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(57) Abstract: A strip loaded waveguide (200) comprises a strip (210) and a slab (205), wherein the strip is separated from the slab.
Nevertheless, a guiding region (225) is provided for propagating an optical mode and this guiding region extends both within the strip
and the slab. A layer of material (215) having an index of refraction lower than that of the strip and the slab may be disposed between
and separate the strip and the slab. In one embodiment, the slab comprises a crystalline silicon, the strip comprises polysilicon or
crystalline silicon, and the layer of material therebetween comprises silicon dioxide. Such waveguides may be formed on the same
substrate with transistors. These waveguides may also be electrically biased to alter the index of refraction and/or absorption of the

waveguide.
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STRIP LOADED WAVEGUIDE WITH LOW-INDEX TRANSITION LAYER

Backeround of the Invention

Field of the Invention

[0001] The present invention is directed to waveguides, and more particularly,

to waveguides formed on a substrate.

Description of the Related Art

[0002] Light offers many advantages when used as a medium for propagating
information, the foremost of which are increased speed and bandwidth. In comparison with
electrical signals, signals transmitted optically can be switched and modulated faster and
can include an even greater number of separate channels multiplexed together.
Accordingly, lightwave transmission along optical fibers is widespread in the
telecommunications industry. In an exemplary fiber optic communication system, a beam
of light may be emitted from a laser diode and modulated using an electro-optical
modulator that is driven by an electrical signal. This electrical signal may correspond to
voice or data which is to be transmitted over a distance between, e.g., two components in a
computer, two computers in a network, or two phones across the country or the world. The
light travels in an optical fiber to a location where it is detected by an optical sensor which
outputs voltage that varies in accordance with the modulation of the optical beam. In this
manner, information can be rapidly transported from one location to another.

[0003]  Accordingly, various components have been developed to process and
manipulate optical signals. Examples of such components include modulators, switches,
filters, multiplexers, demultiplexers to name a few. Other useful optical components
include lasers and optical detectors as well as waveguides. Many of these components can
be formed on a substrate. It is therefore highly desirable to combine a variety of such
components into a system that is integrated onto a single substrate. In such a system,
optical waveguides theoretically could be used to propagate optical signals between

components on the substrate.

Summary of the Invention

[0004] One aspect of the present invention comprises a strip loaded waveguide
comprising a slab portion having a first refractive index ny, a strip portion having a second

refractive index n,, and a transition portion between the slab portion and the strip portion.
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The transition portion has a refractive index ns that is less than the first refractive index n;
and the second refractive index n;.

[0005]  Another aspect of the present invention comprises a strip loaded
waveguide comprising a slab portion and a strip portion. The strip portion is disposed with
respect to the slab portion to form a guiding region. A first portion of the guiding region is
in the strip portion, and a second portion of the guiding region is in the slab portion. The
guiding region propagates light in a single spatial mode and only in a transverse electric
mode.

[0006] Another aspect of the present invention comprises a strip loaded
waveguide comprising a slab portion and a strip portion. The strip portion is disposed with
respect to the slab portion to form a guiding region. A first portion of the guiding region is
in the strip portion, and a second portion of the guiding region is in the slab portion. The
guiding region propagates light in a single spatial mode with a cross-sectional power
distribution profile having two intensity maxima. A first intensity maxima is located in the
slab portion, and the second intensity maxima is located in the strip portion.

[0007] Another aspect of the present invention comprises a waveguide having a
guiding region for guiding light through the waveguide. The guiding region comprises a
layer of polycrystalline silicon juxtaposed with a layer of crystal silicon.

[0008] Yet another aspect of the present invention comprises an apparatus
comprising a strip loaded waveguide, a transistor, and a substrate. The strip loaded
waveguide comprises a slab portion having a first refractive index #;, a strip portion having
a second refractive index n,, and a transition layer between the slab portion and the strip
portion. The transistor comprises first and second portions and a dielectric layer
therebetween. The dielectric layer of the transistor and the transition layer of the
waveguide comprise the same material. The substrate supports both the transistor and the
waveguide.

[0009] Yet another aspect of the present invention comprises an apparatus
comprising a strip loaded waveguide, a transistor, and a substrate. The strip loaded
waveguide comprises a slab portion having a first refractive index »; and a strip portion
having a second refractive index n,. The transistor comprises first and second portions and
a dielectric layer therebetween. The second portion of the transistor and the slab portion of
the waveguide are formed of a single layer of material. The substrate supports both the

transistor and the waveguide.
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[0010] Still another aspect of the present invention comprises a method of
changing the index of refraction of a strip loaded waveguide comprising a semiconductor
slab and a conductive sirip that are separated by an insulating layer. The method comprises
dynamically changing the carrier distribution in the semiconductor slab.

[0011] Still another aspect of the present invention comprises a waveguide
apparatus. The waveguide apparatus comprises a slab portion having a first refractive
index, a strip portion having a second refractive index, and a transition portion between the
slab portion and the strip portion. The transition portion has a third refractive index that is
less than the first refractive index and the second refractive index. The waveguide
apparatus additionally comprises a voltage source configured to apply a voltage between
the strip portion and the slab portion such that an electric field is introduced between the
strip portion and the slab portion.

Brief Description of the Drawings

[0012] Preferred embodiments of the present invention are described below in
connection with the accompanying drawings, in which:

[0013]  FIGURE 1 is a schematic illustration of a generic subsystem comprising
a plurality of componeﬁts connected together via optical waveguides;

[0014]  FIGURE 2 is a perspective cutaway view of a strip loaded waveguide
comprising a slab having a relatively high refractive index, a strip also having a relatively
high refractive index formed on the slab, and a transition layer having a relatively low
refractive index positioned between the slab and the strip;

[0015] FIGURE 3 is a cross-sectional view of a strip loaded waveguide further
including a map of an exemplary magnetic field distribution corresponding to the
fundamental mode supported by the strip loaded waveguide;

[0016] FIGURE 4 is a plot on axes of intensity (in arbitrary units) and position,
Y, (in arbitrary units) juxtaposed adjacent a cross-sectional view of the strip loaded
waveguide showing the optical intensity profile of the fundamental within the waveguide
structure;

[0017] FIGURE 5 is a cross-sectional schematic illustration of a strip loaded
waveguide and a transistor fabricated on the same substrate;

[0018] FIGURE 6 is a cross-sectional schematic illustration of a strip loaded

waveguide including gate spacers;
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[0019] FIGURE 7 is a cross-sectional schematic illustration of a strip loaded
waveguide configured to be biased electronically; and

[0020] FIGURE 8 is a cross-sectional schematic illustration of an alternative
strip loaded waveguide configured to be biased electronically so as to alter the index of
refraction predominately within the strip.

