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waveguide structure, wherein
a core or cladding has a hy-
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different optical property such
as refractive index from the
major portion of the core or
cladding, respectively. The
hybrid section can be made
of a passive material or an
electro—optic material. Meth-
ods of making a hybrid wave-
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guide structure are also dis-
closed. These methods in-
clude rib-based methods and
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trench—based methods, and in

either of these methods, a tem-
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porary filler is used in many
instances to incorporate the
hybrid section into the hybrid waveguide structure.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
M
CN
Cu
CZ
DE
DK
EE

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cote d'Tvoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
Jp
KE
KG
KP

KR
KZ
LC
LI

LK
LR

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
Mw
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
SG

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
TD
TG
TJ
™
TR
TT
UA
UG
Us
vz
VN
YU
YAV

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




10

15

20

25

WO 98/40771 PCT/US98/04851

OPTICAL INTERCONNECTS WITH
HYBRID CONSTRUCTION

This application is related to the following applications that are being filed
concurrently with this application, which applications are incorporated by reference in

their entirety herein as if originally put forth below:
Hybrid Digital Electro-optic Switch
Method of making Optical Interconnects with Hybrid Construction

FIELD OF INVENTION

This invention relates to devices that have optical interconnects, such as digital
electro-optic switches and multiplexers. More particularly, this invention utilizes a
hybrid waveguide structure referred to herein as a “button” in an optical interconnect.

New processes are also presented for fabricating circuits that incorporate these buttons.

BACKGROUND OF THE INVENTION

Optical devices such as optical waveguides and switches are used in
communications and data transfer equipment to transfer information from one location to
another and to switch the information to a desired output. The information is in the

form of a continuous or a pulsing optical signal.

These optical devices contain a core or cores made of a material that transmits
light of the desired wavelength and cladding that abuts at least one side of a core.
Optical waveguides are used to carry optical signals from one location to another.
Multiple cores are used to form e.g. switches to switch an optical signal to a desired
output core, filters to filter one or more optical signals of a particular wavelength, or
multiplexers to combine or separate optical signals of different wavelengths. Optical
cores can be linear, but often optical cores must curve in order to direct a signal from

one location to another within the confines of a small space.

One major objective of electro-optic device research is to reduce the size of
components. There are two benefits from reducing the size of components: (1) devices

such as waveguides and electro-optic switches are shorter and/or smaller, allowing more
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components to be placed within an integrated device; and (2) signals are transmitted

between components more quickly, which increases the speed at which data is

transferred.

Currently, if the direction of an optical signal is to be changed 90°, the core must
be fabricated to have a radius of approximately 10 mm to avoid losing much of the
optical signal to the cladding in the curved section. Consequently, every 90° turn that is
incorporated along the length of a device adds at least 10 mm to the length or width of

the device.

Another objective of electro-optic device research is to provide components that
can be manufactured such that their switching characteristics are more consistent, so that
a switch fabricated today performs essentially the same as a switch fabricated a month or
year from today. Many switches have switching characteristics that are extremely
sensitive to the voltage of the signal used to switch the optical signal from one output
core to another or to distribute the optical signal among multiple cores. These switches
are quite sensitive to manufacturing variances, and significant variations occur from one

batch to the next of these switches or even within a batch of these switches.

An interferometric modulator as illustrated in Figure 1 is a modulator whose
performance is extremely sensitive to the voltage used to modulate the optical signal.
This type of switch can be fabricated by diffusing a metal such as titanium into an
electro-optic crystal such as LiNbO, to form the cores. The titanium-diffused portion of
the crystal (which is also electro-optic) has a higher refractive index than the virgin
portion of the crystal, and consequently, the titanium-diffused portion acts as cores

which carry an optical signal.

The interferometric modulator 100 as illustrated in Figure 1 uses multiple cores
to modify an input optical signal. The input optical signal is split between two input
cores 110 and 120, and the two input cores separate from one another a sufficient
distance that the cores do not evanescently couple. The optical signal in core 110 travels
through that core unmodified. The second core 120 has a set of electrodes 130
fabricated above it, so that an electric field can be applied to the electro-optic material in

that core. The optical signal in the second core can be unmodified as it travels through
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the core, or the optical signal can have its phase shifted in response to the electric field
created by electrodes above and on either side of the core. The two cores subsequently
recombine to form one core, where the optical signals add to one another. If the optical
signals from each core are in phase in the section where the cores recombine to form one
core, the signals add to form an optical signal having the same wavelength and phase. If
the optical signals are out of phase, the optical signal that is output depends on how

much the phase of the signal was shifted as it traveled through core 120.

The interferometric modulator of Figure 1 can be very difficult to fabricate
consistently. The amount of titanium diffused into the crystal is highly dependent on
processing conditions, and the minor variations in processing conditions that occur
during normal manufacturing processes cause an interferometric modulator produced in
one batch to function very differently from an interferometric modulator made in another

batch of switches when an identical electric field is applied to both switches.

It is an object of this invention to provide hybrid waveguide structures such as
optical waveguides that have improved properties such as greater isolation, tight turning
radii, or different propagation characteristics. It is another object of this invention to
provide hybrid waverguide structures such as electro-optic switches that have less
variance in their intended use because of the switch design and/or because of the process

by which the switches are manufactured.

SUMMARY OF THE INVENTION

The invention provides a hybrid waveguide structure comprised of at least one
core and cladding. At least a portion of a core and/or a section of its surrounding
cladding has optical properties that differ from the optical properties of a neighboring
core or portion of the same core or cladding area, respectively. Thus, in a hybrid
waveguide structure, a core may have a short section along the length of the core that
has a refractive index which differs from the refractive index of other sections along the
length of the core. Additionally or alternatively, the hybrid waveguide structure has a
core in which its refractive index differs from the refractive index of another

evanescently-coupled core, and/or the cladding near a core may have a section that has a
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refractive index which differs from the remaining cladding around the core. The hybrid

portion of the hybrid waveguide structure is referred to as a “button” herein.

The invention also provides a hybrid electro-optic structure which has a portion
of a core or a region of cladding made of an electro-optic material whose refractive
index can differ from the refractive index of a neighboring portion of the same core or
region of cladding, respectively. The refractive index of the electro-optic material can
differ from the refractive index of its neighboring material in the presence of an applied
electric field, or the refractive index of the electro-optic material can differ from the

refractive index of its neighboring material in the absence of an applied electric field.

The invention also provides an integrated device having a hybrid waveguide

structure and/or a hybrid electro-optic structure as described above.

