3/075062 A2

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
12 September 2003 (12.09.2003)

PCT

(10) International Publication Number

WO 03/075062 A2

(51) International Patent Classification’: GO02B 6/35

(21) International Application Number: PCT/US03/06658

(22) International Filing Date: 3 March 2003 (03.03.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/360,946 1 March 2002 (01.03.2002) US

(71) Applicant: ROSEMOUNT INC. [US/US]; 12001 Tech-
nology Drive, Eden Prairie, MN 55344 (US).

(72) Inventor: FRICK, Roger, L.; 993 North Widow Lake
Road, NW, Hackensack, MN 56542 (US).

(74) Agent: STEPHENS, Paul, B.; Marshall, Gerstein &
Borun, 6300 Sears Tower, 233 South Wacker Drive,
Chicago, IL 60606-6357 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VN, YU,
ZA, 7M, ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Buropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: OPTICAL SWITCH WITH 3D WAVEGUIDES

(57) Abstract: An optical switch for routing optical signals between optical fibers is shown. Signals are guided internally in an
optically transparent substrate by buried waveguides that are directly coupled to the optical fibers. These waveguides form a 3-di-
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OPTICAL SWITCH WITH 3D WAVEGUIDES
CROSS-REFERENCE TO RELATED APPLICATION

[01] This application claims the benefit of U.S. Provisional
Application No. 60/360,946 filed on March 1, 2002.

FIELD OF THE INVENTION

[02] The present invention relates generally to optical elements and
more specifically to optical gratings and diffractive optical elements used to

perform optical switching functions.

BACKGROUND OF THE RELATED ART

[03] Optical switches are needed for routing signals in optical fiber
communication systems. Two basic operating principles are used in known

devices. These principles are free space optics and planar waveguides.

[04] Free space switches use collimators to generate optical beams
traveling in free space. These optical beams can be routed by moveable
mirrors and other similar devices to receiving collimators positioned on the
desired output fibers. It is known that small optical beams will diverge as they
travel, due to diffraction. This divergence causes large losses in devices that
have practical sizes. In addition, practical limits on the flatness of the
moveable mirrors cause additional divergence and further losses. Further
still, collimators are large, expensive and very difficult to align, all factors that

cause free-space switches to be expensive to manufacture.

[05] Planar optical waveguides have been used to eliminate the
beam divergence inherent in the free space devices described above. Planar
optical waveguides can also eliminate the need for input and output
collimators, resulting in a more compact structure with lower manufacturing
costs. Waveguides of various known configurations are formed on the
surface of a substrate. Various switching mechanisms are used to route the
signals at the intersections of these surface waveguides. The 2-dimensional
nature of these devices generally requires an air gap at these intersections so

that a switching mechanism can be inserted. Moveable mirrors and bubbles
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in optical index matching coupling fluid have been used to create this

switching mechanism.

[06] Known devices have large losses at these intersection due to
the presence of the air gap. An N x N switch will have 2N such intersections.
These losses become unacceptable as N becomes large. [n addition, planar
waveguides do not have light beam profiles that match those of an optical
fiber. This causes substantial coupling losses at the input and output stages

where fiber coupling is to occur.

[07] Previous patent applications by this inventor (U.S. Application
Serial Nos. 09/905,736 entitled “Optical Switch with Moveable Holographic
Optical Element” and 09/905,769 entitled “Integrated Transparent Substrate
and Diffractive Optical Element,” each expressly incorporated herein by .
reference) show a switch that combines the advantages of free space and
w_aveguide devices. The approaches shown are generally illustrated in FIGS.

1 and 2. These applications show a switch that is based on routing of optical

. signals via total internal reflection (TIR) in:a transparent substrate. The

configurations reduce beam divergencé because of the higher index of
refraction in the substrate as compared to free-space. These configurations
also minimize alignment and positioning problems since all of the components
are rigidly and precisely located by the substrate. The devices eliminate the
air gaps that are required in known planar waveguide based switches, since
total internal reflection is used to route the signals. Total internal reflection is
known to have very little loss, and this mechanism eliminates the loss problem

inherent in such waveguide switches.