[0021] FIGURE 9 is a cross-sectional schematic illustration of a strip loaded
waveguide comprising a polysilicon strip on a crystal silicon slab and not including a low-

index transition layer therebetween.

Detailed Description of the Preferred Embodiments

[0022] One preferred embodiment of the present invention comprises an
integrated optical subsystem formed on a substrate. Such subsystems may be parts of a
larger optical system which may or may not be formed on a single substrate. FIGURE 1
illustrates a generic integrated optical subsystem 140 formed on the surface of substrate
130. The substrate 130 may serve as a platform for the integrated optical subsystem 140,
and thus preferably comprises a volume of material of sufficient thickness to provide
physical support for the integrated optical subsystem 140. This substrate preferably
comprises a material such as silicon or sapphire

[0023] In the embodiment illustrated in FIGURE 1, a plurality of components
100 are connected by one or more integrated optical waveguides 110 and a splitter 120.
The components 100 may comprise optical components, electronic components, and
optoelectronic or electro-optic components. The optical and electro-optical components
may include waveguide devices or non-waveguide devices, i.e., light may propagate
through such components and be guided or unguided. Examples of optical, electro-optic,
and optoelectronic components include, but are not limited to, light sources, detectors,
modulators, reflectors, polarizers, phase shifters, filters, and mode-converters.

[0024] The integrated optical waveguides 110 may be arranged in any
configuration to connect components 100 as desired for a particular application. For
example, an optical signal from a one component can be transmitted to a plurality of other
components through the use of splitter 120, as shown. The variety of configurations of
waveguides and components is unlimited. Waveguides can follow different paths and can
bend and turn, split, cross, and can be combined. Different components, electrical, optical,
electro-optic, and optoelectronic can be included on the substrate, and in various
embodiments, can be optically coupled to the waveguides and to each other. In addition,
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electrical connections can be made to the components and to the waveguides as is discussed
more fully below. The arrangement of waveguides and components is not to be considered
limited but may include any variety of combinations and juxtapositions.

[0025] In some embodiments, the substrate 130 will support a plurality of
material layers which together create layers of integrated optical subsystems stacked atop
each other. Each of these layered integrated optical subsystems may include waveguides
and/or components, electrical, optical, electro-optic, and optoelectronic, formed within a
given layer. Such multi-layered stacking will add to the variety of integrated optical
designs that are poésible. Light can be directed between the various layers using
waveguides situated therebetween, gratings such as for example waveguide gratings, and
Bragg diffaction elements such as distributed Bragg gratings. Multilayer optical films such
as thin film filters can be incorporated to introduce the desired phase delay and may be
used to enable various functionalities, such as for example optical filtering. The structures
and methods involved in coupling light from one layer to another, however, are not limited
to those recited herein.

[0026] In general, optical waveguides comprise a core region comprising
material that is at least partially transparent. This core region is surrounded by a cladding
region that confines light within the core region. Some optical energy, often referred to as
the evanescent energy or the evanescent field, however, may exist outside the core region
and within the cladding region.

[0027] In certain waveguides, the core region comprises a first material having
a first refractive index, and the cladding region comprises a second material having a
second refractive index, the refractive index of the core region being greater than the
refractive index of the cladding region. A core/cladding interface is located at the
boundary between the core region and the cladding region. In such embodiments, when
light in the core region is incident upon this core/cladding interface at an angle greater than
the critical angle, the light is reflected back into the core region. This effect is referred to
as total internal reflection. In this manner, optical signals can be confined within the core
region due to total internal reflection at the core/cladding interface.

[0028] Waveguides can be fabricated in a wide variety of geometries and
configurations. An optical fiber is a specific type of waveguide that fits the description
above. An optical fiber generally comprises a circularly cylindrical core surrounded by an

circularly cylindrical or annular cladding layer. The core has a relatively high refractive
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index and the cladding has a relatively low refractive index. The core and cladding may
comprise, e.g., silica or silica based materials, and are typically flexible, with core
diameters of approximately 10 um for single-mode fiber. As discussed above, optical
fibers are often used to transmit optical signals across large distances, ranging for example
from centimeters to thousands of kilometers.

[0029] Optical fibers should be distinguished from integrated optical
waveguides, which are generally associated with a substrate. The integrated optical
waveguide may for example be situated on the substrate, in a substrate, or partially on and
partially in the substrate. The integrated optical waveguide may be part of the substrate
itself but preferably comprises of one or more layers of material positioned on a surface of
the substrate. Examples of integrated optical waveguides include channel waveguides, rib
or ridge waveguides, slab waveguides, and strip loaded waveguides, all of which are well-
known in the art. In contrast to optical fibers, integrated optical waveguides are less likely
to have a circularly symmetric cross-section although in theory they can be circularly
cylindrical. Additionally, integrated optical waveguides are generally used to transmit
optical signals between locations on the substrate, and thus preferably have lengths ranging
from microns to centimeters.

[0030] In accordance with conventional usage in the art, optical components
that are integrated onto a substrate with integrated optical wavegnides, are collectively
referred to herein as integrated optics. Such optical component may for example, process,
manipulate, filter or otherwise alter or control optical signals propagating within the
waveguides. As discussed above, these components themselves may be waveguides that
guide light.

[0031]  One of the simplest integrated optical waveguide configurations is the
conventional slab waveguide. The slab waveguide comprises a thin, planar slab surrounded
by cladding regions. The cladding regions may take the form of first and second (for
example, upper and lower) cladding layers on either side of the slab. The two cladding
layers need not comprise the same material. In this simplified example, the slab may be
planar with substantially parallel planar boundaries at the interfaces with the first and
second cladding layers. Generally, the slab has a higher refractive index than either of the
cladding layers. Light can therefore be confined in one dimension (e.g., vertically) within
the slab. In this configuration of the slab waveguide, optical energy is not confined
laterally to any portion of the slab, but extends throughout the slab due to total internal
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reflection at the planar boundaries between the slab and the surrounding upper and lower
cladding layers.

[0032] A strip loaded waveguide is formed by positioning a strip on the slab of
a slab waveguide. The slab and the strip located thereon may be surrounded on opposite
sides by the first and second (e.g., upper and lower cladding layers). Preferably, the strip
has a refractive index that is greater than that of either cladding layer, however, the index of
the strip is preferably approximately equal to that of the slab. The presence of the strip
positioned on the slab induces an increase in effective index of the slab in the region
beneath the strip and in proximity thereto.

[0033] Accordingly, the region within the slab that is beneath the strip and in
proximity thereto has a higher effective refractive index than other portions of the slab.
Thus, unlike the slab waveguide wherein optical energy propagates throughout the planar
slab, the strip loaded waveguide substantially confines optical energy to the region of the
planar slab layer under the high-index strip. In a strip loaded waveguide, therefore, an
optical signal can be propagated along a path in the slab defined by the region over which
the high-index strip is placed on the slab. Thus, slab waveguides defining any number and
variations of optical pathways, can be created by depositing one or more strips onto the slab
having the shape and orientation of the desired optical pathways.

