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(57) ABSTRACT 

A rotatable element includes a plate, a plate support, a cradle 
and a c radle support. The plate is coupled to the cradle via 
the plate support. The cradle is coupled to a surrounding 
frame by the cradle support. The plate and cradle are 
suspended over a cavity so that, in conjunction with the plate 
support and the cradle support, both the plate and cradle are 
capable of freely rotating about different axes of rotation 
when sui tably actuated. Since the plate is capable o( rotating 
independently of the cradle, yet also rotates when tbe cradle 
is rotated, the plate is rotatable about two axes of rotation. 
In some cases, the axis of rotation of the plate is perpen­
dicular to the axis of rotation of the cradle. Since tbe cradle 
doe;:s no t surround tbe plate, tbe plates of adjacent rotatable;: 
elements can be placed very close to one another (i.e., as 
close as about 1 micron) to provide, for example, an array of 
very-closely-spaced mirrors. 

22 Claims, 6 Drawing Sbects 
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FIG. 3 
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OPI'ICAL ELEMENT HAVLNG TWO AXES 
OF ROTATION FOR USE IN TIGHTLY 

SPACED MIRROR ARRAYS 

FIELD OF THE INVENTION 

The present invention relates generally to micro-electro­
mechanical systems. More particularly, the present inven­
tion relates to an optical e lement that is movable about two 
perpendicular axes. 

BACKGROUND OF THE INVENTION 

An array of individually-addressable, movable, micro­
machined mirrors cao be used in optical communications 
networks to route or switch optical signals, e.g., optical cross 
connect, e tc. Each mirror in the array is supported over a 
group of e lectrodes in such a way tbat the mirrors are free 
to move, e.g., rotate about ao axis, etc., when actuated, such 
as by applying a vollage across a mirror and one or more of 
the underlying electrodes. By varying the amount that a 
mirror tilts, or the direction in which it tilts, or both, an 
optical signal that is incident on the mirror can be di rected 
to a desired location, such as a particular optical fiber. 

Some newer mirror arrays have mirrors that are rotatable 
about two perpendicular axes of rotation, e .g., as is 
descnbed in U.S. Pat. No. 6,201,631, which is incorporated 
by reference herein. 

It is desirable to provide a bigh density of optical transfer 

2 
support, a cradle and a cradle support. The plate is rota tably 
coupled to the cradle via the plate support. Likewise, the 
cradle is rotatably coupled to a surrounding frame, e.g., 
substrate, etc., by the cradle support. The rotatable element 

5 is suspended over a cavity so that, in conjunction with the 
plate support and the cradle support, both the plate and 
cradle are capable of freely ro tating. In some embodiments, 
the axis of rotation of the plate is perpendicular to the axis 
of ro tation o( the cradle. 

10 
Electrodes are disposed in the cavity beneath each rotat­

able element. In one embodiment, two electrodes are dis­
posed in the cavity under the rotatably-coupled portion of 
the cradle, oo opposite sides of its axis of rotation. Similarly, 

JS two electrodes arc disposed io the cavity beneath the plate, 
on opposite sides of its axis of rotation. 

When an electrical potential is applied across the plate 
aocl one of its underlying electrodes, the plate rotates out­
of-plane, i.e., out of the plane defined by the cradle, which 

20 is the plate in which the plate Lies when it is in its quiescent 
or uoactualed position, about its axis of rotation toward the 
electrified electrode. Tbis provides one axis of ro tation for 
the plate. When ao electrical potential is applied across the 
cradle and one of its underlying electrodes, the cradle rota tes 

25 out-of-plane, i.e., of the substrate or frame, about its a.xis of 
rotation toward the electrified electrode. As the cradle 
rotates, the plate rotates with it. Furthermore, the plate can 
be rotated independently of the cradle, providing it with a 
second axis of rotation. 

The plate is advantageously capable of providing ao 
optical f11oction. For example, in some embodiments, the 
plate functions as a mirror. Unlike prior-art gimbaled mir­
rors, in which the gimbal completely surrounds tbe mirror, 
in a rotatable element in accordance with the principles of 

for communications applications. In particular, in some 30 
applications, e.g., de-muJtiplexing, etc., the mirrors must be 
very tigbtly spaced (about 1 to 2 microns) to enable fla t pass 
bands wi th high spectral efficiency. Gimbaled mirrors, as 
exemplified by those described in U.S. Pat. No. 6,201,631, 
are not suitable for such applications because the gimbals 
present a limitation as to bow close adjacent mirrors can be 

35 the i nvention, the cradle does not completely surround or 
encircle the plate, e.g., mirror. Consequently, adjacent mir­
rors io ao may of rotatable elements cao, advantageously, be 
very closely spaced. Tbis makes them suitable for usc in 
some optical appl ications in which the prior-an gimbaled 

to one another. In particular, there must be a gap between 
adjacent mirrors that is at least twice the width of a gimbal. 
ln fact, the minimum gap is somewhat larger than this, since 
the minimum gap must also lake into account the gap 
between the mirror and the gimbal and the gap between the 
gimbal and the support. Furthermore, some minimum sepa­
ration distance must be provided between adjacent gimbals 

40 mirrors cannot be used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

to maintain the integrity of the substrate layer to which the 
gimbals are auached. 45 

FIG. 1 depicts a rotatable clement having a cradle aod a 
plate, io accordance with tbc principles of invention. 

FIG. 2 depicts a torsional support that ro tatably couples 
rotatable elements to other rotatable or non-rotatable ele­
ments. 

FIG. 3 depicts a cross-sectional view of the rotatable 
element of FIG. 1 along the line A- A and in the direction 
indicated, but with the cradle partially rotated. 

It is possible to fabricate gimbaled mirrors that are 
somewhat smaller than the exemplary structure disclosed io 
the '631 patent. Nevertheless, wi th the structure of prior-art 
gimbaled mirrors, it is not currently possible to achieve a 
mirror spacing of less than about 15 to 20 microns between so 
prior-art gim baled mirrors. Consequently, prior-art giro­
baled-mirror arrays are not sui table for use in applications 
that require very close perimeter-to-perimeter spacing, e.g., 
about 15 microns or les.s between adjacent mirrors in a 

FIG. 4 depicts a cross sectional view of the rotatable 
element of FIG. l along the line B-B and in the direction 

55 indicated, but with the plate partially rotated. mirror array. 

