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&7 ABSTRACT

In a first embodiment of an optical switch having at least one
dual axis micromirror, the micromirror is manipulated aboul
two generally perpendicular axes by varying voltage pat-
terns along two electrostatic arrangements. The two elec-
trostatic arrangements may be formed to independently
drive two movers, or may be formed to control a mover that
is displaceable in two directions. The micromirrors and the
movers that control the micromirrors may be integrated onto
a single substrate. Alternatively, the micromirrors may be
formed on a substrate that is attached to the substrate that
includes the mover or movers. In a second embodiment of
an optical switch in accordance with the invention, the
switch includes two collimator arrays and two dual axis
micromirror arrays. Each first micromirror in the first micro-
mirror array is dedicated to one of the collimators in the first
collimator array. Similarly, each second micromirror of the
second micromirror array is dedicated to one of the colli-
mators of the second collimator array. By manipulating a
first micromirror, an input signal from the associated first
collimator can be reflected to any of the second micromir-
rors. By manipulating the second micromirror that receives
the signal, the signal can be precisely positioned on the
second collimator that is associated with the second micro-

mirror.

19 Claims, 12 Drawing Sheets
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OPTICAL SWITCHES USING DUAL AXIS
MICROMIRRORS

TECHNICAL FIELD

The invention relates generally to optical switches and
more particularly to optical cross-connected switches having
micromirrors that arc individually manipulatcd.

BACKGROUND ART

Conlinuing innovations in the field ol fiberoptic technol-
ogy have contributed to the increasing number of applica-
tions of optical fibers in various technologies. With the
increased utilization of optical fibers, there is a need for
efficient optical devices that assist in the transmission and
the switching of optical signals. At present, there is a need
for optical switches that direct light signals from an input
oplical fiber to any one ol several output optical [ibers,
without converting the optical signal to an electrical signal.

The coupling of optical fibers by a switch may be
executed using various methods. One method of interest
involves employing a micromirror that is placed in the
optlical path ol an inpul fiber to reflect optical signals [rom
the input fiber to one of alternative output fibers. ‘The input
and output fibers can be either uni-directional or bidirec-
tional fibers. In the simplest implementation of the mirror
mcthod, the input fiber is aligned with onc of two output
optical fibers, such that when the mirror is not placed in the
optical path between the two fibers, the aligned fibers are in
a communicating state. However, when the mirror is placed
between the two aligned fibers, the mirror steers (ie.,
reflects) optical signals from the input fiber to a second
output fiber. The positioning of the mirror relative to the path
of the input fiber can be accomplished by using an apparatus
that mechanically moves the mirror. There are number of
proposals to using micromachining technology to make
optical signals. In general, the proposals [all into two
categories: in-plane [ree-space swilches and in-plane guided
wave switches. Free-space optical switches are limited by
the expansion of optical beams as they propagate through
free space. For planar approaches, the optical path length
scales lincarly with the number of input fibers. Switches
larger than 30x30 require large mirrors and beam diameters
on the order of 1 millimeter (mm). For these planar
approaches, the number (N) of input [ibers scales linearly
with the beam waist and the size of the optical components.
Thus, the overall switch size grows as N2 It is estimated that
a 100x100 switch would require an area of 1 m?, which
would be a very large switch. Morcover, constraints such as
optical alignment, mirror size, and actuator cost are likely to
limit the switch to much smaller sizes. One planar approach
claims that the optical switch can be designed so that it
scales with the optical path difference, rather than the overall
optical path. If this is possible, it would certainly allow
larger switches. Ilowever, the optical path difference also
scales lincarly with the number of input fibers for a planar
approach, so the switch grows very large as it is scaled to
large fiber counts.

For guided wave approaches, beam expansion is not a
problem. ITowever, loss at each cross point and the difficulty
of fabricating large guided wave devices are likely to imit
the number of input fibers in such switches.

For both approaches, constraints such as loss, optical
component size, and cost tend to increase with the number
of fibers. There is a need for an optical cross connect switch
which scales better with the number of input and output
fibers. Some free-space optical systems can achicve better

o
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scaling. These systems make use of the fact that it is possible
to use optical steering around in two directions to increase
the optical fiber count. Recently, optical switches that use
such mirrors have been announced. The systems use piezo-
electric elements or magnetically or electrostatically actu-
ated micromirrors. The actuation method for these
approaches is often imprecise. To achieve a variable switch,
it is typically necessary to use a very high level of optical
feedback.

‘What is needed is a micromachine that enables steering of
optical signals from at least one input to a number of
alternative outputs, where the arrangement of the outputs is
not limited to a linear configuration. What is further needed
is a method of fabricating and arranging arrays of the

5 micromachines such that the switching is accurate and

repeatable.

SUMMARY OF THE INVENTION

In one¢ embodiment of an optical switch, a micromachinc
for steering optical signals includes utilizing electrostatic
forces to manipulate a dual-axis micromirror. The micro-
mirror s supported adjacent to a substrate o enable move-
ment of the micromirror relative to the substrate. A first
surface electrostatic arrangement is configured to generate
electrostatic forces for rotating the micromirror about a first
axis. Similarly, a sccond surface clectrostatic arrangement is
configured to gencrate clectrostatic forees for rotating the
micromirror about a second axis. The two electrostatic
arrangements may be used to drive a single mover that
controls the positioning of the micromirror, or may be used
to drive separate movers.

Preferably, an array of micromirrors is formed on a
substrate. In onc application, the micromirrors arc formed
separately from the electrostatically driven movers. For
example, a micromirror substrate may be formed to include
an array ol micromirrors in 4 side-by-side relationship, with
the micromirrors being supported Lo allow rotation aboul
perpendicular first and second axes. The micromirror sub-
strate may then be attached to a mover substrate on which
the movers arc incorporated, such that the micromirrors arc
generally parallel to the paths of the movers. Each micro-
mirror may be connected to a projection that extends toward
the mover substrate and that is controlled by at least one of
the movers. In this embodiment, the movers manipulate the
projections in a manner similar to manipulation of joysticks.

In anothcer embodiment, the micromirrors and movers arc
integrated onto a single substrate. Each micromirror may be
supported on the substrate by means of a frame. A first
mover is driven by electrostatic [orces (0 manipulate the
position of the frame, thereby rotating the micromirror about
one axis. A second electrostatically driven mover may be
connected to the micromirror to rotate the micromirror about
the sccond axis. Howcever, there may be embodiments in

5 which a single mover is used to control rotations about both

axes. For example, the mover may be electrostatically driven
in two perpendicular directions.

