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(7) ABSTRACT

A multi-axis magnetically actuated device, an array of
multi-axis magnetically actuated devices, and a method of
fabrication of a multi-axis magnetically actuated device are
disclosed. In addition, disclosed is an optical switch com-
prised of an array of multi-axis magnetically actuated
devices and an array of ports adapted to receive an optical
waveguide such as, for example, an optical fiber. The
multi-axis magnetically actuated device of the invention is
capable of rotational movement in two orthogonal direc-
tions. In one embodiment, the multi-axis magnetically actu-
ated device comprises two nested rotational members, an
inner rotational member nested within an outer rotational
member that in turn is nested within a base member. The
inner rotational member is mounted by two inner torsional
flexures to the outer rotational member that in turn is
mounted by two outer torsional flexures to the base member.
The inner torsional flexures define an inner axis of rotation
while the outer torsional flexures define an outer axis of
rotation. The rotational motions of each rotational member
arise in response to an interaction between a magnetic
influence and a magnetic moment generated by a current
passing through coils arranged adjacent to a surface of the
inner rotational member. Bulk micromachining techniques
enable the members to be formed from a monolithic silicon
wafer and can produce a member with a smooth surface. The
smooth surface of a member may function as a reflector. In
one embodiment, the inner rotational member functions as a
reflector.
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MULTI-AXIS MAGNETICALLY ACTUATED
DEVICE

FIELD OF THE INVENTION

[0001] The invention relates generally to the field of
micro-electro-mechanical-systems (MEMS). In particular,
the invention relates to a multi-axis magnetically actuated
micromechanical device.

BACKGROUND OF THE INVENTION

[0002] Micro-electro-mechanical-systems (MEMS) are
microdevices that are batch-fabricated using micromachin-
ing techniques that combine electrical and/or magnetic com-
ponents with mechanical components. MEMS have several
attractive properties. They are small, low in mass and cost
little to produce. In one class of MEMS, the microdevice
consists of a plate that is suspended by two torsional
flexures, or bars, which define an axis about which the plate
can rotate. This class of MEMS has a range of applications.
In particular, such single axis MEMS devices may be
employed as micro-mirror mounts. Micro-mirrors are useful
in a variety of optical scanning applications, such as holo-
graphic systems, robot vision systems, security systems,
video displays, heads-up displays, video cameras, retinal
projector displays, laser scanning microscopes and laser
detection and ranging systems (LIDAR), and a variety of
optical switch applications, such as routing switches, matrix
switches, and multiplexers. However, such systems typically
require optical scanning, or optical switching, in two
orthogonal directions. One method of achieving scanning, or
switching, in two orthogonal directions is to place two or
more single axis MEMS devices in series. However, a serial
arrangement of mirrors always produces optical aberrations
of the scanned image. In addition, geometric considerations
seriously limit the matrix dimensions of optical matrix
switches that employ serial mirror arrangements.

[0003] Another method of achieving two orthogonal
direction switching, such as that desired in a matrix switch,
is to employ electronic switches that perform optical-to-
electrical and electrical-to-optical signal conversion. These
signal conversions, however, introduce bandwidth limita-
tions, conversion losses, and signal degradation. Another
method of achieving two orthogonal direction switching
employs an integrated optical waveguide circuit. Waveguide
circuits, however, are difficult to expand to large matrix
dimensions because waveguide architectures typically
require many signal paths to cross one another. Such cross-
ings lead to waveguide cross-talk, signal losses, and require
complicated switching algorithms.

[0004] Another method of achieving two orthogonal
direction scanning is to employ a biaxial, or two-axis,
MEMS device. Such a device may consist of a inner plate
suspended by two bars, defining one axis of rotation, which
are attached to an outer plate that is in turn suspended by two
bars that define another, orthogonal, axis of rotation. Several
methods are known to actuate the rotational motion of the
plates. One method of actuation is by piezoelectric drive.
However, piezoelectric drive requires the use of linkages
and coupling mechanisms to transfer the motion to the
plates. Accordingly, geometric considerations make it diffi-
cult to transfer piezoelectric motion to the nested plates of a
two-axis MEMS device. Further, it is often difficult to match
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the low mechanical impedance of a rotatable plate to the
high impedance of a typical piezoelectric actuator, such as a
stack or length extender bar. Another method actuates the
rotation electrostatically. However, electrostatic actuation
requires the use of high voltages (hundreds, or thousands, of
volts) to achieve large angular deflection (greater than 20
degrees) of plates larger than about one millimeter square.
Such high voltages are not readily compatible with standard
CMOS and battery operated equipment. Electrostatic actua-
tion is also highly nonlinear and, as a result, the plate can
“snap down” if over-actuated and reduce angular precision.
Consequently, current two-axis MEMS devices suffer from
the inability to provide large angular deflection of “large”
rotational elements in a compact device with operational
voltages that are readily compatible with standard device
logic and other devices.

SUMMARY OF THE INVENTION

[0005] The invention, in one embodiment, provides a
multi-axis magnetically actuated device capable of high
angular deflection about each axis without the necessity of
high actuation voltages. In one aspect, the invention pro-
vides a small, lightweight two-axis micromechanical device
which has a high torque and a high bandwidth about both
axes. In another aspect, a two-axis magnetically actuated
micromechanical device of the invention provides a useful
two-axis optical micro-mount. A wide variety of optical
elements can benefit from being mounted on a two-axis
mount including, for example, photodetectors, diffraction
gratings, reflectors, mirrors, prisms, and optical beam steer-
ing elements in general. The embodiments of a microme-
chanical device of the invention have a wide range of
applications, including, but not limited to, optical scanning
applications, optical switch applications, and image sensing
applications. For example, the invention is useful in such
optical scanning applications as holographic systems, robot
vision systems, security systems, video displays, heads-up
displays, video cameras, retinal projector displays, bar code
scanning, laser scanning microscopes and LIDAR. Embodi-
ments of the invention can provide several advantages to an
optical scanning application, such as, fast two-dimensional
scanning of relatively large mirror elements over large scan,
or deflection, angles with high angular precision without the
optical aberrations inherent to serial mirror configurations.
According to another aspect, the invention provides a device
that is compact and that operates with voltages that are
readily compatible with other devices and standard device
logic.

[0006] The invention is useful in such optical switch
applications as, for example, series bus access couplers,
optical routing switches, optical matrix switches, packet
routers, optical logic circuits, reconfigurable networks, and
multiplexers such as add-drop multiplexers and space divi-
sion multiplexers. According to other aspects, optical
switches of the invention are also useful in, for example,
optical communication network, optical gyroscope, and
optical signal processing applications. Embodiments of the
invention can also provide several advantages to an optical
switch application, including, for example, a compact, scal-
able, fast response, multiple wavelength, intelligently
routable, switching element that can achieve a multitude of
stable switching states and which returns to a known state
upon removal or loss of power. In addition, the optical
switch of the invention achieves these advantages without a
time-consuming light-to-electricity-to-light conversion pro-
cess and without the optical aberrations inherent to serial
mirror configurations.
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[0007] In one embodiment, the invention provides a two-
axis magnetically actuated micromechanical device capable
of angular deflections of a plate, or rotational member, of up
to 45°. According to one aspect, the two-axis magnetically
actuated device comprises two nested rotational members,
an inner rotational member nested within an outer rotational
member that in turn is nested within a base member. The
inner rotational member is mounted by two inner torsional
flexures to the outer rotational member that in turn is
mounted by two outer torsional flexures to the base member.
The inner torsional flexures define an inner axis of rotation
while the outer torsional flexures define an outer axis of
rotation substantially orthogonal to the inner axis. The
rotational motions of each rotational member arise in
response to an interaction between a magnetic influence,
such as a non-uniform external magnetic field, and a mag-
netic moment generated by a current passing through coils
arranged adjacent to a surface of the inner rotational mem-
ber. Bulk micromachining techniques enable the members to
be formed from a monolithic silicon wafer and can produce
a member with a smooth surface. The smooth surface of a
member may function as a reflector. In one embodiment, the
inner rotational member functions as a reflector. Accord-
ingly, in one embodiment the invention provides a two-axis
magnetically actuated micromechanical mirror. In another
embodiment, the invention provides an inner rotational
member that functions as a diffraction grating.