SUMMARY OF Tiffi INVENTION 

An array of rotatable elements, e.g., mirrors, etc., that 
avoids some of drawbacks of the prior art is disclosed. In 
particular, although the rotatable elements in the array are 
movable about two axes of rota tion that have different 
orientations, e.g., are perpendicular to one another, etc., they 
are nevertheless capable of being positioned very closely to 
ooe another. 

'This is achieved, in accordance with the princ iples of the 
invent ion, by a rotatable element that includes a plate, a plate 

FIG. 5 depicts an array of ro tatable elements in accor­
dance wi th the principles of the invention. 

FIG. 6 depicts a de-multiplexer in accordance with the 

60 
principles of the iovcotioo. 

FIG. 7 depicLS ao illustrative optical energy distribution of 
a spatially resolved WDM signal as a f11nction of position at 
the front focal plane of a collimating/focusing lens where ao 
array of rotatable mirrors is positioned. 

65 FIG. 8 depicts a method for making a rota table element or 
an array of ro tatable e lements in accordance with the prin­
ciples of the invention. 
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DETAlLEO DESCRIPTION 

'The terms listed below are given the following definitions 
for the purposes of this specification. 

"Coupled" means that (coupled) elements interact wi th 5 

one another, e.g., by a direct physical connection, by an 
indirect mecbanicalliokage, through electrostatic, magnetic 
or optical interaction, etc. The coupled elements can, but do 
not have to be, physically attached to one another. For 
example, in some instances, two coupled elements will be 10 

indirectly linked, such as through a third element, e tc. When 
two elements that are indirectly linked are referred to as 
'·coupled," it means that movement of one of the coupled 
elements in1lucnces, e.g., imparts motion to, etc., the other 
coupled clement. This ability to io1lucncc is not necessarily JS 

reciprocal as between the two coupled clements. 
·'S tress" means tensile stress or compressive stress. 
"Torsional" refers to a twisting motion (of a connector, 

etc.) such as results [rom two opposing turning forces acting 
at right angles to the rotational axis (of the connector, etc.). 20 

4 
302 bas a different optical functionality, such as one or more 
of the other functionalities listed above. Those skilled in the 
art will know bow to use standard techniques to modify plate 
302, e.g., via metallization, via thin-film optics techniques, 
via lithography, etc., so it provides an optical function. 

Plate 302 is rotatably coupled to cradle 304 via plate 
support306. That is, plate support 306 enables plate 302 to 
rotate about rotational axis 3- 3 when the plate i'i suj tably 
actuated. In similar fashion, cradle 304 is rolatably coupled 
to frame 312 via cradle support 310. The cradle support 
enables cradle 304 to rotate about rotational axis 4-4 when 
the cradle is suitably actuated. As depicted io FIG. 1 , 
rotational axis 3-3 is aligned with plate support 306 and 
ro tational axis 4-4 is aligned with cradle support 310. 
Furthermore, rotational axis 3-3 is perpendicular to rota­
tional axis 4-4. 

In the illustrative embodiment, plate support 306 and 
cradle support 310 are each implemented as paired torsional 
members 308, individually identified as torsional members 
308A aod 308B (for plate support 306) aod torsional mem­
bers 308C and 308D (for cradle support310). Members 308 
arc referred to as "torsional" members because they twist to 
enable an auached element, e.g., plate 302, cradle 304, etc., 
to rotate (see, Definitions, above). 

With continuing reference to the illustrative embodiment 
depicted in FIG. 1, one end of each of the paired torsional 
members depends from opposed regions, e.g., sides, por­
tions, etc., of an element that moves, e.g., plate 302, etc. The 
other end of each of the paired torsional members depends 

"Cradle," which is used as a noun, refers to a movable 
support element that supports (cradles) an element, e.g., a 
plate, etc., that is free to move. Furthermore, the cradled 
element is free to move independently of the cradle. The 
cradle itself is movably supported by another element, e.g., 25 

a substrate, etc. Movement of the cradle causes the cradled 
element to move. That is, the orientation in space of the 
cradled element changes as the cradle moves. The term 
·'cradle," as used herein, is not intended to imply any 
particular structure and none is to be inferred. 30 from opposed regions of ao element that functions as a 

support for the movable element. ''Frame," which is used as a noun, refers to a stationary 
support element that supports an element that is free to 
move. The frame can be, for example, a substrate layer that 
surrounds the mechanical (movable) elements. 

"Optical Functionality" o r "Optical Function" means an 35 

ability of affecting ao optical signal in some predictable way. 
Example of optical fuoctiooali ties include, without limita­
tion, the ability to reflect, diffract, filter, modulate, polarize, 
focus, or collimate an optical signal. In other words, an 
element that is characterized by such functionality is capable 40 

of functioning as a (ixed-rel~ectivity mjrror, a diffraction 
g rating, an optical fi ller, an optical modulator, a polarizer or 
a lens, respectively. An additional optical functionality is the 
abili ty to function as a wavcleogth-selectivc switch. In some 
variations, an element will intrinsically possess an optical 45 

functionality, e.g., due to its composition, etc. In some other 
variations, an element can be modified or proces.<;ed in some 
way, such as by depositing a rellective material, or by 
depositing layers of material have particular refractive indi­
ces, or by depositing and palleming layers to create an 50 

optical device (a modulator), etc., so thai it is capable of 
performing an optical function. 

Thus, io the illustrative embodiment, one cod of each of 
torsional members 308A and 308B depend from respective 
opposed sides 314 and 316 of plate 302, i.e., the e lemeotthat 
moves. The other end of torsional members 308A and 308B 
depend from opposed portions of cradle 304, i.e., the ele-
ment that supports plate 302. Likewise, one cod of each of 
torsional members 308C and 3080 depends from opposed 
portions 318 and 320 of crad le 304, i.e., an e lement that 
moves, while the other eod depends from opposed portions 
of frame 312, i.e., the element that supports cradle 304. 