[08] In operation, a diffraction grating 100 is disposed adjacent an
optical substrate 102 having an incident light beam 104 traveling within the
substrate 102 under total internal reflection (TIR), which occurs above a
critical incidence angle. The diffraction grating 100 is moveable relative to the
substrate 102 to selectively introduce the diffraction grating 100 into the
evanescent field generated at a upper surface 106 of the substrate 102 where
TIR occurs. The diffraction grating 100 illustrated in FIGS. 1 and 2 is formed
from parallel strips 108. FIG. 1 shows the diffraction grating 100 in a first,

switching position, where the input signal 104 is switched into an output beam

_2.
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110. FIG. 2 shows a second, non-switching position, where the diffraction
grating 100 does not affect the input wave 104, which continues to propagate
via TIR as an output beam 112. The deflection of the beam 104 into light
beam 110 represents beam switching, while the reflection into light beam 112

represents un-affected propagation.

[09] The diffraction grating 100 is typically designed to have a
single diffraction mode, the -1 diffraction mode, which results in maximum
power being directed in a desired direction, i.e., light beam 110 or 112. This
minimizes loss in switching position, as compared to the virtually loss-free
non-switching position. The thickness of the grating strips 108 may be
adjusted so that the light reflected from the diffraction grating 100 is in phase
with the light reflected at the surface 106 in the desired direction. This results

in constructive interference and the diffraction grating 100 can have an overall

. efficiency of approximately 90%.

[10] In spite of these advantages, generally devices like those of

. FIGS. 1 and 2 may still require collimators to minimize beam spreading. In
- addition, the relatively long path between grating and output fibers may

introduce wavelength dependent loss (WDL). This is undesirable in
telecommunications systems and should be minimized. The WDL is due to
grating dispersion, where different wavelengths propagate in slightly different
directions. This effect could limit the practical N value for an N x N switch

using these approaches.

SUMMARY OF THE INVENTION

[11] In accordance with an example, provided is an optical switch
héving a substrate; a first buried optical waveguide for propagating an optical
signal, where said optical signal propagates in the first optical waveguide
along a first direction; and a second buried optical waveguide extending in a
second direction different than the first direction. The switch further includes a
diffractive optical element disposed above a total internal reflection region of
the substrate and moveable relative thereto between a switching position
wherein the optical signal is switched from the first optical waveguide into the

second optical waveguide and a non-switching position wherein the optical
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signal reflects at the total internal reflection region under total internal

reflection.

[12] In accordance with another example, an optical switch includes
a substrate having a plurality of intersection regions; a buried input waveguide
within the substrate for propagating an optical signal under total internal
reflection; and a plurality of buried output waveguides within the substrate for
propagating the optical signal, wherein each of the plurality of buried output
waveguides is disposed adjacent the buried input waveguide at one of the
plurality of intersection regions. The switch further includes a plurality of
difffactive optical elements, each diffractive optical element disposed above
one of the plurality of intersection regions, and each diffractive optical element
individually moveable relative to the substrate between a non-switching
position and a switching position where the optical signal propagating in the
buried input waveguide is coupled into one of the plurality of buried output

waveguides.

[13] In accordance with yet another example, provided is a method
of switching an optical signal comprising forming a buried input waveguide in
a substrate, the buried input waveguide extending in a first direction; forming
a buried output waveguide in the substrate, the buried output waveguide
extending in a second direction different from the first direction; and disposing
a diffractive optical element adjacent the substrate for movement between a
switching position, wherein the optical signal propagating in the buried input
waveguide is coupled into the buried output waveguide, and a non-switching
position wherein the optical signal propagating in the buried input waveguide

is not coupled into the buried output waveguide.

BRIEF DESCRIPTION OF THE DRAWINGS

[14] FIG. 1is a cross-sectional view of a diffraction grating in a

switching position.

[15] FIG. 2 is a cross-sectional view of the diffraction grating of FIG.

1 in a non-switching position.
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[16] FIG. 3 is a cross-sectional view of a diffraction grating
positioned adjacent an optical substrate having waveguides, in accordance

with an embodiment.

[17] FIG. 4 is a cross-sectional view of the diffraction grating of FIG.
3 disposed in a second position with respect to the optical substrate, in

accordance with an embodiment.

[18] FIG. 5is a top view of an example 2x2 section of an NxN -
optical switch.

[19] FIG. 6 illustrates a perspective view of a 2x2 switch in

accordance with an embodiment.

