
that the zipping motion is characterized by at least one vector which at least one
vector has substantially no component directed towards and ending close to or at any
first attachment, and to a method of reducing impact stress, specifically in MEMS
switches such as the capacitive MEMS switch according to the invention, by time
varying actuation voltage applied to a first electrode involving at least two voltage
levels, preferably cyclic time varying, wherein after the switch has commenced
closure by applying a first voltage level that is higher than the static pull in voltage of
the switch and before complete closure of the switch the actuation voltage is lowered
by applying at least one second voltage level that is at closure higher than the static
pull out voltage of the switch.

Thereby, excessive vertical acceleration of the upper electrode, such as
a membrane, near the springs of the upper electrode is reduced, as well as plastic
deformation and/or fatigue is reduced, and reliability and lifetime of the device are
improved.

It has been found after intensive research that the position of
attachment of the springs at the membrane also governs the transition of the switch
from open to closed state. The springs not only exert a vertical spring force on the
membrane, but also a bending moment which has an effect because the membrane is
not perfectly rigid.

Further, squeeze film damping between the upper and lower electrode
plays a role in this respect.

Typically the present capacitive switch is characterized in that the net

torsion of the one or more springs during operation is substantially equal to zero.

DETAILED DESCRIPTION OF THE INVENTION

In a first aspect the present invention relates to a capacitive MEMS

switch layout for reduced impact stress comprising an upper electrode having a
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zipping motion, one or more anchors, one or more springs having a first attachment to
the upper electrode and a second attachment to an anchor, and a fixed lower electrode,
characterized in that the zipping motion is characterized by at least one vector which
at least one vector has substantially no component directed towards and ending close
to or at any first attachment.

The term MEMS may in principal also refer to NEMS.

Although the present invention is thus in general applicable for
electrostatically actuated MEMS devices such as galvanic and capacitive switches, the
present invention is explained on the basis of an electrostatically actuated suspended
membrane capacitive switch, because this is a likely case under which a pronounced
zipping effect can take place. In the context of the invention the term “capacitive
MEMS switch” is meant to comprise also any other electrostatically actuated
suspended membrane device, but preferably a capacitive MEMS switch.

An advantage of the present invention is that the capacitive MEMS
switch will have a longer life time, because the springs do not deform plastically
and/or crack as quickly as in a conventional design according to the prior art.

A zipping motion relates to an effect present in a capacitive MEMS
switch; when such a switch is close a first electrode contacts a second clectrode.
However, due to the construction of the MEMS switch, such contacting typically
starts at what can be identified as one or more first points of contacts, e.g. in the
middle of the switch, at one or more borders of the switch etc. Then, comparable to a
zipper, at least a part of the remaining first electrode not being in contact yet with the
second electrode comes into contact with said second electrode. Even more complex,
such contacting can start at a first position, propagate to one or more second position
on the first and second electrode, and even further, e.g. when reaching an edge of the
first electrode, propagate in a further direction, not necessarily being the same as a
first direction of propagation. Thus, this effect is referred to as zipping motion.

A zipping motion is therefore typically characterized by at least one
vector, indicating an origin or first point of contact of the zipping motion, and
pointing towards an endpoint of the zipping motion, i.c. last point of contact. As
indicated above, an upper electrode may have more than one vector characterizing the

zipping motion, ¢.g. one starting in a lower left corner, and one starting in a lower
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right corner of the upper electrode. It has now been found that the origin of the
zipping motion vector is relatively less important. Further, it has been found that in
order to reduce the zipping mode, any vector characterizing the zipping motion should
not end substantially at a first attachment, between a spring and the upper electrode.
Such a vector, should end at a location relatively far away from any first attachment,
¢.g. in the middle between two first attachments. Alternatively, such a vector may end
in the middle of an upper electrode, such as at a mirror plane. Even further, any vector
should not point to, i.e. have substantially no component directed to, a first
attachment, between a spring and the upper electrode, and at the same time
substantially ending at the first attachment. Thus, a vector pointing towards a location
in between two first neighboring attachments is allowed, even preferably, a vector
substantially parallel between a virtual line connecting said two attachments, reduces
the zipping motion substantially. Even further, it is preferred that any vector is
physically cancelled by any second vector, i.e. if a first vector is pointing in a first
direction, it is preferred that a second vector points in substantially the opposite
direction. It is noted that typically vectors lie ion the plane of the membrane.

Further it is noted that symmetrical solutions wherein the upper and
lower electrode are interchanged are also envisaged.

