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FIG. 5a 
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FIG. Yb 
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MONOLITHIC 2D OPTICAL SWITCH AND 
METHOD OF FABRICATION 

Related Applications 

Priority is claimed based on US. Provisional Application 
No. 60/129,337 entitled “Fiber Optic Crossbar Switch” ?led 
Apr. 15, 1999, Which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to optical sWitches and more spe 
ci?cally to a monolithic 2D optical sWitch using MEMS 
technology. 

2. Description of the Related Art 
The netWork of copper Wires that has been the backbone 

of the telecommunications netWork is rapidly being replaced 
With a ?ber optic netWork to increase the bandWidth avail 
able to support the Internet and other netWorking applica 
tions. To date, the majority of the original long haul tele 
phone copper netWork has been replaced With an optical 
?ber netWork and netWork links Within metropolitan areas 
are rapidly being replaced. While this copper to ?ber 
replacement is proceeding at a breakneck pace, the demand 
for high bandWidth communication is so great that the rate 
of replacement Will accelerate. 

All communication netWorks, either copper or optical 
?ber, require sWitches that can route signals from source to 
destination as Well as re-route signals in case of a fault or an 
excessive demand for a speci?c link. Presently the sWitching 
in “long haul” and “metro” segments of ?ber optic netWorks 
is done electronically. The optical signals are converted into 
electronic signals and then electronic sWitching matrices, 
similar to the ones used in the original copper netWork, are 
used to accomplish the routing. After routing, the electronic 
signals are converted back to an optical signal and sent out 
through the designated ?ber. This type of “optical” routing 
sWitch is large, expensive and inef?cient. The electronic 
components of this type of sWitch are the major bottleneck 
in overall netWork throughput capacity. 

The rapid groWth in the number of ?ber optic lines has 
created an urgent need for an all optical router; one that does 
not need to transform the signal into an electronic signal. An 
optical crossbar sWitch, routes N incoming ?ber optic chan 
nels to N outgoing ?ber optic channels by selective actuation 
of a micro-mirror array to alter the desired light paths. These 
MEMS based optical crossbar sWitches should be capable of 
routing more channels on a single device, and be far cheaper 
and more compact than opto-electronic sWitches. 

To date MEMS crossbar sWitches have not ful?lled their 
promise. The current sWitch designs and the limited manu 
facturing yields have constrained the siZe of useful devices 
typically to 2x2. Although these small devices can be 
cascaded together to form a larger device, such a cascaded 
con?guration is complicated, lossy and very expensive. 
Some of the key problems have, and continue to be, the 
inability to precisely control the de?ection angles of the 
micro-mirrors, to reduce the footprint of the actuation 
mechanism, and to monolithically fabricate the MEMS 
structures on an integrated circuit (IC). 
TWo main categories of MEMS optical crossbar sWitches 

exist. The ?rst is based on sliding a vertical mirror in and out 
of a light path to perform a sWitching function. Lucent 
Technologies, Inc., US. Pat. No. 5,923,798 proposed an 
“in-plane” optical sWitch that includes an actuator compris 
ing tWo vertically-oriented electrodes, and a linkage from 
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2 
the actuator to an optical device. As a voltage is applied 
across the electrodes, the movable electrode sWings toWard 
the ?xed electrode. The horiZontal displacement of the 
electrode is transferred to the optical devices Which moves 
in-plane in or out of the optical path. 

Lucent Technologies, Inc., US. Pat. No. 5,995,688, also 
proposed a micro-opto-electromechanical devices perform 
ing “on-off” sWitching function for only one optical channel. 
The MEMS device comprises an actuator that is mechani 
cally linked to an optical interrupt (e.g., micro-mirror). The 
?rst end of the linkage underlies and abuts a portion of 
movable plate electrode, and a second end of linkage sup 
ports optical interrupter. The interrupter is a vertically 
assembled mirror that is attached to the linkage. When a 
voltage is applied across plate actuator, an electrostatic 
attraction causes a vertical or out-of-plane motion to linkage 
such that optical interrupter moves “up-and-doWn”. In an 
actuated state, the device causes the optical interrupt of an 
optical signal. This device can be practically used only as 
one channel chopper. 

The second category of sWitches, Which is also the subject 
of this patent, is based on hinged mirrors that can be rotated 
out of the plane of the substrate to a vertical position to 
perform the sWitching function by selectively blocking the 
light path. Various mechanisms exist to provide the actuation 
force necessary to rotate the hinged mirrors including 
magnetic, thermal and electrostatic. Electrostatic actuation 
includes both lateral comb drive (in-plane) actuation and 
parallel-plate (out-of-plane) actuation. Lateral comb drives 
are used in combination With scratch drives, stepper motors, 
linear micro-vibrometers and micro-engines. 