[0034] FIGURE 2 is a schematic cutaway illustration of a preferred
embodiment of a strip loaded waveguide 200. The strip loaded waveguide 200 comprises a
slab 205 having a first refractive index n; and a strip 210 having a second refractive index
ny. In addition, the strip loaded waveguide 200 has a transition layer 215 having a third
refractive index n3. The transition layer 215 is positioned between the slab 205 and the
strip 210, such that the slab 205 and the strip 210 do not directly contact each other. The
refractive index of the transition layer n; is less than the refractive index of the slab »; and
the refractive index of the strip n,.

[0035] In certain embodiments of the invention, seﬁiconductor materials used
in conventional processes for fabrication of semiconductor microelectronics are employed
to create strip loaded waveguides. These materials include, but are not limited to,
crystalline silicon, polysilicon and silicon dioxide (SiO,). In particular, in one preferred
embodiment, the slab 210 comprises single crystal silicon, the transition layer 215
comprises silicon dioxide and the strip 210 comprises polysilicon, although in other

embodiments, the strip 210 may comprise crystal silicon. The crystal silicon slab 215 and
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the polysilicon strip 210 may be doped, for example, in cases where the slab 215 or the
strip 210 are to be electronically conductive. In applications where the slab 215 or the strip
210 need not be electronically conductive, the slab 215 and the strip 210 are preferably
undoped to minimize absorption losses.

[0036] As is well known, single crystal silicon is used to fabricate
semiconductor microelectronics and integrated circuits (ICs), such as microprocessors,
memory chips, and other digital as well as analog ICs, and thus single crystal silicon is well
characterized and its properties are largely well understood. The term single crystal silicon
is used herein conmsistently with its conventional meaning. Single crystal silicon
corresponds to crystalline silicon. Single crystal silicon, although crystalline, may include
defects such that it is not truly a perfect crystal, however, silicon having the properties
conventionally associated with single crystal silicon will be referred to herein as single
crystal silicon despite the presence of such defects. The single crystal silicon may be doped
either p or » as is conventional. Such doping may be accomplished, for example, by ion
implantation.

[0037] Single crystal silicon should be distinguished from polysilicon or “poly”.
Polysilicon is also used to fabricate semiconductor microelectronics and integrateﬁ circuits.
The term polysilicon or “poly” is used herein consistently with its conventional meaning.
Polysilicon corresponds to polycrystalline silicon, silicon having a plurality of separate
(;rystalline domains. Polysilicon can readily be deposited for example by CVD or
sputtering techniques, but formation of polyslicon layers and structures is not to be limited
to these methods alone. Polysilicon can also be doped p or n and can thereby be made
substantially conductive. In general, however, bulk polysilicon exhibits more absorption
losses in the near infrared portion of the spectrum than a similar bulk single crystal silicon,
provided that the doping, temperature, and other parameters are similar.

[0038] As illustrated in FIGURE 2, the strip loaded waveguide 200 is preferably
located on a supporting structure 220 or substrate. The supporting structure 220 serves to
support the strip loaded waveguide 200 and preferably comprises a material such as a
silicon or sapphire substrate 222. Additionally, the supporting structure 220 may also
include a cladding layer 224, which aids in confining optical energy within the slab portion
205. Accordingly, this layer 224 preferably has a refractive index that is low in comparison
to the refractive index of the slab 205.
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[0039] In one preferred embodiment, the supporting structure 220 comprises a
silicon substrate 222 having a cladding layer 224 of silicon dioxide formed thereon. The
silicon dioxide layer 224 on the silicon substrate 222 with an index of approximately 1.5
serves as a lower cladding layer for the slab 205 having an index of approximately 3.5.
This silicon substrate 222 may comprise doped silicon and may be a commercially
available silicon wafer used for fabricating semiconductor integrated circuits. In other
embodiments, the cladding layer 224 may comprise silicon nitride. The index of refraction
of silicon nitride is approximately 1.9.

[0040] In alternative embodiments, wherein the supporting structure 220
comprises a material other than silicon, the cladding layer 224 of silicon dioxide may not
be present. For example, the slab 205 may rest direcily on a sapphire substrate 222.
Processes for growing crystal silicon on sapphire have been developed. In general, in these
cases, the supporting structure 220 preferably has an index of refraction lower than that of
the slab 205. In other embodiments, an additional cladding layer 224 may be formed on the
these non-silicon substrates.

[0041]  The slab 205 is therefore disposed either on the substrate 222 or on a
layer 224 (preferably the cladding) formed over the substrate. This cladding layer 224
itself may be formed directly on the substrate 222 or may be on one or more layers formed
on the substrate 222. The slab portion 205 may span the substrate 222 or extend over only
a portion of the substrate 222. As discussed above, the slab 205 preferably comprises

single crystal silicon and has an index of refraction n; on average of about 3.5 and has a

thickness #; preferably between about él— and %— , and more preferably about Zﬂ—'—, where n
n n n

is the index of refraction. This thickness, #;, determines in part the optical mode or modes
supported by the strip loaded waveguide and depends partially on the geometry of the
structure. In alternative embodiments, the slab 205 may comprise materials other than
single crystal silicon and may be doped or undoped and thus may have different refractive
indices. The slab 205, however, preferably comprises crystal silicon. Localized doping,
such as used to create the source, drain, and channel regions in a transistor, may affect the
optical properties of the slab 205. The index of refraction in localized regions of the slab
can vary slightly due to doping by ion implantation.

[0042] In general, the strip 210 is disposed above and in a spaced-apart
configuration with respect to the slab 205. The strip 210 may comprise doped
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polycrystalline silicon having an index of refraction n; of approximately 3.5. In alternative
embodiments, the strip 210 may comprise doped single crystal silicon having an index of
refraction n, on average about 3.5. As discussed above, however, the strip may also be
undoped and may comprise materials other than polysilicon or crystal silicon although
these materials are preferred. An example of one such alternative material that may used to
form the strip 210 is silicon nitride (SizN4), which has an index of refraction #3 of
approximately 1.9.

[0043]  The dimensions of the strip 210 may vary and depend in part on the
overall composition and geometry of the waveguide. As with the slab 205, however, the
size of the strip 210 determines in part the number of modes to be supported by the
waveguide and the wavelength of these modes.

[0044] The transition layer 215 is positioned between the slab 205 and the strip
210. This transition layer 215 may span the slab 205 as illustrated in FIGURE 2 or extend
over only a portion of the substrate 205. Preferably, the refractive index of the transition
layer 215 is less than the refractive index of the polysilicon strip 210 and the crystalline
silicon slab 205. In one preferred embodiment, the transition layer 215 comprises silicon
dioxide having an index of refraction n3 of approximately 1.5.

