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(54) Microelectromechanical actuator system

(57) A MEMS system including a fixed electrode
(504) and a suspended moveable electrode (508) that
is controllable over a wide range of motion. In traditional
systems where an fixed electrode (504) is positioned un-
der the moveable electrode (508), the range of motion
is limited because the support structure supporting the
moveable electrode becomes unstable when the move-
able electrode (508) moves too close to the fixed elec-
trode (504). By repositioning the fixed electrode (504)
from being directly underneath the moving electrode
(508), a much wider range of controllable motion is
achievable. Wide ranges of controllable motion are par-
ticularly important in optical switching applications.
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Description

[0001] MicroElectroMechanical systems (MEMS)
routinely use suspended micromechanical moveable
electrode structures as electrostatically actuated me-
chanical members for both sensor and actuator based
devices. Different methods exist for creating a support
structure to suspend a moveable electrode structure.
One method for suspending such a moveable electrode
uses cantilevered members that are fixed to a substrate
on one end and fixed to the movable electrode structure
on the other end. In an alternate embodiment, the can-
tilever is made of, or coated with a conducting material
and the cantilever itself serves as the moving electrode.
The mechanical flexibility of the cantilever (e.g. bending)
and/or motion at the fixed end(s) (e.g. hinge or flexible
connection) allows for the motion of the suspended elec-
trode. In some cases, the sensor or actuator device is
based on motion of cantilever as such without an addi-
tional movable structure at the end of the cantilever.
Such cantilevers are typically fixed-free or fixed-simply
supported cantilevers.
[0002] A second method of suspending one or more
moveable electrodes utilizes a plurality of cantilevers
that support a moveable member which either serves
as a moveable electrode or has mounted upon it move-
able electrodes. A fixed electrode serves as an actuator
to control movement of the moveable electrode struc-
ture through the application of an electric potential dif-
ference between the fixed electrode and the moveable
electrode structure. The fixed electrode is typically po-
sitioned beneath the suspended moveable electrode to
form a parallel plate capacitor like structure, with the
fixed electrode acting as a first plate and the suspended
moveable electrode acting as a second plate. The elec-
tric potential applied to the electrodes generates elec-
trostatic forces that move or deform the support mech-
anism supporting the moveable electrode or the move-
able electrode itself. Such support mechanisms may in-
clude bendable or otherwise deformable cantilevers.
[0003] Typical cantilever applications include micro
sized relays, antennas, force sensors, pressure sen-
sors, acceleration sensors and electrical probes. Re-
cently, considerable attention has been focused on us-
ing cantilever arrays to develop low power, finely tunable
micro-mirror arrays to redirect light in optical switching
applications. Such a structure is described in US-B-
6300665.
[0004] One problem with such cantilever structures is
the limited amount of controllable motion that can be
achieved with traditional arrangements of the cantilever
and electrode. When a voltage difference is applied be-
tween two electrically conducting bodies separated by
an insulating medium (for example air), the electrostatic
force between the two bodies is inversely proportional
to the square of the distance between the bodies. Thus
when the moveable electrode is moved in closer prox-
imity to the fixed electrode, as often occurs when a