In one embodiment, the invention provides a hybrid waveguide structure which
in cross-section (as illustrated in Figure 2) comprises three sections, a lower section 210,
a middle section 220, and an upper section 230. Each section has a first, second, and
third region when the structure has at least one core, and each section has a fourth and
fifth region when the structure has at least two cores that are evanescently coupled. For
a single-core structure, the regions are each formed of a material having a refractive
index such that the second region of the middie section (222) is a core, and the first and
third regions of the middle section are cladding under light-transmitting conditions. For
a structure having two or more evanescently-coupled cores, the regions are each formed
of a material having a refractive index sufficient that the second and fourth regions of
the middle section (222 and 224, respectively) are cores and the first, third, and fifth
regions (221, 223, and 225, respectively) are cladding under light transmitting
conditions. The second and fourth middle regions are also spaced sufficiently closely
that the second and fourth regions evanescently couple when light is transmitted into at
least one of the second and fourth regions. The second middle region 222 is adjacent to
the second lower region 212, the second upper region 232, and the first and third middle
regions (221 and 223, respectively), and the fourth middle region 224 is adjacent to the
fourth lower region 214, the fourth upper region 234, and the third and fifth middle

regions (223 and 225, respectively). At least one of the regions is a hybrid region
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formed of a passive or electro-optic material such that at least one of the following

conditions is satisfied:

1.

in a cross-section taken at one point along the path of the optical signal, at
least one of the second or fourth lower or upper regions or the first,
second, third, fourth, or fifth middle regions has a hybrid portion, and in
a cross-section taken at another point along the path of the optical signal,

the same region has a non-hybrid portion;

in a cross-section taken at one point along the path of the optical signal for

evanescently-coupled cores:

2.

when the second or fourth lower region is the hybrid region, the other of
the second or fourth lower region is formed of a cladding material having
a refractive index that differs from the refractive index of the hybrid

region;

when the second or fourth upper region is the hybrid region, the other of
the second or fourth upper region is formed of a cladding material having
a refractive index that differs from the refractive index of the hybrid

region;

when the first, third, or fifth middle region is the hybrid region, at least
one of the other of the first, third, or fifth middle region is formed of a
cladding material having a refractive index that differs from the refractive

index of the hybrid region; and

when the second or fourth middle region is the hybrid region, the other of
the second or fourth middie region is formed of a core material having a

refractive index that differs from the refractive index of the hybrid region.

Further, the invention provides new methods of making these structures. The

methods place a material of different optical properties (e.g. a different refractive index)

either (1) within a core in the structure or (2) within the cladding of the structure and

sufficiently close to a core to affect the electric field of an optical signal being carried by

the core. A rib-based method can be used to make a structure of this invention, wherein
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a rib of core material is formed as the structure is made, and either a portion of the rib
or a portion of the cladding abutting the rib is a hybrid portion. One rib-based method
is based on forming a cavity in a layer of a first core material, filling the cavity with a
second core material, and removing a sufficient amount of the first core material to form
a core having a length, a width, and a height such that the core has a portion along its
length wherein the second core material spans the width and height of the core, and the
second core material is located between two portions of the first core material of the
core. Another rib-based method is based on forming a core comprised of a core material
on a layer of a first cladding material and placing a second cladding material adjacent to
at least one side of the core such that the second cladding material abuts that side of the

core.

Another method for making a structure of this invention is a trench-based
method, wherein a channel is formed and the channel is filled with core material as the
structure is made, and either a portion of the core or a portion of the cladding abutting
the core is a hybrid portion. One trench-based method is based on forming a channel in
a layer of a cladding material, filling at least a portion of that channel with a first core
material, forming a void in the first core material, and filling the void with a second
core material. Another trench-based method is based on embedding a region of a first
cladding material into a layer of a second cladding material, and forming a core within

the layer of cladding such that both cladding materials abut the core on the same side of

the core.

A temporary filler may be used in the processes described above. The temporary
filler is placed in at least a portion of the structure (the core and/or the cladding) during
manufacturing to allow portions of the structure to be fabricated of a material that differs
from its surrounding material. The temporary filler is masked and partially etched, a
first material is placed into the vacancies created by removing some of the temporary
filler, and the remainder of the temporary filler is subsequently removed and replaced
with a material that differs from the first material. This method can be used in the
trench-based manufacturing process, wherein cores are formed in trenches cut into a
substrate, or a rib-based manufacturing process, wherein rib cores are formed by etching

a substrate and subsequently filling-in the etched portion with a cladding material.
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These methods produce regions of cores and/or cladding that have e.g. different

refractive indices from surrounding materials.

Among other factors, the invention is based on the technical finding that a hybrid
waveguide structure made by etching a substrate and using a temporary filler to provide
cores or cladding with different refractive indices provides: (1) isolation between cores
that can be varied; (2) a very small turning radius for cores; (3) very consistent
performance between one batch of waveguides and/or switches and subsequent batches
of waveguides and/or switches; (4) accurately-controlled dimensions and consistent
performance because of the method of making the structure; (5) little overall loss of
optical signal despite the use of materials in the structure that create high signal losses;
(6) smaller devices or devices that have more components for a given size; and (7)
unique device structures that act as filters, tapers, and switches that could not be made
using a single material set. Further, the methods supplied by this invention align major
structural elements such as hybrid cores to very accurate dimensions because these
elements are established in a single photolithographic step. Also, the methods of this
invention require few photolithography steps in which a substrate must be removed and
repositioned within a stepper multiple times, so that cores and cladding can be made to
precise dimensions. These technical findings and advantages and others are apparent

from the discussion herein.

DESCRIPTION OF THE FIGURES

The Figures illustrate certain preferred embodiments of the invention, and,
consequently, the claims are to be given their broadest interpretation that is consistent
with the specification, the drawings, and the meaning of terms used herein to one of

ordinary skill in the art.
Figure 1 illustrates a known interferometric switch.

Figure 2 illustrates a hybrid waveguide structure having three sections, a lower
section, a middle section, and an upper section, and wherein each section has a first,

second, third, fourth, and fifth region.
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Figure 3 illustrates a waveguide having cladding buttons made by the method of
this invention.

Figures 4A and 4B show an interferometric demodulator having a core button

and a cladding button, respectively.

Figures 5A and 5B illustrate the structure of various electro-optic materials that

can be used to make the structure of this invention.

Figures 6A-6] illustrate a trench-based manufacturing method for manufacturing

an optical waveguide or switch that has a core button.

Figures 7A-7F illustrate a trench-based manufacturing method for manufacturing

an optical waveguide or switch that has a cladding button.

Figures 8A-8F show a rib-based manufacturing method for manufacturing an

optical waveguide or switch that has a core button.

Figures 9A-9G illustrate a rib-based manufacturing method for manufacturing an

optical waveguide or switch that has a cladding button.

Figure 10 shows an interferometric demodulator having both a core button and

cladding buttons.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The invention provides a hybrid waveguide structure and methods of making a
hybrid waveguide structure. A hybrid waveguide structure comprises at least one core
that carries an optical signal and cladding into which fhe electric field of the optical
signal being carried by the core extends, wherein at least a portion of a core and/or a
section of its cladding has optical properties (e.g. a refractive index) that differs from the
optical properties of a neighboring core or portion of the same core or cladding area,
respectively. Thus, in a hybrid waveguide structure, a core may have a section that has
a refractive index that differs from the refractive index of the remainder of the core or
that differs from the refractive index of another core, and/or the cladding near a core
may have a section that has a refractive index which differs from the remaining cladding

around the core. The description of some preferred embodiments of a hybrid waveguide
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structure follows. Although these preferred embodiments describe cores that are aligned

within a single layer, this invention also encompasses structures in which optical cores

are provided in multiple layers.
1. Waveguides and switches

As described previously, a hybrid waveguide structure can have a single channel
core wherein a portion of the core or a portion of the cladding around the core has a
refractive index that differs from the refractive index of other portions of the core or the
cladding, respectively. Or, a hybrid waveguide structure can have multiple channel
cores wherein at least a portion of one core or at least a section of the cladding has a
refractive index that differs from the refractive index of another core or another section

of cladding, respectively. Examples of each of these structures follow.
(@) Hybrid single-core structure

In one preferred embodiment of the invention, the hybrid waveguide structure
has a “button” wherein a short section of the core or its surrounding cladding has a
refractive index that differs from the refractive index of a neighboring portion of the
same core or cladding area, respectively. A “button” is very useful in devices where the
device designer wishes to modify characteristics of the optical signal locally to provide

the device with unique properties.