[0008] In another embodiment, the invention provides a
two-axis magnetically actuated device further comprising a
magnet and at least one pole piece. The two-axis magneti-
cally actuated device comprises two nested rotational mem-
bers, an inner rotational member nested within an outer
rotational member that in turn is nested within a base
member. The inner rotational member is mounted by two
torsional flexures, defining an inner axis of rotation, to the
outer rotational member that in turn is mounted by two
torsional flexures to the base member, these flexures defin-
ing an outer axis of rotation which is substantially orthogo-
nal to the inner axis. Two pairs of coils are arranged adjacent
to a surface of the inner rotational member such that
application of a current to a coil generates a magnetic
moment substantially perpendicular to the surface of the
inner rotational member. The magnet and pole piece(s) are
arranged to produce a magnetic field gradient across the
inner rotational member. Accordingly, the magnet and pole
piece(s) are arranged to produce a non-uniform external
magnetic field, i.e., a magnetic influence, for interaction
with a magnetic moment generated by the coils and thereby
actuate a rotational movement of the inner and/or outer
rotational members.

[0009] In one aspect, the invention provides a device
comprised of an array of two-axis magnetically actuated
devices. In another aspect, the invention provides an optical
switch comprised of a two-axis magnetically actuated
device. In a further aspect, the invention provides a compact
optical switch adapted for simultaneous independent align-
ment and full NxN optical switch functionality.

[0010] According to another embodiment, the invention
provides a method of actuating a multi-axis magnetically
actuated device. One such method of actuation includes
applying an electric current to a first set, or pair, of coils
arranged adjacent to a surface of the inner rotational member
to induce a rotational movement of the outer and inner
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rotational members about the outer axis in response to
interaction with a first magnetic influence and, applying an
electrical current to a second set, or pair, of coils also
arranged adjacent to the surface of the inner rotational
member to induce a rotational movement of the inner
rotational member about the inner axis in response to
interaction with a second magnetic influence.

[0011] According to a further embodiment, the invention
provides a method of fabricating a multi-axis magnetically
actuated device. In one such method of fabrication, a two-
axis magnetically actuated micromechanical device is
micromachined from a monolithic silicon-on-insulator
(SOT) wafer and coils formed by electroplating a metal layer
onto an adhesion layer sputtered on the silicon wafer. In this
embodiment, the outer rotational member, inner rotational
member, and flexures are formed substantially by micro-
maching techniques such as, for example, photolithography
and etching techniques. In another embodiment, a two-axis
magnetically actuated device is micromachined from a
monolithic SOI wafer and coils formed from wound wire
that are incorporated into the inner rotational member. In
another embodiment, a two-axis magnetically actuated
device is machined, molded and/or stamped from a combi-
nation of plastic, metal, silicon, and/or ceramic components
and coils formed from wound wire that are incorporated into
the inner rotational member.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention is pointed out with particularity in
the appended claims. The advantages of the invention
described above, together with further advantages, may be
better understood by referring to the following description
taken in conjunction with the accompanying drawings. In
the drawings, like reference characters generally refer to the
same parts throughout the different views. Also, the draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the inven-
tion.

[0013] FIGS. 1A-1C show schematic illustrations of two
embodiments of a two-axis magnetically actuated device.

[0014] FIG. 2A shows a schematic illustration of an
embodiment of a topography for the coil pairs, lead lines and
contacts of a two-axis magnetically actuated device.

[0015] FIGS. 2B-2D show schematic illustrations of vari-
ous embodiments of a topography for the coil pairs, lead
lines and contacts of a two-axis magnetically actuated
device.

[0016] FIGS. 3A-3C show schematic cross sectional illus-
trations of various embodiments of a two-axis magnetically
actuated device.

[0017] FIG. 3D shows a schematic illustration of an
embodiment of a two-axis magnetically actuated device.

[0018] FIG. 3E shows a cross sectional schematic illus-
tration of the embodiment of the two-axis magnetically
actuated device of FIG. 3D along section A-A'.
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[0019] FIGS. 4A-4B show schematic cross sectional illus-
trations of various embodiments of a two-axis magnetically
actuated device comprising a magnet and at least one pole
piece.

[0020] FIG. 4C shows a schematic three-dimensional
cross sectional illustration of an embodiment of a two-axis
magnetically actuated device comprising a magnet and two
pole pieces.

[0021] FIG. 4D shows a schematic illustration of an
embodiment of a two-axis magnetically actuated device
comprising multiple magnets.

[0022] FIG. 4E shows a cross sectional schematic illus-
tration of the embodiment of a two-axis magnetically actu-
ated device of FIG. 4D along section A-A'.

[0023] FIG. 5 shows a schematic illustration of a principle
of operation of an embodiment of a two-axis magnetically
actuated device.

[0024] FIGS. 6 A-6B show schematic illustrations of vari-
ous embodiments of an array of multi-axis magnetically
actuated devices.

[0025] FIGS. 6C-6F show schematic illustrations of vari-
ous embodiments of array patterns for an array of multi-axis
magnetically actuated devices.

[0026] FIGS. 7A-7B show schematic illustrations of vari-
ous embodiments of an optical switch comprised of a
multi-axis magnetically actuated device.

[0027] FIG. 8 is a diagram illustrating an embodiment of
a method of fabricating a multi-axis magnetically actuated
device.

[0028] FIGS. 9A-9I show a series of cross sectional illus-
trations of an embodiment of a multi-axis magnetically
actuated device fabricated by the method illustrated by FIG.
8.

DETAILED DESCRIPTION

[0029] Referring to FIGS. 1A-1C, two embodiments of a
two-axis magnetically actuated device of the invention are
shown. In each embodiment, the device comprises a base
member 1 and a first rotational member 2 suspended by a
first set of torsional flexures 4 which connect the base
member I and the first rotational member 2. The torsional
flexures 4 substantially define an axis 40 about which the
first rotational member 2 and a second rotational member 3
may rotate. The second rotational member 3 is suspended by
a second set of torsional flexures 5§ which are connected to
the first rotational member 2. The second set of torsional
flexures 5 substantially define an axis 50 about which the
second rotational member 3 may rotate. The base member 1,
the first rotational member 2, the second rotational member
3, the first set of torsional flexures 4, and the second set of
torsional flexures 5, may be comprised of the same material,
or combination of materials, or different materials, or dif-
ferent combinations of materials. For example, in one
embodiment, the base member, first rotational member and
the second rotational member, the first set of torsional
flexures, and the second set of torsional flexures, are com-
prised of epitaxial silicon. In a preferred embodiment, the
devices of FIGS. 1A-1C are composed of materials which
are comprised of layers of two or more materials. In one
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embodiment, the base member 1, the first rotational member
2, the second rotational member 3, the first set of torsional
flexures 4, and the second set of torsional flexures 5, are
comprised of a silicon-on-insulator material (SOI). The base
member, first rotational member and the second rotational
member may further comprise layers of silicon nitride
(SizN,). The electrically insulating layer of the SOI material
may comprise, for example, silicon dioxide (Si0O,), silicon
nitride, and/or synthetic sapphire. However, it is to be
understood that the precise materials used to fabricate the
base member, first rotational member, and/or second rota-
tional member may be any material that is workable by
micromachining techniques, and preferably by silicon
micromachining techniques.