[0045] In various embodiments, the transition layer 215 may include optically
active (i.e., gain inducing) material, such as erbium. Waveguide structures that include an
optically active gain inducing material in the transition layer 215 can produce gain and
amplify or regenerate the strength of the optical signal propagating through the waveguide.
Specialized components can be formed using these amplifying structures.

[0046] In certain embodiments, the thickness #; of the transition layer 215 is
equal to the thickness of the gate oxide layer of transistors (not shown) positioned on the
same substrate as the strip loaded waveguide 200 and fabricated in the same process as the
strip loaded waveguide 200. The width of the transition layer 215 may be sulbstantially
equal to the width w, of the strip 210, although in other embodiments, such as illustrated in
FIGURE 2, the width of the transition layer 215 is greater than the width w; of the strip
210.

[0047] In the waveguide structure illustrated in FIGURE 2, the strip loaded
waveguide 200 is covered by one or more coatings 230, although these coatings are
optional. Two coatings are shown in FIGURE 2, one with an index of refraction 74 .'alndl

another thereon with an index of refraction #5. More or less coatings may be used and in
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other configurations the coatings 230 can be excluded and replaced instead with air or
vacuum. The optional nature of these coatings 230 is emphasized by depicting the coating
in phantom in FIGURE 2. These coatings 230, however, are useful for protecting the strip
loaded waveguide 200 from damage or interference which may occur due to contact with
other objects. Accordingly, the coatings 230 preferably completely covers the strip loaded
waveguide 200, although in other case, the coating may extend only over portions of the
strip 210 or slab 205.

[0048] The coatings 230 may also serve as a cladding layer, providing
confinement of optical energy within the slab 205 and the strip 210. Accordingly, the
coatings 230 preferably have indices of refraction n4, #s less than that of the slab 205 and
the strip 210. The coatings 230 may have an index or refraction equal to that of the low-
index transition layer 215 and may comprise the same material as the low-index transition
layer 215. Alternatively, the coatings 230 may have a different indices of refraction than
the transition layer 215 and may comprise different material. In multilayered integrated
optical structures, the coatings 230 may serve as a substrate for second strip loaded
waveguide in a layer disposed above a first strip loaded waveguide.

[0049] Accordingly, the coatings 230 preferably comprises a solid, possibly
electrically insulating material, having a refractive index less than that of the slab 205 and
the strip 210. The coatings 230 may, for instance, comprise glass or silicon dioxide. Other
materials and, more specifically, other dielectrics may also be employed. Polymeric
material, such as for example polyimide may be used in certain applications.

[0050] Confinement of light within the slab 205 is provided because the slab
205 has a higher refractive index than the layers above and below. In one preferred
embodiment, for example, light is confined within the silicon slab 205 because the silicon
slab 205 has a higher refractive index than the glass coatings 230 covering it. In addition,
the silicon slab 205 has a higher index than the silicon dioxide cladding layer 224
immediately below it.

[0051] The light within the slab 205 is confined to portions beneath the strip
210 because of the presence of the strip 210, despite the fact that the strip 210 is separated
from the slab 205. The intervening transition layer 215 does not prevent the strip 210 from
determining the shape and location of the optical mode(s) supported in the slab 205. The
presence of the strip 210 positioned proximally to the slab portion 205 induces an increase

in effective index of the slab portion 205 in the region directly under the strip 210 and in
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proximity thereto. This increase in effective index defines a relatively high effective index
guiding region 225 wherein light in one or more supported optical modes is guidedqalong
the strip loaded waveguide 200. The strip loaded waveguide 200 guides supported modes
in the guiding region 225 despite the presence of the transition layer 215 between the slab
205 and strip 210.  In particular, the transition layer 215 does not prevent the strip 210
from altering the effective index within the slab 205 and more particularly, from raising the
effective index within the slab 205. Preferably, the transition layer 215 has a thickness
sufficiently small such that the strip 210 can increase the effective index of the slab 205 in
regions immediately beneath and in the proximity thereto. The transition layer 215 is
sufficiently thin and the strip 210 and the slab 205 are sufficiently close, although
physically separated by the intervening transition layer, that the strip 210 can affect the
propagation of light within the slab 205. The transition layer 215 also preferably has an
index of refraction that is low in comparison with that of the strip 210 and the slab 205.

[0052] The guiding region 225 corresponds to a boundary where a specific
portion of the optical energy within the mode, preferably the fundamental mode, is
substantially contained and thus characterizes the shape and spatial distribution of optical
energy in this mode. Accordingly, the guiding region 225 corresponds to the shape and
location of the optical mode or modes in this strip loaded waveguide 200. In the guiding
region 225, the electric field and the optical intensity are oscillatory, where as beyond the
guiding region 225, the evanescent field exponentially decays.

[0053]  Propagation of an optical signal in the strip loaded waveguide 200
illustrated in FIGURE 2 is further characterized by the spatial distribution of the field
strength across the cross-section of the strip loaded waveguide 200. FIGURE 3 illustrates
the magnetic field distribution across a cross-section of the waveguide 200 parallel to the x-
y plane. This distribution is the result of modeling using finite difference time domain
iterations to calculate the horizontal component of the magnetic field in the mode supported
by the structure, i.e., the fundamental mode. The electric field is vertically polarized in this
example. The case where the transition layer has the same refractive index as the region
surrounding the slab was modeled. As shown, the field strength within the fundamental
mode is distributed within the slab 205 despite the presence of the transition layer 215 and
the separation between the strip 210 and the slab 205. The field, however, is localized
within the strip 210 and in the slab 205 within a region proximal to the strip. This field
strength distribution is consistent with the guiding region 225 shown in FIGURE 2.
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[0054] A schematic diagram of the intensity through the thickness of the
waveguide structure is presented in FIGURE 4. This plot shows the optical energy
substantially confined within the strip 210 and the region of the slab 205 below and
adjacent to the strip 210.

[0055]  The intensity profile shown in FIGURE 4 is characterized by the
presence of a localized intensity minima 235 in the lowest-order guided mode. The
localized intensity minima 235 occurs in the proximity of the transition layer 215 between
the strip 210 and the slab 205. Accordingly, this localized minima 235 is likely caused by
the presence of the transition layer 215 and the separation of the slab 205 from the strip
210. Nevertheless, the presence of the transition layer 215 does not substantially disrupt
the mode. Optical energy can still be propagated along a guiding region 225 partially
within the strip 210 and the slab 205. Accordingly, the propagation of light can be
controlled and beams can be directed along pathways defined by these strip loaded optical
waveguides 200. Integrated optical systems can therefore be constructed wherein light is
guided to and from components and thereby manipulated and processed as desired.