Typically the spring is made of a resilient material. Preferably such a
material is used in a process of manufacturing the MEMS.

The anchors are typically attached to a body, comprising the MEMS.
Springs are attached to an anchor at one end and to an electrode at an other end.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch, wherein the geometry of the switch is further characterized by at least
one mirror plane, preferably by two mirror planes.

An advantage thercof is that unwanted forces caused by zipping motion
can cancel each other out, reducing the need to take other measures to reduce the
impact stress.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch, wherein the upper electrode is formed from a flexible material and/or
further comprising an isolation on top of the lower electrode. Such isolation may

cover part of a surface of the upper electrode, or may cover it fully. Such isolation is
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typically formed of a dielectric material, such as silicon oxide, silicon nitride, high k
dielectric material etc. And advantage thereof of is that the zipping mode can further
be optimized, and further, other characteristics of the MEMS switch can be tuned and
optimized.

An advantage thereof is that a membrane made from a flexible material
will ensure that the membrane does not land as a rigid plate. In the rigid case, all of
the impact energy will be transferred to the springs. For a flexible membrane, part(s)
of the membrane will touch sooner than others. The resulting roll-off or zipping
behavior can be used to minimize impact stress (directed) at the springs.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch, wherein the upper electrode and/or lower electrode comprises one or
more sections with high density and/or one or more sections with low density. Low
density relates to e.g. a reduction of conducting material, such as one or more holes, a
dielectric material, a bridge being at a larger distance from the counter electrode, a
reduction of conductivity (e.g. silicon has a reduced conductivity versus copper), a
relatively low doped material, and combinations therecof. High density relates to e.g. a
good conducting material, etc. As such, the performance of the present switch may be
further optimized and tuned, e.g. with respect to the zipping mode.

An advantage thereof is that it gives a designer of the device freedom
to tune dynamics and forces at precisely chosen locations to reduce the zipping effect
precisely where it occurs. Further it makes it possible to further reduce impact stress
by minimizing the zipping effect.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch, wherein the lower electrode has sections, in order to reduce
electrostatic force near the location of the first attachment to the one or more springs.
Such reduction of electrostatic forces may further improve the performance of the
present switch.

An advantage thereof is that it gives a designer of the device freedom
to tune dynamics and forces at precisely chosen locations to reduce the zipping effect
precisely where it occurs. Further it makes it possible to further reduce impact stress

by minimizing the zipping effect.
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In a preferred embodiment the present invention relates to a capacitive
MEMS switch, wherein the upper electrode is attached to two or more springs,
preferably to four or more springs, which springs are attached to two or more anchors,
wherein optionally two springs are attached to one anchor.

An advantage thereof is that the use of two or more springs enables the
design of a switch which has limited initial deflection or initial curvature so that a
well-defined gap results. In a preferred embodiment the present invention relates to a
capacitive MEMS switch, wherein the upper and/or lower electrode comprises one or
more sections with high density close to the attached spring and one or more sections
with low density far away from the attached spring, or vice versa.

An advantage thereof is that it gives a designer of the device freedom
to tune dynamics and forces at precisely chosen locations to reduce the zipping effect
precisely where it occurs. Further it makes it possible to further reduce impact stress
by minimizing the zipping effect.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch wherein the physical sum of the vectors is substantially zero.

An advantage thereof is that the zipping motion is self-cancelling.

In a preferred embodiment the present invention relates to a capacitive
MEMS switch, selected form the group consisting of:

MEMS switches having two * j anchors, further comprising two * j or
four * j first attachments, wherein j =1, 2, 3, 4, 5, etc, wherein the upper electrode
and/or lower electrode comprises one or more sections with high density and/or one
or more sections with low density, such one section with high density, and n by m
sections with low density, wherein n is chosen from 1-25, such as 2-10, such as 3-8,
such as 4-6, and wherein m is chosen from 1-10, such as 2-8, such as 3-7, such as 4-6,
and combinations thereof, such as wherein n and m are even, or wherein n and m are
odd, or wherein n is odd and m is even, or wherein n is even and m is odd, such as
n=4 and m=§, n=8 and m=8, n=3 and m=9, and n=3 and m=8.