As depicted in FIG. 1, torsional members 308A and 308B 
are substantially recessed within plate 302 and torsional 
members 308C and 3080 are substantially recessed within 
cradle 304. Recessing torsional members 308 in this fashion 
decreases what would otherwise be a larger gap between the 
rotatable element, e.g., plate 302, etc., and the structure to 
which it ' s coupled, e .g., cradle 304, etc. 

FIG. 2 provides further detail of torsional members 308. 
As depicted in FIG. 2, torsional member 308 includes 
connector 422 and cross-piece 428, which are joined io a 
"T ' configuration. Connector 422 couples two elements: (1) 
an elemem that moves and (2) its support structure. For 
example, wi th regard to torsional members 308A and 308B, LA. S tructure of a Rotatable Element in Accordance with the 

Principles of the Invention ss connector 422 couples plate 302 to cradle 304. As to 
torsional members 308C and 3080, connector 422 couples 
cradle 304 to frame 312. The axis of rotation (of the clement 
that moves) is aligned wi th the paired torsional members 

FIG. 1 depicts rotatable element 300. Rotatable element 
300 includes plate 302, cradle 304, plate support 306 and 
cradle support 310, inter-related as shown. Rotatable ele­
ment 300 is coupled to stationary frame 312. More particu­
larly, cradle support 310 couples cradle 304 to frame 312. 60 
Plate 302 is advantageously, but not necessarily, capable of 
performing an optical function. 

For the illustrative embodiment, portion 303 of plate 302, 
i.e., the portion of the plate thai is ·'above" axis 3-3 in FIG. 
1, bas a reflective surface such that it functions as a 
fixed-reflectivity mirror. It is will be understood, however, 
that in some variations of the illustrative embodiment, plate 

308 that couple the element to its support structure. 
In tbciUustrative embodiment depicted in FIG. 2, end 424 

of connector 422 is allacbed to the support structure, e.g., 
cradle 304, etc., while the other end, cod 426, couples to the 
element that moves via cross-piece 428. Cross-piece 428 
functions as a "shock absorber" for connector 422. In 

65 particular, cross-piece 428 is capable of lle>..'ing, as neces­
sary, to absorb any stresses on connector 422, as commonly 
arise during fabrication procedures. Connector 422 and 
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cros.s-piecc 428 each include widened region 430 ncar points 
of allachment. This widened region decreases stress con­
centration at the points of attachment. 

It wiU be understood that other types, e.g., configurations, 
of torsional members, as are known in the art, can be used. 5 

Furthermore, other types of members, i.e., non-torsional 
members, that arc suitable for rotatably coupling two cle­
ments can suitably be used as well. 

6 
another way. In particular, in prior-art gimbalcd mirrors, the 
center of mass of all the electrodes for a given gimbaled 
mirror aligns with tbe center of mass of the mirror. In 
ro tatable element 300, however, the center of mass of all the 
electrodes for a given rotatable element does not align with 
the ceoter of mass of plate 302. 

As described later in this specification, these differences 
in structure enable rotatable clement 300 to be used in a 

FIGS. 3 and 4 depict cross-sectional views of rotatable 
element 300 depicted in FIG. l . FIG. 3 is cross section along 
the line A-A, viewed in the direction shown, and FIG. 4 is 

variety of applications, notably optical communications, for 
10 which the prior-art g imbaled mirrors are unsuitable. 

a cross section along the line B-B, viewed io the direction 
shown. As depicted in those Figures, plate 302 and cradle 
304 arc suspended over cavity 532 so thai they are free to 
rotate. Electrodes 534A, 534B, 534C, and 534D are dis- JS 

posed in cavity 532. More particularly, electrodes 534A and 
534B underlie plate 302, witb one electrode on each side of 
axis-of-rotation 3-3. Electrodes 534C and 534D underlie a 
portion of cradle 304, with one electrode on each side of 
axis-of-rota tion 4-4. 20 

Wben an electrical potential is applied across an element 
that moves, e.g., plate 302, etc., and one of the underlying 
electrodes, the element rotates out-of-plane, i.e., out of the 
plane defined by the support structure, about its axis of 
rotation toward the electrified electrode. 

For example, with reference to FIG. 3 (which shows a 
portion of cradle 304), assume that an electric potential is 
applied across cradle 304 and electrode 534D. As a conse­
quence, cradle 304 rotates out-of-plane of frame 312 about 
axis 4-4 such that the portion of cradle 304 that overlies 
electrode 534D moves downward toward that electrode (see 
FIG. 3). Since plate 302 is coupled to cradle 304, plate 302 
also rota tes about axis 4-4, i.e., the cradle's axis of 
rotation, allhough, for clari ty, rotation of plate 302 is not 
depicted in FIG. 3. 

Referring to FIG. 4 (which shows portions of both cradle 
304 and plate 302), assume that a potential is applied across 
plate 302 and electrode 5348. In response, the portion of 
plate 302 that overlies electrode 534B is drawn toward that 
electrode, rotating out-of-plane of cradle 304 about axis 
3- 3. Since [>late 302 rotates (about axis 4-4) when cradle 
304 rotates, plate 302 is capable of rotating about two 
perpendicular axes: axis 3-3 and axis 4-4. 

25 

30 

35 

40 

45 

It is understood that for rotatable clement 300 to move as 
bas been described, electrodes 534, plate 302, and cradle 304 
must be electrically coupled to a controlled voltage source. 
The controlled voltage source and tbe various electrical 
connections are not depicted in the Figures for the sake of 
clarity and to aid in focusing tbe reader on elements tha t are 
germane to an understanding of the principles of the inven- so 
lion. 

EXAMPLE 

An illustrative design for rotatable element 300 in accor­
dance with the principles of tbe invention is presented in this 
Example. 