[0030] The first set of torsional flexures 4 and the second
set of torsional flexures 5 may be comprised of the same
material, or combination of materials, as the base member,
first rotational member, and/or second rotational member, or
of different materials, or combinations of materials. A tor-
sional flexure may be comprised of any material sufficiently
elastic to exert a restoring force when subjected to torsional
bendings not substantially greater than 45°. Suitable tor-
sional flexure materials for a two-axis magnetically actuated
device of the invention include, but are not limited to,
silicon, polysilicon, doped polysilicon, silicon on silicon
dioxide, silicon nitride, silicon carbide, and nickel. Further,
torsional flexures may be coated with a layer of any suitable
viscoelastic polymer to dampen unwanted vibration of the
torsional flexures. One typical unwanted vibration of a
torsional flexure arises from such sources as the rotational
movement of the first rotational member and/or the second
rotational member. Suitable viscoelastic polymers include,
for example, polymers such as polyimide, polyisoprene, and
polyamide.

[0031] The surface 3A of the second rotational member 3
may be reflective. The reflective surface may comprise a
silicon surface, such as a silicon (100) surface. In addition a
surface treatment may be applied to surface 3A. The surface
treatment may, for example, comprise one or more dielectric
layers and/or metal layers disposed adjacent to or on the
surface 3A. Suitable dielectric layers include, for example,
silicon dioxide and silicon nitride. A metal layer may com-
prise a reflective metal, such as a thin film silver, thin film
gold, or thin film aluminum layer. The surface 3A may be
substantially planar, concave, or convex. In one embodi-
ment, the surface 3A comprises a concave reflective surface.

[0032] In another embodiment, the surface treatment may
comprise formation of a diffraction grating surface on the
surface 3A. For example, the slits or grooves of the grating
may be formed by the structural morphology of the surface
itself, or a patterned layer of material disposed adjacent to or
on the surface 3A. Examples of methods suitable for pro-
ducing slits or grooves in the surface 3A include, but are not
limited to, techniques such as microcontact printing, micro-
machining, photolithography, vapor deposition, controlled
anisotropic etching, and laser interferometric photolithogra-
phy. Examples of structures that may be grown or deposited
on the surface 3A to produce slits or grooves include, but are
not limited to, carbon nanotubes, nanocrystals and/or nano-
rods of II-VI and/or III-V semiconductors, such as cadmium
selenide (CdSe).
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[0033] Referring to FIG. 1C, the opposite side of the
device illustrated in FIG. 1A is shown. The two-axis mag-
netically actuated device of FIG. 1A further comprises a
first coil pair 6 disposed adjacent to a surface 3B of the
second rotational member 3, and a second coil pair 7 also
disposed adjacent to the surface 3B of the second rotational
member 3. In the illustrative embodiment, the coil pairs 6
and 7 are connected to contacts 6B, 7B, respectively, by lead
lines 6A and 7A respectively, disposed adjacent to the
surface 2B of the first rotational member 2 and the surface
4B of the first set of torsional flexures 4 and the surface SB
of the second set of torsional flexures 5. Although FIG. 1C
illustrates the structural geometry of the coil, lead lines, and
contacts for the device illustrated in FIG. 1A, it is to be
understood that similar coil, lead lines, and contact structural
geometries are present on the opposite side of the device
illustrated in FIG. 1B.

[0034] The coils, the lead lines, and the contacts may be
comprised of the same material, or combination of materials,
or different materials, or combinations of materials. In one
embodiment, the coils, lead lines, and contacts are com-
prised of copper (Cu). However, the coils, lead lines, and
contacts, may be comprised of any suitable conductive
material including, but not limited to, silver (Ag), gold (Au),
nickel (Ni), platinum, and alloys thereof. Suitable conduc-
tive materials further include, but are not limited to, doped
polysilicon, indiun tin oxide (ITO), and conductive poly-
mers such as polyaniline, polypyrole, polythiophene,
polyphenylenevinylene, and their derivatives. Further, the
coil, the lead lines and/or the contacts may further comprise
an intermediate medium. This intermediate medium may
comprise one or more layers of one or more materials
disposed between a coil, lead line and/or contact and the
underlying member or flexure. For example, the intermedi-
ate medium may be comprised of an adhesion layer, a
diffusion barrier layer, an electrically insulating layer and/or
a thermal-stress compensation layer. In one embodiment, the
coil, lead lines and/or contacts may be disposed on an
intermediate layer comprised of an adhesion layer disposed
on an insulating layer which is in turn disposed upon the
second rotational member, the first torsional flexure, the
second torsional flexure, the first rotational member and/or
the base member. The coil, lead lines and/or contacts may be
also be placed on a layer comprised of materials disposed to
compensate for thermal induced stress, such as that caused
by differences in the thermal expansion, or contraction, of
different materials. One such thermal stress compensation
material is silicone rubber.

[0035] Referring to FIG. 2A, one embodiment of a topog-
raphy for the coil pairs, the lead lines, and the contacts of a
two-axis magnetically actuated device is shown. A set of
four coils 61, 62, 71, and 72 is disposed on the surface 3B
of the second rotational member 3, which form two coil
pairs, 6 and 7, one for each axis of rotation. The coils, 61,
62,71, 72, are connected by connectors 65, 75A and 75B, to
form the coil pairs 6 and 7 respectively. As illustrated in
FIG. 2A, the connector 65 connects the coils 61 and 62 to
form an electrically conductive path from the contact 61B to
contact 62B through the lead line 61A and the lead line 62A.
Likewise, the connectors 75A and 75B provide an electri-
cally conductive path from the contact 71B through the lead
line 71A and the coils 71 and 72, through the lead line 72A
to the contact 72B. It is to be understood, that as illustrated
in FIG. 2A, the connectors 65, 75A and 75B lic out of the
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plane of the coils 61, 62, 71, 72. Accordingly, the connector
65 connects the points 66 and 67 but does not make
electrical contact with either the coil 71 or coil 72. Similarly,
the connector 75A connects the points 76A and 77A, while
the connector 75B connects the points 76B and 77B, but
neither connector makes electrical contact with either the
coil 61 or coil 62.

[0036] In one embodiment, the coils, the lead lines, and
the contacts comprise plated metal. Metals suitable for
plating include, but are not limited to, copper (Cu), gold
(Au), silver (Ag), platinum (Pt) and alloys thereof. In one
embodiment, the connectors, 65, 75A and 75B, are com-
prised of a thin film metal. Suitable thin film metals include
but are not limited to Cu, Au, Pt, nickel (Ni), aluminum (Al)
and alloys thereof. The coil pairs, lead lines, contacts, and/or
connectors, may be formed by any suitable technique.
Suitable techniques include, but are not limited to, evapo-
rative deposition, chemical vapor deposition, argon ion
sputtering, and/or electroplating. The coils illustrated in
FIG. 2A are arranged in triangular spiral patterns, however,
the specific pattern of a coil is not critical to the invention.
Rather, it is to be understood that a coil may be arranged in
any pattern suitable for producing upon application of a
current to the coil a magnetic moment substantially perpen-
dicular to the plane of the coil. Suitable patterns include, but
are not limited to, spirals and loops. The coils may comprise
a single turn or many turns, however, it is to be realized, that
increasing the number of turns in a coil increases the coil
generated magnetic moment for a given current. Examples
of suitable coil patterns are shown in FIGS. 2B-2D which
include: square spirals 161, 162, 171, 172, FIG. 2B; circular
spirals 161a, 162a, 171a, 172a, FIG. 2C; and loops 1615,
162b, 171b, 172b, FIG. 2D.