Further preferred are MEMS switches having four anchors, further
comprising four first attachments, wherein the upper electrode and/or lower electrode
comprises one or more sections with high density and/or one or more sections with

low density, such one section with high density, and n by m sections with low density,
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wherein n is chosen from 1-25, such as 2-10, such as 3-8, such as 4-6, and wherein m
is chosen from 1-10, such as 2-&, such as 3-7, such as 4-6, and combinations thereof,
such as wherein n and m are even, or wherein n and m are odd, or wherein n is odd
and m 1S even, or wherein n is even and m 1s odd, such as n=4 and m=8, n=8 and
m=8, n=3 and m=9, and n=3 and m=8. With respect to two anchors, switches having
four anchors are somewhat more stable.

The combination of the above parameters, such as density, number of
holes, gives a designer of the device freedom to tune dynamics and forces at precisely
chosen locations to reduce the zipping effect precisely where it occurs. Further it
makes it possible to further reduce impact stress by minimizing the zipping effect.
Small variations in various effects according to the present invention may as such be
obtained, by varying the parameters mentioned.

As such, the above preferred embodiments, and combinations thereof,
provide an advantage in that the performance of the present switch may be further
optimized and tuned, e.g. with respect to the zipping mode.

In a second aspect the invention relates to a method of reducing impact
stress, specifically in MEMS switches such as the capacitive MEMS switch according
to the invention by time varying actuation voltage applied to a first electrode
involving at least two voltage levels, preferably cyclic time varying, wherein after the
switch has commenced closure by applying a first voltage level that is higher than the
static pull in voltage of the switch and before complete closure of the switch the
actuation voltage is lowered by applying at least one second voltage level that is at
closure higher than the static pull out voltage of the switch.

An advantage thereof is that it makes it possible to reduce the impact
stress in any electrostatically actuated MEMS device, regardless of its layout because
the suggested solution is pure electronic and can be tuned to happen exactly at the
moment that the high stresses in the device occur.

In a preferred embodiment the present method comprises a step,
wherein the applied voltage is driven by the outcome of a measurement to determine a
current through the switch, or wherein the cycle is permanently fixed during

operation.
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An advantage thereof is that it this preferred embodiment functions
even better than that of claim 10, as it now works independently of small variations in
device dimensions or environmental conditions: it relates to a feedback method that
makes tuning automatic.

In a preferred embodiment the present method comprises a step,
wherein time varying actuation voltage is applied to the first electrode as a whole or
to one or more segments of the first electrode.

An advantage thereof is that precise control of movement and
associated forces in the device become possible. This makes it possible to further
reduce the zipping effect while sacrificing only the least possible in closing time.

In a preferred embodiment the present method comprises a step
wherein one or more time varying actuation voltages are applied to the one ore more
segments of the first electrode, preferably one ore more different time varying
actuation voltages.

An advantage thereof is that it provides even better control than the
above embodiment.

In a third aspect the invention relates to a use of a capacitive MEMS
switch according to the invention for reduced impact stress.

The present invention is further elucidated by the following figures and
examples, which are not intended to limit the scope of the invention. The person

skilled in the art will understand that various embodiments may be combined.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a typical MEMS switch layout in which the springs are
connected to the membrane corners. In the lower graph, the schematic deformed
shape at initial contact is shown.

Fig. 2 shows vertical displacement as a function of time of the ends of
two separate springs.

Fig. 3 shows a schematic representation of a 2D model of a flexible
switch membrane suspended by springs.

Fig. 4 shows vertical displacement, velocity and acceleration of two

points of the switch of figure 3.



10

15

20

25

30

WO 2010/049865 PCT/IB2009/054707

10

Fig. 5 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 6 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 7 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 8 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 9 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 10 shows an example of a geometry of the electrode in
combination with the position and shape of the springs.

Fig. 11 shows an example of a geometry of the electrode in
combination with the position and shape of the springs.

Fig. 12 shows examples of possible actuation voltage cycles to reduce
the impact velocity at the springs.

Fig. 13 shows an interferometric image of a MEMS capacitive switch.

Fig. 14 shows a division of the lower electrode into segments with
different shaped actuation cycles.

Fig. 15 shows a spring displacement at its center and end position as a
function of time, extracted through image processing of the interferometric images for

a standard actuation pulse and shaped actuation pulse of the top left of Fig. 12.

DETAILED DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a typical MEMS switch layout in which the springs (160)
are connected to the membrane (100) or upper electrode corners. In the lower graph, a
force is applied to the membrane and the schematic deformed shape at initial contact
is shown. A cross section A-A’ is given. Two anchors (140) are further visible. The
membrane is typically formed of a conducting material, such as silicon, or doped

silicon. The springs may be formed of the same material as the membrane, i.e. silicon,



10

15

20

25

30

WO 2010/049865 PCT/IB2009/054707

11

or from a different material. Anchors are typically formed from a non-conducting
material, such as a dielectric material, such as silicon oxide, silicon nitride etc.