One example of a hybrid waveguide structure having a “button” is shown in
Figure 3. A single channel core 310 interconnects switches or other signal processing
features that are fabricated on a substrate. The core makes two 90° turns that the optical

signal must follow.

Prior structures used the same cladding material to surround the straight portion
and the curved portion of the core. In these devices, each 90° turn required a turning
radius of at least 10 mm where the cladding had a refractive index of 1.519 and the core
had a refractive index of 1.520 in order not to lose optical power out of the core into the
cladding. Two 90° turns add 20 mm of length into the overall length of this prior

structure.
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The hybrid waveguide structure illustrated in Figure 3 has cladding 320
surrounding the curved portion of the core which has a much lower refractive index than
the cladding 330 surrounding the straight portions of the core. This “cladding button”
in the core reduces the radius in the core from 10 mm in the prior device to only 1 mm
where the core has a refractive index of 1.600, the curved section of cladding 320 has a
refractive index of 1.500, and the remainder of the cladding has a refractive index of
1.590. The hybrid waveguide structure illustrated in Figure 3 is thus 18 mm shorter than
the prior structure and has essentially equivalent performance to the prior structure.
This shorter length is a distinct advantage regardless of whether a waveguide structure
or switch of this invention is used in a hybrid component device, wherein a waveguide
or switch is connected to other discrete component or in an integrated device wherein

many components are placed on one substrate.
(b) Hybrid multi-core structure

The hybrid multi-core structure has at least two cores and surrounding cladding.
A hybrid multi-core structure can have a “button,” or a hybrid multi-core structure can
have a core that has a different refractive index from another core or a region of
cladding which is adjacent to a core and which has a different refractive index from

another region of cladding adjacent to the core.

A “button” can be used in an interferometric device such as a hybrid wave
multiplexer or filter. Figure 4 shows an interferometric multiplexer 400 wherein one of
the cores 410 has a “core button” 420 in which a section of the core has a refractive
index that differs from adjoining portions of the same core. Figure 4 also shows a
“cladding button” 430 in which a section of the cladding has a refractive index that
differs from adjoining portions of the cladding. The use of a “button” delays the optical
signal in that core relative to the optical signal in the second core, which results in a
suitably modified optical signal emerging from the multiplexer after the signals from the
two cores are coupled together and outputted from output sections of the cores. In this
particular device, the difference between the refractive indices of the core and cladding
buttons is at least approximately equal to the difference between the refractive indices of

the core and cladding that neighbor the core and cladding buttons, respectively.



10

15

20

25

30

WO 98/40771 PCT/US98/04851
A

(c) Further discussion of hybrid waveguide structure

In certain embodiments, a hybrid waveguide structure of this invention has a core
or cores that are sandwiched between optional electric-field-generating electrodes. The
hybrid waveguide structure can be viewed as having three sections, as illustrated in
Figure 2: a middle section 220 containing at least one core 222 (or containing at least
two cores 222 and 224) in core regions and cladding 221 and 223 (and 225 when the
structure has at least two cores) in cladding regions adjacent to the cores; a lower
section 210 that typically contains cladding in regions that affect the optical signal in the
cores; and an upper section 230 that also typically contains cladding in regions that
affect the optical signal in the cores (usually a position immediately adjacent to the
cores). At least one of the materials used in the core or cladding regions has optical
properties (e.g. a refractive index) that differ from the optical properties of another

material used in the core or cladding regions, respectively.

Thus, for example, one portion of a core in a structure having only one core may
be formed from a passive material having a refractive index of 1.520, and another
portion of fhat core may be formed from a passive or active material that has a refractive
index of 1.510 in e.g. the presence of an electric field. Likewise, for example a
cladding region in the upper section, e.g. 232, that affects the optical signal in the core
can be formed from a first electro-optic material that experiences a change in refractive
index of e.g. 0.010, and another region in the lower section that affects the optical signal
in the core (e.g. 212) can be formed from a passive material or a second electro-optic
material that experiences a change in refractive index of e.g. 0.005 when an electric

field is applied to the structure.

Other examples include the following structures having two cores. In a first
example, region 222 can be made of a passive core material having a refractive index of
1.520, and region 224 can be made of a passive or electro-optic core material having a
refractive index of 1.510 in e.g. the absence of an electric field. Likewise, in a second
example, regions 222 and 224 can be made of a passive core material having a refractive
index of 1.520, and at least one of regions 212, 214, 221, 223, 225, 232, and 234 is a
passive or electro-optic cladding material that has a refractive index that differs (in either

the presence or the absence of an electric field) from one of the cladding regions in the
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structure. In a third example, sections 210 and 230 are made of a passive cladding
material having a refractive index of 1.560, regions 222 and 224 are made of a passive
core material having a refractive index of 1.60, and regions 221, 223, and 225 are made
of a passive cladding material having a refractive index of 1.590. In a fourth example, a
device has regions as in the third example above, but region 223 is an electro-optic
cladding material that has a refractive index equal to that of regions 221 and 225 in the

absence of an electric field.

The optical signal introduced into one end of a core has an electric field portion
of the optical signal that extends into the surrounding cladding and into a coupled core,
if present. In a hybrid waveguide structure, the optical signal encounters a region in the
core and/or in the cladding wherein the refractive index of that region changes. The
change in refractive index affects the electric field of the optical signal and thus changes
the optical signal itself. The length, width, height, and refractive index of the hybrid
portion and the length, width, height, and refractive index of the remaining core and
cladding are selected to provide the desired modifications (such as phase shift or
distribution of power of the optical signal in evanescently-coupled waveguides) to the
optical signal. If the core that is initially carrying the optical signal is evanescently
coupled to other cores, all optical signals in the cores are simultaneously changed by the
change in refractive index, and the power exiting each core can be distributed as desired
by selecting the length of the cores and regions, their width and height, the width and
height of cladding regions, and the refractive index of each region. If an electro-optic
material is used in the hybrid region, a change in electric field can be used to distribute a
desired amount of the optical signal from the input core to any or each of the output

cores or to induce a phase shift in an optical signal traveling through a single core.