Each surface electrostatic arrangement includes at least
two scts of cleetrodes. For a particular surface clectrostatic
arrangement, a first set of drive electrodes may be formed
along a surface of a mover, while a second set of drive
electrodes is [ormed along a surlace ol the substrate. The
lengths of the electrodes are perpendicular to the direction of
travel by the mover. The drive electrodes are electrically

5 coupled to one or more voltage sources that arc used to

provide an adjustable pattern of voltages to at least onc of
the scts of drive cleetrodes. The change in the clectrostatic
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force that results from variations in the voltage patterns
causes movement of the mover. As an example, the first set
of drive clectrodes may be electrically connected to a
voltage source that provides a fixed pattern of voltages,
while the second set is electrically connectled (o a micro-
controller that is configured to selectively apply different
voltages to the individual drive electrodes. The reconfigu-
ration of the applied vollage pattern modilies the electro-
static forces between the substrate and the mover, thereby
laterally displacing the mover.

Each surface electrostatic arrangement preferably
includes levitator electrodes on the same surlaces as the
drive clectrodes. Unlike the drive electrodes, the levitator
electrodes are positioned with the length of the electrodes
parallel to the direction of travel by the mover. An accept-
able fixed voltage pattern along the levitator clectrodces is
one that alternates between high and low voltages. Repul-
sive electrostatic forces between the levitator electrodes
cause the mover o be spaced apart [rom the substrate. Since
the levitator electrodes are parallel to the travel direction of
the mover, the levitator electrodes are not misaligned when
the mover is displaced laterally. Moreover, the repulsive
clectrostatic forces gencrated between the two scts of levi-
tator cleetrodes operate to ncgate any attractive forces
generated by the drive electrodes.

In a separate embodiment of the invention, an optical
switch is configured to include two scparate arrays of dual
axis micromirrors and two separate arrays of optical signal
conductors, such as collimators. One of the arrays of micro-
mirrors is positioned relative 1o a [irst collimalor array such
that each dual axis micromirror is dedicated to one of the
collimators to receive incident optical signals. The second
array of micromirrors is positioned relative to the first
micromirror array to allow an optical signal reflected at the
first array to be directed to any one of the micromirrors of
the second array. That is, by manipulating a particular dual
axis micromirror in the [irst array, an oplical signal incident
to the particular micromirror can be reflected to any one of
the micromirrors of the second array. The second collimator
array is positioned relative to the second array of micromir-
rors such that the optical signal reflected by a micromirror of
the second array is directed to an associated one of the
collimators in the second collimator array. That is, the
micromirrors ol the second array are uniquely associated
with the collimators of the second array, but can be manipu-
lated to provide compensation for the angle of the beam
from the first array. In this embodiment of the optical switch,
the manipulation of micromirrors may be accomplished by
means other than electrostatic forces, without diverging
from the invention.

Returning to the embodiment in which the manipulation
of the micromirrors is implemented by varying gencrated
electrostatic forces, a method of fabricating optical micro-
machines includes forming surface electrostatic movers on a
surlace ol a substrate and includes supporting micromirrors
relative to the substrate such that each micromirror is
rotatable about substantially perpendicular first and second
axes and is manipulable by movement of at least one of the
movers. As previously noted, the movers and the micromir-
rors may be formed on separate substrates or may be
integrally fabricated on a single substrate. The movers and
the mover substrate include the arrays ol drive electrodes
and levitator electrodes. The electrostatic surface actuation
method is well suited for the positioning of micromirrors
within the described optical switch, since each micromirror
may be tilted to approximately 10° on cach of the two axcs
and is rclatively large from a micromachince perspective. A

-

a0

S

T

S

)

G

'

b

s}

=)

a
@

4

micromirror may be on the order of approximately 1 mm
wide. The mover that drives a micromirror can be displaced
along actuation distances of approximately 100 gm, with
very precise and repeatable positioning. Adequate electro-
static forces may be generated using voltages of 12 volts or
lower. The low voltage operation allows the optical switch
to be coupled with complementary metal-oxide semicon-
ductor (CMOS) circuitry.

BRIEI" DESCRIPTION OI' TIIE DRAWINGS

FIG. 1 is a schematic diagram of a 16x16 optical switch
using dual axis micromirror arrays in accordance with the
invention.

FIG. 2 is a top view of a schematic representation of a first
embodiment for positioning two arrays of dual axis micro-
mirrors in accordance with the invention.

FIG. 3 is a sidc view of the representation of FIG. 2.

FIG. 4 is a top view of a second embodiment for posi-
tioning dual axis arrays of mirrors in accordance with the
invention.

FIG. 5 is a side view of the representation of FIG. 4.

FIG. 6 is a top view of a micromirror array in accordance
with one embodiment of the invention.

FIG. 7 is a sidc view of onc of the micromirrors of FIG.
6 connected to a mover substrate having actuators for
manipulating the micromirror about two axes.

FIG. 7A is a top view that isolates the pair of actuators for
manipulating the micromirror of FIG. 7.

TIG. 8 is a bottom view of a mover of I'lG. 7, showing
vertically oriented driver electrodes and horizontally ori-
ented levitator electrodes.

FIG. 9 is a side view of the mover and mover substrate of
FIG. 7, showing vollage palierns along the drive electrodes
at one particular time.

FIG. 10 is an end view of one arrangement of levitator
electrodes on the mover and mover substrate of T'IG. 7,
showing possible voltage patterns along the levitator clec-
trodes.

FIG. 11 shows graphs of lateral forces (i.e., in-plane
forces) and out-of-plane forces for surtace electrostatic
drives having a surface area of 1 mm?® and having both drive
electrodes and levitator electrodes.

TIG. 12 shows graphs of lateral forces (i.e., in-plane
forces) and out-of-planc forces when the 1 mm® drive
includes only drive electrodes.

FIG. 13 is a top view ol another embodiment of a
micromachine having electrostatically driven movers which
manipulate a micromirror about two axes.

FIG. 14 is a top view of one of the movers and a frame
of the micromachine of TIG. 13.

FIG. 15 is a side view of the mover and frame of FIG. 14,
shown in a rest position.

FIG. 16 is a side view ol the mover and [rame ol FIG. 15,
but shown in an operational state.

FIG. 17 is a process flow of steps for fabricating an optical
switch in accordance with the invention.

DETAILED DESCRIPTION

With reference to FIG. 1, an optical switch 10 is shown as
including a first collimator array 12, a second collimator
array 14, a first micromirror array 16, and a second micro-
mirror array 18. The optical cross-connect switch utilizes
dual axis micromirrors to deflect input optical becams to any
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one of the output optical elements. In the description of I'IG.
1, the first collimator array 12 will be described as com-
prising the input elements and the second collimator array
14 will be described as comprising the output elements.
However, this is not critical. The individual conductors may
be bi-directional elements, so that optical signals propagate
in both directions. Moreover, the use of collimators is not
critical if other means of controlling beam expansion can be
substituted.