The portion of the membrane that is not yet in contact exhibits a high
electrostatic force due to the small residual gap. Therefore, this portion of the
membrane shows a high acceleration downward, until contact occurs. The result is a
zipping motion of the membrane, directed from its centre towards its corners where
the springs are attached. At the end of the closing motion, the membrane corners are
the last to make contact with a relatively high impact velocity.

The zipping effect and the high acceleration and contact velocity of the
membrane corners are measured with a laser vibrometer.

Fig. 2 shows the vertical displacement of the end of two separate
springs (at the place where they are connected to the membrane) as a function of time.
At t= 80 us, the acceleration of the spring ends (or membrane corners) is clearly
visible.

This behavior is also demonstrated in simple 2D simulations. In these
simulations, the structure of Fig. 3 is regarded.

Fig. 3 shows a schematic representation of a 2D model of a flexible
switch membrane (300) suspended by springs (360). A top electrode (300) attached
with springs (360) to anchors (340). Further visible are a dielectric layer (310),
typically silicon oxide or silicon nitride, and a lower electrode (320), typically formed
of a conducting material, such as silicon, metal, or doped silicon.

The 2D model is a discretized version of a beam (with width W out of
plane), taking into account elastic forces, electrostatic forces, squeeze film damping,
and contact. The structure is divided into a number of elements and nodes (small
circles). Without further detail, we will now focus on the simulation results of the
closing motion of the switch at a certain voltage pulse, starting at t=0.

Fig. 4 shows vertical displacement, velocity and acceleration of two
points of the switch of Fig. 3.

In Fig. 4, the vertical displacement, velocity and acceleration of two
points on the switch are shown. The blue curves show the results for the end of the
switch (where the springs are attached), the green curves show the results at the

middle of the switch.
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It is clearly shown that the middle of the switch makes contact first at
t=7 us. At that moment, the end of the switch exhibits a high (negative) acceleration,
leading to a high impact velocity.

The zipping effect of the membrane, and the corresponding high
acceleration of the membrane corners and spring ends, generates unwanted vibrations
in the springs. These vibrations may result in plastic deformation or fatigue, reducing
the reliability of the device.

Fig. 5 shows an example according to the invention of a geometry of
the electrode (500) in combination with the position and shape of the springs (560)
being attached to anchors (540). In a preferred embodiment he geometry of the
MEMS is further characterized by one or two mirror planes. A first mirror plane (591)
and a second mirror plan (590) are indicated.

In Fig. 5 the geometry of the electrode in combination with the position
and shape of the springs ensures that the short edges of the top electrode (top and
bottom in the figure above) land first. The main reason for this is the bending moment
exerted by the springs on the membrane. This causes the short edges to bend down.
The zipping effect therefore propagates from the edges towards the centre. This has
two advantages. First the spring attachments do not experience the maximum
acceleration because that happens in the centre. Second, any lateral or torsional
motion related to the zipping effect comes from two opposite directions and cancels
out in the centre.

Fig. 5a shows the sipping effect of the top electrode, seen from aside,
parallel to line 591. The arrows indicate the force exerted on the electrode.

Fig. 5b shows a configuration with springs attached to the electrode
according to the invention (left) and a prior art configuration (right). The present
configuration is characterized in that the net torsion of the one or more springs during
operation is substantially equal to zero, whereas the prior art configuration suffers
from a net torsion during operation, with all the negative effects described.

Fig. 6 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Fig. 6 shows an alternative. Here the bending moment in the springs is

minimized, thus reducing the torsional vibration along the axis A of the springs.
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Moreover, the design can be tuned such that the corners of the upper electrode touch
the lower electrode first. The zipping effect thus arrives at the springs from two
opposing directions simultaneously. This ensures that the spring does not bend axially
around axis B. Further 3D calculations may be performed to further optimize the
layout for all required specifications.

Fig. 6a shows the force on the electrode along C-C’ when the electrode
is in a down position.

Figs. 7-11 and 14 show a bottom right quadrant of a top electrode.

Fig. 7 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

Etch holes in the upper electrode are typically circular, equally sized and distributed
equally over the membrane as shown in the figure below. Each figure shows only one
quadrant of a capacitive switch. A square geometry is assumed in the figures, but the
principle equally applies to other geometries. The centre of the device shown in the
figures is in the upper left corner, and the spring attachment is in the lower right
corner.

