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vides

PIro

an

5 optlical wavegulde, a central region, a first side region,
and a second side regilon. The central region is located
within the nonlinear optical wavegulde, wherein the
central region comprises a nonlinear optical matsrial,
The first side regicn is on a first zide of the central

10 regicn and the zecond side region is on a second side of
the central reglon. Ths nonlinsar optical material
comprising the central region has

that is larger than a
coefificient of a =zecond matesrial comprising the first
15 side region and the second side regicn.
Another embodiment of the prx
method for moving a light threough a nonlinearx
waveguide structure. A light at a pump
wavelength 1s input into the nonlinear optical waveguide
20 structure having a central regilon within a nonlinearx

opti wavegulde In the nonlineax

gulde

structure; a first side region of a first side of the

central side ¢ on on

egil

o~
£

OF

the central region. T central region

s

o

a

second side

conprises a

25 nonlinear optical material and the central region has a
first nonlinear cecefficient that is larger than a second

—~

si

nonlinear coefficilent de

gsecond side region. at the pump

waveleng

1th

propagated along & path in the optical waveguide
30 structure, wherein light generation cccurs in the
nonlinear optical waveguide.
The features and functions can bhe achieved

independently in various enbodiments of the

or may be combined in vet other

empbodiments

present

in
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THE DRAWINGS

The novel features believed characteristic of the
illustrative embodiments arse set forth in the appendec
5 claims. The illustrative embodiments, however, as well
as a preferrsd mode of use, further
features therecf, will best bes understood by refsrence to

the following

embodiment

10 conjunction with the accompanying drawings, arain:
Figure 1 1s an 1llustration of a block diagram of an
cptical wavegulde structure in accordance with an
illustrative embodiment;

Figure 2 1s an 1llustration of a block diagram of a

i5 configuration for an c¢ptical wavegulde structure in

accordance with an illustrative emboediment;
Figure 3 is an 1llustration of a cross-sectional view of
a optlcal waveguide 1n an opt:i waveguide
in acceordance with an illustrative embodiment:
23 ls an 1llustration of field profiles in a
optical waveguide in acccordance with an
illustrative embodiment;
Figure 5, an illustration of field profiles in central
region of a nonlinear optical waveguide as depicted in

25 accordance with an illustrative embodiment.

Figure & 1is an 1llustration of a graph of an tica
field overlap factor for different con

nonlinear optical waveguides in accord

illustrative embodiment;

30 Figure 7 1s an 1llustration of a cross—sectional view of
an optical wavegulde structure with electrodes in
accordance with an illustrati embodiment;

[&x}
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Figure 8 is an i1llustration of a cross- nal view of
an optical waveguide structure in accordance with ar
illustrative embodiment;
Figure 9 is another illustration of a cross—sectional
5 view of an optical waveguids structure with a two-core
regicon in accordance with an illustrative embodiment;
Figure 1¢ 1s vyet ancther ilillustration cof a cross-
sectional view ¢of an optical wavegulide structure with a
two-core region in accordance with an illustrative
10 erbodiment;
Figure 11 is an 1llustration of a cross-sectional view of
an optical waveguide structure with merged core regions
that form a multimode intsrference coupler in accordancs
with an illustrative embodiment;
15 Figure 12 is vel ancther illustraticon of a cross-
gsectional view cof an cptical waveguide structure witl
erged core reglons that form a multimede interference
coupler in acceordance with an illustrative embodiment:
Figure 13 is an i1llustration of a cross—sectional view of
23 an optical wavegulde structurse in accordance with an
illustrative embodiment;
Figure 14 1z an 1llustration of an optical waveguide
structure in accordance with an illustrative embodiment:
Figure 15 iz an 1llustration of an optical waveguide
25 structure in accordance with an illustrative embodiment:
Figure 16 iz an 1llustration of & flowchart of a process
for moving light through an optical wavegulde structure
in accordance with an lustrative embodiment; and
Figure 17 1z an 1llustration of & block diagram of &
30 preduct management system in accordance with an
illustrative embodiment.