Tables I and II, below, provide performance parameters 
for rota table clement 300. Tbe parameters are given as a 
function of: 

(1) Length, L, of connector 422 of torsional members 308 
(sec, FIG. 2). 

(2) Width, W, of connector 422 of torsional members 308 
(see, FIG. 2). 

(3) Gap, T0 , between plate 302 (or cradle 304) and the 
underlying electrodes, see, e.g., FIG. 3. 

The dimensions of rotatable element 300 (see, FIGS. 1 and 
2) are as follows: 

length, I"' of plate 302: 150 microns 
width, w , of plate 302: 19 n1ierons. 
width, "~" of cradle 304: 140 microns (at widest point) 
width, w' <> of cradle 304: 79 microns ( rectangular portion abo,•e 

electrodes) 
length, 1'., of cradle 304: 150 microns ( rectangular portion above 

electrodes) 
length. I" of cradle 304: 331 microns (length of full cradle 304) 
gap, g,.,: 3 microns (gap between plate 302 

and crad le 304) 
gap, Scr' 3 microns (gap between cradle 304 

and frame 31 2) 
thickness of plate 302: l micron 
thickness of cmdle 304: J micron 
length of cross piece 428: 6 microns 
length of widened region J micron 
430: 
width of widened region 1 micron 
430: 

The angle of rotation, <Jl, of cradle 304 (see, FIG. 3) is 
limited by certain dimensions of rotatable mirror 300. This 
limitation results from one of two different constraints. One 
cons train t on rotation is that continued rotation of cradle 304 
will resul t in the cradle making contact with underlying 
electrode 534. The angle of rotation at contact, tl>rouch• is 
dependent upon tbc width, w'c• of cradle 304 (i.e., the width 
of the portion of the cradle that is above the electrodes) and 
the gap, T

0
, between the cradle and an underlying electrode. 

With a width, w 'c, of 79/2=39.5 microns, and a gap, T0 , of 
lO microns, <j>,.,,ch=8.2 degrees. This is one limitation on 
angle of rotation, <j>, of cradle 304. 

The second constraint on rotation arises due to the use of 
au electrostatic force (in tbe illustrative embodiment) as the 
actuating force. In particular, due to tbe nature of electro­
statics, an instability occurs when the displacement of an 
element equals or exceeds 1/3 of the gap between the 

It is notable that in prior-art gimbaled mirrors, the gimbal 
completely surrounds tbe mirror. In contrast, in rotatable 
element 300, cradle 304 does not completely surround plate 
302. To fact, if region 303 (see FIG. 1) of plate 302 is ss 
considered to be the ''mirror," then cradle 304 does not 
surround any part of the ' ·mirror." Stated differently, in 
rotatable element 300, tbe segment of rotational axis 3- 3 
that is defined by the location of torsional members 308A 
and 308B does not overlap o r intersect the segment of 60 
rotational axis 4-4 that is defined by the location of 
torsional members 308C and 3080. This is in contrast to tbe 
corresponding "segments" of the two rotational axes of the 
prior-art gimbaled mirrors, wherein the segments do over­
lap, i.e., in the center of the mirror. 65 attracting elements. This instability causes the movable 

element to "snap-down" and contact the fixed element. 
Consequently, the displacement of the edge of cradle 304, 

'The difference in structure between prior-art gimbaled 
mirrors and rotatable element 300 can be described in yet 
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for example, in a "vertical'" direction (as it rotates) is 
res tricted to a distance that is less than ~ of the distance 
between cradle 304 and underlying electrode 534 (see, FIG. 
3). In other words: 

8 
contact and the critical angle), but so do the voltage require­
ments. Re latively small ro tations (i.e., a few degrees) are all 
that is required for many applications of rotatable clement 
300. 

(4) 5 LB. Structure of an Array of Rotatable Elements In Accor­
dance With the Principles of the Invention 

This distance defines critical angle of rotation, cpc, of 
cradle 304. The cradle cannot be rotated beyond this point. 
This behavior is well known to those skilled in the art. For 
the configuration and dimensions provided above, the criti­
cal angle of rotation for cradle 304, cl>c• is 12.6 degrees. 

For the Example, the critical angle of rotation, cl>c• is 
greater than the angle of rotation at contact, cp((, .. c,.: 12.6>8.2. 
Consequently, rotation of cradle 304 is limited by contact 
(not instability) to 8.2 degrees. 

l ne same considerations apply to plate 302. For plate 302, 
the angle o f ro tation at contact, O,ouc~t• is 7.7 degrees. T he 
critica l angle or rotat ion, 0,., L<; 9.2 degrees. Like cradle 304, 
the rotation of platc302 is l imited by contact, which, for this 
example, is 7.7 degrees. 

TABLE I 

Perfom1nnce of Rol:ltable Element for T
0 

= 10 microns 

To Connector Connector v+a-Uical yeaili«l 
<,ttm> Width <,ttn1> length <,ttm> <VOlts> <'"OilS> 

10 0.30 8 ll2 124 
10 0.35 10 125 138 
10 0.35 12 1H 126 
10 0.40 12 135 149 

Table I shows the voltage requirement at the critical angle 

FIG. 5 depicts an array 700 of rotatable elements 300. 
Each rotatable clement 300 in the array includes plate 302 
and cradle 304, as previously described, sec, e.g., FIG. l and 

10 the accompanying description. 
Rotatable clements 300 are surrounded by frame 312 and 

arc suspended over cavity 532, sec, e.g., FIGS. 3 and 4 . Pairs 
of electrodes 534 (not depicted in FIG. 5) underlie plate 302 
and a portion of cradle 304. Each rotatable element 300 

IS within array 700 is individually addressable. Furthermore, 
plate 302 and cradle 304 of each rotatable clement 300 can 
be individually actuated. In other words, plate 302 can be 
made to ro tate about ei ther one axis, i.e., ooe of either the 
ro tational axis or plate 302 or the rotational axis of cradle 

20 304, or about two axes. 