A single optical fiber 20 is shown as being connected to
the first collimator array 12. In practice, there is likely to be
sixteen optical fibers connected to the 4x4 array. The num-
ber of elements in the array is not critical to the invention.
The essential aspect of the optical switch is that each
micromirror is individually manipulable along two physical
axes. In FIG. 1, only one micromirror 22 is shown in the [irst
array 16 and only the two micromirrors 26 and 28 are shown
in the second array 18. However, there is a separately
manipulable dual axis micromirror for each of the sixteen
scgments of the first array and cach of the sixtcen scgments
of the second array.

Each input fiber, such as the fiber 20, is coupled to its own
collimator in the first collimator array 12. An input optical
signal 30 from the fiber 20 cxits from the collimator array 12
as a slightly converging beam. The converging beam is
directed to be incident to a particular micromirror 22 in the
first micromirror array 16. Thus, each micromirror in the
first array is dedicated to one of the collimators. However,
cach micromirror is manipulated to redirect an incident
beam to any one of the micromirrors in the second array 18.
For cxamplc, the dashed lines from the micromirror 22 of
the first array 16 to the micromirror 28 of the second array
18 represents a redirection of the input beam 30 as a result
of manipulation of the micromirror 22. In the preferred
embodiment, the manipulation of a micromirror, such as
micromirror 22, is achieved using electrostatic forces.
Nevertheless, other approaches may be employed.

When the micromirror 22 is pivoted along one of its axes,
the reflected beam 32 will sweep horizontally across the
second micromirror array 18. On the other hand, when the
micromirror 22 is pivoted about its second axis, the reflected
beam 32 will sweep vertically across the second array 18.
Each of the micromirrors, such as micromirror 26, in the
second array is dedicated to one ol the collimators ol the
second collimator array 14. The dual axis capability of the
second micromirrors allows each micromirror to be pre-
cisely positioned, so as to compensate for the angle at which
the beam arrives from a particular micromirror of the first
micromirror array 16. Thus, the micromirror 26 is precisely
positioned about each of its two axes of rotation and
redirects the optical beam 36 (o the corresponding collimator
34 in the array 14. 'The rotation ol micromirror 26 depends
upon which micromicror of the first array 16 is directing an
optical beam to micromirror 26. The optical switch 10 of
T'IG. 1 is symmetrical, so that light beams can pass equally
efficiently in either direction.

As will be explained more fully below, one feature of the
three-dimensional nature of the design of FIG. 1 is that it is
possible to casily vary the scalc of the optical switch 10 to
accommodate very large fiber counts. FIG. 2 illustrates a top
view of an optical switch 38. No particular number of input
and output ports is intended to be shown in the drawing.
Rather, FIG. 2 shows the locations of various optical ele-
ments in order to determine the relationship between the
width of the collimator array and the maximum optical path
lIength. All of the indicated dimensions of the switch arc
referenced to the width (W) of the collimator arrays 40 and

'
b
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42. Also shown in the figure is the longest optical path 44
that can occur when switching any one of the input colli-
mators to any one of the output collimators. In this design,
the longest optical path is 7.3 W. The relationship between
the longest optical path and the size of the collimator arrays
places a limit on the number of optical fibers that can be
coupled with a particular beam width. Table 1 summarizes
the constraints placed on the optical switch by the angular
divergence of a Gaussian beam traveling in free space. The
parameter YA characterizes the radial index profile in the
graded index (GRIN) lens (i.e., n(r)=n,x(1-Ar*/2)). A suit-
able manulacturer ol graded index lenses is NSG America,
Inc. in Somerset, N.J.

TABLE 1

Commercial GRIN Lens Collimators

1.0 mm 2.0 mm 4.0 mm
diameter diameter diameter
VA= VA= VA=
Parameter (1.481/mm 1.237/mm 0.148/mm
Maximum 99 407 1041
symmetrical
beam length (mm)
Associated waist 156 317 so7
(ten)
Crossconnect 121 x 121 625 x 625 1156 x 1156
size
Collimator array 132 56 143
widlh
(mm)
System size 6x3x15 25 x13x 6 62 x 34 x 15

(Ix w x h, cm?)

For a given collimator, there 1s a maximum length that an
optical beam can travel and have the same waist at both ends
of the beam. This length is called the maximum symmetrical
beam length in Table 1, and it grows approximately as the
squarc of the collimator diamctcr. Since the optical path in
the system 38 grows linearly with the collimator diameter, it
is always possible to achieve larger fiber counts by using
larger collimators. This [act is borne out in ‘Table 1, where
1.0 mm diameter collimators can be used to achieve a
121x121 switch, while 4.0 mm collimators can be used to
achieve a 1000x1000 switch at the expense of increased
optical system sizc. The number of fiber inputs should
increase approximately as the square of the collimator
diameter, assuming that the waist of the beam leaving the
collimator scales as the diameter of the collimator. This is
not indicated by the three collimators analyzed for Table 1,
presumably because of the difficulties in doping the GRIN
lenses.

TIG. 3 is a side view of the optical switch 38 of TIG. 2.
In the two figures, the first and second micromirror arrays 46
and 48 are shown as being planar devices and individual
micromirrors are not shown. However, the individually
manipulated micromirrors are incorporated into the two
arrays 46 and 48 so that any one of the input collimators in
the collimator array 40 can be optically coupled to any one
of the collimators in the collimator array 42.

There are a number of available methods for increasing
the fiber count for a selected collimator array size. Firstly,
the system may be made slightly asymmelrical by allowing
the optical beam to travel more than the maximum sym-
metrical beam length shown in Table 1. However, this

5 method has an associated increase in optical losses and

crosstalk. Sceondly, a different switch geometry can be used,
such as that shown in the top view of FIG. 4 and the side
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view of T'IG. 5. While the geometry is different, the com-
ponents are substantially identical, so the reference numerals
of FIGS. 2 and 3 are also used in FIGS. 4 and 5. In the
embodiment of FIGS. 4 and 5, the maximum beam length is
only 4.1 W. In this case, the 4.0 mm GRIN lens could be
used to create a 3,000x3,600 switch. This system design
places more difficult requirements on the micromirrors of
the arrays 46 and 48. Most notably, the micromirrors must
be able to rotate into the plane of the substrate on which the
micromirrors are formed.

A third method of increasing the fiber count would be to
usc morc cfficient collimators for which the output waist is
a larger fraction of the collimator diameter. A fourth method
would be to use a close-packed fiber array, rather than the
square array shown in FIG. 1. Close packing, however,
would only increase the number of optical fibers by 15%,
and it would make the tiling to be described below more
difficult to implement. A fifth method is to very accurately
control the curvaturc of the micromirrors, so that they can
operate as focusing elements to compensate for the Gaussian
beam expansion. A theoretical sixth method would be to use
optics in the input and outpul stages, so that the swilch
would scale with the optical path difference, rather than with
the total optical path length.