greater range of motion is attempted, strong electrostat-
ic forces between the fixed electrode and the moveable
electrode results in a "pull-in" or "snap-down" effect that
causes the two electrodes to contact. The problem is
particularly acute in D.C. (direct current) systems com-
pared to A.C. (alternating current) systems.
[0005] In moving the electrodes, instability theoreti-
cally occurs in parallel plate capacitor structures when
the movably suspended plate has traveled one third of
the potential range of motion (typ. equal to the height of
the air gap). In stressed metal systems, as described in
the previously cited patent application, the cantilevers
are typically "curled" - as opposed to more typical
"straight" cantilevers. However, such instability usually
occurs when the actuation electrode is placed under-
neath the cantilever and the cantilever moves approxi-
mately beyond one-third of its potential range of motion.
[0006] Various solutions have been proposed to cor-
rect the potential for suspended electrodes and the cor-
responding supports structures to "snap-down". These
solutions include the following: using charge drives (see
Seeger, et. al, "Dynamics and control of parallel-plate
actuators beyond the electrostatic instability", Proc.
Transducers '99, Sendai), adding capacitive elements
in series (Seeger, et. al, "Stabilization of Electrostatically
Actuated Mechanical Devices", Proc. Transducers '97,
Chicago) or creating closed-loop feedback systems us-
ing capacitive, piezoresistive or optical detectors (Fujita
"MEMS: Application to Optical Communication", Proc.
of SPIE, '01, San Francisco). These methods extend the
stable range of motion to varying degrees. However all
these methods complicate fabrication of the cantilever
and actuator mechanism thereby increasing fabrication
costs and reducing reliability. Thus an improved method
of moving a cantilever through a wide range of motion
while avoiding instabilities is needed.
[0007] An improved system for controlling electrostat-
ic deflection of a support mechanism associated with a
moving electrode is described. In the system, a fixed
electrode formed on a substrate uses electrostatic forc-
es to control the motion of a moveable electrode coupled
to a support structure. In order to avoid the strong elec-
trostatic attractions that occur when the moveable elec-
trode comes in close proximity to the fixed electrode on
the substrate, the electrodes are offset such that a sub-
stantial portion of the fixed electrode is adjacent to, rath-
er than directly in the path of the moveable electrode's
range of motion.
[0008] Particular embodiments in accordance with
this invention will now be described with reference to the
accompanying drawings, in which:-

Figure 1 shows a side view of a moveable electrode
and a fixed electrode.
Figure 2 shows a side and top view of a second sup-
port structure used to suspend a moveable elec-
trode over a fixed electrode.
Figure 3 is a flow chart showing one example meth-
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od of forming a cantilever in a MEMS structure.
Figure 4 shows a top view of a traditional placement
of electrodes with respect to the cantilever.
Figure 5 shows a top view of one possible place-
ment of rectangular electrodes with respect to the
cantilever.
Figure 6 shows a top view of one possible place-
ment of triangular electrodes with respect to the
cantilever.
Figure 7 shows a top view of a possible placement
of a triangular or rectangular electrode with respect
to a cantilever with a cutout area.
Figure 8 is a graph showing a theoretical plot of can-
tilever height with respect to applied voltage for var-
ious electrode and cantilever structures.
Figure 9 shows a cantilever used in a optical switch-
ing system.
Figure 10 shows a plurality of cantilevers coupled
to a mirror to redirect an optical beam across a two
dimensional area.

[0009] Figures 1 and 2 show two examples of MEMS
cantilevered actuator structures. Figure 1 shows a side
view of a simple fixed end - free end cantilever-electrode
structure. The example of the cantilever shown in Figure
1 is a flexible cantilever that flexes upward and may be
formed using techniques for forming stressy metal struc-
tures as described in US-A-5613861. In Figure 1, a flex-
ible cantilever 104 is affixed to a substrate 108 at a fixed
point 112. Typically, the cantilever is composed of or
coated with an electrically conducting material to form
a suspended moveable electrode 114 that facilitates the
generation of electrostatic forces between moveable
electrode 114 and a fixed electrode actuator. Examples
of suitable materials for forming the cantilever include
metal, silicon and polysilicon. In an alternate embodi-
ment, the cantilever is a stressed metal to create the
curve structure illustrated. Such stressy metal cantilev-
ers may be formed from a refractory metal such as mo-
lybdenum, zirconium and/or tungsten (Mo, Zr, W).
[0010] Fixed electrode 116 deposited on substrate
108 controls movement of moveable electrode 114 and
thereby cantilever 104. Moving electrode 114 moves in
an arc in a motion plane 110, which in the illustrated ex-
ample, is oriented perpendicular to the substrate sur-
face (in the illustrated embodiment, the paper in which
the drawing is drawn represents motion plane 110).
When a voltage difference is applied between fixed elec-
trode 116 and moving electrode 114, cantilever 104
moves towards fixed electrode 116. When moving elec-
trode 114 is maximally displaced along a trajectory of
motion in motion plane 110 such that moving electrode
114 is in the lateral plane of substrate 108, the position
of the moving electrode is shown by outline 120. In Fig-
ure 1, cantilever 104 flexes although in an alternate em-
bodiment, a rigid cantilever may pivot around fixed point
112.
[0011] Cantilever 104 may be made of a variety of ma-