[20] FIG. 7 illustrates a cross-sectional view of an example coupling
between a single-mode fiber and a waveguide in a substrate.

[21] FIG. 8 is a perspective view of a diffraction grating showing an
exemplary cantilevered mount using an anchor portion.

- [22] FIG. 9is a top view of the diffraction grating of FIG. 8 showing
an electrode disposed above the diffraction gra'ting'for moving the diffraction
“grating relative to the top surface of the substrate, in accordance with an

example.

[23] FIG. 10 is an exemplary partial top view of another diffraction
grating in accordance with an embodiment.

[24] FIG. 11 is a side view of the diffraction grating shown in FIG.
10 further showing a mounting structure and an electrode disposed above the

diffraction grating.

[25] FIG. 12 is a perspective view of a diffraction grating having an
actuation member formed of flexible arms and mounting feet in accordance

with an embodiment.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[26] This application shows an improvement on the devices
illustrated in FIGS. 1 and 2. Operation of the improved device is shown in

FIG. 3. In general, waveguides buried in an optical substrate are used to
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eliminate beam divergence and related losses. These buried waveguides
extend into the bulk of a substrate and, thus, have an extent parallel to a top
surface of the substrate and another extent perpendicular to that surface.
These waveguides terminate at or in close proximity to a total internal
reflection region, where total internal reflecting may occur. Such termination
minimizes WDL since the waveguide will capture light over a wide range of
angles if it is close to the top surface. Such termination also maintains very
low losses at waveguide intersections where an input waveguide and an
output waveguide could meet, because the distance over which an optical
beam is unguided is kept to a minimum. As a result, the guided beams in the
improved device can have a much smaller diameter than the unguided waves
in FIGS. 1 and 2. A typical beam diameter in prior art devices, such as that
shown in FIGS. 1 and 2, may be approximately 200 ym. A typical beam
diameter described herein may be an order of magnitude smaller, e.g.,
approximately 10 microns. - This reduces the overall size and cost of the
device. It also substantially reduces the WDL loss of the device and makes it

insensitive to the "size" of the switch (N).

[27] A switching position of an optical switch 200 is shown in FIG. 3.
A light beam 202 is guided by an input waveguide 204 to a surface 205 of a
substrate 206. The light beam 202 is incident at an angle, measured from the
normal to the surface 205, that exceeds the critical angle for TIR. This angle
is typically 45 degrees since the substrate 206 and the waveguide 204 are
preferably constructed of fused silica with a critical angle of about 43 degrees.
In the switching position shown a diffractive optical element in the form of a
diffraction grating 208 is brought within the TIR evanescent field by reducing
the distance between the diffraction grating 208 and the substrate 206. This
distance between the two in the switching position shown in FIG. 3 would
typically be about 0.1 um. In an embodiment, the diffraction grating 208 has
the same index of refraction as the substrate 206 and the waveguide 204.
The grating 208, as with the gratings described in the below examples, is a

diffraction optical element.

[28] The grating 208 diffracts the light beam 202 such that it is
captured by an output waveguide 210, also within the substrate 206. The

_6-
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output waveguide 210 is in a plane extending out of the paper and thus is
shown in phantom. The deflected light beam is light beam 212. In the
illustrated example, the two waveguides 204 and 210 intersect at an
intersection region 211 of the substrate 206. The distance between a point of
intersection between the waveguides 204 and 210 and the top surface 205 is
typically less than 10 ym. Switching of an optical signal in the waveguide 204
into the waveguide 210 occurs at the intersection region 211.

[29] The diffraction grating 208 is preferably constructed of fused
silica, and the grating period is adjusted to provide only one diffracted mode in
the desired direction of diffraction. This period may be approximately 2 pm in
some embodiments. The grating thickness is the minimum thickness
consistent with maximum efficiency and other performance parameters and is
typically about 0.6 um. Although thicker gratings can also have high
efficiency, they tend to be very sensitive to small variations in dimensions and
properties because they tend to introduce resonance into the optical path.
Preferably, the grating 208 has a period that is substantially equal to the
wavelength of light of an optical signal propagating in the waveguide 204.