5
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take into

account one or more different considerations. For

5 example, the illustrative embodiments recognize and take
into account that when light propagates through an
optlcal waveguldse, the light may have different
wavelengths., The 1llustrative smbodiments recognize and
take into account that the light of the shortes

10 wavelength, such as a pump light, can have a propagation
mode such as a transverse electric (TE) 31 mod which is
a higher order mode The illustrative ewmbodiments

and take into account that the 1ight of othex

wavelengths traveling through an optical waveguide can

15 have a fundamental mode such as TE 11. The iilustrative
embodiments recognize and take into account that the
light of the other wavelengths can ke a
an i light generated within the ophti
a result of the pump light traveling through

20  waveguide.

The illustrative ewmbodimsntsz recognize and take into
account that the configuration of a nonlinear optical
wavegulide can afifect the efficiency ¢f generating at
least one of a signal light or an idler light. As used

25 herein, the phrase “at least one of,” when used with a
list of items, means different combinations of one or
more of the listed items can be used, and only one of

+

in

in

othe

item he list may be needed.

[8 PRl

items

[ .

[ T R N
any combination

P

be used from the list, but not a

N
[}

r words, t

and number

il of the

items in the list are reguired. The item can be a
particular object, a thing, or a category.
For example, without limitation, “at least one of
item A, item B, or item C” may include item A, item A and
7
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item B, or item B. alse may incliude A,
item B, and item C or item B and item C. Cf course, any

combination f these ltems can be present. In some

D’)
O
-t

AT T A o PR B N . I~ I i =
illustrative examples, “at least one of” can be, for

5 example, without limitation, two of item A; one of item
By and ten of item C; four of i1tem B and C;
Yy other suiltable combinations.
The illustrative embodiments recog
account that it is desirzable to aveid 1i
10 particuliar wavelength having a first sign and a

sign that are cpposite of each other.
embodiments recognize and take into account that the =ign

is for the amplitude of tric field component of

the light. The 1llustrative smbodiments recognize and

account that this condition can result in the

621
ot
s3]
o
®
e
3
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The first region is

)]

central region. The second side region 1s located on

second side of the central region. The central region

,—!—
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ot
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has a first nonlinear coefficien ilarger than

)]

G second nonlinear co
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mbodiment.

de structur

@

de 102 that

omprises nonlinearx mate

5 In this illustrative example, a nuwber of nonlineax
optlcal procssses 106 can occur within nonlinear optical
waveguide 102. As used herein, a "number of,” when used
with reference, to items means one cr more ifems. For
examp i a “nunber of nonlinear optical processes 10687 is

10 one or more of nonlinear optical processes 1086,

Diffe 't nonlinear optical processes 1n
optical processes 108 can occur in different locatioconz ox
regions within nonlinear optical wavegulide 102.

The nonlinear optical processes 1086 can be three-

i wave mixing and four-wave mixing processes that generate
light. For noniinesar optical process 108 can
include at c¢f spontanscus parametric down
Conversion spontansous four-vwave mixing
{SFWMY . These nonlinear optical processes can generate

23 light. Nonlinear optical process 106 also can include

c
second harmonic generati

freguenc erati and

sSum on

generation., F

into nonlinear opti

2%  processes 106 can gener

110 or idler light 112

ating

propag
nonlinear

in €

20 b
:

light 110, and idler 1i

wavelengths. In this

108 can

have a

wavelength of

; pump

waveguide 102.