[0056] Such integrated optical systems can be fabricated using waveguides
similar to those disclosed herein. It will be appreciated that, although the strip loaded
waveguide 200 illustrated in FIGURE 2 has a substantially straight configuration, it will be
understood that in alternative embodiments, the strip loaded waveguide can have an
unlimited variety of alternative configurations and orientations, including but not limited to
bends and turns, and intersections with other strip loaded waveguides. See, e.g., FIGURE
1. Additionally, although the strip loaded waveguide 200 illustrated in FIGURE 2 has a
rectangular cross-section (parallel to in the x-y plane), other cross-sectional geometries can
be used, such as a trapezoidal, elliptical, or rectangular. Also, although not shown in the
drawings, the corners and edges may be rounded or otherwise irregularly shaped.

[0057] As indicated above, an optical signal confined within the strip loaded
waveguide 200 can be coupled from or is coupled to other optical components, such as for
example modulators, switches, and detectors, at waveguide input ports and the waveguide
output ports. These optical components may be waveguide structures having the features
described above. Such configurations allow for further processing or transmission of the
optical signal.

[0058] Furthermore, multiple strip loaded waveguides can be positioned atop
cach other on the substrate, thereby forming a layered integrated optic structure.

-13-
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Accordingly, a plurality of strip loaded waveguides can be combined into a System
comprising waveguide networks, thus allowing optical signals to be coupled between
components. The specifications of such alternate configurations may be determined by the
particular application in which the strip loaded waveguide structure is to be used.

[0059]  Advantageously, the specific material systems that can be used to
implement these strip loaded waveguides have numerous desirable features. Single crystal
silicon and polycrystalline silicon are substantially transparent at wavelengths in the near
infrared spectrum (i.e., between approximately 1.3 pm and 1.6 wm) and thus provide an
efficient medium for the propagation of near infrared light. The combination of silicon
(crystalline or polysilicon) and silicon dioxide also possesses a high refractive index
contrast, i.e., the difference between the refractive index of the materials is relatively large.
In particular, the index of refraction of crystalline silicon and polysilicon is about 3.5
depending on a variety of parameters. In contrast, silicon dioxide has an index of refraction
of about 1.5. This disparity in refractive index between silicon and silicon dioxide is
approximately 2.0, and is large in comparison for example with the disparity in refractive
index between the silica core and silica cladding that make up conventional optical fiber,
both of which are about 1.5. The difference between the refractive indices of the core and
cladding in silica based fiber is approximately 0.003. This core/cladding index difference
in the strip loaded waveguides described above that comprise silicon and silicon dioxide
are approximately three orders of magnitude higher than that of silica optical fiber. In other
embodiments, the core/cladding index difference is preferably at least about 1.0. High
index contrast is advantageous because it provides increased optical confinement of the
light within the waveguide. Accordingly, high index contrast allows waveguides having
substantially smaller dimensions to be employed. Additionally, sharper bends and smaller
bend radii can be incorporated into the waveguides with out excessive losses.

[0060] In addition, certain of the embodiments of the strip loaded waveguide
can be fabricated using conventional integrated circuit fabrication processes. For instance,
the supporting structure 220 may comprise a commercially available silicon wafer with
silicon dioxide formed thereon. Conventional “Silicon-on Oxide” (SOI) processes can be
employed to form the silicon slab 205 on a silicon wafer or on a sapphire substrate.
Fabrication techniques for forming the a crystal silicon layer on an insulator include, but
are not limited to, bonding the crystal silicon on oxide, SIMOX (i.e., use of ion

implantation to form oxide in a region of single crystal silicon), or growing silicon on
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sapphire. Oxide formation on the silicon slab can be achieved with conventional
techniques for growing gate oxides on a silicon active layers in field effect transistors
(FETs). Still other processes utilized in fabricating FETs can also be applied. In the same
fashion that a polysilicon gate is formed on the gate oxide in field effect transistors,
likewise, a polysilicon strip can be formed over tfle oxide transition region in the strip
loaded waveguide. This polysilicon strip can be patterned using well-known techniques
such as photolithography and etching. Damascene processes are also considered possible.
Accordingly, conventional processes such as those employed in the fabrication of
Complementary Metal Oxide Semiconductor (CMOS) transistors can be used to create the
waveguide. In other embodiments, crystalline silicon strips can be formed on the transition
oxide region using conventional techniques such as SOI processing.

[0061]  Another processing advantage is that in the fabrication of polysilicon or
silicon strips 210, the transition layer 215 that separates the slab 205 from the strip 210 may
in some cases act as an etch stop. For example, in applications where the strip 210 and the
slab 205 are etched from the same material, the etch can be configured to stop on the thin
transition layer 215 therebetween. This fabrication configuration allows the geometry of
the waveguide to be accurately controlled without having to dynamically control the etch
depth.

[0062]  Another strategy for fabricating the strip loaded waveguide is to obtain
a commercially available SOI wafer which comprises a first silicon substrate having a first
silicon dioxide layer thereon with a second layer of silicon on the first silicon dioxide layer.
The aggregate structure therefore corresponds to Si/SiO,/Si. The first silicon dioxide layer
is also referred to as the buried oxide or BOX. A second silicon dioxide layer can be
formed on the SOI wafer and polysilicon or silicon strips 210 can be formed on this
structure to create strip loaded waveguides 200 with the second silicon layer corresponding
to the slab 205 and the second silicon dioxide layer formed thereon corresponding to the
transition layer 215. The thickness of this second silicon dioxide transition layer can be
controlled as needed. The polysilicon or silicon strips can be patterned for example using
photolithography and etching. Damascene processes are also envisioned as possible.

[0063]  Inthe case where the substrate does not comprise silicon (with a layer of
silicon dioxide on the surface), a slab comprising crystal silicon can still be fabricated. For
example, crystalline silicon can be grown on sapphire. The sapphire will serve as the lower

cladding for the slab. Silicon nitride formed for example on silicon can also be a cladding
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for the slab. The formation of the transition layer and the strip on the silicon slab can be
performed in a manner as described above.

[0064] Other conventional processes for forming layers and patterning may also
be used and are not limited to those specifically recited herein. Employing conventional
processes well known in the art is advantageous because the performance of these
processes is well established. SOI and CMOS fabrication processes, for example, are well
developed and well tested, and are capable of reliably producing high quality products.
The high precision and small feature size possible with these processes should theoretically
apply to fabrication of strip-loaded waveguides as the material systems are similar.
Accordingly, extremely small sized waveguide structures and components should be
realizable, thereby enabling a large number of such waveguides and other components to be
integrated on a single die. Although conventional processes can be employed to form the
strip loaded waveguides described herein, and moreover, one of the distinct advantages is
that conventional semiconductor fabrication processes can readily be used, the fabrication
processes should not be limited to only those currently known in art. Other processes yet to
be discovered or developed are also considered as possibly being useful in the formation of
these structures.