terials such as metal, silicon, polysilicon or other elec-
trically conductive materials to serve as a moveable
electrode. Alternatively, the cantilever may be made of
an insulating material such as polymers, ceramics and
the like, and subsequently coated with a conductive ma-
terial such as a metal film, the conductive material coat-
ing serving as the moveable electrode.. Appropriate di-
mensions of the cantilever are a length 118 of less than
5000 micrometers (less than 500 typical) and a width of
less than 1000 micrometers (less than 100 typical) al-
though alternate embodiments may use larger cantilev-
ers.
[0012] In order to maintain control over the moving
electrode and its associated support structure through
a large range of motion, the fixed electrode is positioned
such that it is laterally adjacent to, rather than directly
underneath the cantilever. For purposes of discussion,
"laterally adjacent" is defined as a position adjacent to
the trajectory of the moving electrode such that even
when the moving electrode is maximally displaced such
that the moving electrode, in this case the cantilever, is
in the lateral plane of the substrate, the two electrodes
are adjacent in the plane of the substrate. In most cases,
even when the moving electrode moves in an arc, the
arc radiuses are small such that the moving in a trajec-
tory is practically equivalent to translating the suspend-
ed electrode along a line perpendicular to the surface of
the substrate supporting the fixed electrode. Once the
two electrodes are in the plane of the substrate, "later-
ally adjacent" does not require or imply that the moving
electrode and the fixed electrode are in contact, merely
that the electrodes are close, typically separated by less
than approximately 50 micrometers (e.g. 5 µm ) when
the moving electrode is in the lateral plane of the sub-
strate. It is contemplated however, that the system may
still operate when the electrodes are not entirely laterally
adjacent, thus when small amounts of overlap result,
typically less than 10 percent of the electrode surface
are, fringe electric fields are the dominant source of at-
traction between the moving electrode and the fixed
electrode and stability may still be archived.
[0013] Even when the cantilever is not displaced from
its resting position, the distance from the fixed electrode
to the moving electrode should be kept relatively small,
for example less than 10 micrometers to allow the ef-
fects of electrostatic attraction to control movement of
the cantilever in a reasonable voltage range (typically
less than 200 volts). When the entire surface area of the
electrode is laterally adjacent to rather than underneath
the cantilever; direct contact between the cantilever and
the electrode when the cantilever is at a maximum dis-
placement is avoided thereby making an insulating layer
over the fixed electrode unnecessary.
[0014] A side view of an alternative mechanism for
suspending a moving electrode is shown in figure 2. The
structure of Figure 2 is a slight variation on what is typ-
ically called a Lucent mirror, Lucent mirrors have tradi-
tionally been used to redirect light in optical systems. In