The preferred refractive index of the hybrid portion depends upon the function of
the hybrid portion in the particular optical device to be fabricated. Cladding buttons 320
in the waveguide of Figure 3 preferably have a refractive index which differs
substantially from the refractive index of its surrounding cladding (at least 0.01 units
difference to as much as 0.05-0.10 units or more) in order to assure the needed
directional change in the optical signal without introducing undesired modes of

substantial strength into the optical signal. Passive core and cladding buttons (420 and
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430, respectively) of the interferometric demodulator of Figure 4 preferably each have a
refractive index which differs substantially from the refractive index of the surrounding
core and cladding, respectively (at least 0.01 units difference to as much as 0.05-0.1
units or more), while preferably the difference between the refractive index of the core
and cladding buttons is equal to the difference between the refractive index of the
surrounding core and surrounding cladding to prevent introducing additional modes of
substantial strength into the optical signal. For coupled waveguides such as those
illustrated in Figure 2, the refractive index of the hybrid portion is approximately equal
to its neighboring materials (in many instances, no more than about +0.001 units
different from its corresponding non-hybrid material). The change in refractive index
that an electro-optic material experiences is selected depending on the desired change in
optical signal and the dimensions of the optical device in which the electro-optic material
is incorporated, and a typical change in refractive index for coupled waveguides is 0.010
units. Using a core or cladding material in the hybrid portion, which material has
properties that are similar to its surrounding materials, can provide the ability to change
the electric field of the optical signal a controlled amount and thus can affect the
properties of the signal without substantial loss of signal energy or addition of modes or

harmonics to the optical signal.

The materials from which the core, cladding, and hybrid portions of the hybrid
waveguide structure are formed may be passive materials that do not change refractive
index appreciably in the presence of an applied electric field; or, a hybrid portion, a
core, or cladding may be e.g. an electro-optic material individually or in any
combination. For example, in an “active” or “electro-optic core button,” a cladding
made of a passive material contains a hybrid core with a short section of electro-optic
material which adjoins the passive material forming the remainder of the core. Also by
way of example, in an “active cladding button,” a core made of a passive material is
embedded in a cladding made mostly of passive material but which contains a short
cladding section of electro-optic material that is adjacent to the core. An electric field is
applied to these electro-optic “buttons” to change the refractive index of the electro-optic
material incorporated in the “buttons.” Planar, strip, or circular electrodes, for example,

can be positioned above the “button,” or an electrode can be positioned above the
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“button” and one can be positioned below it. It is not necessary to generate the electric
field to which the electro-optic material is exposed with electrodes. Any electric field-
generating equipment can be used that generates an electric field sufficiently strong to
change the refractive index in an electro-optic material present in the structure. For
example, wires carrying a large current can be positioned above and/or below the
electro-optic material. Likewise, a corona field or an electrostatic discharge from e.g.
charged particles can be used to generate the electric field. Other materials that change
refractive index in response to a signal may be used in place of or in addition to an
electro-optic material. Such materials include thermo-optic, elasto-optic, magneto-optic,

and acousto-optic materials.

There are many examples of optical materials from which a hybrid waveguide
structure can be fabricated. A difference in refractive index can be achieved by using
different materials in the cores and/or the cladding or by applying an electric field to an
electro-optic polymer. Electro-optic polymer materials are preferred electro-optic
materials. Chromophores such as DR-1, DCM, RT2108, RT 4210, or SY215 may be
grafted onto passive materials such as Amoco Chemical Corporation’s Ultradel 4212 or
Hitachi Chemical Corporation’s PIQ L100, OPI 1305, or OPI 2005 to form an electro-
optic material (see Figures 5A and 5B for the structures of these materials, where “A”
on the polymer structure may be any of the substituents shown in “a,” “b,” or “c”).
Other electro-optic polymers include Enichem’s polymers disclosed in U.S. Pat. Nos.
5,395,556 and 5,514,799, each of which is incorporated by reference herein. A hybrid
digital electro-optic switch made with an electro-optic polymer can be manufactured
easily and at low cost. Electro-optic materials can also be large bandgap crystals (such
as LiNbO, or KNbO;)or semiconductors (such as GaAs, InGaAs and other Group III-V
compounds) that have been doped with a metal such as titanium to form cores and
cladding regions. A hybrid digital electro-optic switch can also be fabricated into a
multiple-quantum-well device by e.g. chemical vapor deposition to become a very low
switching voltage device. Passive materials have little or no electro-optic effect, and
typical examples of passive materials include Amoco’s Ultradel 4212 and Hitachi’s PIQ
L.100, OPI 1305, and OPI 2005. Cladding materials can be electro-optic or passive

materials such as polyimide, polyacrylate (such as polymethylmethacrylate), benzyl-
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cyclobutene, or polyquinoline. The materials used to produce cores and/or cladding can

be selected from a wide range of materials, including organic materials, inorganic

materials and hybrid organic/inorganic materials, such as sol-gel glasses in a polymeric

matrix. The electro-optic material in a core or cladding preferably has a refractive index

equal to the refractive index of its neighboring core or cladding, respectively, either in

the presence or absence of an applied electric field.

Core and cladding materials are preferably polymeric materials. These materials
are easily handled in the method of this invention described below. Also, the refractive
index of a batch of these materials can be determined before fabricating a structure, and
the dimensions of each core and cladding can be determined and adjusted to provide

consistent performance of a structure despite variations in material properties.

Electro-optic and passive “buttons” can be located at points of close approach or
contact and/or between two or more adjacent optical cores to provide variable or fixed
coupling between these cores, respectively. Control signal paths are routed to make
electrical contact with electrodes above and below electro-optic buttons to enable control
over the optical states of these buttons. An “off state” of an electro-optic core button
can be selected such that the refractive index of the electro-optic material is essentially
equal to that of the passive material of the optical core within which it is located so that
the optical signal is outputted from the same core into which it is inputted. In an “on-
state” of an electro-optic button, the refractive index of the electro-optic material of the
core button is reduced so that at least a portion of the optical signal is outputted from the

other core.

Hybrid waveguide structures can be designed using Maxwell’s equations,
Marcatili’s method, or the effective index method, for example, as described in H.
Nishihara et al., OPTICAL INTEGRATED CIRCUITS, pp. 29-32 and 46-61 (1985) (McGraw-
Hill). For a hybrid waveguide structure containing two or more evanescently-coupled
cores, usually the coupling length of the cores is selected during design, and the other
design parameters such as material refractive index and width, height, and separation of
cores are chosen to provide the desired switching characteristics for the particular
application in which the hybrid waveguide structure is to be used. The hybrid section of

a hybrid waveguide structure containing one core is usually designed to induce the
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desired phase-shift in the optical signal or to provide the desired value for the maximum
angle of reflection of the optical signal at bends. The maximum thickness of the hybrid
waveguide structure is usually established by the voltage that is available to produce the
electric fields that act on the electro-optic material in the core. Where the hybrid
waveguide structure has hybrid cladding, the hybrid section is sufficiently large and
sufficiently close to the core to cause a desired amount of change in the electric field of

the optical signal traveling through the core.

One advantage of many of the hybrid waveguide structures of this invention is
that the structure can carry a single-mode optical signal without adding optical modes.

Thus, a single-mode optical signal is also outputted from the structure.

The U.S. patent application, “Hybrid Digital Electro-optic Switch,” inventors
John T. Kenney and Richard D. Sherman, was filed on even date herewith and describes
other and additional aspects of this invention. The disclosure of Mr. Kenney’s and Mr.
Shennan’s patent application is incorporated by reference herein in its entirety for all that

the application teaches.