[0065] Another advantage of these designs is that in various embodiments
electronics, such as transistors, can be fabricated on the same substrate as the strip loaded
waveguides. Additionally, integration of waveguides and electronics on the same substrate
is particularly advantageous because many systems require the functionality offered by
both electronic, optical, electro-optical, and optoelectronic components. For example, with
the waveguide structures describe herein, modulators, switches, and detectors, can be
optically connected together in a network of waveguides and electrically connected to
control and data processing circuitry all on the same die. The integration of these different
components on a single die is particularly advantageous in facilitating minimization of the
size of devices, such as optical telecommunications devices.

[0066] The integration of integrated optical components and with electronics on
a single die is illustrated in FIGURE 5, which depicts a cross-sectional view of a strip
loaded waveguide 300 disposed on a substrate 320 that also supports a field effect transistor
350. As discussed above, this substrate 320 may comprise a silicon wafer having a silicon
dioxide surface layer, or a sapphire substrate. A silicon layer 305 is formed on the silicon

substrate 320, and more particularly on the silicon dioxide surface layer of the substrate.
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This silicon layer 305 corresponds both to the slab of the strip loaded waveguide 300 and
the active silicon of the transistor 350. Accordingly, both the slab and the active silicon of
the transistor 350 where the channel is formed preferably comprise the same material and
substantially the same thickness although the thicknesses may vary in some embodiments.
Both may comprise a doped semiconductor. The localized doping concentrations may vary
slightly as the transistor will include source, drain and channel regions with different
doping than that of the remainder of the semiconductor layer.

[0067] A thin oxide layer 315 is formed on the silicon layer 305. This thin
oxide layer 315 corresponds to the transition layer of the strip loaded waveguide 300 and
the gate oxide of the field effect transistor 350. Accordingly, the transition layer of the
strip loaded waveguide 300 and the gate oxide of the FET 350 preferably comprise the
same material and preferably have substantially the same thickness although the
thicknesses may vary in some embodiments.

[0068] A patterned polysilicon layer 310 can be formed on the thin oxide layer
315. This patterned polysilicon layer 310 includes both the strip on the strip loaded
waveguide 300 and the gate on the field effect transistor 350. In other embodiments, the
gate of the transistor comprises single crystal silicon. Likewise, the strip of the strip loaded
waveguide 300 and the gate of the transistor 350 preferably comprise the same material and
have substantially the same thickness although the thicknesses may vary in some
embodiments. The strip, however, may be an elongated structure to facilitate the
propagation of light along a pathway from one location to another on the integrated optical
chip. Likewise, this polysilicon or crystal silicon strip may turn and bend, and split or be
combined with other strips. In contrast, the transistor gate is preferably not elongated and
may be more square than the strip (as seen from the top, i.e., in a plane paralle] to the x-z
plane shown in the drawings). The shapes of the strips are not restricted to square or even
rectangle (as seen from a top) as bends and turns and splitting and combining as well as
intersections may be included among the many functionalities of the waveguides.
Additionally, transistors often use salicides to enhance conductivity at ohmic contacts. In
contrast, unless electrical connections are to be formed on the waveguides, the waveguide
structure preferably does not include salicides so as to reduce absorption losses.

[0069]  Advantageously, in such embodiments the strip loaded waveguide 300
and the transistor 350 can be fabricated using the same fabrication processes. For example,

the same substrate may be employed. The slab 305 of the waveguide 300 and the active
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silicon of the transistor 350 can be formed by the same silicon growth, deposition or other
formation process. Similarly, the transition layer 315 and the gate oxide can be grown or
formed in the same processing step. The strip 310 and gate can be created both by
patterning polysilicon (or crystal silicon) at the same stage of the process. Accordingly,
substantially the same fabrication processes can be used to produce both the transistors and
the waveguides. In fact, these structures can be realized substantially simultaneously.

[0070]  In the fabrication of certain semiconductor electronics, it may be desired
to provide spacers such as, for example, silicon nitride spacers. In particular, gate spacers
positioned adjacent to the gate of the field-effect transistor (“FET”) prevent unwanted
doping below the gate. This unwanted doping may result from ion implantation employed
to dope source and drain regions adjacent the gate. In embodiments wherein strip loaded
waveguides and electronic components are formed on the same substrate using the same
fabrication process, it will often be desirable to fabricate gate spacers on both the strip
loaded waveguides as well as the electronic components although such spacers can be
included even when the transistors are not present on the chip.

[0071] FIGURE 6 illustrates one preferred embodiment of a strip loaded
waveguide 500 having spacers 545. The strip loaded waveguide 500 comprises a slab 505,
a strip 510, and a transition layer 515 therebetween. The strip loaded waveguide 500 is
disposed on substrate 520 which may include a dielectric layer corresponding to the lower
cladding of the strip loaded waveguide 500. Spacers (e.g., gate spacers) 545 are fabricated
adjacent to the strip 510. The spacers 545 may comprise a nitride or an oxide, although
other preferably nonconductive materials can be used in other embodiments. In addition to
preveniing ion doping in regions proximal to the gate layer in transistors, in certain
circumstance, the spacers 545 may prevent doping in the region beneath strip. The spacers
can also be used to alter the effective index in the slab and to thereby adjust the
confinement within the guiding region and/or to prevent salicide from forming near the
waveguide.

[0072] FIGURE 6 also shows liners 550 between the spacers 545 and the strip
510. These liners 550 may comprise, for example silicon dioxide, and may be used as
passivation for the strip or gate 510. The liners may also act as etch-stop layers. In
alternative embodiments, the liners 550 may not be present, and the spacers 545 may be in

direct contact with the strip 510.

-18-



WO 03/023468 PCT/US02/29028

[0073] In various embodiments, the index of refraction of the strip loaded
waveguide can be actively controlled with an applied field. FIGURE 7 illustrates such a
configuration wherein a voltage can be applied across a strip loaded wavegnide 400. The
strip loaded waveguide 400 includes a slab 405, preferably comprising crystalline silicon,
and a strip 410, preferably comprising polysilicon or crystalline silicon disposed on a
substrate 420. The silicon slab 405 and the poly or silicon strip 410 are preferably doped so
as to be conductive. As described above, a thin transition layer 415, comprising for
example gate oxide such as silicon dioxide, separates the strip 410 and the slab 405. A
dielectric coating 430, which may be formed from multiple layers, covers the strip 410 and
slab 405 and provides electrical insulation. Conductive plugs 445 within the dielectric
provide a substantially conductive pathways to the poly or silicon strip 410 and the silicon
slab 405. Salicide or metalization 460, and/or ohmic contacts 440, can be formed on or in
the polysilicon or silicon strip 410 or the silicon slab 405 to electrically couple the plugs
445 to these portions of the strip loaded waveguide 400. A voltage source 435 is
electrically connected to the plugs 445.