[30] The non-switching, or off, position is shown in FIG. 4, in which
the grating 208 is pulled away from the top surface 205 by distance, D. This
distance, D, is typically 10 to 20 um. In the illustrated position, the light beam
202 is reflected by TIR at a total internal reflection region 213 and is captured
by a second, output waveguide 214, propagating as light beam 216. The
output waveguides 210 and 214 are coupled directly to the input waveguide
204, but instead may be disposed adjacent to but not directly contacting the
input waveguide 204. Further, the output waveguide 214 may be a separate

waveguide or a continuation of the input waveguide 204.

[31] In an embodiment, the waveguides 204, 210, and 214 are
buried waveguides, each allowing for a signal to propagate under TIR off of
the top surface 205 and a bottom surface 216. h

[32] FIG. 5 illusirates a top view of a 2 x 2 section 300 of an N x N
optical switch, in an example, switching configuration. Two input waveguides

302 and 304 are coupled to two output waveguides 306 and 308, all formed

_7-
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within a substrate 309. Diffraction gratings 310 and 312 are disposed on the
substrate 309 over intersection regions and are in the "on" or switching
position. Diffraction gratings 314 and 316 are disposed on the substrate 309
over intersection regions and are in the “off” or non-switching position. An
optical signal propagating along input waveguide 302 is coupled to output
waveguide 308 by a light path 318. The light path 318 is unaffected by the
diffraction grating 314, in the non-switching position. The light path 318
continues under TIR off the top and bottom surfaces of the substrate 309 to
the grating 312. The grating 312 diffracts the light path 318 an angle 320, and
the light path 318 continues by TIR past the grating 316 (in the non-switching
position) to the output waveguide 308.

[33] The signal propagating to the input waveguide 304 is coupled
to the output waveguide 306 by a light path 322. The light path 322
encounters the grating 310, in the “on” position,” and diffracts the light path
322 at the angle 320, so that the optical signal couples to the output
waveguide 306. The angle 320 is preferably about 68 degrees. In the
illustrated switch configuration, no light propagates in waveguides 324 and

326.

[34] FIG. 6 shows a 3-dimensional representation of a 2 x 2 switch
400, in a particular switch configuration. Waveguides 403 (input waveguides
403a and output waveguides 403b) are buried waveguides formed in a
substrate 402. Generally, these waveguides, 403, as well as the other
waveguides described herein, may be written into the substrate 402 by known
techniques, such as those described by D. Homoelle et al., “Infrared
photosensitivity in silica glasses exposed to femtosecond laser pulses,” Optics
Letters, Vol. 24, No. 18, September 15, 1999.

[35] In brief, an infrared pulsed laser may be focused to a spot, in
the substrate 402, which heats to a point such that the refractive index at the
point is permanently increased. The substrate 402 is moved with a 3-
dimensional positioning system to generate the desired waveguide pattern.
Parameters are adjusted to produce a single-mode waveguide for the desired
operating wavelength, which is typically 1550 nm. The waveguides formed

are preferably 8 ym in diameter with an increased index of refraction of about

-8-
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3.5%. This produces a guided beam of about 10 pm in diameter that matches
that of a typical optical fiber. Parameters can be adjusted to produce larger
diameter beams if so desired. As will become apparent, up to 4 waveguides
may converge at a point in the substrate 402. The waveguides may extend all
the way to the surface of the substrate 402 or they may terminate at a point a
few microns below the surface. The position and termination point of the

waveguides is adjusted for maximum performance.

[36] Moveable diffraction gratings 404, 406, 408 and 410, which
each need only be slightly larger than the beam diameter, would be typically
20 uym in diameter, if circular in shape, or about 20 pm across each side, if
square in shape. These structures are disposed adjacent intersection regions
in the substrate 402. The thickness of the substrate 402 would preferably be
about 200 pm thick, and the diffraction gratings 404-410 would be spaced
about 400 um apart from one another on a top surface 412 of the substrate
402. In one embodiment, the gratings 404-410 would be mounted on a fused
silica cantilever that is attached to the substrate 402, similar to the
embodiment illustrated in FIGS. 8 and 9. The gratings 404-410 may have
other forms, and FIGS. 10-12 provide additional examples. Each of the
gratings 404-410 would be actuated individually and electrostatically via a
deposited metal film on the surface of the cantilever and an electrode spaced

above the surface 412.