H. Toshiyoshi et al. “Electrostatic micro torsional mirrors 
for an optical sWitch matrix,” IEEE J. Microelectromechani 
cal System, Vol. 5, no. 4, pp. 231—237, 1996 describes a 
free-space optical sWitch based on parallel-plate actuation. 
The device is composed of tWo parts: torsion mirror sub 
strate (a) and counter electrode substrate As shoWn in 
FIG. 5, a bulk micromachining process is used to fabricate 
the mirror substrate in Which a matrix of micro mirrors are 
supported by torsion beams across respective through-holes 
etched into the backside of the substrate. Bulk microma 
chining is relatively sloW, expensive, provides only nominal 
control of mirror thickness and ?atness, and is not compat 
ible With IC fabrication processes yet. The mirror and 
counter electrode substrates are manually aligned by micro 
scope observation and ?xed by putting epoxy glue on the 
edge. 

Application of a bias voltage to the mirror and counter 
electrodes attracts the mirror inWard by 90° to re?ect the 
incident light. The incident and redirected lights can propa 
gate through the deep grooves formed on the backside of the 
substrate; i.e., the mirrors are located at the crossings by 45° 
inclination to the grooves. The angle of the mirror in the 
ON-state (90°) is controlled because it touches a mechanical 
stopper on the counter substrate. 

The stiction force betWeen the mirror and stopper creates 
a hysteresis Whereby the applied voltage can be reduced and 
yet be able to hold the mirror in the ON-state. The spring 
force of the hinged mirror must be suf?cient to overcome the 
stiction force When the holding voltage is completely 
removed in order to return the mirror to the OFF-state. 
Consequently, the applied voltage must be suf?cient to 
overcome the mirror’s spring force to drive the mirror to the 
ON-state, approximately 100—150V, Which is not compat 
ible With either standard IC processing or off-the-shelf driver 
chips. 
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Although the switch con?guration may, in theory, be 
extended to arbitrary siZes it Will in practice be limited to 
small devices on the order of 2x2. The combination of a 
mechanical stop, bulk processing and manual assembly of 
the mirror and counter electrode substrates limits the preci 
sion of the mirror de?ection angle in the ON-state. The small 
(input) acceptance angle of the output ?ber forces a high 
degree of precision on the de?ection angle. This in turn 
determines the maXimum path length betWeen an input ?ber 
and an output ?ber, hence the array siZe. In addition, array 
siZe is limited by space considerations oWing to the fact that 
a lead must be provided for each mirror in each roW or 
column and the actuator footprint. 

SUMMARY OF THE INVENTION 

In vieW of the above problems, the present invention 
provides a free-space micromachined 2D optical sWitch With 
improved precision, hence larger array siZes at loWer cost, 
Whose fabrication is compatible With standard IC fabrica 
tion. The 2D optical sWitch Will ?nd particular use in an 
all-optical ?ber netWork and, even more speci?cally, in the 
last mile of the netWork. 

This is accomplished using a sequence of MEMS pro 
cessing steps to construct on a single substrate an array of 
hinged micromirrors that are supported by an array of posts 
to alloW de?ection of the mirrors through approximately a 
90° rotation under the in?uence of an electrostatic ?eld 
betWeen the mirrors and their underlying control electrodes. 

In a typical optical sWitch con?guration the mirrors are 
oriented at a 45° angle to the input and output optical paths 
and positioned parallel to the substrate either above, beloW 
or, perhaps, in the optical paths. The application of a voltage 
betWeen the mirror and its control electrodes sWitches the 
mirror to a vertical position Where it intercepts and de?ects 
light travelling doWn the optical paths. Reproducibly accu 
rate positioning of the mirrors requires either the use of 
active positioning control or of mechanical stops. The posts 
are suitably oriented at a 90° angle With respect to the mirror 
hinges so that they do not interfere With the optical paths 
and, may be con?gured to function as ba?les to reduce 
crosstalk betWeen adjacent optical paths. 