[0074] Application of a voltage between the polysilicon or silicon strip 410 and
the silicon slab 405 causes carriers 450 to accumulate within the guiding region 425 of the
strip loaded waveguide 400. For example, depending on the applied voltage, its polarity,
and the doping of the strip 410 and the slab 405, electrons or holes may accumulated or be
depleted within the strip 410 or the slab 405 in regions adjacent to the thin transition layer
415 comprising gate oxide. The structure acts like a capacitor, charging with application of
a voltage. The voltage creates an electric field across the thin transition layer 415 with
carriers 450 accumulating (or depleting) adjacent to this transition layer 415. Preferably,
the transition layer 415 is sufficiently thick such that the carriers do not traverse this barrier
layer by tunneling or through defects, such as pinhole defects. Conversely, the thickness of
this dielectric layer 415 is preferably not so large as to require a large voltage to be applied
to the device to generate enough cartiers to vary the index of the strip loaded waveguide
400. The thickness of this layer will also be affected by similar considerations in
transistors formed on the same layer as the strip loaded waveguide 400. For example, in
field effect transistors, the gate oxide is preferably sufficiently thick so as to prevent
tunneling of carriers from the channel region into the gate but is sufficiently thin such that

the voltage required to activate the transistor is not too large.

-19-



WO 03/023468 PCT/US02/29028

{0075] The magnitude of the applied voltage and the resultant electric field
across the transition layer 415 controls the carrier density of the strip loaded waveguide
400. Preferably, the carrier density at least within the guiding region 425 is altered by the
application of the voltage. This carrier accumulation or depletion may be concentrated
predominately in the strip 410 or the portion of the slab 405 beneath the strip 410. The
refractive index of semiconductor material alters with variation in carrier concentration.
The accumulation of carriers lowers the index of refraction while depletion of carriers
raises the index. The refractive index of the strip 410 and portions of the slab 405 can
therefore be altered by controlling the carrier density in regions therein. For instance, by
accumulating or depleting carriers in the proximity of the transition layer 415, the effective
index of the strip 410 and the slab 405 can be altered as desired. In addition to affecting the
refractive index, accumulation of carriers also increases absorption. Application of a field
can therefore also vary the absorption coefficient associated with the waveguide.

[0076] Accordingly, the optical properties of the waveguide 400 may be
controllably altered with application of an electric bias. The index of refraction can be
varied to alter the effective optical path distance within the guide and adjust or tune the
guide for different wavelengths, introduce or reduce phase delay, and increase or decrease
optical confinement within the guide, or to otherwise affect the light propagating within the
guide as desired. Since the absorption can also be controlled, the intensity of the light can
be altered. Electronic biasing therefore can be employed to the modulate the signal or to
create other optical or electro-optical components which can be operated by actively
changing the index of the refraction and/or the absorption of the waveguide or portions of
it. Electronic biasing can also be used to adjust or tune waveguide structures to account
for, e.g., manufacturing tolerances, or to configure the structure for different applications.

[0077] Gate spacers (not shown in FIGURE 7) may further be included as
discussed above and may minimize fringing of the electric field in the case where a
dielectric coating 230 does not cover the strip loaded waveguide.

[0078] In an alternative configuration illustrated in FIGURE 8, an additional
poly or silicon layer 470 can be formed over the strip 410 with a dielectric region 475
separating this additional poly or silicon layer and the strip. Electrical connection may be
made to this additional poly or silicon layer 470 and to the strip 410 via metalization 460
on the additional poly or silicon layer and conducting plugs 445 though the dielectric 430

to the metalization. A conductive pathway is also provided to the strip 410 by way of metal
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plugs 445 and an ohmic contact 440 in the strip. Application of a voltage between the
additional poly or silicon layer 470 and the strip 410 will cause carriers 450 to accumulate
or be depleted in the strip 410. This arrangement enables the carrier density of the strip 410
to be altered independent of the carrier density within the slab 405. Accordingly, the index
of refraction and/or absorption can be changed predominantly within the strip 410, while
these properties in the slab 405 are preferably unaltered. Other configurations suited to the
particular application are considered possible. For example, electrically connection can
also be made with the slab 405 and a voltage can be applied between the strip 410 and the
slab to alter the carrier distribution below the strip and affect the index of refraction in the
slab.

[0079] In each of these designs, regardless of whether the waveguide is
configured for application of an electronic field, the properties of the semiconductor
portions can be adjusted based on how the material is doped with impurities, if any.

[0080] Also, as discussed above with reference to FIGURE 2, the dimensions of
the strip 210 and the slab 205 may vary depending on the application of the waveguide.
For example, in an application wherein the waveguide must be configured to propagate
only a single optical mode, the dimensions of the strip 210 (and possibly the slab 205) may
be adjusted accordingly. The dimensions of the strip portion 210 and the slab portion 205
may also depend on the wavelength of the optical signal confined in the waveguide.

[0081] In certain embodiments, the dimensions of the strip loaded waveguide
210 can be selected such that only a single mode and single polarization can be propagated
in the guiding region 225. These special strip loaded waveguides are single mode
waveguides that in addition only support one polarization. In one example, for instance,
the dimensions of the waveguide can be designed so as to support only the transverse-
electric (“TE”) fundamental mode. The TE mode corresponds to light having a
polarization parallel to the interface between the slab 205 and transition layer 215 or the
strip 210 and the transition layer 215 (that is, with the electric field is parallel to the x-z
plane as defined in FIGURE 2). For light having a wavelength of 1.55 pm, single TE mode
operation can be obtained by configuring the thickness of the slab portion 205 to be
approximately 110 nm, the thickness of the strip portion 210 to be approximately 95 nm,
and the thickness of the transition portion 215 to be approximately 40 nm. The strip 210
has a width of about 0.5 micrometers. Finite difference time domain iterations and

eigenmode solvers can be used to determine appropriate dimensions for other such strip
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loaded waveguides that supports a single TE mode. In this particular case, the slab portion
205 and the strip portion 210 both comprise single crystal silicon, and the transition portion
215 comprises silicon dioxide. However, specific embodiments with different materials
and different dimensions can be obtained that support only a single polarization mode.
Such a configuration may be particularly advantageous in certain polarization-dependent
applications where only one polarization is required. Such a waveguide, for example, can
act as a linear polarizer. These waveguides that support a single polarization of the
fundamental mode may also be employed to minimize crosstalk.