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Figure 2, a straight, torsionally flexible cantilever 204 is
affixed to a substrate 208 at a fixed point 212 and affixed
to a movably suspended member 216. Together, the el-
ements represent a support structure for a moving elec-
trode. In one embodiment of the invention, member 216
is composed of or coated with an electrically conducting
material and thus also serves as the moveable elec-
trode. The conducting material aids the generation of
electrostatic forces between the moveable electrode
and a fixed electrode 220 that serves as an electrode
actuator. Examples of suitable materials from which to
form the moveably suspended member include metal,
silicon and polysilicon. Fixed Electrode 220 on substrate
208 controls movement of member 216. In the illustrated
embodiment, member 216 rotates about an axis 224.
Axis 224 is oriented parallel with the substrate surface.
When a voltage difference is applied between fixed elec-
trode 220 and a moving electrode associated with mem-
ber 216, member 216 rotates towards the fixed elec-
trode. In the illustrated embodiment, cantilever 204 flex-
es torsionally although in alternate embodiments the tor-
tional flexing may be replaced by a rigid cantilever that
pivots around fixed point 228.
[0015] Flexing cantilever 204 may be made of a vari-
ety of flexible materials such as metal, silicon, polysili-
con. Appropriate dimensions of the cantilever are a
length 232 of less than 5000 micrometers (less than 500
typical) and a width of less than 1000 micrometers (less
than 100 typical) although alternate embodiments may
use larger cantilevers. In order to maintain control over
movements through a large range of motion, the fixed
electrode is positioned such that it is laterally adjacent
to, rather than directly underneath the moving electrode,
in the illustrated example, suspended member 216 is
formed from a conducting material and serves as the
moving electrode. Even when the suspended member
is not displaced from its resting position, the distance to
the fixed electrode should be kept relatively small, for
example less than 10-100 micrometers to allow the ef-
fects of electrostatic attraction to control movement of
the cantilever in a reasonable voltage range (typically
less than 200 volts). When the entire surface area of the
electrode is laterally adjacent to rather than underneath
the suspended member; direct contact between the
cantilever and the electrode when the cantilever is at a
maximum displacement is avoided thereby making an
insulating layer over either electrode unnecessary.
[0016] In yet another variation of the structure shown
in Figure 2, voltage differences may be simultaneously
applied between suspended member 216 and multiple
fixed electrodes such as fixed electrode 220, thereby
causing suspended member 105' to translate down-
ward, towards the plane of the fixed electrodes. By
keeping the forces approximately equal across the sus-
pended member, rotational motion may be avoided. In
this translational case, instability occurs at one third of
the potential travel range when fixed electrodes 220 are
placed directly underneath suspended the moving elec-