Hybrid waveguide structures can be incorporated into equipment used for such

purposes as:

)] signal equalization in regenerative amplifiers for telecommunications;
(II) logic elements in an all optical or hybridized optical logic circuit;

(IIT)  wavelength conversion elements in wavelength division multiplexing and

demultiplexing switching systems for telecommunications;
(IV) external modulation of optical signals for digital signal transmission; and
(V)  an n-by-n crossbar switch used in telecommunications.
2. Methods of making the hybrid waveguide structure

The invention provides methods of making a hybrid waveguide structure. The
invention provides a “trench-based manufacturing process,” in which relatively shallow
trenches are cut into a material and filled with either a core or a cladding material. The

invention also provides a “rib-based manufacturing process,” in which cores are formed
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in ribs by cutting into a multi-layer material (at least one layer or portion of which is
usually core material) and filling the deep troughs with cladding material. Many of
these methods utilize a temporary filler that allows two optical materials to be placed in
the trench or trough in very specific and well-controlled locations. One of the
advantages of methods described below is that the cores within a layer are “self-
aligned.” The trenches or ribs in which the cores are formed are patterned in one
photolithography step. Thus, even though portions of cores may be made of different
materials, the trenches or ribs align to one another without the need to etch additional

trenches and attempt to align the new trenches with previously-etched trenches.

Many electro-optic materials absorb substantial energy from the optical signal
and can only be used in existing core structures in very limited circumstances. The
process of this invention allows these “lossy” materials to be used in cladding buttons or
in core buttons in the specific coupling, switching, or modulating region with little loss

of the optical signal.
(a) Trench-based manufacturing process

In the trench-based manufacturing process, an optional electrode is formed on the
surface of a substrate that is subsequently coated with e.g. a layer of a high-clarity,
passive material that will function as the cladding for optical cores that are to be formed.
A photolithographic process and associated etch (wet or dry) produces an open trench or
a plurality of open trenches (e.g. two or more) in this passive material. At least one of
these trenches is filled with a temporary, easily-etched filler material. This temporary
filler is subsequently masked and etched to remove selected portions of the filler
material. Portions within a trench may be removed to leave one or more short sections
(referred to herein as “space-filler buttons”) of temporary filler in one or more of the
trenches, or, all of the temporary material in selected trenches may be removed so that
some empty trenches and some trenches partly or wholly filled with temporary filler are

provided.

The empty sections of each trench are filled with a second high-clarity material
having a different property from the first material, and the structure is subsequently

planarized by etching the structure or by using e.g. chemical-mechanical polishing
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(CMP). A second photolithography step may be performed so that a portion of the
remaining temporary material can be etched and the resulting space filled with a third
high-clarity material and so forth until all temporary material has been removed and
filled with high-clarity material that has been planarized. Usually a layer of passive
material is spun onto the structure, and subsequently an electrode or electrodes are

formed above and near any electro-optic material incorporated into the structure.

Some specific examples of this process illustrate some of the benefits that are
derived from using the trench-based manufacturing process to make hybrid waveguide

structures.

(1) Core button made by trench-based manufacturing

Figure 6A illustrates a top portion of a wafer 10 on which a first cladding layer
11, such as polyimide, has been spun coated and an electrode, 9, has been formed.
Trenches 12 (illustrated in Figure 6B) are formed in cladding layer 11 by applying a
masking layer 13 (photoresist or metal) to a top surface 14 of the first cladding layer and
then patterning this masking layer, developing the exposed layer to produce a contact
mask having an elongated rectangular opening 15 in the masking layer, and then etching

the exposed portion of layer 11 in a wet or a dry etch to form trenches 12.

As illustrated in Figure 6C, a layer of temporary filler 16 is e.g. sputtered or
deposited via CVD onto cladding layer 11 to fill trenches 12. Next, as illustrated in
Figure 6D, a photolithographic mask 18, consisting of a conventional photolithographic
material, is formed on top of surface 16 by conventional techniques. The top surface of
this structure can be planarized at this point, if desired. Temporary filler 16 is patterned
via photolithography, and the exposed portions 19 of temporary filler 16 is subsequently
etched to form a temporary button 110 of Figure 6E. A metal such as aluminum is a
particularly good choice for the temporary filler, because the metal can be easily etched
by a wet etch process that uses an acid bath such as a phosphoric/nitric acid bath without

harming the polymer and substrate.

As illustrated in Figure 6F, a layer of core material 111 is deposited to a
thickness sufficient to fill in a set of trench openings 112 (illustrated in Figure 6E) with

core material to form core segments 113 illustrated in Figure 6G. The top surfaces of
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the core material is planarized to produce top surfaces (illustrated in Figure 6G) that are,

in this case, coplanar with a top surface 14 of the first cladding layer. This planarization

also exposes the temporary filler buttons 110. This figure illustrates core segments 113

and one of the temporary filler buttons 110.

The temporary filler buttons 110 are removed (e.g., by etching with a suitable
etchant) to produce button openings 114 shown in Figure 6H. As illustrated in that
figure, a layer of optical material 115 is applied to fill in the button openings 114,
thereby producing the buttons 116, illustrated in Figure 61. Thus buttons 116 can be
formed of passive material having a refractive index that essentially does not change in
response to an applied electric field, or buttons 116 can be an electro-optic material that
changes refractive index in the presence of an applied electric field. For example, it
may be advantageous to use a passive button to produce a fixed amount of coupling
between a pair of closely-spaced optical cores. Alternatively, a passive button can be

used merely to introduce a fixed delay in an optical signal path.

A second cladding layer 118 (illustrated in Figure 6J) of the same cladding
material used to form first cladding layer 11 is applied, and electrode 119 is formed
above at least core button 116. A backplane electrode 9 is included so that an electric

field can be generated to change the refractive index of the electro-optic material.
(i1)  Cladding button made by trench-based manufacturing

In this trench-based manufacturing method, a substrate 701 shown in side view in
Figure 7A is coated with a first layer of a cladding material 702. A second layer of a
second cladding material 703, having a refractive index greater than the refractive index
of the first cladding material, is deposited on the first cladding layer in this example,
patterned via photolithography, and etched to produce cavities 704 illustrated in the top
view of Figure 7B (this second layer is optional and may be eliminated). These cavities
are located in areas through which a core or cores of the structure will run after
processing is completed. The cavities are etched through the second cladding material of
the second layer and to the surface of the first layer as illustrated in the side view of
Figure 7C. Etch depth is controlled by timing the etch or by using a laser

interferometer.



10

15

20

25

WO 98/40771 PCT/US98/04851
20
The cavities are filled with a third cladding material 705 and planarized via, e.g.,
dry etching. The structure is again patterned via photolithography and etched to the first
cladding layer to define channel 706 of Figure 7E. The channels so formed are filled
with a core material and planarized to form core 707 and the structure shown in Figure

7F.

Subsequently, the structure is coated with a fourth cladding material which e.g. is
the same cladding material used to form the first layer. Electrodes may be added to the
structure where the material used to form the cladding buttons is an electro-optic
material. Preferably, the third cladding material that is used to fill the core wells is

electro-optic material. A temporary filler is not needed in this method.
(b) Rib-based manufacturing process

A “rib-based manufacturing process” can also be used to manufacture hybrid
waveguide structures having e.g. core or cladding buttons. Generally, in a rib-based
manufacturing process, cores are contained within ribs that are fabricated of optically
transmissive materials, and cladding material is placed between the ribs. A temporary
filler is used in methods of this invention so that materials having different refractive
indices (or having differences in other useful properties) can be placed in portions of the

structure being fabricated.