0

iff

{

erence f

can

light 108

lights of

; pump light

reguency

be input

108, signal

different

ve example, pump light
is shorter than the

idler
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In this illustrative ex

increase light
depicted,
comprises central
zecond sids
in
120

zide of central

[

s on gsecond side

illustrative example,

0

recond side

and second side

central region 114.
depicted, ce

mate

comprised of

ium aluminum

arsenide, gallium al
or soms other suitab
First

f“O'm}f)""" e

example, first side

waveguide
generation
nond

region

this example,
region

122 of

122. In

region

rial 104.
at least one of lith
licon car
gallium alurdinum nitride,
rho
uminum arsenide, al
le mater:
zide region 116,

second mate
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ample, the structure

102 can be config
by nonlineaxr

102

iheal

114, first and

region 118,

sids

( +

first

region
114, Second
central

=

first

side

other 118

1ig

words, first &i region

are on cpposite sides of

ntral region 114 comprises nonlineax

For example, central region 114

niobate

ium

bide, aluminum nitride, gallium

gallium phosphide,

sphide, aluminum phosphide, gallium

uminum arsenide,

ial.
and

rial 118. In this illiustrative
region 116 and second side region 118

can be comprised of second material 119 whose second-
order nonlinear coefficient is smaller as compared to the
second-order nonlinear coefficient of the nonlinear

optical material 104

nonlinear optical
light or dces not
nonlinear optical
second side region
no light becauss

secona

For examnple,

process
generate light.
process

118 does not

the

in central region 114 such that the

is weaker and generates less

In other words,

first side 116 and

o

in

regio

generates less light or

noniinear is weaker.

113

optical process

aterial in first side region 116

A0
R
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side region 118
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second material
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direct
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rel of light generation 128 within

162,

set

=3¢ sSet

ragion 114 has a of

to incrsase light generation 128

100,

=4

structurs n this example
o L4

nonlinear optical

100.

increasad 1r

=N

S

structure In one

of 130 can be

134,

. dimensicns

1L

one of width 132, hesig

or some other dimension.

~
“

dth 132 can ke for central

width 132
114,

strative exanple,

central region and

illustrati

other

on 114.

height 134

114, and

illiustrative

example,

second =zide 122 for

135, whi

As depicted, the set imensions 130 can be for
the cross-—section geometry nenlinear optical
wavegulide 102. Cross-sectional gecometry 131 includes a

25 set of dimensions 130 that describe a set of cross-
sections 133 in nonlinear optical wavegulide 102,

As used herein, a "set of," when used with reference
to items, means cone or more items. For example, a “set
of dimensions 1307 is one or more of dimensions 130,

30 The szet of dimensions 130 can be selected szuch that
light generation 128 increases for at least one of a
signal 1icght 110 or idler licght 112 when pump light 108
travels through nonlinear optical waveguide 102. For
example, in the set of dimensions 130, width 132 can be
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selected to increase an overlap of an electromagnetic
field for a light of interest with the central rsgion
such that light generation 128 1s increased in nonlineax
sptlcal wavegulde 102, The light of interest can be pump
light 108, signal light 110 or idler light 112.

For example, width 132 can selected to incrsase an
overlap of the electromagnetic field that has a first

gign for the light of interest within central region 114

first side region 116 and second

-
int

ko]
)
Tt
h
pp
]
ot
D
=
®
)]
ct

gside region 118 such that 1ight generxaticn 128 is

increased within nonlinear optical waveguide 102. The

light of intesrest can be at lsast cne of
signali iicght 110, oxr idler light 112.

in this illustrative example, electric fisld
of a first light traveling in nonliinear optical

102 has first sign 136 in rnonii: optical

waveguide 102 in central region 114 while having second
ign 138 in first side region 116 and second sidse reglor

1d

C)

ther words, the sign iz of the electric fis

of the light traveling through the different
regions in nonlinear optical wavegulde 102,

In thisz illustrative example, the first light is the
light that has the shortest wavelength of the lights of
different wavelengths traveling through nonlinear optical
wavegulide 102. For spontaneocus parametric down
conversion (SPDC), the first light is pump light 108.

For second harmonic generation, the
the generated light such as signal light 110 and idler
light 112, which are both the second harmonic light. For
spontaneous four-wave mixing (SFWM), the first light can
be signal light 1310.