[0037] Inone embodiment, the coils 61, 62 and 71, 72 are
wired in two series pairs, 6 and 7, respectively. Each coil
pair, 6 and 7, contains one clockwise and one counter
clockwise spiral. As a result, application of an electrical
current to a coil pair produces magnetic moments, one
pointing into the plane of the page of FIG. 2A, 2B, 2C, or
2D, and the other pointing out of the plane of the page.
Interaction of a magnetic moment with an external magnetic
field generates a force

SRS

[0038] given, in MKS units, by:

P )P 8]

[0039] where

R
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[0040] is the magnetic moment generated by a coil with
current passing through and

Sohe)

[0041] is the magnetic flux density (also know as the
magnetic inductance) of the external magnetic field. Accord-
ingly, movement of a rotational member is actuated by
interaction of a current applied to a coil pair with a magnetic
influence such as a non-uniform external magnetic field. For
example, application of a current to the coils 61 and 62
produces a pair of magnetic moments which via interaction
with a non-uniform magnetic field produce non-zero forces
that act as a “push-pull” pair to produce a rotational move-
ment of the first and second rotational members substantially
about the axis 40. Similarly, application of a current to the
coils 71 and 72 produces a pair of magnetic moments which
via interaction with a non-uniform magnetic field produce
non-zero forces that act as a “push-pull” pair to produce a
rotational movement of the second rotational members sub-
stantially about the axis 50.

[0042] Referring to FIG. 3A, an illustrative cross section
of the device illustrated in FIG. 2A is shown. The cross
section in FIG. 3A is taken approximately along the line
A-A' illustrated in FIG. 2A. In one embodiment, the coil
pairs 6 and 7 are disposed in part on the surface 3B of the
second rotational member 3 and in part on an insulating
layer 95 that enables connectors, such as 65, 75A and 75B,
to make electrical contact with the appropriate coil at the
desired point(s) thereon. For example, as illustrated in FIG.
3A, the insulating layer 95 (i.e. an “intermediate medium™)
is arranged such that the connector 65 may contact the coil
pair 6 at points 66 and 67 yet not make electrical contact
with the coil pair 7. Suitable insulating layer 95 materials
include, but are not limited, to polyimide, silicon dioxide,
silicon nitride, and undoped silicon carbide.

[0043] Referring to FIG. 3B, an illustrative cross section
of another embodiment of the device illustrated in FIG. 2A
is shown for a section taken along the line A-A'. In one
embodiment, the coil pairs, 6 and 7, the lead lines, 6A and
7A, and/or the contacts, 6B and 7B, are disposed adjacent to
the underlying member and/or flexure structures with a
bridge technique. Suitable bridge techniques include, but are
not limited to, those disclosed in U.S. Pat. No. 5,216,490,
which is herein incorporated by reference. In this embodi-
ment, a bridge layer 9 supports the coil pair, lead line, and/or
contact off of the underlying structure, such as the base
member, torsional flexure, first rotational member, or second
rotational member. The coil pair, lead line, and/or contact is
supported only at certain points by the bridge layer 9 leaving
voids 10 between the supported structure and the underlying
structure. The voids 10 reduce the area of contact between
the supported structure and the underlying structure and, as
a result, reduce the bimetallic element effect. Suitable bridge
layers may be comprised of any layer and/or materials
suitable for an intermediate medium, including, but not
limited to, an adhesion layer, a diffusion barrier layer, an
electrically insulating layer and a thermal-stress compensa-
tion layer.

[0044] Referring to FIGS. 3C and 3E, illustrative cross
sections of other embodiments of a two-axis magnetically
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actuated device are shown. The device comprises a base
member 101 and a first rotational member 102 suspended by
a first set of torsional flexures 104 which connect the base
member 101 and the first rotational member 102. The first
set of torsional flexures 104 substantially define a first axis
140 about which the first rotational member 102 and a
second rotational member 103 may rotate. The second
rotational member is suspended by a second set of torsional
flexures 105 which are connected to the first rotational
member 102. The second set of torsional flexures 105
substantially define a second axis 150 about which the
second rotational member 103 may rotate. Coils 160, formed
from wound wire, are incorporated into recesses 130 in the
second rotational member. In one embodiment, the wire
diameter is from about 0.02 mm to about 1 mm in diameter.
Preferably, the wire diameter is from about 0.1 mm to about
0.5 mm in diameter. In addition to ease of fabrication, use of
wound wire to form coils permits generation of greater
magnetic moments; and as a result, fabrication of a two-axis
magnetically actuated device with a second rotational mem-
ber on the order of 1 cm”.

[0045] Referring to FIG. 3C, in one embodiment, the
second rotational member is comprised of an upper member
103A and a lower member 103B. In one embodiment, the
base member 101, first rotational member 102, second
rotational member 103 and torsional flexures 104, 105, are
micromachined from a monolithic SOI wafer and coils 160
formed from wound wire that are incorporated into the inner
rotational member. Referring to FIGS. 3D and 3E, in
another embodiment, the base member 101, first rotational
member 102, second rotational member 103 and torsional
flexures 104, 105 are machined, molded and/or stamped
from a combination of plastic, metal, silicon, and/or ceramic
components. For example, suitable metals include beryl-
lium, copper, aluminum and alloys thereof. In addition,
suitable flexure materials for this embodiment include, but
are not limited to, silicon, beryllium-copper alloy, and spring
materials known in the art. The lead lines 106 A, 107A and
contacts 106B, 107B may comprise any suitable conductive
material, including, but not limited to Cu, Ag, Au, Ni, Pt, and
alloys thereof. The lead lines 106A, 107A and contacts
106B, 107B may comprise plated metal, thin film metal
and/or wire.

[0046] In one embodiment the specific dimensions of a
two-axis magnetically actuated device are on the order of
those of a micromechanical device. In one embodiment, a
two-axis magnetically actuated micromechanical device is
comprised of a base member with outer dimensions of about
800x800 um, a first rotational member with outer dimen-
sions of about 550x550 um, and a second rotational member
with outer dimensions of about 400x400 um. The base
member is composed of a SOI material comprising an
approximately 1 um thick silicon dioxide layer sandwiched
between a first layer of silicon and a second layer of silicon,
the first layer of silicon being in the range of 5 to 100 um
thick, and the second layer of silicon being in the range 300
to 600 um thick. The first and second rotational members are
composed of an insulator layer disposed between a dielectric
layer and a silicon layer. Preferably, the insulator layer is
either an approximately 0.1 to 1 um thick silicon dioxide
layer or an approximately 1 to 3 um thick polyimide layer.
The second rotational member further comprises a surface
treatment disposed on the surface of the silicon layer and
coils and lead lines disposed on the dielectric layer. The
surface treatment is composed of a titanium tungsten alloy
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(Ti—W) adhesion layer approximately 100 to 1000 A thick
disposed on the silicon layer surface and an approximately
1000 A thick gold (Au) layer disposed on the Ti—W
adhesion layer. In such an embodiment, the Au layer is
sufficiently thick to serve as a mirror.

[0047] In this embodiment, the first set of torsional flex-
ures span an approximately 50 to 500 um gap between the
base member and first rotational member while the second
set of torsional flexures span an approximately 50 to 500 um
gap between the first rotational member and second rota-
tional member. The first and second sets of torsional flexures
are composed of the same layers of materials as those of the
first and second rotational members. The first and second
sets of torsional flexures may be of approximately the same
thickness as the first and/or second rotational members or of
a substantially different thickness. Coils and lead lines are
disposed on the dielectric layer of the first rotational mem-
ber, second rotational member, and/or torsional flexures. The
coils and lead lines are preferably comprised of a Ti—W
adhesion layer approximately 100 to 1000 A thick disposed
on the dielectric layer of a rotational member or torsional
flexure and a copper (Cu) layer approximately 5 um thick
disposed on the adhesion layer. The coils and lead lines are
approximately 1 to 10 um wide and spaced approximately at
least 2 um apart. It is to be realized that the width and
spacing of the coils and lead lines is determined by the
operational voltage and current desired for the device. For
example, it is typically desirable to minimize the operational
current. Consequently, it is desirable to minimize the width
and spacing of the coils to thereby maximize the number of
coil turns and, as a result, maximize the magnetic moment
generated for a given current. The narrower the coils,
however, the higher their resistance and as a result the
greater the voltage required for a given current. The closer
the spacing, the higher the likelihood of a short. Accord-
ingly, coil and lead line width and spacing are primarily
determined by these competing design factors. Preferably,
for a device with an operational voltage of approximately 1
V, the coils and lead lines are approximately 5 um wide and
spaced approximately 5 um apart. In one embodiment, the
contacts are composed of the same layers of materials of
approximately the same thickness as those of the coils and
lead lines, however, it is to be understood that the precise
width and thickness of the contacts is not central to the
invention. The contacts are preferably disposed on a dielec-
tric and/or insulator layer that in turn is disposed on a surface
of the base member.