§)] Core button made by rib-based manufacturing

In one rib-based manufacturing process, a substrate 801 shown in side view in
Figure 8A is coated with a first layer of a cladding material 802. A second layer of a
first core material 803 is deposited on this cladding layer, patterned via
photolithography, and etched to produce cavities 804 illustrated in the top view of
Figure 8B. These cavities are located in areas that will eventually become the cores of
the structure after processing is completed. The cavities are etched through the first
core material of the second layer and to the surface of the substrate or to the surface of
the cladding material of the first layer as illustrated in the side view of Figure 8C. Etch

depth is controlled by timing the etch or by using a laser interferometer.
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The cavities are filled with a second core material 805 and planarized via, e.g.,
dry etching. The structure is again patterned via photolithography and etched to the
substrate or to the first cladding layer to define the ribs 806 and 807 of Figure 8E that
contain the cores. The cavities 804 so formed are usually sufficiently wide that the
second core material 805 occupies the full width of the rib 806 in which the second core
material is incorporated. Subsequently, the etched structure is coated with a second
cladding material 808 that also fills the troughs or open spaces between the ribs as
shown in Figure 8F. The refractive index of the second cladding material 808 can be
the same as or can differ from the refractive index of the first cladding material 802.
Electrodes may be added to the structure where one of the materials used in forming the
core buttons is an electro-optic material. Preferably, the second core material that is
used to fill the core wells is electro-optic material. A temporary filler is not needed in

this method.

Ribs or portions of ribs containing the second core material may be spaced
sufficiently far from one another that they do not evanescently couple. In this case, the
second core material induces a phase shift in the optical signal being carried in its core.
Ribs or portions of ribs may be spaced sufficiently closely that the cores evanescently
couple in use. The core button that is formed in one of the evanescently-coupled cores
alters the optical signal in all evanescently-coupled cores a fixed amount if the second
core material is a passive material, or the core button can alter the optical signal a

predictable amount if the second core material is an electro-optic material.
(i)  Cladding button made by rib-based manufacturing

Figures 9A-F illustrate a rib-based manufacturing process for manufacturing a
hybrid waveguide structure that has a cladding button. These figures also illustrate a
particular embodiment in which three coplanar optical cores are formed to approach

sufficiently closely that the cores evanescently couple.

Figure 9A illustrates a top portion of a wafer 20 on which a layer of a first
cladding material 21 has been deposited. A layer of a core material 22 is deposited on
cladding layer 21. A subsequently-deposited layer of photolithographic material 23 is

exposed through a mask and is developed to produce a plurality of mask regions 24-26
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shown in Figure 9B. The layer of core material 22 is etched in those regions that are

not protected by mask regions 24-26, thereby producing a set of cores or ribs 27-29

shown in Figure 9C.

As illustrated in Figure 9D, a layer of temporary filler (e.g., a metal that can be
etched by acids that will not attack the other components of this device) is applied to fill
the troughs, patterned via photolithography, and etched to leave a section of temporary
filler 30 where the button is to be located in the completed hybrid waveguide structure.
At this point, the structure may be completed two different ways in these preferred

embodiments of the invention.

A second cladding material 31 (which preferably has the same refractive index as
the first cladding material) is applied to the structure, and the second cladding material is
planarized using e.g. dry etching or reactive-ion etching. The embedded sections of
temporary filler are exposed by patterning and etching the structure to remove the
second cladding material above the temporary filler. The temporary filler is etched to
form voids 32 as shown in Figure 9F, and a third cladding material 33 is coated onto the
structure to fill the voids as shown in Figure 9G. If the third cladding material is a
passive material, usually enough of the third cladding material is placed on the structure
that the third cladding material both fills the voids and forms a cladding layer over the
cores. If the third cladding material is an electro-optic material, usually the layer of
third cladding material is planarized using e.g. dry etching to remove the electro-optic
material from all areas except the areas where the temporary filler resided. Such
planarization can be accomplished by first coating the layer to be planarized with a
sacrificial layer having a similar etch rate to the underlying material (such as photoresist
or benzyl-cyclobutene (“benz-cyclobutene” or “cyclotene”) of at least sixty percent
solids), curing the layer, and etching the sacrificial layer and the underlying layer until
the surface of the remaining underlying layer is substantially planar with the surface of

the structure that existed prior to placing the underlying layer on it.

If the third cladding material is an electro-optic material, a fourth cladding
material is spun onto the structure to form a cladding layer above the cores, and
electrodes are optionally formed over the electro-optic material. A backside electrode is

also optionally formed under electro-optic buttons at the beginning of the process so
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that, when an electrical voltage is applied to a top electrode located over an electro-optic

cladding button, an electric field is produced through the electro-optic cladding button to

vary the refractive index of that button.

Alternatively, instead of completing the structure as described in the previous
two paragraphs, the following method may be used to complete the structure. A second
cladding layer is spun onto the structure as described in the third paragraph preceding
this paragraph and planarized to the tops of cores 27, 28, and 29, the temporary filler is
removed, and the cavity is filled with e.g. the third cladding material described above.
The structure is again planarized, and a fourth cladding layer is then spun on to complete

the structure.

Electro-optic cladding buttons can be taller or shorter than or the same height as
cores 27-29. The electro-optic cladding buttons may be between or may completely
surround waveguides 27-29. At their point of closest approach, cores 27-29 are
separated by a spacing of approximately 2-3 wavelengths or less, so that light is
efficiently coupled between these cores. The electro-optic material may extend only part
way between adjacent ribs, but preferably extends across the entire gap between adjacent

ribs.

In this particular embodiment, the sidewalls of this button curve in a manner
similar to the curved sidewalls of ribs 27 and 29. Preferably,-this cladding button is
wide enough that it contacts all three of these ribs 27-29, thereby providing cladding
material that extends completely across the gap between each pair of adjacent ribs in the
region where these ribs are most closely spaced. Instead of or additionally to placing
cladding material in the curving portion of the cores, electro-optic material may be
placed between the evanescently-coupled cores to effect a change in the optical signal

being carried by the cores in response to an applied electric field.
@iii) Combinations of the above methods

Although much of the discussion above has been in terms of electro-optic
buttons, it is generally advantageous to utilize both electro-active and passive buttons in
a device incorporating hybrid waveguide structures to provide a wider range of functions

on a device. For example, a passive core button can be used to provide cores with
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short-radius bends that act as conduits between different switches that are incorporated
into a device. Interferometric switches, AP directional couplers, branching waveguide
switches, total internal reflection switches, and/or multimode star or multimode
interference couplers that have electro-optic core and/or cladding buttons, for instance,
can also be incorporated into the same device to process the optical signal. The methods
of making hybrid waveguide structures discussed above allow easy incorporation of any
or all of these switches and other structures into one device because the methods permit

patterning, etching, and forming the devices simultaneously.

One example illustrates how the above methods can be combined to form
different hybrid waveguide structures. An interferometric filter used to demultiplex
optical signals is illustrated in Figure 10. This interferometric filter is fabricated by

forming both cladding buttons and a core button using passive materials.

A first passive cladding material having a refractive index of 1.5100 is spun onto
a silicon substrate or a silicon substrate having an oxide layer, and a rectangular section
of the cladding through which a core will eventually run is patterned via
photolithography and etched to form a rectangular trench in the substrate. A second
passive cladding material having a refractive index of 1.6100 is spun onto the layer of
the first passive cladding material, filling the void and forming a layer on the first

passive cladding material.