When firszt sign 136 is poszitive, second szign 138 is

negative. When first sign 136 is negative, second sign
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138 is positive, illustrative example, these
signs are for the amplitude of the electric field.
Nonlinear optical waveguide can be designed to reduce ox

avold the amplitude of electric field of first light

-
|
i
i

having both the first sign and the second in central

i
et
i}
o
-

reglon 114.
In the illustrative

electric field component

regicn 114 versus the sign

~

of first light in the side regions, first

and second side regilon i, affect light g:
In other words, these two signs are opposite signs to

each other.

By reducing zecond nonlinear ccefficient 126 in

ion 118, the

first gide region 118 and seacond side reg

)

it

optical process from these

from the contribution to a

“rom central region 114. As a
result, increased efficlency in light generation can
ccour using nonlinear optical wavegulde 102 with centra.
regicn 114, first si
118.

b
[oN
~
3
g]
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;..A
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ond side region

The illustration of optical wavegulde structure 100

in Figure 1 is not meant to imply physical orx

S
';T'
o}
-

limitations to the manner in whi
erbodiment may be lmplemented. Other

addition to or in place of the ones

<7 o E - H
ay ke used. Some components may be

L

unnecessary. Alsc, the blocks are presented to

illustrate some functional components. One or more of

these blocks may be combined, divided, or combined and

divided into different blocks when implemented in an

ative embodiment.
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eayr
14,
or

gulide

T
<

almed

res

n
e

eft,
de:

the
The

h as

element,

interface layer,

PCT/US2021/071725

that couples
tical

example

102

structures

and methods

.

S'v
To

representa

To

hereinafter,

Y

can oe

formed.

and

uctural

ana
o2

tive

variously

the

“vertical,”

ereot
iosure, as 1t
“positioned

S

ening elements,

ich as a
,
v

SU

o]

chn

m

o



WO 2022/076993

be

wnt and the

PCT/US2021/071725

ond
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element.
In this discloszure, when an element, such as a

layer, region, or substrate is referred to as being “on”

5 s VYover” ancother element, the element can be directly on
the other slsment or intervening elements can also be
cresent. In contrast, when an element is referred to as
being “directly on’, “directly over”, cr “on and in
direct contact with” another slement, intervaning

10 elements are nolt present, and the element is in ntact
with the other element.

The procesze=z, steps, and structures described below
do net form a complete process flow for manufacturing
integrated circuits. The disclosure can be practiced in

15 conjunaction with integrated circult fabrication
technigues currently usad in the art, and only so much of
the commonly practiced procsss steps are
necessary for an understanding of the dif
of the present diszclosure. The figures repressant cross

20 gsections of a porticn of an integrated circuilt during
fabrication and are not drawn to scale, but instead are
drawn so as to illustrate different illustrative features
of the disclosure.

Turning next to Figure 2, an illustration of a block

25 diagram of a configuration for an optical waveguide
structure 1s depicted in accordance with an

U

embodiment. In the strative exampl

reference numeral may be used in m

This reuse of a reference numeral

ure.

lo B
7

res

30 represents the same element in the different figures.

As depilcted in this example, nonlinear optical
wavegulde 102 comprises core region 200 and cladding

region 201. In this examnple, cladding

“

Q 3

O

comprised of dielectric material and

core

-

region

re

201 is

200

.

o

10

ion

.
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within cladding region 281. The

material can be selected to have a smaller refractive

index relative to the refractive 1ndex of core raegilon

ot

200. The dislectric material of cladding region 201 carn

)

be selected from at least

Az deplcted, cladding regilon 201 can be comprised of

ower cladding reglon 204, and upper cladding region 202.