These and other features and advantages of the invention 
Will be apparent to those skilled in the art from the folloWing 
detailed description of preferred embodiments, taken 
together With the accompanying draWings, in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a and 1b are respectively plan and partial per 
spective vieWs of a monolithic 2D optical sWitch in accor 
dance With the present invention; 

FIG. 2 is a perspective vieW of a packaged 2D optical 
sWitch; 

FIGS. 3a, 3b and 3c are simpli?ed diagrams of three 
different designs for the monolithic 2D optical sWitch based 
on the location of the mirror hinge above, beloW and Within 
the optical path, respectively; 

FIG. 4 is a plan vieW of the design illustrated in FIG. 3a; 
FIGS. 5a and 5b are sectional vieWs taken along section 

lines A—A and B—B, respectively, in FIG. 4; 
FIG. 6 is a ?oWchart describing the masking steps for 

fabricating the 2D optical sWitch; 
FIGS. 7a through 7i are sectional vieWs taken along 

section lines 7—7 in FIG. 4 illustrating the sequence of 
fabrication steps; 

FIG. 8 is a plan vieW of the design illustrated in FIG. 3b; 
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4 
FIGS. 9a and 9b are sectional vieWs taken along section 

lines A—A and B—B, respectively, in FIG. 8; 
FIG. 10 is a plan vieW of the design illustrated in FIG. 3c; 
FIGS. 11a and 11b are sectional vieWs taken along section 

lines A—A and B—B, respectively, in FIG. 10; and 
FIGS. 12 through 14 illustrate different control electrode 

con?gurations for use in the optical sWitch. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention provides a free-space monolithic 
micromachined 2D optical sWitch With improved precision, 
hence larger array siZes, at loWer cost Whose fabrication is 
compatible With standard IC processes. The sWitch is mono 
lithically fabricated on a single substrate, in Which the 
mirrors are suspended from an array of posts for rotation 
betWeen horiZontal and vertical positions. Monolithic fab 
rication Will reduce cost by improving yield and improve 
performance by avoiding the assembly requirements asso 
ciated With tWo substrates. Reproducibly accurate position 
ing of the mirrors requires either the use of active position 
ing control or of mechanical stops. Latched, tapered and 
split-electrodes can be used to provide precision control of 
the free-space micromachined mirrors required by both 
smaller, less eXpensive sWitches and larger, more expensive 
sWitches, respectively. The 2D optical sWitch Will ?nd 
particular use in an all-optical ?ber netWork and, even more 
speci?cally, in the last mile of the netWork. 

Turning noW to the draWings, and referring ?rst to FIG. 
1a, a monolithic MEMS design for an NXM optical sWitch 
10 includes a matriX of micromachined mirrors 12 arranged 
in a crossbar con?guration on a single substrate 14. Mirrors 
12 are supported by an array of posts 15 and positioned at 
450 relative to the input and output ?bers 16 and 18, 
respectively, and their collimating lenses 20 and 22. Posts 15 
provide a conductive path betWeen the mirrors and under 
lying reference electrodes (not shoWn) to hold the mirrors at 
reference potential. Posts 15 are preferably positioned at 90° 
relative to mirrors 12 such that the posts do not interfere With 
light travelling to and from the ?bers along input and output 
optical paths 24 and 26, respectively. In their unde?ected 
state, mirrors 12 lie in a plane above, beloW or perhaps in the 
input and output optical paths 24 and 26, respectively, (as 
best illustrated in FIGS. 3a—3c). Once ?ipped vertically by 
control electrodes (not shoWn) on the same substrate, a 
mirror intercepts the input optical path 24 and re?ects the 
collimated light along one of the output optical paths 26 to 
an output ?ber 18. 

Accuracy of the mirror angle in the vertical position is a 
major challenge to the ef?cacy of this design. Assuming that 
the ?ber/lens arrays are perfectly orthogonal, all mirrors 
must have the same vertical angle to achieve a loW insertion 
loss. Monolithic fabrication greatly enhances the accurate 
positioning of the mirrors With respect to the control elec 
trodes. For smaller array siZes, a latchable mirror may 
suf?ce. For larger array siZes, tapered or split-electrode 
arrays With active positioning control may be required to 
achieve reproducibly accurate positioning. Another major 
challenge is crosstalk betWeen optical paths, Which is 
addressed With the insertion of ba?les 28 as best shoWn in 
FIG. 1b. The posts 15 may provide some or all of the baf?e 
structure. 

As shoWn in FIG. 2, a packaged 2D sWitch includes input 
?bers 16 and output ?bers (not shoWn) mounted betWeen 
substrate 14 and a cover glass 30 for affecting respective 
optical signals travelling along respective input optical paths 