[37] Preferably, an optical absorption coating is applied on unused
portions of the top surface 412 between the total internal reflection regions
where TIR may occur and where the gratings 404-410 are positioned. Such
absorption coatings will absorb stray light that escapes from these total
internal reflection regions and will prevent undesirable cross talk. Additionally,
the device 400 could be modified to collect and dissipate any light that is not
diffracted by any grating. This light is known as the zero-order mode light.
Preferably, each of the waveguides 403 is a buried waveguide that would also
extend into a side or bottom face of the substrate 402 and couple any energy
out of the substrate 402. As illustrated, the input waveguides 403a are in a
first plane and the output waveguides 403b are in a second plane forming an

angle with the first plane.
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[38] FIG. 7 shows a typical connection between a substrate 500
and a single-mode optical fiber 502. The fiber 502 has a core 504 that is
aligned with a buried waveguide 506 extending into the substrate 500. The
waveguide 506 may be like any of the waveguides described above, and thus
is capable of propagating a signal under TIR off of a top surface 505 and a
bottom surface 507 of the substrate 500. In the illustrated example, the fiber
502 is polished at a 45-degree angle and is coated with an anti-reflection
coating 508 to reduce Fresnel reflection losses and prevent undesirable back-
reflected energy from entering the fiber 502. The substrate 500 may also
have a similar coating 510. The fiber 502 may be held in place with an

alignment fixture or potting material, for example.

[39] Other materials and constructions may be used, and various
actuation and suspension means for the diffraction gratings could be
employed. Further, the gratings or actuating structure may have "bumps" on
surfaces facing the substrate to prevent intimate contact between the
substrate and the grating in the switching position, thus minimize sticking.
Devices other than diffraction gratings may be used to switch the beam
direction, as well. Miniature prisms or Fresnel type mirrors may be
evanescently coupled to the TIR field extending above a substrate having the
buried waveguides. Further still, the waveguides could be curved to eliminate
the TIR bounces at the bottom surface, if desired. The substrate thickness
would have to be consistent with a radius of curvature in the waveguide that
had relatively low loss. Other alternatives will be known to persons of

ordinary skill in the art.

[40] To set forth a general diffraction grating actuator, FIG. 8 shows
an exemplary diffraction grating 600 mounted to a substrate 602 (partially
shown) having input and output waveguides similar to those described above.
The substrate 602 has at least one buried input waveguide 601 extending in a
first direction and plane and at least one buried output 603 waveguide
extending in a second direction and plane different than the first plane. The
waveguides 601 and 603 are shown in FIG. 9. The output waveguide 603
extends in a plane out of the paper and is, thus, only shown in phantom. The

two waveguides 601 and 603 have portions adjacent one another, e.g.,

-10-
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directly coupled to one another to allow for switching of an optical signal from
one into the other. Each of the waveguides 601 and 603 propagates an
optical signal under total internal reflection within the substrate 602.

[41] Here, strips 604 (partially shown) are suspended from
suspension member in the form of a rigid anchor portion 606 affixedly
mounted to a top surface 608. This is a cantilevered configuration in which
the strips 604 extend outward from the anchor portion 606 and are free
standing above the substrate 602. The strips 604 are close enough to the
substrate 602 that the diffraction grating 600 is biased to the switching
position, i.e., the strips 604 are within the evanescent field of a 1550 nm or
1310 nm light wave traveling within the substrate 602 under TIR.

[42] Cross connections 612 are formed between the strips 604
extending over a TIR (or region in the top surface) region 610 to add structural

rigidity. Below, the total internal reflection region 610, the input waveguide

601 and output waveguide 603 intersect. With the cross connections 612, the

strips 604 can be made to move in unison avoiding twisting forces that could
affect structures of such small size. For longer strips, there may be numerous
cross connections between two strips. It is important for design configurations
to avoid placing the cross connections 612 in a closely formed periodic
fashion, however, as the cross connections 612 would collectively act as a
diffraction grating, orthogonally oriented to the grating formed by the strips
604.