-

cladding region 204 and upper cladding region 202. In

respect Lo each cothex. In this example, “upper” and
can be relative locations on a structure in a

vertical positicn. In a cross-—secticnal configuratioc

e -

and Ylower
side and right side are relative horizontal
positions,

Core region 200 can comprise a single spatially-
uniform material and have a single value of its

refractive index for a given wavelength of

nole, core region 200 also can comprise a
by ¥ e

non—-uniform material that is better described

net refractive index” whose value can be determined

distribution of

I
bt
D
o3
=
D
=
-
o}
1
oF
=
<4
[0
}_l -
O
]
X

by the spatially wva:

A number of different components can form core

region 200. In this example, central region

114, first side region 116, and second side region 118
are components that form core region 200,

In thisz illustrative example, core region 200 has
core reglon refractive index 2086, and upper cladding
region 202 has upper cladding refractive index 208 that

i

s lower than core region refractive index 208, As

.

.
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deplcted, lower cladding region 404 has lower cladding

ractive index 218 that is lower than core ragion

index 206.

Iin ancther illustrative

mple, upper cladding

height 212 that can be selected to

&3]
0]
1o}
’../
O
o
5]
(o]
28]
€
»

for a variation of the phase walk-off in the

optical waveguide. In this illustrative

ppaer cladding region 2082 can have height 212

)
[¥1])
6]
ct
O
h

o @

to compensate for a variatior

o

e

a1 1

10 dimensions 214 1in core region 200 which can be one cause

=

variaticn of the phase walk-cff

1y

al waveguide.

For example, helght 212 for upper cladding regilon

202 can be adijusted during fabricaticn te compsnsate £

or
15 a variation in the set of dimsnsions 214 for cors reglon
ned vaiue for the set of dimensions

5

from an as-de

wm

9

. Tthe set of dimensions

Y

4. In this illustrati

4 can be, for example, a width cr a height of core
regicn 200, the width or the height of central regior

20 114, or thes width oxr the height of first sidse region 116

regiocn 118. As depicted, height 212 of

iciently small that

upper cladding region 202 can be
adjustments of helght 212 can affect the effective
refractive indices of the nonlinear waveguide modes.

25 In thisz illustrative example, lower cladding region

204 can be located on substrate 216. Substrate 216 can

implementation. For examnple, substrate 216 can comprise

a set of materials selected from at least one of lithium

30 nicbate, silicon carbide, sapphire, gquartz, alumina,
silicon, germanium, or other sultable types of materials.

Substrate 216 can be located on a wafer that is processed

using fabrication equipment for semiconductor processing.
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The 1llustraticn of structures for 1war optical

waveguide 102 is provided to i1llustrate one manner in

which nonlinsar optical waveguide 10Z2can be implemented.

fte

icn 2 not meant to limit the manner in

ot

r

3

ot
et}

ius

=
=

This

5 which nonlinsar optical waveguide 102 can be configured
in other illustrative examples. For example, cladding
reglon 201 may be a single component rather than having
upper cladding reglon 202 and lower cladding region 204,
Additionally, core region 200 is shown as a component

10 located betwsen upper cladding regilcon 202 and lower
cladding ragion 2084. In other illustrativs
core region 200 can be located
region 202, lower cladding reg
20 affect the manner in which light propagates through the
aveguide 102. For examy the =zet of
be used to change the phase of a light
of a particular wavelength propagating through nonlineax
optical wavegulide 102 or other types of optical
25  waveguides.

lustrative example, the set of
phase shifters 240 has been described as a set of
g

E)
other tyvpes of phase shifters mayv be used

1
o]
53]
Q
o}
i
of
.
Q
]
ot
b

P

p

h

or in place of the set of e

y
-
1)
o
O
ot
oy
D
et
oy
I
[
for
n
ot
I}
83}
v‘!‘
0]

-
ot
l»
0]
0
i
O
Fh

ive examples. For exanp
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a light of a particular wavelsength
nonlinear optical waveguide 102.

shapes and

ase

de

sired change the

P

5  particular wavelength propagating
vide 182 or other typ
waveguides.