REQUIREMENTS ON THE MICRO-OPTICAL
COMPONENTS

There are a number of constraints which must be
addressed in the design of an optical switch in accordance
with the invention. Table 2 summarizes the optical con-
straints placed on the collimators, micromirrors, and actua-
tors. 'Three dillerent size swilches are identilied in ‘lable 2.

TABIE 2

Commercial GRIN Lens Collimators

1.0 mm 2.0 mm 4.0 mm
diameter diameter diameter
VA= VA= VA=
Parameter 0.481/mm 0.237/mm 0.148/mm
Collimators
LCitective focal 2.08 4.22 6.77
length (mm)
Crossconnect size 121 x 121 625 x 625 1156 x 1156
(input x output)
Collimator array 132 56 143
width (mm)
Angular tolerance +1.4 =0.69 =0.43
on individual
collimators (murad)
Micromirrors
Mirror size 1.0x 0.8 21x 1.6 34 x25
(Ly x Ly, mm?)
Minimum mirror J 4 11
radius of curvature
(m)
Dynamic angular 20 20 20
range (degrees)
Angular precision to  +0.70 +0.34 +0.21
direct beam to
mirror on 2°¢ array
(mrad)
Mirror angular *1.3 +0.89 +0.55
precision for
~40 dB mode
overlap loss (mrad)
Mirror angular £0.12 =0.06 =0.04

precision for ~0.5
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TABLE 2-continued

Commercial GRIN Lens Collimators

1.0 mm 2.0 mm 4.0 mm
diameter diameter diameter
VA= VA= VA=

Paramcter 0.481/mm 0.237/mm 0.148/mm

dB3 mode overlap

loss (mrad)

Actuators

Assumed actuator 150 150 150

travel (um)

Aclualer precision =300 =146 =90

Lo direct beam Lo

mirfor

on 2™ array (nm)

Actuator precision =52 =26 =17

for ~0.5 dB mode
overlap loss (nm)

Regarding the collimators, an eflective [ocal length equal
to 1/VA has been calculated for each GRIN collimator, so
that it can be compared to standard lenses. Regarding the
micromirrors, the micromirrors must satisfy very stringent
requirements in order to position the optical bcams precisely
on the outpul collimators. The large beam waists used in the
switches mean that the mirror sizes must be large, typically
on the order of several millimeters. Such large mirrors may
not be possible with some of the known surface microma-
chining techniques used in fabricating micromirrors. With a
thickncss of only a few microns, these known mirrors may
not be able to maintain the desired flatness (radius of
curvature) to ensure that the beam propagates without dis-
tortion. Fortunately, bonded wafer approaches are now
becoming more common in the manufacture of microma-
chined components, so that it is less difficult to design a
mirror having a thickness of 100 microns to several hundred
microns. This thickness is nceessary to cnsurc that the gold
film used as a reflective coating on the mirrors does not
cause undue curvature.

LCach micromirror should rotate 10° around two perpen-
dicular axes in order to couple any input fiber to any output
fiber. However, the range of 10° may place difficult con-
straints on other components ol the system, such as the
actuators for manipulating the micromirrors. For the actua-
tors which will be described fully below, a 10° movement of
a 2 mm diameter mirror requires a mover to travel approxi-
mately 50 to 100 microns. This requirement limits the types
of micromachined drives that can be utilized. In the pre-
ferred embodiment, electrostatic surface actuators are uti-
lized.

Table 2 also includes three different angular position
requirements for the micromirrors. An angular precision of
~0.5 mrad is required both to position the heam on the

5 second micromirror array and Lo achieve ~40 dB coupling

(i.e, a maximum overlap loss of ~40 dB) into the output
fiber. The ~40 dB mode coupling level is selected because a
sensor could be used to detect this signal level. At this signal
level, the optical power of the output fiber itself could be
used to close a control loop which positions the micromir-
rors. There is a significant benefit in performing the open
loop control of the beam position on the second micromirror
array. Otherwise, sensors are required along the area of the
second micromirror array in order to steer the beam as it

5 moves from one micromirror to another. Sensors may also

be required to cnsure that the beam is properly centered on
the correet output micromirror. Similarly, if the precision for
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the ~40 dB mode overlap loss is not met, sensors are
required to steer the beam onto the correct output collimator.

Briefly, with regard to the constraints involving the
actuators, the micromirror properties identified above play
an important role in determining the requirements of the
actuators used to drive the micromirrors. For the preferred
micromirror size and angular range, the actuators must travel
a distance of approximately 100 microns. An actuator needs
to be repeatedly positioned with an accuracy of ~0.1 microns
in order to move the beam between the mirrors on the second
array, to position the beam in the center of a particular mirror
in that array, and to achieve ~40 dB coupling into the output
fiber. This position accuracy can be provided by an electro-
static surface actuator.

PROPOSED MICROMIRROR DESIGN

FIG. 6 is a top view of an array of sixteen micromirrors
50 formed on a micromirror substrate 52. I'IG. 7 is a side
view of onc of thc micromirrors and the mechanism for
manipulating the rotations of the micromirror. FIG. 7A is a
top view of the mechanism for manipulating the micromirror
rotations. Relerring first to FIG. 6, each micromirror is
coupled to a ring member 54 by first and second torsion bars
56 and 58. The positions of the torsion bars define the first
axis of rotation of the mirror 50. In the orientation of TIG.
6, the first axis is a x axis. The ring member 54 is coupled
to the substrate 52 by third and fourth torsion bars 60 and 62,
which define the second axis (i.e., the y axis). Only the third
and fourth torsion bhars are visible in the side view of FIG.
7.

The torsion bars 56, 58, 60 and 62 are thin membrane
flexures which are used to connect separate elements. Suit-
able materials for the twisting flexurcs would be silicon
nitride, polysilicon, or single crystal silicon. The thickness
of the flexures may be as small as approximately 1000 A or
as large as 100 gm. The particular choice of thickness
depends on the required swilching time. Silicon nitride [ilms
and polysilicon films are believed to have excellent resis-
tance to cyclic fatigue. Because the torsion bars are only
twisted within the clastic limits of the material, a particular
movement by the actuators to be described below produces
the same mirror position. When the torsion bars are in the
relaxed condition, the micromirror 50 lies parallel to the
[ixed portion ol the micromirror substrate 52.