25 

30 

Since cradle 304 docs not completely surround plate 302 
(in contrast to the manner in which the gimbal surrounds the 
mirror in prior-art gimbalcd mirrors), plates 302 of adjacent 
rotatable clements 300 in array 700 can be placed in near­
abutting relation. More particularly, in some embodiments, 
adjacent plates 302 are placed within 15 microns of ooe 
another. In some other embodiments, adjacent plates 302 are 
placed within 10 microns of one another. In some additional 
embodiments, adjacent plates 302 are placed within 5 
microns of one another. In some other embodiments, adja­
cent plates 302 arc advantageously placed as close as about 
l micron from one another. The spacing between adjacent 
plates 302 will, in some instances. be dictated by application 
specifics. 

Array 700 of rotatable elements 300 has a variety of uses, 
35 many of which pertain to optical telecommunications. One 

such usc is described below. 

I.C. Dcmuliiplcxcr Incorporating an Array of Rotatable 
Mirrors 

of rotation for both cradle 304, which is ~crir;coJ• and for 
plate 302, which is VO cnticoJ· The voltage that is required to 
obtain the maximum (for this illustration) cradle rotation of 
8.2 degrees and the maximum (for this illustration) plate 
rotation of 7.7 degrees will be less than the critical voltages 
shown. (Again, this is because, in the Example, the maxi­
mum angle of ro tat ion for both plate 302 and cradle 304 is 
less than the cri tical angle of rotation.) 

Table II , below, provides the same type of information as 40 

Table I, bu t for a configurat ion wherein the gap, T.,, between 
plate 302 or cradle 304 and e lectrodes 534 is increased to 12 
microns. For this illustration, <l>,.,,c,, =9.9 degrees, <1> =15.2 
degrees and 0 t<>ucl" is 9.2 degrees and Oc=ll.l degr;es. As 
before, the voltage that is required to obtain the maximum 45 
(for this illustration) cradle rotation of 9.9 degrees and the 
maximum (for this illustration) plate rotat ion of 9.2 degrees 
will be less than the critical voltages shown. 

The transmission capacity of optical networks is signifi ­
cantly increased using wavelength d ivision mult iplexing 
('"WDM"). In a WDM communications network, many 
optical signals arc superimposed on a single optical fiber. 
Each signal has a dilrcrent wavelength, which defines a 
WI)M "channel." 

Typically, the channels in a WDM commu11ications sys­
tem arc routed selectively along different paths as a function 
of wavelength ("wavelength routing"). To accomplish this, 
optical network nodes, which provide switching and routing 

TABLE n 
50 

functions in an optical network, must be capable of "recog-
--------------------- nizing" each channe l independent o f other channels. 

Perform.1nc:e of Rotatable Eten1ent forT. • 12 microns 

ro Connector Connector v+C"'rilk.al voa,tial 
<,ttm> Width <,ttm> length <,ttm> <''OtlS> <volts> 

12 0.30 8 148 164 
12 0.35 10 165 18.3 
12 0.35 12 151 167 
12 0.40 12 179 198 

As ·1~1blcs I and II and the accompanying description 
indicate, for the illustrative embodiment and illustrative 
dimensions, potential difierences in the range of about 100 
volts to abou t 200 volts will ro tate plate 302 and cradle 304 

55 

One device that is capable of providing this .. recognition" 
to perform wavelength routing is a de-multiplexer. The 
de-mulliplcxcr spatially resolves the plural WDM channels 
and delivers each channel o r spectral component to a desired 
output fiber. 

In accordance with the principles of the invention, an 
array of rotatable e lements, as has been descnbed herein, is 
optically coupled to lenses, a diffraction grating and an input 
and output ports to provide a de-multiplexing capability. 

60 FIG. 6 depicts illustrative de-multiplexer 800, which is 
based on a de-multiplexer that is described in U.S. patent 
application Scr. No. 09/944,800, which is incorpora1ed by 
reference herein. 

up to abou t 15 degrees. Smaller voltages result in less 
rotation. And, generally, as the gap, T0 , between plate 302 or 65 
cradle 304 and underlying the electrodes increases, the 
maximum allowable rota tion increases (both the angle for 

As depicted in fiG. 6, de-multiplexer 800 includes array 
700 of ro tatable clements 300-i, i=l,m, array 836 of input/ 
outpul ports 838-j, j= I, n, array 840 of coll imating/focusing 
lenses 842-k, k= I, p, diffract ion grating 844, and collimat-
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ing!focusiog Leos 846, inter-related as sbowo. For this appli­
cation, ro tatable elements 300-i are rotatable mirrors. 

S ince array 700 provides rotatable mirrors that have two 
perpendicular rotation axes, input/output port array 836 is 
advantageously, but not necessarily, configured as a two- 5 
dimensional array of ports 838-j. (If the mirrors in the array 
bad only a single rotational axis, then the input/output ports 
wouJd have to be arranged linearly.) Since input/output ports 
838-j are configured as a two-dimensional array, collimat­
ing/focusing lenses 842-k should be configured as a two-

10 
dimensional array as well. For simplicity and clarity, input/ 
output port array 836 and array 840 of lenses are depicted in 
FIG. 6 as linear arrays. 

Array 836 has n, ports 838-j, including one input port 
838-1 and n-1 output ports 838-2, 838-3, ... , 838-n. The 
assignment of port 838-1 is arbitrary. Input port 838-1, 15 

which is typically a single-mode optical fiber, carries the 
mu ltiple optical wavelengths (i.e., channels) A.-1, 1=1, q, of 
WDM signal mA.. 

10 
elements (mirrors), array 838 would include 32, 36, 64, and 
128 input/outputs 838, etc., respectively. For any of these 
WDM signals, adjacent plates 302 are advantageously 
spaced by about 1 to 2 microns. 