By increasing the hole sizes or hole density near the spring
attachments, the electrostatic force near the spring attachments is less, and thus the
acceleration is less. At the same time two other effects play a role in the behaviour of
this modified layout.

First the stiffness of the membrane decreases near the spring
attachments because more and/or larger holes are present. This is predicted to increase
the zipping effect because it increases the bending of the membrane near the corners.
Second the presence of larger and/or more holes decreases the air damping near the
corners. This is also predicted to increase the zipping effect.

It is at present clear that the dynamic behaviour of the device is
governed by an intricate combination of these three effects. An optimal configuration
of hole sizes and positions can be found.

As an illustration, two possible configurations of hole sizes are
illustrated below.

Fig. 8 shows an example of a geometry of the electrode in combination

with the position and shape of the springs.
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Fig. 9 shows an example of a geometry of the electrode in combination
with the position and shape of the springs.

A third method consists of patterning the lower electrode. In the
conventional design the lower electrode is a continuous sheet of conductive material.
The following alternatives are presented.

A first alternative is to etch small holes in the lower electrode. The
density of the holes and/or their sizes can be made dependent on the location (i.e.
relatively more hole area near the spring attachments, locally reducing the effective
electrode area). If the holes are made small with respect to the size of the gap, the
electrostatic force in the open state is hardly influenced because of fringing effects. In
the closed state (and when almost closed) the force is dependent on the local effective
electrode area. By tailoring the hole density, the zipping effect can be reduced.

A disadvantage of this solution is that the ratio between the open and
close capacitance is smaller than in the conventional design. A large ratio between the
two is desired for the application of the capacitive switch. The reason is that the
effective electrode area is always smaller than without the small holes and that this
reduces the capacitance in the closed state but hardly influences the capacitance in the
open state (because of the fringing effects at larger distances).

Fig. 10 shows an example of a geometry of the electrode in
combination with the position and shape of the springs.

Fig. 11 shows an example of a geometry of the electrode in
combination with the position and shape of the springs, comprising various segments,
e.g. (1191)~(1193) as well as a small segment at the lower right corner. Segments may
be spherical or polygonal. The number of segments can be from 1 to any number, in
principle, such as 3 or 4, or the segments can form a substantially continuous
geometry.

A segment can e.g. be given different timing of the actuation pulses or
different voltage amplitudes or both (see also below). For example, segment 3 could
be given a slightly higher voltage to ensure that the upper electrode lands first at the
springs. Alternatively, segment 3 could be given a lower voltage to reduce the zipping
effect. The shape of the segments is only schematically shown. Variations on the

shape are possible.
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A time varying actuation voltage is provided such that the zipping
effect and the impact velocity at the springs are reduced. The actuation voltage cycle
can be either permanently fixed or can be controlled actively by measuring an
operation parameter (for example the switch’s state by measuring the current through
the switch). The actuation voltage cycle involves at least two voltage levels. After the
switch has commenced closure by applying a voltage level that is higher than the
static pull-in voltage, the voltage is reduced before complete closure of the switch in
one of the following steps to a lower level to reduce electrostatic forces and the
zipping effect. The voltage level to hold down the switch in the closed state at the end
of the cycle has to be higher than the static pull-out voltage. The transition between
the levels is done during the traversal from open to closed state, either before or after
initial contact at the center of the membrane, but always before contact is made at the
spring ends. A number of examples of possible actuation voltage cycles are given in
Fig. 12.

Fig. 12 shows examples of possible actuation voltage cycles to reduce
the impact velocity at the springs.

Active control of the actuation voltage could, for example, be used to
vary the transition time between the levels and / or the voltage levels themselves. In
one example, the current through the switch is sensed. Upon detection of a current
above a certain level, settable by the user, the actuation voltage is switched between a
preset high and low value (top left of Fig. 12).

Fig. 13 shows an interferometric image of a MEMS capacitive switch.

To illustrate the working principle and the benefits from this invention,
the following measurement is carried out. In a stroboscopic interferometric setup, the
transient behavior of a reference device is measured, after which the captured images
are analyzed with image processing software. An example of such a captured
interferometric image of the device is given in Fig. 13.

In the main idea, the shaped actuation pulse is applied to the lower
electrode as a whole. In another idea, the lower electrode is divided into segments
which can be subject to different shaped actuation cycles (see figure 14, in which only

a quarter symmetry of the device is shown).
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Fig. 14 shows a division of the lower electrode into segments (1491)-
(1493) with different shaped actuation cycles.