trode represented by suspended member 216. Laterally
offsetting the electrodes as shown in figure 2 substan-
tially extends the stable range of motion beyond one
third of the potential range, approaching the full potential
travel range..
[0017] A number of methods exist to fabricate canti-
lever and actuator MEMS structures. Figure 3 illustrates
one method of fabricating the cantilever electrode struc-
ture using a three step semiconductor masking process.
[0018] In operation 304 of Figure 3, an electrode ma-
terial is deposited on a substrate such as glass or quartz.
The electrode material may be made from a number of
conducting materials or metals such as chromium. After
deposition, a pattern masking and wet etch is done in
operation 308 to define the electrode and tracks or wires
that couple the electrode to controlling circuitry. The
controlling circuitry controls the charge and discharge
of the electrode thereby controlling the motion of the
cantilever. The thickness of the electrode may be tuned
to obtain a sheet resistance suitable for resistive sens-
ing. Chromium has a resistivity of about 130x109 Ohms/
M, thus a thin film of 25nm results in about 5 ohms/
square.
[0019] In operation 312, a release layer, such as an
amorphous silicon release layer is deposited. Typically,
the release layer thickness determines the spacing be-
tween the cantilever and the substrate surface. The re-
lease layer is often slightly thicker than the electrode lay-
er. The release layer serves as a buffer layer to prevent
the entire subsequent cantilever layer from adhering to
the substrate. A cantilever layer, such as a Molybdenum
chromium (MoCr) layer is deposited in a blanket coat
over the release layer in operation 316. A typical canti-
lever thickness is approximately 1 micrometer. When a
stressed metal cantilever is desired, a stressed metal
deposition is used to deposit the cantilever layer.
[0020] In operation 320, a second mask layer is used
to define the cantilever shape by etching away the ex-
cess MoCr. In operation 324, the release layer is etched
to release the cantilever leaving only one end of the can-
tilever affixed directly to the substrate. A typical method
for etching a silicon release layer utilizes a dry etch of
XeF2 as the etchant. When using other release layer
materials, such as for example silicon oxide, a wet etch
(e.g hydrofluoric acid) is typically used to remove the
sacrificial layer.
[0021] Figures 4, 5, 6 and 7 are top views of the fixed
electrode and a moving electrode cantilever structure
that show alternate positions of the electrodes with re-
spect to the cantilever. Figure 4 shows a top view of a
traditional cantilever over electrode structure. At contact
area 404, the cantilever is fixed to an underlying sub-
strate, either directly or through an intermediate layer.
The flexing region 408 of the cantilever rests directly
over an electrode underneath which controls movement
of the cantilever. The close proximity and direct applica-
tion of force by electrodes positioned underneath the
cantilever minimizes the operational voltage needed to
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move the cantilever. However, the reduced power re-
quirements come at the expense of great instability.
Voltages greater than a critical voltage results in the can-
tilever "snapping" down towards the substrate.
[0022] Figure 5 shows one embodiment of the inven-
tion that utilizes rectangular strip electrodes 504 orient-
ed with a length that runs parallel to the length of canti-
lever 508. Because electrodes 504 are not positioned
directly underneath the cantilever, the laterally dis-
placed rectangular strip electrodes depend on fringe
electric fields to pull the cantilever downward. As the
cantilever moves downward towards the substrate, the
force vector of the electric field between the cantilever
and the electrode increasingly points in a lateral direc-
tion (in the plane of the substrate) rather than in a down-
ward direction towards the substrate. Thus, although the
intensity or absolute value of the electric field increases
as the cantilever moves toward the substrate, a greater
percentage of the force is applied in a lateral direction
reducing the rapid increase in electric field strength
downward. A symmetrical arrangement of electrodes
around the cantilever causes the lateral force compo-
nents to cancel thereby minimizing displacement of the
cantilever in a lateral direction.
[0023] To further increase the stable range of motion,
triangular electrodes 604, 608 may be substituted for the
rectangular electrodes as shown in Figure 6. In this em-
bodiment, the distance between the cantilever and the
fixed electrodes increases along the length of the can-
tilever. The increasing distance between the cantilever
and the fixed electrode further reduces the force for a
given voltage along the length of the cantilever further
increasing the stable range of motion. The embodiment
of Figure 6 requires the highest voltages compared to
the structures shown in Figure 5 and Figure 6 to achieve
an equivalent displacement of the cantilever, although
the actual voltage required depends on many factors in-
cluding cantilever and electrode geometries, dimen-
sions of the cantilever, material properties, etc. A typical
voltage to achieve a large displacement of cantilever
612 may be approximately 150 volts. Because the trian-
gular electrodes also provide a fairly constant balance
between applied force on the cantilever and cantilever
flexibility across the length of the cantilever, the config-
uration illustrated in Figure 6 provides the most stable
configuration.
[0024] The triangular electrodes shown in Figure 6 re-
sults in a spacing between the cantilever and the edge
of the electrode remaining fairly linear with respect to
voltage applied to the electrodes. In general, stability of
the system is increased when the moving and/or fixed
electrode is shaped such that the distance between the
closest point on the fixed electrode and the closest point
on the moving electrode increases with distance from
the point at which the support structure supporting the
moving electrode is coupled to the substrate. Various
ways of accomplishing the gradually increasing dis-
tance include forming triangular fixed electrodes, form-