In I'IG. 7, it can be seen that the micromirror substrate 52
is coupled to a mover substratc 64. The means for coupling
the two substrates is not critical to the invention. In FIG. 7,
a silicon heam 66 is connected to a pair of intermediate
layers 68 and 70. However, other mechanisms [or attaching
the substrates may be employed. The mirror 50 may have a
thickness of approximately 100 microns. As previously
noted, the mirror curvature is a significant concern because
the beam path lengths arc relatively long. For the 1000x1000
switch, the mirror radius of curvature needs to be greater
than 11 m. Such a large radius of curvature is readily
achievable because the mirror is relatively thick and is
primarily comprised of single crystal silicon. A thin metal
layer 72 is coated on the exposed surface of the silicon
micromirror 50 to achieve the desired reflective properties.
An acceptable metal is a gold film 72 having a maximum
thickness of 2000 A, so that the gold stress can be limited to
less than 150 MPa for the mirror to have a curvature greater
than 11 m. This stress control is straightforward when using
many of the known deposition and annealing methods.

Extending downwardly from the mirror 50 is a projection
74. The usc of the projection allows the micromirror to be
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manipulated in the same manner as a joystick-controlled
device. That is, pressure applied to the projection 74 will
cause rotation of the micromirror 50. The extent of rotation
and the axis of rotation will depend upon the degree of
movement and the direction ol movement of the projection
74. A pair of movers 76 and 78 are used to control the
movement of the projection 74. The mover 76 is shown as
being coupled to the projection by a connector rod 80 that
allows the projection to rotate as the mover is displaced
linearly.

Actuating the mover 76 causes the micromirror 50 to
rotate relative to the ring member 54 and the micromirror
substrate 52. In FIG. 6, the rotation will be about the x axis
defined by the torsion bars 56 and 58. The second mover 78
is electrostatically driven to displace the mover into and out
of the illustration of IIG. 7. Thus, the displacement of the
second mover 78 causes rotation of the ring member 54 (and
consequently the micromirror 50) about the y axis defined
by the torsion bars 60 and 62.

The motor used to rotate the micromirror 50 about onc of
the axes consists of two elements, a stator and a translator.
In the embodiment of FIG. 7, the stator is the mover
substrate 64 and there are two translators, i.¢., the movers 76
and 78. However, a single mover may be used in some

. applications. For example, the end of the projection 74 may

be coupled to a single mover that is electrostatically actuated
to provide motion in cither of two dircctions. The motor is
described herein as a surface electrostatic actuator because
the motion is parallel to the surfaces of the two elements and
the [oree 1s generated by voltages applied Lo these surlaces.
Surface electrostatic actuators are also described in U.S. Pat.
No. 5,986,381 to Hoen et al.,, which is assigned to the
assignee of the present invention.

FIG. 7A shows a top view of the two movers 76 and 78
and the means for connecting the movers to the projection
74. The movers are suspended above the surface of the
mover substrate (not shown in I'IG. 7A) by bending beam
flexures which allow the movers to be shifted 100 gm in the
desired direction of travel, but which contain the movers
from movement in other directions. Each of the connector
rods 80 and 83 must be stiff with respect to displacements
along to the associated desired axis of travel, yet must be
compliant to displacements that are normal to the desired
axis of travel. T'or example, the connector rod 80 that is
connccted to the mover 76 must couple the displaccments of
the mover 76 directly to the projection 74, while accommo-
dating both the displacements caused by the actuation of the
second mover 78 and the tilt of the projection 74 which
oceurs as it is displaced. The connector rods 80 and 83 of
FIG. 7A are linked to the movers 76 and 78 by first thin
bending elements 85 and 87. Similarly, the connector rods
are linked to the ends of the projection 74 by second thin
bending elements 89 and 91. These bending elements
accommodate some of the tilt of the projection. Tn addition,

s aregion of each connecting mechanism is thinned so that it

is relatively soft with respect to displacements initiated by
actuation of the mover with which it is not associated. This
thinned region is also relatively soft with respect to torsions,
so that rotations of the projection can be accommodated.
"The lower surfaces of the movers 76 and 78 include sets
of electrodes 82. The sets of electrodes are generally aligned
with sets of electrodes 84 along the surface of the substrate
64. By manipulating the voltage pattern of onc of the two
sets of electrodes associated with a mover, the mover can be

5 actuated.

Onc cmbodiment of a pattcrn of clectrodes on a mover 76
or 78 is shown in FIG. 8. The lower surface of the mover has
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two distinct sets of electrodes. In the orientation of T'IG. 8,
the drive electrodes 82 are shown as extending parallel to the
x axis, while levitator clectrodes 86 extend parallel to the y
axis. Similar sets of electrodes are patterned in the corre-
sponding areas ol the mover substrate 64. The drive elec-
trodes 82 are aligned perpendicular to the direction of travel
and are used to position the mover in the direction of travel.
When appropriate voltage patlerns are applied Lo these drive
electrodes, the electrodes create a set of potential wells that
are periodic in the mover position.

One voltage pattern for the drive electrodes is shown in
FIG. 9. The electrodes are conligured such that, [or each six
drive electrodes 82 on the mover 76, there are seven drive
electrodes 84 along the substrate 64. The mover electrodes
have a spatially alternating pattern of applied voltages. That
is, if a given clectrode is held at 12 V, then the ncarcst
neighbor electrodes are held at 0 V. This pattern is repeated
along the lower surface of the mover. A similar voltage
pattern is applied (o the substrate electrodes 84. However,
the substrate voltage pattern contains a single disruption,
i.e., a location where the alternating pattern breaks down.
This disruption occurs once per every seven electrodes in
this particular cmbodiment, but other arrangements may be
substituted. To displace the mover 76, these disruptions arc
moved in one direction or the other. In FIG. 9, the disruption
is formed by a central pair of electrodes that are both biased
at 12 V. To move the disruption to the right, the electrode that
is on the right in the central pair is switched from 12 V to
0 V. The disruption would now be formed by a pair of
adjacent electrodes that are both biased at 0 V. In a similar
fashion, the disruption can be successively moved to the
right. Moving the disruption to the right causes the mover to
be displaced to the left. The displacement step size is
determined both by the electrode pitch along the mover and
by the number of substrate electrodes in one group.
Specifically, the displacement step size is the mover elec-
trode pitch divided by the number of substrate electrodes in
a group. For instancc, if thc mover pitch is 1 micron,
switching the voltage pattern shown in FIG. 9 causes the
translator to move by 0.143 microns.

An additional feature of this electrostatic drive is that the
mover position depends linearly on the relative voltage
applied to the disrupted electrode. For instance, if 35% of the
drive voltage is applied to the disrupted electrode, then the
translator moves 35% of the full step distance, or 50 nm in
this case. It should be noted that changing the drive voltage
uniformly for each electrode 82 and 84 does not change the
position of the mover, since it merely changes the amount of
force that the mover can apply. A second feature of this drive
configuration is that it produces a very large force for a given
voltage. The maximum [orce that can be applied by elec-
trostatics s the [orce of attraction between two plates ol a
capacitor, ie., Fmp=—ﬁOAV2/(2d2), where A is the surface
area of the capacitor and d is the spacing between the plates.
The force applied by this motor is ~25% of this maximum
force and is applied laterally.