[43] The strips 604 may be formed of silicon dioxide, which is
transparent in the infrared region and can be readily fabricated with standard
.5 :m to 1 :m line-width photolithography MEMS manufacturing processes. By
way of example, the strips 604 can be formed by deposition of a film of silicon
dioxide on the substrate 602. The substrate 602 may be quartz, for example,
as well as other known substrate materials within which a waveguide may be
formed. Standard photolithography techniques can form the desired pattern
in a photoresist layer, and the pattern can be etched into the silicon dioxide
with standard MEMS etching techniques similar to the commercially available
multi user MEMS process (MUMPs™). In fabrication, a sacrificial layer, or

spacer layer, will be deposited on the substrate top surface, between the
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silicon dioxide and the fused quartz. This layer may be silicon nitride and is
etched or dissolved to release the silicon structure from the substrate 602.
The substrate 602 formed of a material like quartz is resistant to etching
processes and allows the sacrificial layer to be dissolved without etching of
the substrate. Any etching of the substrate 602 would create a faint diffraction
grating pattern that would not allow the switch to be turned fully off, as
desired. The sacrificial layer can be dimensioned to position the diffraction
grating in the switching position or the device can be constructed so that it is
biased into the switching position with polysilicon spring elements. Preferably,
the strips 604, rigid anchor portion 606, and cross connections 612 are
formed of the same material, most preferably a silicon dioxide material. Other
suitable materials include amorphous silicon, crystalline silicon, alumina,

sapphire, silicon nitride, or poly-silicon/poly-germanium alloy, as well.

- [44] Further, small bumps may be formed on the underside of the ..
diffraction grating 600 by patterning small depressions into the sacrificial layer-
before depositing the polysilicon layer. As stated above, these bumps
minimize sticking during the release operation and during subsequent switch .
operation. A bump 613 is shown on strip 604, in the example of FIG. 9.

[45] To move the diffraction grating 600 from the switching position
to the non-switching position, an electric field may be applied via an electrode
disposed above the strips 604. As the strips 604 may be formed with an

additional insulating layer and a partially conductive layer and, thus, will

‘deflect away from the top surface of the substrate 602 under application of an

electric field. As the evanescent field above the total internal reflection region
610 tapers exponentially, the strips 604 need only deflect a small distance to

place the diffraction grating 600 in the non-switching position.

[46] FIG. 9 shows a technique for deflecting the strips 604 using an
electrode 614 positioned, at least, above a distal portion of the strips 604, and
extending into and out of the illustration across all strips 604. The electrode
614 is mounted at a bottom surface of an insulating mounting plate 616, which
is formed over a support member 618. The support member 618 may be
formed of the same material as the anchor member 606, and in the illustration

is opposite the same. A second electrode, not shown, could surround the
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periphery of the grating 600, for example by being positioned on or adjacent
the outer most strips thereof. The electrode 614 would receive instructiéns
from a drive circuit and apply an electric field, between the second electrode,
to the strips 604 in response thereto. To ease implementation, the strips 604
could be connected to a ground voltage. Further, electrode 614 could extend
longitudinally down the length of the strips 604 as shown.

[47] FIGS. 10 and 11 show an alternative means to actuate a
diffraction grating for switching. In these embodiments, the flex used for
switching is not in the strips forming the diffraction grating, as with FIG. 9, but
rather is with the structure connecting the strips to the top surface of the
substrate. For example, a diffraction grating structure 700 has strips 702,
cross connections 704, and side portions 706 and 708, which may be formed
of the same materials and in a similar way to that of the diffracting grating
structure 600 described in FIG. 9. The grating.700 may be actuated as shown
in FIG. 11.

[48] FIG. 11 shows a mounting structure, or suspension member, °
having two mounting bases 710 and 712 formed on a substrate 714. A
mounting plate 716 is formed on the bases 710, 712, which may be rigid
mounting members. The substrate 714 has at least one buried input
waveguide 713 extending in a first direction and first plane and one buried
output waveguide 715 extending in a second direction and second plane
different than the first plane. The output waveguide 715 extends out of the
illustration and is, thus, shown in phantom. The two waveguides 713 and 715
have ends that are adjacent one another, e.g., directly coupled to one another
to allow for switching of an optical signal from one into the other. Each
waveguide 713, 715 would propagate the optical signal under total internal

reflection.