In some other embodiments, however, there are (ewer 
rotatable mirrors 300-i, fewer output ports 838-j, and fewer 
collimating/focusing lenses 842-k, than the number, q, of 
channels in the WOM signal rnA.. Furthermore, there does 
not need to be agreement as between the number, m, of 
rotatable mirrors 300-i, the number, o-1, of output ports 
838-j or !be number, p, of collimating/focusing lenses 842-k. 
AJso, due to the action of rotatable mirrors 300-i, more than 
one wavelength channel A.-j can be directed to any one 
output port 838-j. 

/\s indicated above, de-multiplexer 800 requires a mirror 
array having very tight mirror-to-mirror spacing (as close as 
about 1 micron). Such spacing is possible using array 700 of 
rotatable elements 300, in accordance with the principles of 
the invention. But it's not possible to achieve that spacing 
wi th the gin1baled mirrors of the prior art, and their use for 
this application would be very impractical, e.g., high inser­
tion losses, cross talk, etc. 

FIG. 7 depicts an illustrative (Gaussian) distribution 950 
of optical ene rgy as a function of position at the front foca l 
plane of collimating/focusing lens 846, i.e., at the location of 

As WDM signal rnA. emerges from port 838-1, it diverges 
due to diffraction effects. Ports 838-j are disposed at the front 20 
focal plane of lens array 840. Input/output port array 836 is 
aligned with lens array 840 so that each port 838-j is on the 
optical axis of its matching lens 842-k. One of lens 842-k in 
array 840 receives d iverged WDM signal mA. from port 
838-1 and collimates it. 25 rotatable mirrors 300-i. The optical energy of tbe WDM 

signal bas a Gaussian distribution centered about the center 
wavelength of each channel. Most of the optical energy for 
each channel is captmcd by a diJierent one of rotatable 

Collimated WDM signal rnA. is received by diffraction 
g rating 844. Diffracting grating 844 causes wavelength­
dependent diffraction, wbicb results in the spatial separation 
of the spectral components, i.e., constituent wavelengths, of 
a multi-wavelength signal such as WOM signal rnA.. Con- 30 
sequently, diffraction grating 844 spatially resolves the indi­
vidual cbannels A.-1, 1=1, q, of signal rnA. as a function of 
wavelength. 

The diffraction ofWDM signal mA. generates q signal'> or 
beams, one for each wavelength A.-1 through A.-q of the 
WOM signal. Each of the diffracted signals propagates in a 35 

unique direction. For clarity, the optical path of only one of 
the channels or wavelengths (A.-3) is depicted in FIG. 8. 

The diffracted signals A.-I are received by collimating! 
focusing lens 846 and focused at its front focal plane. Each 
of the signals A.-1tbrough A.-q focuses at a dilferentlocation 40 

along the focal plane, as a function of its wavelength. Array 
700 of rotatable mirrors 300-i, which is disposed at the front 
focal plane of lens 846, receives tbe signals A.-l. Rotatable 
mirrors 300-i are positioned so that each signal or channel 
A.-I is focused on a different rotatable mirror 300-i. Those 45 

skilled in the art will know how to design grating 844 and 
Ieos 846 to provide sufficient spatial separation of each 
signal at the front focal plane of lens 846. 

Each rotatable mirror 300 can be tilted, responsive to a 
control signal, such that the reflected signal A.-1 propagates 50 
in a new direction wherein the signal ultimately couples into 
a desired one of output pons 838-2 through 838-k (if the 
mirror were not tilted, the reflected signal would couple back 
into input port 838-1). 

More particularly, the s ignals that are reflected from array 
55 

700, wb.icb are diverging, arc collimated by collimating! 
focusing lens 846. The collimated signals are diffracted off 
of grating 844 toward array 840 of collimating/focusing lens 
842-i, i= l,k. Each signal is received by one of the lenses 
842-i, and is focused at the fron t focal plane of that lens. 
Each signal then couples into a desired one of output ports 60 
838-2 through 838-k. 

In some embodiments, the number, m, of rotatable mirrors 
300-i, equals the number, n-1, of output ports 838-j, equals 
the number, p, of collimating/focusing lenses 842-k, which 
equals the number, q, of channels in the WDM signal mA.. 65 

For example, for 32, 36, 64 and 128 channel WDM signals, 
array 700 would include 32, 36, 64 and 128 rotatable 

mirrors 300-i. As shown in FIG. 7, the energy level peaks at 
the center wavelength of each channel, falls off to either 
side, and tbco rises toward tbe center of the next channel. 
Consequently, if adjacent mirrors in a mirror array arc not 
very close to one another, there will be a loss of optical 
energy. This represents ao "insertion loss" for a de-multi-
plexer. Furthermore, in the case of the prior-an gimbaled 
mirrors, optical energy impinging on a gimbal can be 
scattered, resulting in cross talk. 

ll. Fabrication of a Rotatable Element (or an Array thereof) 
In Accordance With the Principles of the Invention 

Those ski lled in the art wiiJ be able to fabr icate movable 
element 300 and an array 700 of such elements using 
standard micro-machining and photolithographic tech­
niques. An illustrative fabrication method 1000 is depicted 
in FIG. 8 and described below. The operations of the method 
include: 

1002: rotatably coupling, along a first rotational axis, a 
plate and a cradle, wherein the cradle does not encircle 
the plate; 

1004: rotatably coupling, along a second rota tional axis 
that is perpendicular to tbe first rotational axis, the 
cradle in a first substrate; 

1006: forming at least two electrodes at a first region in a 
second substrate; 

1008: forming at least two electrodes at a second region 
in the second substrate; 

1010: aligning the first substrate with the second substrate 
sucb that tbe p late is superposed over the two elec­
trodes at the first region and a portion of tbe cradle is 
superposed over the two electrodes at the second 
region; and 

lOU: attaching the first substrate to the second substrate. 
Tbe numerical designations 1002, 1004, etc., for the 

operations of method 1000 are not meant to imply a 
sequence or temporal order. That is, some of the operations 
can be carried out simultaneously, e.g., operations 1002 and 
1004; operations 1006 and 1008; operations 1002/1004 and 
1006/1008, etc., as desired. Method 1000 is described in 
further detail below. 
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1bc fabrication of rota table clement 300 or array 700 
advantageously invo lves two multi-layer substra tes. Rotat­
able elements 300 are formed in one of the substrates 
(operations 1002 and 1004) and electrodes 534 are formed 
in the other substrate (operations 1006 and 1008). The two 5 
substrates are then aligned (operation 1010) and attached 
(operation lOU) to one another. 