When energized, the drive electrodes 82 and 84 also apply
a significant force of attraction between the mover 76 and
the mover substrate 64. This attractive force would limit the
range of travel if the drive electrodes were the only elec-
trostatic element, because there is a narrow range of attrac-
tive lorces [or which the supporting llexures are stable. As
previously noted, the mover 76 is preferably supported
above the substrate 64 by flexures. Adding levitator
(repulsive) clectrodes to the system counteracts the attrac-
tive forees and allows a much greater range of motion and
much greater lateral forces. One configuration of the levi-
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tator electrodes is shown in I'IGS. 8 and 10. The levitator
electrode pitch on the rotor (i.e., the mover 76) is identical
to the levitator electrode pitch on the stator (i.., the sub-
strate 64). Voltage patterns are applied to both the rotor
electrodes 86 and the stator electrodes (not shown), so that
the biased electrodes on the rotor are positioned directly
opposite to the biased electrodes on the stator. Similarly, the
grounded clectrodes on the two surfaces are positioned
dircetly opposite to cach other. By sclecting the appropriate
electrode voltages and electrode spacings, it is possible to
generate a repulsive force between the two elements 64 and
76 by electrostatic voltages. This ellect oceurs because ol
the fringing fields between the electrodes. The levitator
electrodes shown in FIGS. 8 and 10 generate as much as

5 30% of the maximum force generated by a similarly sized

capacitor, and in this case, the force pushes the two clements
directly apart. As previously noted, the levitator electrodes
are aligned parallel to the direction of travel by the mover
76. Thus, the [orce that they apply is constant as the mover
is displaced laterally.

The effect of adding levitator electrodes 86 and 88 to the
motor is shown graphically in FIGS. 11 and 12. The plot of
FIG. 12 shows the lateral and out-of-plane forces as func-
tions of the gap between the mover and the substrate for a

s mover having a surface area of 1 mm? and having 1 gm pitch

substrate electrodes. In this calculation, it is assumed that the
mover is supported by 500 um long folded beam flexures
that have a width of 1 um and a thickness of 40 um. A bias
voltage of 1.75 V is the largest voltage that can be applied
lo the levilator electrodes belore the mover becomes
unstable and snaps down into the substrate. This instability
is seen in the graph of FIG. 12 by the fact that the
out-of-plane force is always negative, except at one point,
where it is zero. In this marginally stable case, the lateral
force is just large enough to deflect the springs 150 um.
Adding levitator electrodes to the drive significantly
increases the available [orce and the travel. The graph ol
FIG. 11 shows the lateral and out-of-plane forces for a motor
in which the 1 mm? area is evenly split between the levitator
and drive electrodes. It should be noticed that even with an
applied 12V, the motor is positioned very stably at 1.25 um.
The lateral force the motor can apply is now four times
greater than the force needed to deflect the flexures 150 um.

The motor is expected to meet many of the performance
requircments identificd in the above tables. The position
accuracy is determined almost completely by the average
electrode pitch, which is fixed at the time of manufacture.
Any changes in the llexural stillness or the applied bias
voltage produce very little effect. Thus, this motor should
accurately and repeatably position the micromirror 50.
Because of the efficiency of converting voltage to lateral
forec, the motor docs not nced to be very large, allowing the
micromirrors to be very closely spaced. The lateral force
shown in FIGS. 11 and 12 is sufficiently large to produce 10

5 g aceeleration ol the mover 76. Assuming that the mover is

100 gm thick and needs to travel 150 um to position the
micromirror, and assuming that the micromirror has an
effective size that 1s approximately three times the mass of
the mover, the time to position the micromirror without
feedback would be approximately 5 ms. Thus, even with
feedback to fine tune the position of the beam on the output
collimator, the micromirror should be positioned within 10
ms. The overall design should be fairly shock tolerant,
because the forces which position the mover can withstand

5 accelerations up to 10 g. The power consumption should be

fairly minimal, becausc the motor itself does not require
power, unless it is actuated. It docs, however, require a stable
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bias voltage. Some power is thus required to operate the
associated CMOS electronics. The thermal stability should
be good, because the actuator position relative to the sub-
strate does not change as the mover and substrate electrode
sets expand or contract. The micromirror angular position is
determined by components which are all comprised of single
crystal silicon, so that temperature changes should not affect
the micromirror angle, as long as the temperature is uniform.

AILTERNATIVE EMBODIMENT

FIGS. 13-16 illustrate another embodiment of the inven-
tion. In this embodiment, one side of a micromirror 90 is
supported relative to a substrate 92 by a frame 94. The
structurc of the micromirror may be identical to that
described above. That is, the micromirror may be formed of
single crystal silicon having a thickness of approximately
100 microns, with a thin coating (e.g., 2000 A) of rellective
material, such as gold. The micromirror is a dual axis device.
The embodiment includes two movers 96 and 98 which
move in parallel directions. Ilowever, other embodiments
arc contemplated. For cxample, the movers may be con-
nected to the micromirror 90 such that the micromirrors
follow perpendicular paths. In another embodiment, there is
a single mover that can be displaced in perpendicular
directions, depending upon the applications of electrostatic
forces.

Each mover 96 and 98 is supported above the substrate 92
by three beam flexures 100, 102 and 104. Each beam flexure
has an E shape, with end legs that are fixed to the substrate
and a center leg that is fixed to the associated mover. The
llexures may have a thickness ol 2 gm and a depth ol 100
um.

The mover 96 is coupled to the micromirror 90 by a
mirror drive rod 106 and a thin membrane flexure 108.
Similarly, the mover 98 is connected to the frame 94 by a
[rame drive rod 110 and 4 pair ol thin membrane [lexures
112. The thin membrane lexures 108 and 112 are substlan-
tially identical to the torsion bars 56, 58, 60 and 62 described
with reference to the embodiment of FIG. 2. The membrane
flexures arc formed on the upper surfaces of the rods 106 and
110. Whilc not clearly shown in FIG. 13, additional mem-
brane flexures are formed along the lower surfaces of the
movers to attach the movers to the drive rods 106 and 110.
Again, the material may be silicon nitride or polysilicon
having a film thickness of approximately 1000 A. The
interlocking pattern of a hinge that connects the frame 94 to
a support member 122, as shown in [1GS. 13 and 14, allows
the hinge to be loaded in both compression and tension. That
is, forces can be applied to the two sides of the hinge which
tend to pull the two sides of the hinge apart, and forces can
be applied Lo the hinge which tend (o push the two sides of
the hinge together. The illustrated hinge includes a T-shaped
protrusion element 118 that operates well when the hinge is
loaded under compression and includes a second protrusion
clement 120 that operates well when the hinge is loaded
under tension.