[0082] In alternative embodiments, as illustrated in FIGURE 9, the strip loaded
waveguide 600 may comprise a strip 610 formed directly on a slab 605 that is supported by
substrate 620. In such embodiments, no low-index transition layer is positioned between
the strip 610 and the slab 605. The presence of the strip 610 positioned adjacent to the slab
605 induces an increase in effective index of the slab portion 605 in the region directly
under the strip 610 and in proximity thereto. This increase in effective index defines a
relatively high effective index guiding region 625 wherein light in one or more supported
optical modes is guided along the strip loaded waveguide 600. This strip 610 comprises
polysilicon and the slab 605 comprises crystal silicon. The crystal silicon slab 605 may be
formed on a oxide or nitride layer on a silicon substrate. Other insulator layers may be
employed as the lower cladding layer and as the substrate. For example, sapphire may be
used as a substrate with crystal silicon formed thereon. One or more layers of lower index
material such as glass or oxide may be formed over the strip 610 and the slab 605.

[0083] As described above, silicon is substantially optically transmissive to
certain wavelengths of interest such as 1.55 microns. In addition, processes for silicon
fabricating such structures are well developed. For these reasons, a waveguide comprising
polysilicon and silicon is advantageous.

[0084]  Although silicon is beneficial because it is substantially transparent at
certain wavelengths, other materials and more particularly, other semiconductors may be
employed. Furthermore, the structures described herein are not to be limited to any
particular wavelength or wavelength range and may be designed, for example, for
microwave, infrared, visible, and ultraviolet wavelengths.

[0085]  Those skilled in the art will appreciate that the methods and designs
described above have additional applications and that the relevant applications are not

limited to those specifically recited above. Also, the present invention may be embodied in
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other specific forms without departing from the essential characteristics as described
herein. The embodiments described above are to be considered in all respects as

iltlustrative only and not restrictive in any manner.
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WHAT IS CLAIMED IS:

1. A strip loaded waveguide comprising:

a slab portion having a first refractive index (71),

a strip portion having a second refractive index (#2), and

a transition portion between the slab portion and the strip portion, the
transition portion having a third refractive index (n3;) that is less than the first
refractive index (n1) and the second refractive index (ny).

2. The waveguide of Claim 1, wherein the transition portion comprises silicon
dioxide.

3. The waveguide of Claim 1, wherein the slab portion comprises semiconductor.

4. The waveguide of Claim 3, wherein the slab portion comprises single crystal
silicon.

5. The waveguide of Claim 1, wherein the strip portion comprises polysilicon.

6. The waveguide of Claim 1, wherein the strip pdrtion comprises single crystal
silicon.

7. The waveguide of Claim 1, wherein the strip portion comprise silicon nitride.

8. The waveguide of Claim 1, wherein the slab portion and the strip portion
comprise substantially the same material.

9. The waveguide of Claim 1, further comprising a substrate that supports said slab
and said strip.

10. The waveguide of Claim 9, wherein the substrate comprises a silicon wafer.

11. The waveguide of Claim 9, wherein the substrate comprises sapphire.

12. The waveguide of Claim 1, further comprising a lower cladding layer adjacent
said slab, said lower cladding layer having a refractive index less than the first refractive
index (n;) of said slab.

13. The waveguide of Claim 12, wherein the difference between first refractive
index (n;) of said slab and said refraction index of said lower cladding layer is at least
about 1.

14. The waveguide of Claim 13, wherein the difference between first refractive
index (n;) of said slab and said refraction index of said lower cladding layer is at least

about 2.
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15. The waveguide of Claim 12, wherein said lower cladding layer comprises a
layer of silicon dioxide.

16. The waveguide of Claim 12, wherein said lower cladding layer comprises a
layer of silicon nitride.

17. The waveguide of Claim 12, further comprising an upper cladding adjacent said
slab and said strip, said upper cladding has a refractive index that is less than both the first
refractive index (n1) and second refractive index ().

18. The waveguide of Claim 17, wherein the difference between a refractive index
of said upper cladding and said first refractive index (n;) of said slab and said second
refractive index (ny) of said strip is at least about 1.

19. The waveguide of Claim 18, wherein the difference between a refractive index
of said upper cladding and said first refractive index (n;) of said slab and said second
refractive index (n;) of said strip is at least about 2.

20. The waveguide of Claim 17, wherein the upper cladding comprises glass.

21. The waveguide of Claim 17, wherein the upper cladding comprises silicon
dioxide.

22. The waveguide of Claim 17, wherein the upper cladding and the lower cladding
comprise substantially the same material.

23. The waveguide of Claim 1, wherein said strip has a width and thickness, and
said slab and transition regions have respective thicknesses so as to support a fundamental
optical mode with a cross-sectional power distribution profile having two intensity maxima.

24. A strip loaded single-mode waveguide for propagating light having a
wavelength, comprising:

a slab portion,

a strip portion disposed with respect to the slab portion to form a guiding
region, a first portion of the guiding region being in the strip portion, and a second
portion of the guidiﬂg region being in the slab portion, the guiding region
configured to propagate light of the wavelength only in a single spatial mode and
only in a transverse electric mode.

25. The strip loaded single-mode waveguide of Claim 24, wherein said slab portion

and strip portion comprise single crystal silicon.
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26. The strip loaded single-mode waveguide of Claim 25, wherein said slab portion
has a thickness of approximately 90 nm and said strip portion has a thickness of
approximately 40 nm.

27. The strip loaded single-mode waveguide of Claim 24, further comprising a
transition portion between the slab portion and the strip portion, such that a third portion of
the guiding region is located in the transition portion.

28. A strip loaded waveguide comprising:

a slab portion,

a strip portion disposed with respect to the slab portion to form a guiding
region, a first portion of the guiding region being in the strip portion, and a second
portion of the guiding region being in the slab portion, the guiding region
propagating light in a single spatial mode with a cross-sectional power distribution
profile having two intensity maxima, one of which is located in the slab portion and
the other of which is located in the strip portion.

29. The strip loaded waveguide of Claim 28, wherein the slab comprises
semiconductor.

30. The strip loaded waveguide of Claim 29, wherein the slab comprises silicon.

31. The strip loaded waveguide of Claim 30, wherein the strip comprises silicon.

32. The strip loaded waveguide of Claim 28, further comprising a transition portion
positioned between the slab portion and the strip portion, such that a third portion of the
guiding region is location in the transition portion.

33. The strip loaded waveguide of Claim 32, wherein said transition portion
comprises oxide.

34. A waveguide having a guiding region for guiding light through the waveguide,
the guiding region comprising a layer of polycrystalline silicon juxtaposed with a layer of
crystal silicon.

35. The waveguide of Claim 34, wherein said layer of crystal silicon comprises a
slab and said layer of polycrystalline silicon comprises a strip formed thereon, said strip
and said slab forming a strip waveguide.

36. The waveguide of Claim 35, wherein said strip has a width and a thickness and
said slab has a thickness to support a single optical mode.
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