'The mult i-layer substrate in which ro tatable elements 300 
are fo rmed advantageously, but not necessarily, has th ree 
layers. Those layers include a top, relatively thin layer, a 

10 
bottom, rela6vely thick layer, and an intermediate, relatively 
thin layer that is sandwiched between the top and bollom 
layers. 

The top layer, which is typically in a range of about L to 
2 microns thick, is m;ed to form the " mechanical" portions 
of movable element 300, e.g., plate 302, cradle 304, plate 15 

support 306 and cradle support 310, etc. In some embodi­
ments, Lbe top layer is semiconductor, such as, wi thout 
limitation, silicon or polysi licon. 

In some embodiments, operations 1002 and 1004 are 
perfo rmed by paHerning, etching and releasing movable 20 
elements 300. In particular, movable elements 300 are 
appropriately patterned and e tched, e.g., reactive ion etch­
ing, etc., in the top layer. T he etching proceeds to the 
intermediate layer and then stops. The intermediate layer, 
which is typically in a range of about 0.1 to 3 microns thick, 25 

functions as an etch stop or milling stop. The intermediate 
layer is advantageously fo rmed from a material that resists 
being e tched by processes that will readily etch tbe top and 
bouom layers. In some embod.ime nts, the intermediate layer 
is an oxidized semiconductor material. When the top and 30 
bollom layers are formed from silicon or polysilicoo, the 
intermediate layer is advantageously silicon oxide. While it 
is possible to fabricate rotatable element300 without the use 
of an etch/ milling stop, it is substantially more difficult to 
control tbe extent of etching/millings steps without it. 

After movable elements 300 are pallemed and etched into 35 

the lop layer of tbc substrate, the bottom layer is processed. 
In preparation for this processing, Lbc top layer is coated 
with oxide, e.g., to protect it during subsequeot e tching 
steps, etc. The thick bottom layer, which is typically in a 
range of about 50 to 750 microns thick, is thinned to about 40 

250 microns, as appropriate. After thinning, tbe bottom layer 
is patterned and etched, e.g., deep reactive ion etching, etc., 
to create cavities under movable elements 300. 

After the bollom layer is patterned and etched, any 
protective oxide layers are removed. At the same time, the 45 

intermediate ("etch-stop") layer is removed from beneath 
the mechanical elements that were patterned in the lop layer. 
Removiog the intermediate layer from beneath the mechani-
cal elements '·releases" them, such that they are then free to 
move. In some applications, such as when plates 302 are to 50 
be mirrors, the plates are then meta ll ized or otherwise 
suitably processed. 

la some embodiments, the multi-layer substrate is a 
silicon-on-insulator ("SOl") wafer. These wafers typically 

:f~~~:S alb~~~~~~ :i~c~c~i~~y~~ ~~e~ d~~~u:te~~n10o~~~ 55 

layer, which is about 0.2 to 3 microns thick, disposed 
thereon, and a thin silicon layer that is about 0.1 to 10 
microns thick that is disposed on the oxide layer. The 
arrangement and thickness of the layers arc consistent with 
the nominal ranges for layer thickness that are provided 60 
above. SOl wafers are commercial ly available from SOI­
TEC USA, Inc. of Peabody, Mass. and others. Alternatively, 

12 
layers. Those layers include a base, thick layer, e.g., a silicon 
wafer, e tc., an insuJation layer, e.g., oxide, etc., and a top, 
conductive layer. The conductive layer can be formed from 
metal, such as, without limitation, aluminum or gold. Alter­
natively, tbe conductive layer can be formed from po lysili­
con that is doped, e .g., with boron, e tc., to increase conduc-
tivity. 

In some embodiments, operations 1006 and 1008 are 
performed by pauerning and etching electrodes, wire traces, 
bonding pads, etc., in the top conductive layer. After the 
electrodes, etc., are patterned in the conductive layer, spacer 
material , typical an oxide, is deposited on the electrode 
wafer (on the thick layer) to a thickness of between about 10 
to 20 microns. The spacer material is pallemed to create 
set-offs that will separate rotatable elements 300 from the 
electrodes 534 in the fully-fabricated array (e.g. , array 700). 

After the appropriate elements arc formed in each sub­
strate, the substrates are brought together for bonding. T he 
subst rate containing array 700 of rotatable elements 300 is 
" Aipped" so that the ·'top" layer of the substrate, i.e., the 
layer in w hich the rotatable elements are formed, faces tbe 
set-offs that were formed on the substrate having electrodes 
534. Ia accordance with operation 1010, the substrates arc 
aligned. After the substrates are properly aligned, they are 
joined in well-known fashion, e.g., fusion bonding, etc., in 
accordance with operation 1012. As a consequence of these 
operations, movable elements 300 are suspended over elec-
trodes 534. 

It is to be understood that the above-described embodi­
ments are merely illustrative of the present invention and 
that many variations of the above-described embodiment 
can be devised by one skill ed in the art w ithout departing 
from the scope of the invention. lt is therefore intended that 
such variations be included wi thin the scope of the following 
claims and their equivalents. 

We claim: 
1. An apparatus comprising: 
a cradle; 
a plate rotatably coupled to said cradle along a first 

rotational axis, wherein the plate bas a footprint that 
extends outside of a footprint of the cradle; 

a frame fixedly attached to a first substrate, wherein said 
cradle is rotatably coupled to said frame along a second 
rota tional axis; 

at least one electrode formed at a fi rst region in a second 
substrate; and 

at least one electrode formed at a second region in the 
second substrate, wherein the first substrate is allached 
to the second subst rate such that the plate is superposed 
over the at least one electrode at the first region and the 
cradle is superposed over the at least one electrode at 
the second region. 