As shown in FIGS. 14-16, the protrusion elements 118
and 120 of the hinge are coupled to the support member 122
by membrane flexures 124. The support member 122 is
connected to the substrate 92 by a conncction layer 126. A
membrane flexure 128 is also used to connect the mover 98
to a hinged region 130 of the frame drive rod 110.

The micromirror 90 is shown in a rest position in FIG. 15.
The surface electrostatic arrangement that drives the mover
98 includes a sct of clectrodes 114 on the mover and a
sccond sct of cleetrodes 116 on the substrate 92. The patterns
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of electrodes preferably are consistent with the patterns
described with reference to FIG. 8. Thus, for every six
mover electrodes 114, there are seven substrate electrodes
116. This is the preferred embodiment, but other arrange-
ments may be utilized without diverging from the invention.
The sets of electrodes 114 and 116 are drive electrodes.
While not shown in FIGS. 15 and 16, the mover 98 and the
substrate 92 also include levitator electrodes. The mover 96
of FIG. 13 includes a similar surface electrostatic arrange-
ment for levitating and driving the mover.

When the mover 98 is in a rest position, the reflecting
surface of the micromirror 90 lies parallel to the top surface
of the mover. That is, the frame 94 and the micromirror are
in the positions illustrated in I'IG. 15. ITowever, when the
mover is energized by varying the voltage patterns along
either or both of the sets of drive electrodes 114 and 116, the
mover applies a lorce along the [rame drive rod 110. By
displacing the mover rightwardly, the force applied to the
frame drive rod tends to pivot the frame 94 and the micro-
mirror out of the plane of the mover. The membrane flexures
112, 124 and 128 allow the frame 94 to pivot to the
out-of-plane position shown in FIG. 16. Preferably, the
micromirror is able to rotate about at least 20° from the rest
position of FIG. 15. More prelerably, the rotation extends Lo

5 at least 30°. In the most preferred embodiment, the rotation

is extended to 45°.

Referring again to FIG. 13, the operation of the mover 96
is generally identical (o the operation ol the mover 98.
However, there is some additional complexity. The flexural
connection between the mirror drive rod 106 and the micro-
mirror 90 is more difficult, since the connection between the
mover 96 and the micromirror 90 must allow somc twisting
as the micromirror is tilted with respect to the frame 94 and
with respect to the substrate 92. A relieved section 132 along
the mirror drive rod 106 [ucilitales bending as the micro-
mirror is tilted. It should be noted that the micromirror
rotation by the mover 96 should not be initiated while the
frame 94, the micromirror 90 and the frame drive rod 110 are
coplanar, as shown in FIG. 15, sincc the frame drive rod will
interfere with movement of the frame 94. Consequently, the
micromirror should be tilted before the initial movement of
the mover 96. Prelerably, the mover 96 is able (o rotate the
micromirror 90 at least 20°. More preferably, the rotation is
at least 30°.

OPERATION

The operation of the optical switch 10 of FIG. 1 using any
ol the embodiments of the dual axis micromirrors described
above may include a combination of open and closed loop
electronics. When a signal is received to move the input
optical beam 30 from a first output fiber of the collimator
array 14 to a sccond output fiber, the micromirror 22 in the
first micromirror array 16 rotates along two axes and moves
the optical beam 32 from the micromirror 26 in the second

5 micromirror array 18 1o a third micromirror 28. During the

rotation of the micromirror 22, the beam 32 is caused to
travel in areas of the second micromirror array 18 in which
the beam will not impinge any intermediate micromirrors.
As a result, optical crosstalk is avoided. This is possible
because the micromirrors fill only 25% to 33% of the space
of the micromirror array. During the movement of the beam,
the micromirror associated with the second output [iber is
manipulated along two rotational axes to receive the beam
from the first micromirror 22 and to precisely reflect the

5 beam to the second output fiber. Because the electrostatic

surfacc actuators should have cxcellent precision and
repeatability, these movements and positionings arc possible
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using open loop electronics. This type of precision and range
of motion is less likely with alternative drive mechanisms,
such as comb drives, scratch drives, piezoelectric elements,
or electrostatic gap closing drives. The beam is positioned
onto the output optical fiber with a very precise incidence
angle. Once the beam is positioned on the output fiber, the
optical signal is monitored and used to fine tune the position
of the micromirror, so as to optimize coupling.

FABRICATION

Referring now to FIG. 17, the process of fabricating an
optical switch in accordance with the invention includes a
step 134 of forming an array of surface electrostatic movers.
This step includes patterning surface clectrostatic arrange-
ments that enable the movers to be electrostatically manipu-
lated. Surface electrostatic arrangements such as the type
described with relerence to FIGS. 8, 9 and 10 may be
fabricated on surfaces of the movers and the substrate on
which the movers are formed. In the preferred embodiment,
the surface clectrostatic arrangements include both drive
clectrodes and levitator clectrodes.

In steps 136 and 138, an array of dual axis micromirrors
is formed and is supported for manipulation by the movers.
In the embodiment of FIGS. 13-16, the steps 136 and 138
are executed simultaneously, since the micromirrors and the
movers are formed in common processing on the same
substrate. On the other hand, in the embodiment of FIGS. 6
and 7, the steps arc performed independently, since the
movers and the micromirrors are fabricated on separate
substrates that are subsequently connected to provide the
assembly shown in FIG. 7.

Akey feature of the design is that the micromirrors can be
manufactured in 4x4 arrays (as onc cxamplc) and then tiled
together to produce an overall system. For instance, a
576x576 switch can be manufactured by tiling thirty-six 4x4
arrays. Thus, 4x4 arrays can be separately [abricated to build
larger optical swilches. In addition, using a 4x4 array as a
basic unit, it is straightforward to provide a complete prod-
uct line of switches. The tiling is possible because an
individual micromirror only nceds to be aligned to its
associated fiber with a 25 micron tolerance. The individual
mirrors of the array can accommodate any tilt introduced in
the tiling process. Once the complete system is assembled,
the individual mirrors can be calibrated, with the informa-
tion stored in an electronic memory and shipped with the
overall system controller.

The tiling step 140 in FIG. 17 may be executed with 4x4
arrays of micromirrors that are each 1.1 mmx1.5 mm.
Micromirrors ol these dimensions are suitable [or steering
beams with a waist of up to 320 gm. Thus, a single chip
could be used to tile switches as large as 625x625. Tiling is
possible because the lateral and angular alignments of the
first and sccond arrays 16 and 18 of FIG. 1 arc rcasonably
rudimentary. Lateral tolerances of +25 microns should be
possible and any angular misalignments can be compensated
by the initial calibration ol the assembled optical switch 10.
Tiling allows the individual 4x4 arrays to be yielded sepa-
rately and allows the switches to be much larger than a
particular wafer size.