[49] The diffraction grating 700 is coupled to the mounting bases
710 and 712 via flexible members 718. The flexible members 718 could be
any number of MEMS processed springs, membranes, or structures that may
flex. The flexible members 718 could allow bi-directional, up and down, or

single direction deflection. A first electrode 720 is mounted to the mounting

‘plate 716 and, in this embodiment, is shown extending transversely and
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longitudinally across the strips 702, which would be grounded. A second
electrode 721 may be mounted on the periphery of the grating 700, for
example, on the flexible members 718. In such a configuration, the diffraction
grating 700 could be biased in the “on” or switching position and moveable to
a non-switching position under an electric field formed between the electrode
720 and the electrodes 721. The diffraction grating 700 could, alternatively,
be biased in 'the non-switching position or the diffraction grating 700 could be
biased for both upward and downward movement under control of the |
electrodes 720 and 721. The diffraction grating 700 could have bumps 722
formed on a bottom surface to prevent stiction between the diffraction grating
700 and the substrate 714 during operation.

[50] FIG. 12 shows an alternative actuation structure for a
diffractive optical element 800. The diffractive optical element 800 is formed
of the same materials and in a similar manner as previously mentioned.
Typical lateral dimensions for the diffractive optical element 800 would be 20

to 1000 um. Strips 802 extend along a length of the diffracting grating 800

and cross connections 804 to add structural rigidity. A plurality of flexible

members 806, in the form of spring arms in the illustrated example, are
connected to the diffractive optical element 800. The flexible members 806
are also connected to the tob surface of a substrate 808—substrate 808 having
input and output waveguides for propagating an optical signal under total
internal reflection as previously described. Specifically, feet 810 serve as
posts for the arms 806 and have a height, in the preferred embodiment,
sufficiently small to bias the diffractive optical element 800 in the “on” position.
The geometry and size of the spring arms 806 are chosen to allow the
diffractive optical element 800 to deflect into the “off” position under
application of an electric field. As will be appreciated by persons of ordinary
skill in the art, many other geometries may be used to achieve the desired flex
and spring bias for switching operation. To affect actuation, a first electrode
could be mounted above the diffractive optical element 800 using an
appropriate mounting structure, of which a structure similar to that shown in

FIG. 11 is an example. A second electrode may be disposed on the
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diffractive optical element 800 or one may be positioned on the side of or

adjacent to the element 800 for moving the same.

[51] While electrostatic actuation is used in the preferred
embodiment for diffractive optical element 800 movement, actuation may

alternatively be affected by thermal, piezoelectric, or electro-optic actuation.

[52] As can be seen from FIG. 12, due to the micron scales of the
diffraction gratings herein, diffraction gratings in application would have many
strips and, where used, many cross connections. Therefore, the above
figures should be considered as exemplary showing a general number of
strips, with the understanding that many strips, like in diffractive optical
element 800, may be in fact be used.

[53] Although certain apparatus constructed in accordance with the
teachings of the invention have been described herein, the scope of coverage
of this patent is not limited thereto. On the contrary, this patent covers all
embodiments of the teachings of the invention fairly falling within the scope of

the appended claims either literally or under the doctrine of equivalents.
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What is claimed is:
1. An optical switch comprising:
a substrate;

a first buried optical waveguide for propagating an optical signal,
where said optical signal propagates in the first optical waveguide along a first

direction;

a second buried optical waveguide extending in a second
direction different than the first direction; and

a diffractive optical element disposed above a total internal
reflection region of the substrate and moveable relative thereto between a
switching position wherein the optical signal is switched from the first optical
waveguide into the second optical waveguide and a non-switching position
wherein the optical signal reflects at the total internal reflection region under

total internal reflection.

2. The optical switch of claim 1, wherein both the first buried
optical waveguide and the second buried optical waveguide are disposed
within the substrate to propagate the optical signal under total internal
reflection within the substrate.

3. The optical switch of claim 1, further comprising:

an optical fiber coupled to one of the first buried optical

waveguide and the second buried optical waveguide.

4. The optical switch of claim 3, wherein the optical fiber is a

single-mode optical fiber.

5. The optical switch of claim 1, further comprising a third
buried optical waveguide disposed adjacent the total internal reflection region,
such that the diffractive optical element being in the non-switching position
couples the optical signal from the first buried optical waveguide into the third

buried optical waveguide via total internal reflection.
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6. The optical switch of claim 1, wherein the diffractive
optical element has a grating period that is substantially equal to the

wavelength of light of the optical signal in the substrate.