2. The apparatus of claim 1 wherein said plate provides an 
optical func tion. 

3. The apparatus of claim 1 wherein said plate comprises 
a reflective surface. 

4. The apparatus of claim 1 wherein said first rotational 
axis and said second rotational axis are substan tially per­
pendicuJar. 

5 . The apparatus of claim 1 wherein said plate and said 
cradle are not concentric. 

6. The apparatus of claim 1 wherein said plate, said cradle 
and said frame are made, at least in part, from a semicon­
ductor. the multi-layer substrate can be made using a conventional 

silicon wafer, wherein oxide is deposited on the wafer and 
then polysilicon, etc., is deposited on the oxide. 

']be multi-layer substrate in which the elect rodes 534 are 
formed advantageously, but not necessarily, also has three 

7 . The apparatus of claim 1 wherein said plate, said cradle 
65 and said frame are made, at least in part, from a material 

selected from tbe group consisting of silicon and polysili-
COD. 
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8. Tbe apparatus of claim 1, wherein the at least one 
electrode attbe first region comprises a first electrode and a 
second electrode, wherein sa id first electrode and said sec­
ond electrode: 

are symmetrically disposed on opposite sides of said first 5 

rotationa l axis; and 
are disposed close enough to said plate so that under an 

applied voltage of less than 200 volts, at least one of 
e ither said first electrode and said second electrode 
e lectrically interact with said plate. 

9. The apparatus of claim 8, wherein the at least one 
electrode at the second region comprises a third e lectrode 
and a fourth electrode, wherein said third electrode and said 
fourt h electrode: 

10 

are symmetrically disposed on opposite sides of said JS 

second rotational axis; and 
are disposed close enough to said cradle so that under an 

applied voltage of less than 200 volts, at least one of 
e ither said third electrode and said fourth electrode 
electrically interact wi th said cradle. 

10. The apparatus of claim 1 wherein: 
said plate and said cradle define a rotatable clement; and 
said apparatus comprises an array of rotatable elements. 
11. The apparatus of claim 10 furt her comprising: 

20 

a lens, wherein said lens is optically coupled to said array 25 

of rotatable elements; 
a diffraction grating, wbereio said diffraction grating is 

optically coupled to said lens; 
a lens array having a plurality of lenses, wherein each lens 

in said lens array is optically coupled to said diffraction 30 
grating; and 

a port array having a plurality of ports, wherein each port 
in said pori array is optically coupled to one Ieos in said 
Ieos array. 

12. The apparatus of claim 11 wherein said port array 35 

comprises: 

14 
18. Tbe apparatus of claim 15, wherein a region where the 

connector and the cross-piece are joined together includes a 
wider portion designed to decrease stress concentration at 
said region. 

19. Ametbod for forming a rotatable element, comprising: 
rotatably coupling, along a fi rst rotational axis, a plate and 

cradle in a first substrate, wherein said cradle does not 
surround said plate; 

rotatably coupling, along a second rotational axis lbat is 
perpendicular to said first rotational axis, said cradle to 
said first substrate; 

(orroing at least two electrodes at a first region in a second 
substrate; 

forming at least two electrodes at a second region in said 
second substrate; 

aligning said first substrate with said second substrate 
such that said plate is superposed over said two elec­
trodes at said first region and a portion of said cradle is 
superposed over said two electrodes at said second 
region; and 

attaching said first substrate to said second substrate. 
20. An apparatus comprising: 
a cradle; 
a plate, wherein said plate is rotatably coupled to said 

cradle along a first rotational axis; 
a frame, wherein said cradle is rotatably coupled to said 

frame along a second rotational axis, and wherein said 
cradle does not entirely surround said plate; and 

a fi rst electrode and a second electrode, wherein said first 
electrode and said second electrode: 
are symmetrically disposed on opposite sides of said 

first rotational axis; and 
are disposed close enough to said plate so that under an 

applied voltage of less than 200 volts, at least one of 
ei ther said first electrode and said second electrode 
electrically interact with said plate. an input port; and 

a plurality of output ports. 
13. The apparatus of claim 10, wherein reflective portions 

of the rotatable clements in the array form a substantially 
contiguous segmented mirror. 

21. Tbe apparatus of claim 20 further comprising a third 
electrode and a fourth electrode, wberein said third electrode 

40 and said fou rtb electrode: 

14. The apparatus of claim 1, wherein: 
said plate bas a center of mass; 
and the at least one electrode at the first region comprises 

a plurality of e lectrodes, wherein a center of mass of 45 

said plurality of electrodes does not align with the 
center of mass of said plate. 

15. Tbe apparatus of claim 1, wherein: 
the plate is rotatably coupled to the cradle via one or more 

torsional members attached between the plate and the so 
cradle; 

the cradle is rotatably coupled to the frame via one or 
more torsional members auached between the cradle 
aod the frame; and 

at least one of tbe torsional members comprises a coo- ss 
ncctor and a cross-piece joined in a T-sbaped conngu­
ration. 

16. The apparatus of claim 15, wherein tbe cross-piece is 
adapted to function as a shock absorber. 

17. The apparatus of cla.im 15, wherein each region of 60 
attachment of the T-shaped connguratioo to tbe correspond­
ing coupled element includes a widened portion designed to 
decrease stress concentration at said region. 

are symmetrically disposed oo opposite sides of said 
second rotational axis; and 

are disposed close enough to said cradle so that under ao 
applied voltage of less than 200 volts, at least one of 
either said third electrode and said fourth electrode 
electrically interact wi th said cradle. 

22. An apparatus comprising: 
a c radle; 
a plate, wherein said plate is rotatably coupled to said 

cradle along a first rotational axis; aod 
a frame, wherein: 

said cradle is rotatably coupled to said frame along a 
second rotational axis; 

said c radle does not surround at least a portion of said 
plate; 

said plate and said cradle define a rotatable element; 
said apparatus comprises an array of rotatable ele­

mentS; and 
reflective portions of the rotatable elements in the array 

form a substantially contiguous segmented mirror. 

* * * * * 