The second passive cladding material is planarized using e.g. photoresist and a
dry etch, leaving only a rectangular section of the second passive cladding material
embedded within the first passive cladding material. The structure is patterned via
photolithography, and two trenches are cut into the passive cladding materials. One
trench passes through the middle of the rectangular section of the second cladding
material, and the other trench passes through the first cladding material. This etch has
established critical features of the interferometric switch, the width, height, and spacing

of the cores to a tolerance of about 0.1 micron.

Next, a temporary filler is deposited on the structure, patterned via
photolithography, and etched so that temporary filler remains only within the portion of

the trench passing through the rectangular section of the second cladding material. A
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first core material having a refractive index of 1.520 is spun onto the structure, and the
layer is planarized so that the first core material remains only within the trenches. The
temporary filler is etched, and the structure is coated with a second core material having
a refractive index of 1.620, which is planarized so that the second core material remains
only within the void in the trench left when the temporary filler was removed. A third
passive cladding material that is identical to the first passive cladding material is spun
onto the structure, and a rectangular section is patterned over the previously-formed
rectangular section. The rectangular section of the third passive cladding material is
etched to the second core material to form a rectangular trench, and subsequently a
fourth passive cladding material that is identical to the second passive cladding material
is spun onto the structure to complete it. The resulting hybrid waveguide structure has
two cores 1001 and 1002 embedded in cladding material, and the structure has a core

button 1003 and cladding button 1004.

An optical signal consisting of two different wavelengths of light enters the filter
through an input core, splits into twin signals at a junction, and each signal passes
through a core. One of the cores 1001 has hybrid core and cladding buttons, wherein
the phase of the signal in that core is shifted when its phase is compared to the phase of
its former twin signal passing through the other core. The cores subsequently approach
each other and are sufficiently close together that evanescent coupling occurs between
the cores. As the cores diverge again, one core carries light of wavelength A,, and the
other core carries light of wavelength A,. These signals can be used in other switches

located down-stream of the interferometric filterjust described.

This example illustrates various advantages of this invention. Critical dimensions
of cores can be established in one photolithography step, which establishes those
dimensions to an accuracy of about 0.1 micron using current processing equipment.

Less critical dimensions are established in steps that have less accuracy. For example, a
mask aligner can reposition a substrate to an accuracy of only about +1.0 micron.
Formation of cladding areas (which can be sized to be slightly over-size or under-size
without affecting the performance of the switch) is established in separate

photolithography steps. Thus, using certain methods of this invention establishes critical
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dimensions of features to high accuracy. Many combinations of materials may also be

incorporated into the cores, the cladding, or both.

Descriptions of specific designs and dimensions are provided only as examples.
It is to be understood that various modifications to the preferred embodiments will be
readily apparent to those skilled in the art. Thus, while preferred embodiments of the
invention have been disclosed, it will be readily apparent to those skilled in the art that
the invention is not limited to the disclosed embodiments but, on the contrary, is
intended to cover numerous other modifications and broad equivalent arrangements that

are included within the spirit and scope of the following claims.
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WHAT IS CLAIMED IS:

1. An optical device made by the method comprising the steps of

(a) providing a layer of cladding material, wherein the layer of
cladding material comprises a region of a first cladding material embedded within a layer

of a second cladding material; and

) forming a core having a length within the layer of cladding
material, wherein at least one side of the core abuts a portion of the first cladding
material along the length of the core and wherein said side of the core abuts a portion of

the second cladding material along the length of the core.

2. The optical device of claim 1, wherein the step of providing a layer of

cladding material comprises the steps of

@) patterning a layer of the second cladding material using

photolithography to form a contact mask on the layer;

(b) etching portions of the layer of the second cladding material that

are unprotected by the contact mask to form cavities; and
© filling the cavities with the first cladding material.

3. The optical device of claim 1, wherein the step of forming a core having a

length within the layer of cladding material comprises the steps of

(a) patterning the layer of cladding material using photolithography to
form a contact mask on the layer of cladding material, wherein the contact mask
provides a region on the layer of cladding material that is unprotected by the mask, said

region being located over the first cladding material and the second cladding material;

(b) etching the region to form a contiguous trench through the first

cladding material and the second cladding material; and
© filling the trench with a core material.

4, An optical device made by the method comprising the steps of



10

15

20

25

WO 98/40771 28 PCT/US98/04851

(a) forming a trench in a layer of a cladding material,

(b) filling at least a portion of the trench with a first core material;
©) forming a void in the first core material; and

(@ filling the void with a second core material.

5. The optical device of claim 4, wherein the steps of filling at least a
portion of the trench with a first core material and forming a void in the first core

material comprise the steps of

(@) filling a portion of the trench with a temporary filler to form

trench portions filled with the temporary filler and unfilled trench portions;
(b) filling the unfilled trench portions with the second core material;

(©) removing the temporary filler from the trench portions filled with

the temporary filler to form the voids; and
(d) filling the voids with the first core material.
6. An optical device made by the method comprising the steps of
(a) providing a layer of a first core material;
(b) removing a portion of the first core material to form a cavity;
(©) filling the cavity with a second core material; and

@ removing a sufficient amount of the first core material to form a
core having a length, a width, and a depth such that the core has a portion along its
length wherein the second core material spans the width and depth of the core, and the
second core material is located between two portions of the first core material of the

core.

7. The optical device of claim 6, wherein the method of making the optical

device comprises the steps of

(@) providing said layer of the first core material;
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(b) patterning the layer of the first core material using

photolithography to form a contact mask on the layer;

(©) etching portions of the layer of the first core material that are

unprotected by the contact mask to form the cavity;

(d) filling the cavity with the second core material to form a layer of

first and second core materials;

(e) patterning the layer of the first and second core materials using
photolithography to form a second contact mask on the layer, wherein the second contact
mask provides a region on the layer that is unprotected by the mask, said region being

located over the first core material and the second core material;

() etching the region to form a rib having an optical path, wherein
the rib is comprised of the first core material and the second core material, and wherein

the first core material abuts the second core material at a position along the optical path
of the rib.

8. An optical device made by the method comprising the steps of
(a) providing a layer of a first cladding material;

(b) forming a core comprised of a core material on the first cladding

material; and

(©) placing a second cladding material adjacent to at least one side of

the core such that the second cladding material abuts said at least one side of the core.

9. The optical device of claim 8, wherein the method of making the device

comprises the steps of
(a) providing a layer of a first cladding material;

(b) placing a layer of a core material on the layer of the first cladding

material;

© placing a mask on the layer of the core material using

photolithography;
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() etching the layer of core material in those regions that are not
protected by the mask to produce a rib of the core material on the layer of the first

cladding material;

(e) placing a layer of a temporary filler on the layer of the first

cladding material;

® placing a mask on the layer of the temporary filler using

photolithography;

() etching the layer of the temporary filler to the surface of the layer
of first cladding material in those regions of the layer of temporary filler that are not

protected by the mask, thereby producing a section of temporary filler;

(h) placing a layer of a second cladding material onto the layer of first

cladding material;

6] removing the section of temporary filler to form a cavity; and
filling the cavity with a third cladding material to form a layer comprised of the first
cladding material, the core material, the second cladding material, and the third cladding

material.
10.  An optical device made by the method comprising:

(@) forming a structure having at least one rib, which rib comprises a

core material;.