[0048] Referring to FIGS. 4A-4B, an illustrative cross
section of two embodiments of a two-axis magnetically
actuated device of the invention comprising a magnet and at
least one pole piece are shown. In one embodiment, a
two-axis magnetically actuated device further comprises a
magnet 100 and, referring to FIG. 4A, a pole piece 120, or,
referring to FIG. 4B, a first pole piece 121, and a second
pole piece 122. The poles of the magnet 100 are represented
by the conventional symbols N and S. The magnet 100 may
be a permanent magnet or an electromagnet; the pole piece
120, and pole pieces 121, 122, are comprised of a soft
magnetic material. Suitable soft magnetic materials include,
but are not limited to, ferromagnetic materials such as soft
iron, nickel-iron alloys such as permalloys, various forms of
iron (Fe), steel, cobalt (Co), nickel (Ni) and various alloys
thereof. Preferably, the magnet 100 and pole piece 120 are
shaped and positioned to favor locating the region of the
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external magnetic field with the greatest field gradient
substantially at the surface 3B. As shown by Equation 1, the
higher the magnetic field gradient, the greater the force
exerted by the interaction of the coil produced magnetic
moment and the external magnetic field. Correspondingly,
the greater the magnetic field gradient, the lower the current
required to produce a given force and, as a result, the lower
the voltage required to produce a rotational movement of a
rotational member.

[0049] Referring to FIG. 4C, a schematic three-dimen-
sional cross sectional illustration of an embodiment of a
two-axis magnetically actuated device comprising a magnet
100 and two pole pieces 121, 122, is shown. The associated
magnetic field is represented by the lines 89, while the poles
of the magnet 100 are represented by the conventional
symbols N and S. The magnet 100 is positioned with one
pole directed towards the side 3B of the second rotational
member 3, the pole piece 121 is mounted on the magnet 100
between the magnet 100 and surface 3B. The pole piece 122
is mounted on the pole of magnet 100 directed away from
the surface 3B. The pole pieces 121 and 122 are shaped and
positioned to favor locating the region of the greatest field
gradient substantially at the surface 3B. In one embodiment,
the pole piece 121 is conical and positioned proximate to the
coil pairs 6, 7 to increase the magnetic field gradient at the
surface 3B. Preferably, as illustrated in FIG. 4C, the pole
piece 122 is positioned proximate to the periphery of the first
rotational member 2 to increase the magnetic field gradient
between the pole pieces 121 and 122.

[0050] Referring to FIGS. 4D-E, a schematic illustration
of an embodiment of a two-axis magnetically actuated
device comprising multiple magnets is shown. FIG. 4E
shows a schematic cross sectional illustration of the device
of FIG. 4D. The device of FIGS. 4D-4E is comprised of
multiple magnets 100A, 100B, 100C, and 100D. The asso-
ciated magnetic field is represented by lines 89, while the
poles of the magnets 100A to 100D are represented by the
conventional symbols N and S. The magnets 100A-100D are
positioned peripherally about the base member 1 each with
the same pole directed towards the second rotational mem-
ber 3. The magnets 100A to 100D are shaped and positioned
to favor locating the region of the greatest field gradient
substantially at the surface 3B. In one embodiment, the
magnets 100A to 100D are bar magnets. Preferably, as
illustrated in FIGS. 4D-4E, the magnets 100A to 100D are
positioned proximate to the periphery of the base member 1
to increase the magnetic field gradient generated at the
surface 3B.

[0051] Referring to FIG. 5, the principals of operation of
one embodiment of a two-axis magnetically actuated device
are shown. Application of a current to the coil pair 7
generates a pair of magnetic moments represented by the
arrows 79A and 79B. The magnetic moments 79A, 79B
interact with a magnetic influence, such as an external
magnetic field, to generate a pair of forces, represented by
the arrows 99A and 99B, on the second rotational member
3. It is not critical to the invention whether the magnetic
moments 79A, 79B and/or forces 99A, 99B are equal or
unequal. The forces 99A, 99B act in a “push-pull” fashion
to induce a rotational movement in a direction 51 about the
axis 50 and thereby produce an angular deflection of the
second rotational member 3. Rotational movement of the
first rotational member 2 and second rotational member 3
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about the axis 40 may be initiated by application of a current
to the coil pair 6 to generate a pair of magnetic moments,
represented by the arrows 69A and 69B, which via interac-
tion with an external magnetic-field generate forces, repre-
sented by the arrows 98A, 98B, which act to produce a
rotational movement in a direction 41. Rotational move-
ments about the axes 40 and 50 may be executed serially,
substantially simultaneously, or a rotational movement
about one axis may be initiated before that about another
axis is complete. It is to be realized that reversing the
direction of current flow in the coil pair 7 reverses the
direction of the forces 99A, 99B and thus, reverses the
direction of rotational movement of the second rotational
member 3 about the axis 50. Likewise it is to be realized that
reversing the direction of current flow in the coil pair 6
reverses the direction of the forces 98A, 98B and thus
reverses the direction of rotational movement of the first and
second rotational members about the axis 40.

[0052] The degree of angular deflection of a rotational
member(s) about an axis is determined by the restoring force
of the associated torsional flexures and the forces generated
by the associated magnetic moment-magnetic field interac-
tions. For example, the angular deflection of the second
rotational member 3 about the axis 50 is determined by the
restoring force of the torsional flexures 5 and the forces 99A,
99B, generated by the interaction of the magnetic moments
79A, 79B, with the external magnetic field. Removal of the
current and/or magnetic field gradient eliminates the forces
99A, 99B; as a result, the second rotational member 3 is
substantially restored to its original position by the restoring
force of the torsional flexures 5.

[0053] Tt is to be understood that it is not critical to the
invention whether a rotational movement/deflection of a
rotational member, 2 and/or 3, is initiated by application of
a current to a coil pair, provision of a non-uniform external
magnetic field, or substantially simultaneous application of
a current and non-uniform external magnetic field. Further,
it is to be realized that provision of a non-uniform external
magnetic field may be accomplished, for example, by chang-
ing a substantially uniform field to a non-uniform field. The
external magnetic fields, and as a result the magnetic influ-
ences, may derive from a single magnetic source or multiple
magnetic sources. One embodiment of a single magnetic
source suitable for the invention comprises a magnet 100
such as illustrated in FIGS. 4A and 4B. One embodiment,
of multiple magnetic sources suitable to the invention com-
prises four magnets 100A to 100D, as illustrated in FIGS.
4D-4E.

[0054] Referring to FIG. 6A, one embodiment of an array
of multi-axis magnetically actuated devices is shown. For
purposes of illustration a 4x4 array is shown, however, it is
to be realized that the invention is scalable to much higher
array dimensions. A plurality of multi-axis magnetically
actuated devices 101 are combined in an array 100 com-
prised of rows 110, 1104, 1105, etc. and columns 120, 120a,
1205, etc. of devices 101. Each row has its own terminals
115, 1154, 115b, etc. and 116, 116a, 1165, etc. electrically
connected to the contacts 61B and 71B, respectively, of each
device 101 in the respective row. Each column has its own
terminals 125, 1254, 125b, etc. and 126, 126a, 1265, ctc.,
electrically connected to the contacts 62B and 72B, respec-
tively, of each device 101 in the respective column. Rota-
tional movement of a specific device 101 about a specific
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axis, 40 or 50, is accomplished by addressing the appropriate
row and appropriate column terminal of that specific device.
For example, to produce a rotational movement of the first
and second rotational members of the device at row 1105,
column 120a, about the axis 40, a potential difference is
applied between the terminals 115b and 125a. As a result, a
current is applied to the coil pair 6 of the device at row 110b,
column 1204q, that via interaction with a magnetic influence,
such as an external magnetic field, produce a rotational
movement of the first and second rotational members of the
device at row 110b, column 120, about the axis 40.
Similarly, to produce a rotational movement of the second
rotational member of the device at row 110b, column 1204,
about its axis 50, a potential difference is applied between
the terminals 1165 and 1264 thereby applying a current to
coil pair 7 that via interaction with a magnetic influence
produces the rotational movement about the axis 50.