7. The optical switch of claim 1, wherein the diffractive
optical element is formed of a plurality of sirips forming a diffraction grating,
where each strip has a substantially equal width and where each of the strips

are spaced apart a substantially equal spacing.

8. The optical switch of claim 7, wherein the diffraction

grating is suspended from an anchor fixedly mounted to the substrate.

9. The optical switch of claim 7, wherein the diffraction
grating is suspended from a first anchor and a second anchor by flexible
members, where both said first anchor and said second anchor are fixedly
mounted to the substrate and where the flexible members allow movement of

the diffraction grating between said first position and said second position.

10.  The optical switch of claim 7, further comprising an
electrostatic actuator disposed adjacent the diffraction grating.

11.  The optical switch of claim 7, wherein the strips are
formed of a material selected from the group consisting of amorphous silicon,

crystalline silicon, and poly silicon.

12.  The optical switch of claim 1, wherein the diffractive
optical element has an index of refraction that is substantially equal to that of
the first buried optical waveguide and that of the second buried optical

waveguide.

13.  The optical switch of claim 1, wherein the first buried
optical waveguide and the first direction are in a first plane, and wherein the
second buried optical waveguide and the second direction are in a second -

plane forming an angle with the first plane.
14.  An optical switch comprising:
a substrate having a plurality of intersection regions;

a buried input waveguide within the substrate for propagating an

optical signal under total internal reflection;
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a plurality of buried output waveguides within the substrate for
propagating the optical signal, wherein each of the plurality of buried output
waveguides is disposed adjacent the buried input waveguide at one of the
plurality of intersection regions; and

a plurality of diffractive optical elements, each diffractive optical
element disposed above one of the plurality of intersection regions, and each
diffractive optical element individually moveable relative to the substrate
between a non-switching position and a switching position where the optical
signal propagating in the buried input waveguide is coupled into one of the
plurality of buried output waveguides.

15.  The optical switch of claim 14, wherein each of the ,
plurality of diffractive optical elements is formed of a set of strips, where each
strip in the set of strips has a substantially equal width and substantially equal

spaqing to an adjacent strip.

16.  The optical switch of claim 14, wherein the input
waveguide extends from adjacent a top surface of the substrate to adjacent a
bottom surface of the substrate to achieve the total internal reflection

propagation within the substrate.

17.  The optical switch of claim 16, wherein the plurality of
output waveguides extend from adjacent the top surface of the substrate to
adjacent the bottom surface of the substrate to propagate the optical signal

via total internal reflection.

18.  The optical switch of claim 14, wherein the input
waveguide has a first extent parallel to a top surface of the substrate and a

- second extent perpendicular to the top surface of the substrate.

19.  The optical switch of claim 14, wherein at least one of the
plurality of output waveguides has a first extent parallel to a top surface of the
substrate and a second extent perpendicular to the top surface of the

substrate.

20. A method of switching an optical signal comprising:
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forming a buried input waveguide in a substrate, the buried input

waveguide extending in a first direction;

forming a buried output waveguide in the substrate, the buried
output waveguide extending in a second direction different from the first
direction; and

disposing a diffractive optical element adjacent the substrate for
movement between a switching position, wherein the optical signal
propagating in the buried input waveguide is coupled into the buried output
waveguide, and a non-switching position wherein the optical signal
propagating in the buried input waveguide is not coupled into the buried
output waveguide.

21.  The method of claim 20, wherein forming the buried input
waveguide includes forming the buried input waveguide to extend from

between a top surface of the substrate and a bottom surface of the substrate.

22. The method of claim 21, wherein forming the buried input
waveguide includes forming the buried input waveguide to extend from
“between the top surface and the bottom surface.

23. The method of claim 20, further comprising:

providing the diffractive optical element in the form of a
diffraction grating having a grating period that is substantially equal to the
wavelength of light of the optical signal in the substrate.

24. The method of claim 23, wherein the diffractive optical
element comprises a plurality of strips each having a substantially equal width

and a substantially equal spacing between an adjacent strip.

25. The method of claim 20, further comprising disposing an
electrostatic actuator adjacent the diffractive optical element for moving the
diffractive optical element between a switching position and a non-switching

position.
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