(b) placing an optical material adjacent to said at least one rib,

wherein the optical material comprises a cladding material; and

© forming at least one button on the structure, wherein the button is

selected from the group consisting of a core button and a cladding button.

11.  The optical device of claim 10, wherein the step of forming a structure

having at least one rib comprises the steps of.

@) forming a layer of core material on top of a layer of cladding

material;
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(b) forming a photoresist layer on top of the layer of core material;

(©) exposing the photoresist layer with a pattern of light selected to

produce the rib;
(<)) developing the photoresist layer to form a contact mask;

5 (e) etching the core layer that is unprotected by the contact mask to

produce the rib; and
® removing the contact mask.

12.  The optical device of claim 10, wherein the step of forming at least one
button on the structure comprises placing a temporary filler in the core material or in the
10 cladding material and subsequently replacing the temporary filler with a second core

material or second cladding material, respectively.

13.  An optical device made by the method comprising the steps of
(@) placing a temporary filler in a first optical material;
(b) removing a portion of the temporary filler to leave first voids;

15 (c) filling the first voids with a second optical material;

(d) removing remaining temporary filler to form second voids; and
(e) filling the second voids with a third optical material.

14.  The optical device of claim 13 wherein said method comprises the steps of

@ removing a portion of said first optical material to form cavities in

20 the first optical material;
(b) filling the cavities with a temporary filler;
(©) masking a portion of the temporary filler;
(d) removing unmasked temporary filler to leave first voids;

(e) filling the first voids with a second optical material;
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®) masking a portion of the remaining temporary filler;

(2) removing the unmasked portion of the remaining temporary filler

to form second voids;
(h) filling the second voids with a third optical material;
i) removing the remaining temporary filler to form third voids; and
()] filling the third voids with a fourth optical material.

15.  An optical device for carrying an optical signal, said optical device

comprising:
(a) at least one core for carrying the optical signal;
(b) cladding; and

(©) at least one button selected from the group consisting of a core
button and a cladding button, wherein the button is made of a material that alters the

optical signal when the optical signal passes through said core.

16.  The optical device of claim 15 wherein said button comprises a cladding
button, and the difference between the refractive index of said cladding button and the
refractive index of cladding material abutting the cladding button is at least 0.05 units

and no more than about 0.10 units.

17.  The optical device of claim 15 wherein said button comprises a cladding
button, and the difference between the refractive index of said cladding button and the
refractive index of cladding material abutting the cladding button is no more than about

0.001 units.

18.  The optical device of claim 15 wherein said button comprises a core
button, and the difference between the refractive index of said core button and the

refractive index of core material abutting the core button is no more than about 0.001

units.

19.  The optical device of claim 15 wherein the optical device has at least two

cores that are evanescently coupled.
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20.  The optical device of claim 19 wherein the refractive indices of the
cladding, of the cores, and of the button and the length, width, height and spacing of the
evanescently-coupled cores are selected to modify an optical signal to be transmitted by

the evanescently-coupled cores a desired amount.

21.  The optical device of claim 19 wherein the refractive index of a button

that couples signals between adjacent cores is selected to maximize such coupling.'

22.  The optical device of claim 15 wherein the optical device has a core
button having a side and a cladding button having a side, wherein said side of the core
button abuts said side of the cladding button, and wherein the difference in refractive
indices of the core button and the cladding button is at least approximately equal to the
difference between the refractive indices of the core and cladding immediately adjacent

to the core button and the cladding button.

23.  The optical device of claim 15 wherein said at least one button is a

cladding button.

24.  The optical device of claim 15 wherein said at least one button is an

electro-optic button.

25.  The optical device of claim 24 wherein said at least one button is a

cladding button.

26.  The optical device of claim 24 further comprising an electric field
generator that generates an electric field of sufficient strength to change the refractive

index of the electro-optic button.
27.  An optical device comprising:
@) a first core; and

(b) a second core;

' Ed, how do you select the refractive index to maximize coupling? I need to
provide a short description of how you would select the refractive indices in the
application.
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©) wherein said first core and said second core are positioned to

receive identical input signals to each core;

@ wherein said identical input signals travel an optical path through

each core;

(e) wherein said first core is spaced sufficiently from said second core

that the optical signal in said first core is isolated from said second core;

@ and wherein said first core is the optical device of claim 15 having

a button.

28.  The optical device of claim 27 wherein, at a position that is located after
the button along said optical path, said first core and said second core converge to form

one core.

29.  The optical device of claim 27 wherein, at a position that is located after
the button along said optical path, said first core and said second core are located on the
optical device so that the first core and the second core are parallel to one another and
have a distance from one another such that the first core and the second core

evanescently couple.

30.  The optical device of claim 27 wherein said button is a cladding button.

31.  The optical device of claim 27 wherein said button is an electro-optic

button.
32.  The optical device of claim 31 wherein said button is a cladding button.

33.  The optical device of claim 31 further comprising an electric field
generator that generates an electric field of sufficient strength to change the refractive

index of the electro-optic button.

34.  An optical device comprising, in cross-section, three sections, a lower
section, a middle section, and an upper section, wherein each section comprises five
regions, a first region, a second region, a third region, a fourth region, and a fifth

region, substantially as illustrated in Figure 2,
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(a) wherein the second middle region and the fourth middle region are

each formed of a core material;

(b) wherein the other of the regions of each section are each formed of

a cladding material;

(©) wherein a hybrid portion is a portion of a region wherein, in the
cross-section taken at one point along the direction of the path of an optical signal
traveling through a core, the portion comprises a first material having a first refractive
index, and in a cross-section taken at another point along the path of the optical signal,
the portion of the same region is a second material having a second refractive index,

wherein the first refractive index and the second refractive index are not equal; and
(d) wherein at least one of the following conditions is satisfied:

@) at least one of the second or fourth lower or upper regions

or the first, second, third, fourth, or fifth middle regions has a hybrid portion;

(i)  in a cross-section taken at one point along the path of the
optical signal. where the second middle region and the fourth middle region evanescently
couple when an optical signal is transmitted through one of these regions, when the
second or fourth lower region is the hybrid region, the other of the second or fourth
lower region is formed of a cladding material having a refractive index that differs from

the refractive index of the hybrid region;

(ii)  in a cross-section taken at one point along the path of the
optical signal where the second middle region and the fourth middle region evanescently
couple when an optical signal is transmitted through one of these regions, when the
second or fourth upper region is the hybrid region, the other of the second or fourth
upper region is formed of a cladding material having a refractive index that differs from

the refractive index of the hybrid region;

(iv)  in a cross-section taken at one point along the path of the
optical where the second middle region and the fourth middle region evanescently couple
when an optical signal is transmitted through one of these regions, when the first, third,

or fifth middle region is the hybrid region, at least one of the other of the first, third, or
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fifth middle region is formed of a cladding material having a refractive index that differs

from the refractive index of the hybrid region;

(e) wherein the first refractive index and the second refractive index
are considered not equal when the first refractive index is not equal to the second
refractive index in the presence of an applied electric field, in the absence of an applied

electric field, or both.
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