[0055] Referring to FIG. 6B, another embodiment of an
array of multi-axis magnetically actuated devices is shown.
For purposes of illustration a 3x3 array is shown, however,
it is to be realized that the invention is scalable to much
higher array dimensions. A plurality of multi-axis magneti-
cally actuated devices 101 are combined in an array 100
comprised of rows 110, 110a, 1105, etc. and columns 120,
120a, 120b, etc. of devices 101. Each device 101 in the array
has four connections, one for each of the contacts 61B, 62B,
71A and 71B, respectively, of each device 101. It is to be
understood that the provision of a separate connection for
each contact enables each device 101 of the array to be
actuated and controlled both independently and simulta-
neously. Rotational movement of a specific device 101 about
a specific axis, 40 or 50, is accomplished by addressing the
appropriate connections of that specific device. For example,
to produce a rotational movement of the first and second
rotational members of the device at row 110, column 1205,
about the axis 40, a potential difference is applied between
the connections 32615 and 3262b. As a result, a current is
applied to the coil pair 6 of the device at row 110a, column
1205, that via interaction with a magnetic influence, such as
an external magnetic field, produce a rotational movement
of the first and second rotational members of the device at
row 110a, column 120b, about the axis 40. Similarly, to
produce a rotational movement of the second rotational
member of the device at row 1104, column 1205, about its
axis 50, a potential difference is applied between the termi-
nals 3271b and 32725 thereby applying a current to coil pair
7 that via interaction with a magnetic influence produces the
rotational movement about the axis 50.

[0056] Although FIGS. 6A and 6B illustrate a regular
square pattern array of multi-axis magnetically actuated
devices, other array patterns are contemplated by the inven-
tion. Other array patterns include, but are not limited to,
off-set square patterns, FIG. 6C, hexagonal patterns, FIG.
6D, triangular patterns, FIG. 6E, and “irregular” patterns,
FIG. 6F. Further, row and column addressing schemes
analogous to those described above for a regular square
pattern array may be employed for off-set square, hexagonal,
triangular, and even irregular array patterns.

[0057] The invention also provides an optical switch com-
prised of a multi-axis magnetically actuated device. Refer-
ring to FIG. 7A, one embodiment of an NxN optical matrix
switch comprised of an array of two-axis magnetically
actuated micromechanical reflectors of the invention is
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shown. For purposes of illustration a 4x4 matrix switch is
shown, however, it is to be realized that an optical matrix
switch of the invention is scalable to much higher matrix
dimensions. The optical switch 200 comprises an NxN array
of ports 201, adapted to receive a suitable optical wave-
guide, such as an optical fiber, and switching elements 202
each comprising a two-axis magnetically actuated microme-
chanical reflector. In operation, an input optical signal, such
as represented by the ray 210, is reflected by a switching
element 202 to establish an output optical signal, such as
represented by the ray 211. The two-axis structure of the
switching elements 202 enable an input signal to be output,
or switched, to any of the plurality of ports 201 by simply
reflecting the optical signal. No optical-to-electrical signal
conversion is required; and, no optical signal polarization is
required. The ports 201, however, may further include a lens
203 to facilitate the collimation and/or matching of an
optical signal in to or out of a port 201.

[0058] The switching elements 202 are each comprised of
a second rotational member 3, having a reflective surface 3A
that reflects an input optical signal. The second rotational
member 3 is mounted by a second set of torsional flexures
5 on a first rotational member 2 which in turn is mounted by
a first set of torsional flexures 4 on a base member 221.
Preferably, the base member 221 comprises a single struc-
ture adapted to serve as a base member for each of the
plurality of switching elements 202, however, the base
member 221 may serve as a base member for only a portion
of the switching elements 202. Switching of an input signal
210 1is accomplished by addressing the appropriate switching
element 202 associated with the port 201 which is the source
of the input signal 210. For example, to switch an optical
signal from the port 201a to the port 201b, the switching
element 2024 is addressed by application of a current to coil
pairs, not shown in FIG. 7A, on the second rotational
member of the element 2024, that via interaction with a
magnetic influence, such as an external magnetic field,
produce a rotational movement of the first and second
rotational members of the element 2024 to reflect the input
signal 210 along output the path 211 to the port 201b.

[0059] Referring to FIG. 7B, another embodiment of an
NxN optical matrix switch 700 comprised of an input array
of two-axis magnetically actuated micromechanical reflec-
tors 701 and an output array of two-axis magnetically
actuated micromechanical reflectors 702 of the invention is
shown. For purposes of illustration a 4x4 input matrix and
4x4 output matrix switch is shown, however, it is to be
realized that an optical matrix switch of the invention is
scalable to much higher matrix dimensions. The optical
switch 700 comprises an NxN array of input ports 703 and
an array of output ports 704, each adapted to receive a
suitable optical wave-guide, such as an optical fiber, and
switching elements 710 and 720 each comprising a two-axis
magnetically actuated micromechanical reflector. In opera-
tion, an input optical signal, such as represented by the ray
711, is reflected by an input switching element 710 to an
output switching element 720 to establish an output optical
signal, such as represented by the ray 712. The two-axis
structure of the switching elements 710 and 720 enable an
input signal to be output, or switched, to any of the plurality
of output ports 704 by simply reflecting the optical signal.
No optical-to-electrical signal conversion is required; and,
no optical signal polarization is required. The ports 703 and
704, however, may further include a lens to facilitate the
collimation and/or matching of an optical signal in to or out
of a port.
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[0060] The switching elements 710 and 720 are each
comprised of a second rotational member 3, having a
reflective surface 3A that reflects an input optical signal. The
second rotational member 3 is mounted by a second set of
torsional flexures 5 on a first rotational member 2 which in
turn is mounted by a first set of torsional flexures 4 on a base
member 721. Preferably, the base member 721 comprises a
single structure adapted to serve as a base member for each
of the plurality of switching elements on a given input and/or
output array. The base member 721, however, may serve as
a base member for only a portion of the switching elements
on a given array. Switching of an input signal 711 is
accomplished, for example, by addressing the appropriate
input switching element 710 associated with the input port
703 which is the source of the input signal 711. For example,
to switch an optical signal from the input port 703a to the
output port 704a, the switching element 710a is addressed
by application of a current to coil pairs, not shown in FIG.
7B, on the second rotational member of the element 7104,
that via interaction with a magnetic influence, such as an
external magnetic field, produce a rotational movement of
the first and/or second rotational members of the element
710a to reflect the input signal 711 along the path 713 to
output switching element 720a. Output switching element
720a is similarly addressed by application of a current to coil
pairs, not shown in FIG. 7B, on the second rotational
member of the element 7204, that via interaction with a
magnetic influence, such as an external magnetic field,
produce a rotational movement of the first and/or second
rotational members of the element 720a to reflect the input
signal 711 along the output path 712 to the output port 7044.