The sst of eslectrodes 242 or

apply a set of activations 244 tha

10 different forms. For example, the
bhe selected from at least one of a
Thermal snergy, an electrically in
other type of energy that can bs a
wavegulide tTo affect the manner in

is tThrough nonlinear optical waveguld
be used to affect t

wavelength propagati

wavegulde 102,
Further, core region 200 can
20 249, and second core region 2B0 ca

3

100.

opti wavegulde structure

example, second core region 250 can
For example, second core regil

25 same configuration as core region
example, second core region 250 ma
region that may be a nonlinear opt

not be a nonlinear optical materia
With reference now to Figure

30 cross-sectional view of a nonlinea
an optical wavegulde structure is

.

2tlve embodime

-

waveguide 300 is an example of an

PCT/US2021/071725
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through

also

o

through nonlinsar

voltage, a current, a
duced strain, o©r some
rplied to an optical
which light propagates
e 102, in particular
he phase of a light of

nonlineax

be first core region
n be pxr

In this

nn have

have the

can

another

v only have a central
ical material or may

1.

3, an illustration of a
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depicted in accox
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implementation for
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nonlinear optical waveguide 102 shown in block form in

Figure 1 and in Figure 2.

In this illustrative example, nonlinear optical

[

waveguids 300

1as core region 302. In this illus

3]

example, corse reglon 302 comprises a nonlinear optical

. As

material, such as z-cut Lithium nicbkbate
deplcted, nonlinear optical waveguide 308 also has
cladding rsgions.

Nonlinear opt

300 has lower cladding
10 regicn 308 and upper

raegion 308, In this
depictad example, the cladding reglons can comprise at

east one of silicon dioxide, aix, or cother suitable

in this example, lower cladding region 306 is

of silicon cxide (810z). As depicted, a first
portion of upper cladding region 308 is comprised of

gilicon dioxide 303 and a second porticn of upper

-

adding region 308 iz comprised of aix 305, As
depicted, silicon oxide in upper cladding region 308 has

20 upper cladding regicn height 307,

Although upper cladding regicn 308 is depicted a

n

being silicon diocxide 303 and air 305, upper cladding
region 308 can take other forms in other illustrative
examples. For example, upper cladding region 308 can be

25 comprised of just silicon dioxide or alr instead of an

H

and silicon dioxide combination.

[

ai

|
L

“urther, as depicted in this cross-sectional view,

nonlinear optical

e

raveguide 300 has side regions on

g Y

elither side of central region 304 that form core region

&

30 302. As depicted, these two side regions are located

laterally adjacent to central region 304. In this

-
',___.

.

ustrative example, the side regions comprise first

side region 310 and second side region 312, which are

comprised of silicon nitride (SisNi).
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Az deplcted, ncenlinear optical waveguide 300 has

—

strip width 314. In this cross-sectional view of
waveqguide 300, the cross-section of

1
central region 304, first side region 318, and second

-

side region 312 has strip width 314 that is selected to
condition,

tral region 304 in nonlinear

()

has center regilon top width 31

:gion top width 318 can be selectec
Lo increass an overlap of an electromagnetic field for a
light of interest with central regicon 304 such that light

generation 1s Increased in nonlinear optical wavegulde

300. As another illustrative example, sidewall 32
sidewall 322 for central regilon 304 can have a side slope
defined by angle 326 and angls 328,

in this illuszstrative example, siliceon nitride can he

o]
Q

e material for first side region 310 and seco:
gside region 312 because silicon nitride has a minimal
gsecond-ordar optical noniinsarity and the refractive

1

index of siliceon nitride is slightly smaller than the

refractive index of lithium niobate, the nonli

1 material used in central reglon 304. TIn this

depicted example, the refractive index of nitride

iller than the refractive index of

As depilcted, nonlinear optical waveguide 300 can be

especially suitable for modal phase matching in which the

shortest wavelength of the light involived in the
nonlinear optical process is in the TEy, = TE3 mode (or in
the TMyy = TMz:1 mode;} . For this nomenclature, the x-axis

1

of the crossz-section 1s in the horizontal

. direction and

s

b

the y—axiszs of the cross—-section 1s in the wvertical
direction. These axes are reference directions in a

cross—sectional depiction and are not necessarily the



WO 2022/076993 PCT/US2021/071725

3]

o5

LS

zame ag the X, Y, and Z2 axes of a lithium nicbats
crystal., For a spontaneous parametric down convsrsion
nonlinear optical process, a pump light has the shortest
wavelength (highest energy) and is in the TEsx mode.