Step 142 is a step of positioning the arrays of micromir-
rors and the arrays ol collimators (o provide systems such as
the one illustrated in FIG. 1. The calibration can then be
performed. While the preferred embodiment of the optical
switch includes electrostatically driven movers and includes
a pair of micromirror arrays 16 and 18, othcr embodiments
arc contcmplated. For cxample, the optical systcm may
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include two micromirror arrays, but the micromirrors may
be manipulated about two axes using techniques other than
those provided by surface electrostatic actuation.

What is claimed is:

1. A micromachine for steering optical signals compris-
ing:

a substrate;

a micromirror supported adjacent to said substrate to
enable movement of said micromirror relative to said
substrate;

a first surface electrostatic arrangement operatively asso-
ciated with said micromirror to selectively rotate said
micromirror relative to said substrate in response to
first electrostatic forces, said first surface electrostatic
arrangement including first and second sets of elec-
trodes configured and aligned to generate said first
electrostatic forces in response to voltage patterns
applied across said first and second sets; and

a second surface clectrostatic arrangement operatively
associated with said micromirror to selectively rotate
said micromirror relative to said substrate in response
to sccond clectrostatic forees, said sccond surface clee-
trostatic arrangement including third and fourth scts of
electrodes configured and aligned to generate said
second electrostatic forces in response to voltage pat-
terns applied across said third and fourth sets;

wherein rotations of said micromirror by operations of
said first surface electrostatic arrangement follow angu-
lar paths that arc scparatc from angular paths followed
by said micromirror operations of said second surface
electrostatic arrangement.

2. The micromachine of claim 1 wherein said [irst surlace
electrostatic arrangement includes a first mover that is
reciprocally displaceable along a first path and that is
operatively coupled to said micromirror to control rotation
about a first axis as said first mover is displaced along said
first path, said sccond surfacc clectrostatic arrangement
including a second mover that is reciprocally displaceable
along a second path and that is operatively coupled to said
micromirror o control rotation aboul a second axis as said
second mover is displaced along said second path.

3. The micromachine of claim 2 wherein said second and
fourth sets of electrodes are generally perpendicular to each
other along a surfacc of said substratc, said first sct of
electrodes being formed on said first mover in general
alignment with said second set, said third set of electrodes
being lormed on said second mover in general alignment
with said fourth set.

4. The micromachine of claim 3 further comprising sets of
levitation electrodes along each of said first and second
movers and along corresponding locations on said surface of
said substrate, said levitation electrodes being supplied with
voltages in patterns configured to generate repulsive forces

5 between said substrale and each ol said [irst and second

movers.

5. The micromachine of claim 2 further comprising a
frame connected to support said micromirror, said first
mover being coupled to manipulate said frame such that said
micromirror is rotated about said first axis, said second
mover being connected to said micromirror to manipulate
said micromirror independently ol said [rame.

6. The micromirror of claim 1 further comprising a
mirror-supporting substrate positioned generally parallel to

5 said substrate, said micromirror being connected to said

mirror-supporting substrate to accommodate rotations of
said micromirror about first and sccond axcs.
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7. The micromirror of claim 6 wherein said mirror-
supporting substrate includes flexible torsion bars which
connect said micromirror to said mirror-supporting
substrate, said micromirror being coupled to a projecting
member that extends between said mirror-supporting sub-
strate and said substrate, said projecting member being
manipulated in response to said operations of said first and
second surface electrostatic arrangements.

8. The micromirror of claim 1 wherein said micromirror
is one of a plurality of substantially identical micromirrors
along said substrate, each said micromirror being enabled to
rotale aboul two axes and being operatively associated with
dedicated first and second surface electrostatic arrange-
ments.

9. The micromachine of claim 1 further comprising a
controllcr connected to said first, sccond, third and fourth
sets of electrodes to selectively vary voltage patterns applied
across at least two of said sets, thereby selectively varying
said [irst and second electrostatic [orces.

10. An optical switch comprising:

a first array of first optical signal conductors;

a second array of first dual axis micromirrors that are
individually manipulable, said first and sccond arrays
being positioned such that each said first micromirror is
dedicated to one of said first optical signal conductors
to receive incident optical signals therelrom, each said
first micromirror being mounted to enable manipula-
tion about two axes of rotation;

a third array of second dual axis micromirrors that are
individually manipulable, said second and third arrays
being positioned such that said manipulation of any
particular first micromirror reflects incident optical
signals [rom said particular [irst micromirror o any one
of a plurality of said second micromirrors, each said
second micromirror being mounted to enable manipu-
lation about two axes of rotation; and

a fourth array of sccond optical signal conductors posi-
tioned relative to said third array such that each second
micromirror is dedicated to direct incident optical sig-
nals to a uniquely associated one of said second optical
signal conductors.

11. The optical switch of claim 10 wherein said first and

fourth arrays are collimator arrays.

12. The optical switch of claim 10 whercin said sccond
and third arrays include surface electrostatic actuators con-
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figured to individually manipulate said first and second
micromirrors in response to electrostatic forces.
13. The optical switch of claim 12 wherein each said first
and second micromirror is uniquely associated with two
surface electrostatic actuators that generate electrostatic
forces for rotations about first and second axes, respectively.
14. The optical switch of claim 10 wherein each said
second and third array includes a substrale on which said
first and second micromirrors are microlabricated.
15. A method of fabricating optical micromachines com-
prising the steps of:
providing a substratc;
forming a plurality of surface electrostatic movers on said
substrate such that said movers are independently
manipulable in response to electrostatic forces; and

supporting a plurality of micromirrors relative to said
substrate such that each said micromirror is rotatable
about substantially perpendicular first and second axes
and such that manipulations ol said electrostatic mov-
ers cause rotations of said micromirrors about said first
and second axes.

16. The method of claim 15 whercin said step of support-
ing and micromirrors includcs positioning said micromirrors
relative to said electrostatic movers such that each said
micromirror is uniquely associated with at least one of said
electrostatic movers.

17. The method of claim 15 wherein said step of support-
ing said micromirrors includes labricating [rames on said
substrate and includes [abricating said micromirrors on said
substrate such that said micromirrors are supported by said
frames, said electrostatic movers thereby being integrated
with said frames and said micromirrors.

18. The method of claim 15 wherein said step of support-
ing said micromirrors includes forming said micromirrors on
a second substrate and attaching said second substrate to
said substrate on which said electrostatic mirrors are formed.

19. The method of claim 15 wherein said step ol [orming
said electrostatic movers includes patlerning [lirst sets of
electrodes on a surface of said substrate and includes pat-
terning a second set of electrodes on a surface of each
electrostatic mover.
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