[0061] 1t is to be realized that although switching of a
single input signal has been illustrated, the optical switch of
the invention is not limited to switching one input signal at
a time, but rather that input signals from each input port 703
may be independently and simultaneously switched to one
or more of the output ports 704. For example, provision of
a separate connection for each contact of each two-axis
magnetically actuated micromechanical reflector of an array,
such as illustrated in FIG. 6B, enables each switching
element of an array to be actuated and controlled both
independently and simultaneously and, accordingly, enables
input signals from each input port 703 to be independently
and simultaneously switched to one or more output ports
704.

[0062] Further, although an NxN optical matrix switch has
been shown, is it to be realized that the above description
contemplates and encompasses 1xN and NxM optical
matrix switches as well. As illustrated in FIGS. 7A and 7B,
each port is primarily associated with a single switching
element and each switching element with a single port.
However, it is to understood that multiple ports may be
associated with a switching element and/or multiple switch-
ing elements may be associated with a port. Such multiple
port-switching element associations may be achieved, for
example, by offsetting a regular square array of switching
elements with respect to a regular square array of ports.
Further, it is to be understood that the switching elements
may further comprise a magnet and at least one pole piece
such as, for example, illustrated in FIGS. 4A-4C. It is also
to be understood that the switching elements may further
comprise multiple magnets such as, for example, illustrated
in FIGS. 4D-4E.
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[0063] Referring to FIGS. 8 and 9A-9I, a method of
fabricating a two-axis magnetically actuated device is illus-
trated. An insulator layer 310, preferably from about 0.1 to
about 1 um thick for silicon dioxide, silicon nitride or
undoped silicon carbide insulator materials, and preferably
from about 1 to about 3 um thick for polymeric insulator
materials such as polyimide, is spun or otherwise deposited,
801 and FIG. 9A, on a SOI wafer 300 that is ultimately
etched to a thickness of from about 2 to 500 um and
preferably from about 20 to 50 wm. The SOI wafer is
comprised of an inner insulator layer 304 sandwiched
between a first silicon layer 302 and a second silicon layer
306. The inner insulator layer 304 is preferably comprised of
a silicon dioxide layer from about 1 to 3um thick. Suitable
insulator layer 310 materials include, but are not limited to,
polyimide, silicon dioxide, silicon nitride, and doped silicon
carbide. Subsequently, a first conductive layer 320 is depos-
ited and patterned, 802 and FIG. 9B, on the insulator layer
310, preferably in a layer from about 0.2 to about 2 um thick.
The first conductive layer 320 serves as a connector for
subsequently deposited coils and lead lines. Accordingly, the
first conductive layer 320 preferably comprises a metal such
as, for example, copper (Cu), silver (Ag), gold (Au), palla-
dium (Pd), and/or nickel (Ni), but may also comprise, for
example, conductive ceramics or polymers and/or films such
as I'TO and polyaniline. In addition, the first conductive layer
preferably comprises an adhesion layer in contact with the
insulator layer 310 on which a metal layer is deposited.
Suitable adhesion layer materials include, but are not limited
to, materials such as titanium (Ti), chromium (Cr), titanium-
tungsten alloys (Ti—W), and vanadium-nickel alloys
(V—Ni). Suitable techniques for deposition of the first
conductive layer 320 and any associated adhesion layer,
include, but are not limited to, evaporation, chemical vapor
deposition (CVD), and sputtering, such as argon ion sput-
tering. Patterning of the first conductive layer 320 may be
achieved, for example, by liftoff or etch techniques.

[0064] Next, the first conductive layer 320 and insulator
layer 310 are coated, 803 and FIG. 9C, with an interlayer
dielectric 330. Suitable interlayer dielectric materials
include, but are not limited to, polyimide, silicon dioxide,
and silicon nitride. Preferably, the interlayer dielectric 330 is
from about 1 to about 3 um thick and comprises a polymeric
material such as polyimide, however, the interlayer dielec-
tric 330 may consist of an about 0.1 to about 1 um thick
silicon dioxide, silicon nitride or undoped silicon carbide
material. Vias 303 arec made, 804 and FIG. 9D, in the
interlayer dielectric 330, for example, by a suitable photo-
lithography technique. In one embodiment, the photolithog-
raphy technique first comprises coating the interlayer dielec-
tric 330 with photoresist and exposing the photoresist to
ultra-violet light through a mask. The portions of the pho-
toresist exposed to ultra-violet are then removed, for
example, by etching in a suitable developer for the photo-
resist, to expose portions of the interlayer dielectric 330. The
exposed portions of the interlayer dielectric 330 are then
removed, for example, by a plasma etch, to create vias 303
that expose portions of the first conductive layer 320 and/or
insulator layer 310. The vias 303 are preferably from about
2 to about 10 um wide and preferably spaced no closer than
about 5 um from edge to edge. A base layer 340 is then
deposited onto the interlayer dielectric 330 and portions of
the first conductive layer 320 exposed by the vias 303. A
second conductive layer 345 is then deposited and patterned,
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805 and FIG. 9E, onto the base layer 340 to form coils 365,
lead lines 365A, and contacts 365B. Preferably, the coils,
lead lines, and contacts are comprised of a metal conductor,
such as copper (Cu), silver (Ag), gold (Au) and/or palladium
(Pd), which is electroplated onto the base layer 340 in a
photoresist layer from about 1 to about 10 um thick and
electroplated from about 2 to about 10 um thick. The base
layer 340 preferably comprises a material that functions as
an adhesion layer and/or a diffusion barrier layer for the
material that comprises the coils, lead lines, and contacts.
For example, materials such as titanium (Ti), chromium
(Cr), titanium-tungsten alloys (Ti—W), and vanadium-
nickel alloys (V—Ni), can function as an adhesion layer,
while materials such as platinum (Pt), Pd, and Ti—W can
function as a diffusion barrier layer. Accordingly, Ti—W is
a preferred base layer material. The base layer 340 is
preferably deposited in a layer from about 100 A to about
1000 A thick. Suitable techniques for deposition of the base
layer, coils, lead lines, and/or contacts include, for example,
electroplating, evaporation, chemical vapor deposition
(CVD), and sputtering, such as argon ion sputtering. It is to
be realized, however, that soft magnetic materials, such as
Ni, are typically difficult to sputter onto a substrate and that
reactive materials, such as Ti, are typically difficult to
electroplate.

[0065] Referring again to FIGS. 8 and 9A-91, in one
embodiment of process step 805, a base layer 340 of Ti-W,
followed by Cu or Ni, is sputtered on to the interlayer
dielectric 330 and portions of the first conductive layer 320
exposed by the vias 303. Next a photoresist layer is depos-
ited over the base layer 340, masked and patterned, using
any suitable photolithography technique, to create vias. The
second conductive layer 345 is then deposited into these vias
in the photoresist. Preferably, the second conductive layer
comprises a metal conductor, such as Au, which is electro-
plated into the vias. Subsequently, the photoresist is
removed and exposed portions of the base layer 340 are
removed, for example, by etching. Following this, the base
member, rotational members and flexures are fabricated,
process steps 806 to 808 and FIGS. 9F-9H. A thick photo-
resist is coated onto the exposed portions of the interlayer
dielectric 330, the first conductive layer 320, coils 365, lead
lines 365A, and contacts 365B. The thick photoresist layer
is patterned by a photolithography technique and portions of
the photoresist removed to expose vias which define the
periphery of the base member 1, the first rotational member
2, the second rotational member 3, and the first and second
sets of torsional flexures (not shown in FIGS. 9A-91). The
material exposed by these vias is etched, 806 and FIG. 9F,
to the inner insulator layer 304 of the SOI wafer 300, for
example, by a plasma containing chlorine or fluorine, and
the photoresist removed. The second silicon layer 306 is
then etched, 807 and FIG. 9G, to the inner insulator layer
304, for example, by reactive ion etch or an inductively
coupled plasma etch. Subsequently, the exposed portions of
the inner insulator layer 304 are removed, 808 and FIG. 9H,
for example, by an hydrofluoric acid (HF) etch, to free up the
members and flexures.