ing triangular moving electrodes, or angularly orienting
rectangular fixed and moving electrodes such that the
space between the edges of the electrodes form a tri-
angle. Other embodiments of the invention may also use
electrodes with other tapered geometries (e.g. curved
as opposed to straight). These different configurations
may be used to linearize or otherwise tailor the displace-
ment versus voltage curve.
[0025] Figure 7 shows an embodiment of the inven-
tion in which a tapered (or straight) fixed electrode 704
is formed underneath a cutout area 708 of cantilever
712. This and other types of "cutout" cantilevers with "in-
ternally adjacent" electrodes are based on the same
concept as other laterally offset actuation electrodes,
but may offer additional advantages. For example, the
embodiment shown in Figure 7 offers the advantages of
adjacent electrodes while utilizing a minimum of area.
[0026] Figure 8 is a graph that shows the vertical
height of a cantilever tip in micro-meters as a function
of a direct current (D.C.) voltage applied to the electrode
for different electrode geometries and positions based
on a simple numerical model. Each line 804, 808 and
812 can be divided into two regions: (1) an actuation
region in which an air gap exists between the cantilever
and the substrate resulting in a nonzero cantilever tip
height and (2) a critical voltage at which the cantilever
"snaps" down to the substrate eliminating the gap be-
tween cantilever and substrate.
[0027] Line 804 shows the cantilever tip position as a
function of electrode voltage for a traditional positioning
of an electrode under the cantilever. In the model, the
cantilever can only be controlled at a height displace-
ment above approximately 110 micrometers. At approx-
imately 20 volts, snap-down occurs after which manip-
ulation of the cantilever over small displacements can-
not be well controlled. When the electrode is placed un-
der the cantilever, typically, the entire cantilever snaps
down. Line 808 shows a modeling of the cantilever
height as a function of voltage for two rectangular par-
allel electrodes positioned adjacent to the cantilever as
shown in the top view of Figure 4. From line 808, it can
be observed that the displacement of the cantilever can
be well controlled for cantilever heights above 100 mi-
cro-meters. The cantilever snaps down at a critical volt-
age of approximately 55 volts.
[0028] Line 812 plots cantilever height as a function
of voltage for two electrodes positioned laterally adja-
cent to the cantilever, the two electrodes shaped such
that the electrode edges closest to the cantilever in-
creases in distance from the cantilever edge as one
moves along the length of the cantilever. Such a struc-
ture may be achieved by using triangular electrodes as
was shown in Figure 6, or by orienting straight lines elec-
trodes such that they point slightly away from the canti-
lever edges. Comparing line 812 to lines 804 and 808,
it can be seen that the actuation region for the laterally
adjacent triangular electrodes is substantially larger
than the actuation region for the electrode positioned
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underneath the cantilever and the rectangular elec-
trodes positioned laterally adjacent to the cantilever.
Thus the cantilever has a large actuation region allowing
for control of the cantilever over a wide range of voltages
and tip heights.
[0029] It should be understood that the foregoing de-
scribed cantilevers may be used for a variety of struc-
tures, systems and applications, including but not limit-
ed to optical switching. Figure 9 shows a simple canti-
lever used in a simplified optical switching system. In
Figure 9, an optical fiber 904 in an array of optical fiber
acts as a light source that outputs a ray of light 908. The
ray 908 is focused by a lens 912 and directed to a mirror
916. The position of mirror 916 is controlled by electrode
920 positioned laterally adjacent to cantilever 924. The
orientation of mirror 916 determines which lens in re-
ceiving lens array 928 receives light. The receiving lens
focuses the received light on a corresponding fiber in
receiving fiber array 932.
[0030] In the illustrated embodiment of Figure 9, mir-
ror 916 positioned at the end of cantilever 924 offers
movement in only one plane along an arc that repre-
sents the motion of a single cantilever. However, in array
switching operations, it may be desirable to redirect light
to various points in a two dimensional array.
[0031] Figure 10 shows a mirror region 1004 affixed
to the end of a plurality of cantilevers 1008, 1012, 1016,
1020. Each cantilever, such as cantilever 1008, includes
a fixed end, such as fixed end 1024 affixed to an under-
lying substrate. Fixed electrodes, such as electrodes
1028 and electrode 1032 typically are formed on the un-
derlying substrate and run along the perimeter of a cor-
responding cantilever. Each electrode, such as elec-
trode 1028 can be considered laterally adjacent to the
corresponding cantilever and may be used to deflect the
corresponding cantilever. An end of cantilever 1008 op-
posite fixed end 1024 is coupled to mirror region 1004,
thus as the cantilever moves up or down, the edge of
the mirror coupled to the cantilever also moves up or
down accordingly. The portion of the electrode near the
fixed end such as fixed end 1024 serves mainly to cou-
ple the different sections of. the electrode and keep the
entire electrode at a fixed potential.
[0032] Other configurations of cantilevers and mirrors
are also available. Control of the various mirror and can-
tilever configurations can be improved by placement of
electrodes adjacent to the cantilevers.
[0033] Aspects of the present invention are described
in the following clauses:

1. A MicroElectroMechanicalSystem comprising:

a substrate having a substrate surface in a lat-
eral plane;
a moveable electrode, the moveable electrode
moving in a trajectory in a motion plane, the mo-
tion plane oriented approximately perpendicu-
lar to the substrate surface;

at least one fixed electrode to control move-
ment of the moveable electrode, at least ninety
percent of an electrode surface of said fixed
electrode extending beyond a surface covered
by said moving electrode when said moving
electrode moves in the motion plane to maxi-
mize contact with the substrate.

2. The MEMS system of clause 1 wherein the
moveable electrode is suspended by at least
one cantilever.
3. The MEMS system of clause 2 wherein the
moveable electrode is the at least one cantilev-
er.
4. The MEMS structure of clause 3 wherein the
moveable electrode is a conductive coating
over a less conductive material.
5. The MEMS system of clause 2 wherein the
cantilever is a metal cantilever.
6. The MEMS system of clause 2 wherein the
cantilever is made from a stressed metal.
7. The MEMS system of clause 6 wherein the
cantilever curls away from the surface of the
substrate.
8. The MEMS system of clause 2 wherein the
cantilever is a single-crystal silicon.
9. The MEMS system of clause 2 wherein the
cantilever is a polysilicon cantilever.
10. The MEMS system of clause 2 wherein the
cantilever is fixed at a first end, the cantilever
to rotate around said first end.
11. The MEMS system of clause 1 wherein the
entire fixed electrode remains uncovered by the
moving electrode when the moving electrode is
pressed against the substrate.
12. The MEMS system of clause 11 wherein
when the moving electrode moves in its trajec-
tory such that the moving electrode is in the lat-
eral plane of the substrate surface, the moving
electrode and the fixed electrode are still sep-
arated by at least one micrometer.
13. The MEMS system of clause 2 wherein the
cantilever includes a refractory metal.
14. The MEMS system of clause 13 wherein the
cantilever includes molybdenum
15. The MEMS system of clause 13 wherein the
cantilever includes Zirconium
16. The MEMS system of clause 13 wherein the
cantilever includes Tungsten
17. The MEMS system of clause 2 wherein the
cantilever has a length less than 400 micro-me-
ters.
18. The MEMS system of clause 2 wherein the
cantilever has a width of less than 100 micro-
meters.
19. The apparatus of clause 1 wherein the
movement of the moveable electrode in said
motion plane involves the flexing of a flexible

9 10



EP 1 359 118 A2

7

5

10

15

20

25

30

35

40

45

50

55

cantilever.
20. The apparatus of clause 1 wherein the
spacing between the movable electrode and
the fixed electrode remains controllable for at
least two thirds of the mechanically allowed tra-
jectory of the moveable electrode.
21. The apparatus of clause 2 further compris-
ing:

a reflective surface affixed to an end of the
cantilever, the reflective surface to deflect
light from an optical source.

22. The apparatus of clause 1 wherein the fixed
electrode has a triangular shape.
23. The apparatus of clause 1 wherein the mov-
ing electrode has a triangular shape.
24. The apparatus of clause 1 wherein the mov-
ing electrode includes a nonconducting central
region, the fixed electrode positioned under-
neath said nonconducting central region such
that when the fixed electrode moves into the lat-
eral plane of the substrate, the nonconducting
central region is positioned over the fixed elec-
trode.
25. The apparatus of clause 24 wherein the
nonconducting central region is an opening in
the moving electrode.
26. The apparatus of clause 24 wherein the
moving electrode is a cantilever.
27. The apparatus of clause 24 wherein the
fixed electrode is triangular in shape.
28. The apparatus of clause 1 wherein the mov-
ing electrode and fixed electrode are arranged
such that the distance between the closest
point on the fixed electrode and the closest
point on the moving electrode increases with
distance from the point at which the support
structure supporting the moving electrode is
coupled to the substrate
29. A MicroElectroMechanicalSystem compris-
ing:

a substrate having a substrate surface in a
lateral plane;
a moveable electrode, the moveable elec-
trode moving in a trajectory in a motion
plane; and
a fixed electrode to control movement of
the moveable electrode, the fixed elec-
trode positioned laterally adjacent to the
moveable electrode.

30. The MEMS system of clause 29 wherein the
moveable electrode is mounted on a cantilever.
31. The MEMS system of clause 29 wherein the
moveable electrode is a cantilever.
32. A Micro Electro Mechanical System com-

prising:

a substrate having a substrate surface in a
lateral plane;
a moveable electrode; and
a fixed electrode to control movement of
the moveable electrode, at least half of an
electrode surface of said fixed electrode
extending beyond a surface covered by
said moving electrode when said move-
able electrode is translated to the substrate
surface, said translation along a line per-
pendicular to the substrate surface.

33. The MEMS apparatus of clause 32 wherein
the moveable electrode does not cover any of
the fixed electrode when said moveable elec-
trode is translated to the substrate surface, said
translation along a line perpendicular to the
substrate surface.
34. A method of moving a moving electrode us-
ing electrostatic forces comprising:

applying a voltage such that a voltage dif-
ference is formed between a suspended
moving electrode and a fixed electrode po-
sitioned laterally adjacent to the moving
electrode, the applied voltage causing the
moving electrode to move toward a point
on a substrate underneath the moving
electrode, the point adjacent to said fixed
electrode.

35. The method of clause 34 wherein each
electric field that electrostatically moves the
moving electrode is a fringe electric field from
the fixed electrode.

Claims

1. A MicroElectroMechanicalSystem comprising:

a substrate having a substrate surface in a lat-
eral plane;
a moveable electrode, the moveable electrode
moving in a trajectory in a motion plane, the mo-
tion plane oriented approximately perpendicu-
lar to the substrate surface;
at least one fixed electrode to control move-
ment of the moveable electrode, at least ninety
percent of an electrode surface of said fixed
electrode extending beyond a surface covered
by said moving electrode when said moving
electrode moves in the motion plane to maxi-
mize contact with the substrate.

2. The MEMS system of claim 1, wherein the move-
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able electrode is suspended by at least one canti-
lever.

3. A MicroElectroMechanicalSystem comprising:

a substrate having a substrate surface in a lat-
eral plane;
a moveable electrode, the moveable electrode
moving in a trajectory in a motion plane; and
a fixed electrode to control movement of the
moveable electrode, the fixed electrode posi-
tioned laterally adjacent to the moveable elec-
trode.

4. A Micro Electro Mechanical System comprising:

a substrate having a substrate surface in a lat-
eral plane;
a moveable electrode; and
a fixed electrode to control movement of the
moveable electrode, at least half of an elec-
trode surface of said fixed electrode extending
beyond a surface covered by said moving elec-
trode when said moveable electrode is trans-
lated to the substrate surface, said translation
along a line perpendicular to the substrate sur-
face.

5. The MEMS apparatus of claim 4, wherein the move-
able electrode does not cover any of the fixed elec-
trode when said moveable electrode is translated
to the substrate surface, said translation along a line
perpendicular to the substrate surface.

6. A method of moving a moving electrode using elec-
trostatic forces comprising:

applying a voltage such that a voltage differ-
ence is formed between a suspended moving
electrode and a fixed electrode positioned lat-
erally adjacent to the moving electrode, the ap-
plied voltage causing the moving electrode to
move toward a point on a substrate underneath
the moving electrode, the point adjacent to said
fixed electrode.
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