Next, two different actuation profiles are applied. The first one is a
constant voltage of 54 V at t = 0. The second one consists of two voltage levels (top
left Fig. 5). The high level, starting at t = 0, is equal to 49 V, the low level is set to 29
V. The transition between the high and low level is tuned manually to coincide with
the moment at which first contact is made in the middle of the membrane (here at 6
us). After the images have been processed, we look at the displacement of one of the
springs (horizontal bottom right one in Fig. 7) at two points (in the middle and at the
end where it is connected to the membrane) as a function of time. The results are

shown in Fig. 15.

Fig. 15 shows a spring displacement at its center and end position as a
function of time, extracted through image processing of the interferometric images.

We can clearly distinguish the oscillations in the spring at the normal
actuation pulse at the moment when zipping occurs (6 us). These oscillations are
reduced when the shaped pulse is employed, although the total closing time is
increased. This is, however, not a problem since the opening time is usually much
longer than the closing time of a switch, even in the new situation with the shaped

pulse. The opening time of a MEMS switch is, therefore, the limiting factor.
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CLAIMS:

1. Capacitive MEMS switch layout for reduced impact stress comprising
an upper electrode having a zipping motion, one or more anchors, one or more springs
having a first attachment to the upper electrode and a second attachment to an anchor,
and a fixed lower electrode, characterized in that the zipping motion is characterized
by at least one vector which at least one vector has substantially no component

directed towards and ending close to or at any first attachment.

2. Capacitive MEMS switch according to claim 1, wherein the geometry
of the switch is further characterized by at least one mirror plane, preferably by two

mirror planes.

3. Capacitive MEMS switch according to any of claims 1-2, wherein the
upper electrode is formed from a flexible material and/or further comprising an

isolation on top of the lower electrode.

4. Capacitive MEMS switch according to any of claims 1-3, wherein the
upper electrode and/or lower electrode comprises one or more sections with high

density and/or one or more sections with low density.

5. Capacitive MEMS switch according to any of claims 1-4, wherein the
lower electrode has sections, in order to reduce electrostatic force near the location of

the first attachment to the one or more springs.

6. Capacitive MEMS switch according to any of claims 1-5, wherein the
upper electrode is attached to two or more springs, preferably to four or more springs,
which springs are attached to two or more anchors, wherein optionally two springs are

attached to one anchor.
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7. Capacitive MEMS switch according to any of claims 1-6, wherein the
upper and/or lower electrode comprises one or more sections with high density close
to the attached spring and one or more sections with low density far away from the

attached spring, or vice versa.

8. Capacitive MEMS switch according to any of claims 1-7, wherein the

physical sum of the vectors is substantially zero.

9. Capacitive MEMS switch according to any of claims 1-8, selected form
the group consisting of:

- MEMS switches having two * j anchors, further comprising two *j or
four * j first attachments, wherein j =1, 2, 3, 4, 5, etc, wherein the upper electrode
and/or lower electrode comprises one or more sections with high density and/or one
or more sections with low density, such one section with high density, and n by m
sections with low density, wherein n is chosen from 1-25, such as 2-10, such as 3-8,
such as 4-6, and wherein m is chosen from 1-10, such as 2-8, such as 3-7, such as 4-6,
and combinations thereof, such as wherein n and m are even, or wherein n and m are
odd, or wherein n is odd and m is even, or wherein n is even and m is odd, such as

n=4 and m=§, n=8 and m=8, n=3 and m=9, and n=3 and m=8.

10. Method of reducing impact stress, specifically in MEMS switches such
as the capacitive MEMS switch according to any of claims 1-9 , by time varying
actuation voltage applied to a first electrode involving at least two voltage levels,
preferably cyclic time varying, wherein after the switch has commenced closure by
applying a first voltage level that is higher than the static pull in voltage of the switch
and before complete closure of the switch the actuation voltage is lowered by
applying at least one second voltage level that is at closure higher than the static pull

out voltage of the switch.

11. Method according to claim 10, wherein the applied voltage is driven by
the outcome of a measurement to determine a current through the switch, or wherein

the cycle is permanently fixed during operation.
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12. Method according to any of claims 10-11, wherein time varying
actuation voltage is applied to the first electrode as a whole or to one or more

segments of the first electrode.

13. Method according to any of claims 10-12, wherein one or more time
varying actuation voltages are applied to the one or more segments of the first

electrode, preferably one or more different time varying actuation voltages.

14. Use of a capacitive MEMS switch according to any of claims 1-9 for

reduced impact stress.
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