[0066] Inoneembodiment, a method of fabrication further
includes application of a surface treatment, 809 and FIG. 91,
to a surface 3A of the second rotational member 3. For
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example, one surface treatment comprises deposition of an
adhesion layer 350 on the surface 3A followed by deposition
of a reflective metal layer 355, such as gold or aluminum, on
the adhesion layer 350. Suitable adhesion layer 350 mate-
rials include, but are not limited to, those previously
described. In another embodiment, the surface treatment
comprises deposition of a thermal-stress compensation layer
on the surface 3A followed by deposition of a reflective layer
on the thermalstress compensation layer. In another embodi-
ment, the surface treatment comprises formation of a dif-
fraction grating surface on the surface 3A.

[0067] While the invention has been particularly shown
and described with reference to specific embodiments, it
should be understood by those skilled in the art that various
changes in form and detail may be made therein without
departing from the spirit and scope of the invention as
defined by the appended claims.

What is claimed is:
1. A multi-axis magnetically actuated device comprising,

a base member,

a first rotational member mounted to the base member and
for rotational movement about a first axis,

a second rotational member having first and second
opposing surfaces and being mounted to the first rota-
tional member and for rotational movement about a
second axis,

a first coil pair arranged adjacent to the first surface of the
second rotational member and adapted to produce a
rotational movement of the first and second rotational
members about the first axis in response to interaction
with a first magnetic influence, and

a second coil pair arranged adjacent to the first surface of
the second rotational member and adapted to produce a
rotational movement of the second rotational member
about the second axis in response to interaction with a
second magnetic influence.

2. The device of claim 1 wherein,

the first rotational member is mounted to the base member
by a first pair of torsional flexures arranged on the first
rotational member and the base member to permit
rotational movement of the first and second rotational
members about the first axis, and

the second rotational member is mounted to the first
rotational member by a second pair of torsional flexures
arranged on the second rotational member and the first
rotational member to permit rotational movement of the
second rotational member about the second axis.

3. The device of claim 2 wherein at least one of the first
pair of torsional flexures and the second pair of torsional
flexures comprises a material from the group consisting of
silicon, polysilicon, silicon-on-insulator, silicon nitride and
silicon carbide.

4. The device of claim 2 wherein at least one of the first
pair of torsional flexures and the second pair of torsional
flexures comprises nickel.

5. The device of claim 2 wherein at least one of the first
pair of torsional flexures and the second pair of torsional
flexures further comprises a polymer coating.

6. The device of claim 1 wherein the second surface of the
second rotational member is reflective.
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7. The device of claim 1 further comprising a surface
treatment applied to the second surface of the second
rotational member.

8. The device of claim 7 wherein the surface treatment
comprises a a multi-layer dielectric reflector.

9. The device of claim 7 wherein the surface treatment
comprises at least one metal layer.

10. The device of claim 9 wherein the at least one metal
layer is further adapted for reflection.

11. The device of claim 9 wherein the at least one metal
layer is selected from the group consisting of aluminum,
silver, gold, and alloys thereof.

12. The device of claim 9 wherein the at least one metal
layer is arranged to compensate for thermal stress-induced
curvature of the second rotational member.

13. The device of claim 7 wherein the surface treatment
comprises a diffraction grating.

14. The device of claim 1 further comprising an interme-
diate medium disposed between at least one of the first coil
pair and the second coil pair and the second rotational
member.

15. The device of claim 14 wherein the intermediate
medium comprises an insulative layer.

16. The device of claim 13 wherein the intermediate
medium comprises a silicone rubber layer.

17. The device of claim 1 further comprising,

a magnet adjacent to the second rotational member and
having a first and second opposing surfaces, and

a first pole piece adjacent to the first opposing surface of
the magnet, wherein the magnet and the first pole piece
are arranged to produce a magnetic field gradient
between the first opposing surface and the second
opposing surface of the second rotational member.

18. The device of claim 17 further comprising, a second
pole piece adjacent to the second opposing surface of the
magnet, wherein the magnet, the first pole piece, and the
second pole piece are arranged to produce a magnetic field
gradient between the first opposing surface and the second
opposing surface of the second rotational member.

19. The device of claim 17 wherein the first pole piece
comprises an iron-base alloy containing about 45 percent to
about 80 percent nickel.

20. The device of claim 1 wherein the first and second
magnetic influences derive from a single magnet source.

21. A method of actuating a multi-axis magnetically
actuated device, the method comprising,

applying a first electric current to a first coil pair arranged
adjacent to a first surface of a second rotational member
connected to a first rotational member to induce a
rotational movement of the first and second rotational
members about a first axis in response to interaction
with a first magnetic influence, and

applying a second electric current to a second coil pair
arranged adjacent to the first surface of the second
rotational member to induce a rotational movement of
the second rotational member about a second axis in
response to interaction with a second magnetic influ-
ence.

22. The method of claim 21 comprising, applying the
second electric current to the second coil pair to induce a
rotational movement of the second rotational member about
the second axis and substantially orthogonal to the rotational
movement about the first axis.
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23. The method of claim 21 further comprising the step of
deflecting an optical ray in response to at least one of the
rotational movement of the first and second rotational mem-
bers about the first axis and the rotational movement of the
second rotational member about the second axis.

24. A method of fabricating a multi-axis magnetically
actuated device, the method comprising,

providing a base member,

mounting a first rotational member to the base member for
rotational movement about a first axis,

mounting a second rotational member having first and
second opposing surfaces to the first rotational member
for rotational movement about a second axis,

arranging a first coil pair adjacent to the first surface of the
second rotational member adapted to produce a rota-
tional movement of the first and second rotational
members about the first axis in response to interaction
with a first magnetic influence, and

arranging a second coil pair adjacent to the first surface of
the second rotational member adapted to produce a
rotational movement of the second rotational member
about the second axis in response to interaction with a
second magnetic influence.
25. A device comprising, a plurality of multi-axis mag-
netically actuated devices arranged in an array, each of the
multi-axis magnetically actuated devices having,

a base member,

a first rotational member mounted to the base member and
for rotational movement about a first axis,

a second rotational member having first and second
opposing surfaces and being mounted to the first rota-
tional member and for rotational movement about a
second axis,

a first coil pair arranged adjacent to the first surface of the
second rotational member and adapted to produce a
rotational movement of the first aand second rotational
members about the first axis in response to interaction
with a first magnetic influence, and

a second coil pair arranged adjacent to the first surface of
the second rotational member and adapted to produce a
rotational movement of the second rotational member
about the second axis in response to interaction with a
second magnetic influence.
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26. A device comprising, an optical switch wherein the
optical switch comprises at least one multi-axis magnetically
actuated device having,

a base member,

a first rotational member mounted to the base member and
for rotational movement about a first axis,

a second rotational member having first and second
opposing surfaces and being mounted to the first rota-
tional member and for rotational movement about a
second axis,

a first coil pair arranged adjacent to the first surface of the
second rotational member and adapted to produce a
rotational movement of the first and second rotational
members about the first axis in response to interaction
with a first magnetic influence, and

a second coil pair arranged adjacent to the first surface of
the second rotational member and adapted to produce a
rotational movement of the second rotational member
about the second axis in response to interaction with a
second magnetic influence.

27. Amulti-axis magnetically actuated device comprising,

a base member,
a first rotational member,

a first mounting means for mounting the first rotational
member to the base member and for permitting rota-
tional movement about a first axis,

a second rotational member having first and second
opposing surfaces,

]

second mounting means for mounting the second rota-
tional member to the first rotational member and for
permitting rotational movement about a second axis,

]

first magnetic moment means arranged adjacent to the
first surface of the second rotational member for pro-
ducing a rotational movement of the first and second
rotational members about the first axis in response to
interaction with a first magnetic influence, and

]

second magnetic moment means arranged adjacent to
the first surface of the second rotational member for
producing a rotational movement of the second rota-
tional member about the second axis in response to
interaction with a second magnetic influence.