The illustratlon of nonlinsar optical waveguilide 300

is

rovided as an example of one implementation for

*G

nonlinear optical waveguide 102 shown in block form in

Figure 1 and Figure 2. This illustration is not meant to

limit the manner in which nonlinearx wavegulde 300

can be implemented in other illustrati examples. For
a material comprising first side
ide ragion 312, or soms other

least cne of central

side region 310, or second side region

=

stration of

With reference now to Figure 4, an i1l
profiles in a nenlinear optical waveguide is

deplictad in accordance with an illustrative sembpodiment.

trative exanple,
the signal light

fundamental) mode.

As depicted in fie

d profile 402, the TEs; pump mode

in a cross-section of nonlinear optical waveguide 102 has

(O8]
-

lohes, center lcbe 404, side lobe 406, and side lobe
408. The magnitude of the electric field amplitude is
largest near the central portions of these lobes as seen
d profile 402. For a higher-order mode of the
waveguided light, such as the TEa::
amplitude of the electric field can have a positive value
or a negative value, as seen in field profile 402,

Also, the electric field amplitude distribution can

)

have a large magnitude {(having a value close to +1 or -1)
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oY can have a sma magnitude (having a value close to
0) . The portions of the electric field amplitude
distribution having a large magnitude can be called the

lokbes of the electric field distributicn.

4

%]

As deplcted, field profile 402 is for an optical

%]

leld within core region 302, which is formed by central

regicon 304, first side region 310, and second side region

is shown by outline 403, and second side region 312 is
shown by outline 405,
In this depicted sxample profile, the center loke

404 coverliaps the nonlinsar optical materi in central

regicn 304 in nonlinear optical wav

KQ
O_
D
L9
<o
<
e
)
5_
2
O

central region 304 1s shown by outline 401. Sids lcbe
ovaeriaps Tirst side resgion 310 as shown by outline
for first side region 310. As depicted, lobs 416
overlaps sacond side region 312 as shown by outline 408
for second side region 312,

in this illustrative example, center lobe 404 haz an

a2t is positive. In contrast,

iobe 408, have ampl:
opposite sign, in which the szigns are negative.
Electric field profile 410 for the signal light has

loke 412, and electric field profile 414 for the idlex

-

ight has lobe 41&6. The electric field profiles or
spatial distributions illustrate the waveguide modes fozx
the signal and idler light in a given cross-section for

nonlinear optical waveguide 300. Fileld profile 410 and

o)

h

ield profile 414 each have one peak, or lobe, for the

=
n

ctric field amplitudes. depicted in

> D

H

[T

Al

]

o

th

i

]

—

0

o

=

O

i)

ot

0]

i

;....A

e

-

9]

)]

ho Hh
i
]
g
0.
o
=
O
i)
-
0]

eak amplitudes of

idler electric fields have a positive sign.
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As depilcted, field profile 410 is shown for a signal
light optical field within core region 382 as shown by
cutline 420. In this liiustrative example, fiseld profile

414 1s shown for a slgnal light optical fieid within core

v ooutliine 422,

3]
I
D
Ie}
;../
O
1
[eY)
(o]
o
o
(//'u
[¥5]
e
C
)
C
2%

wavegulds
cross—section can be assumed To be comprised of a

nonlingear optical material. For example, first side

region 310, second side region 312, and central regicn

304 can all comprised of a nonlinear optical material.

.
{Z

For example, nonlinear optical matexial

arcple, equaticon (2} obelow can

ial combination of the three

o
o
O
“r
-
0
h
hedo
D
o—
O,
re]
¢
o
'W"
n

in the purp mode shown in field

402. These th:

using eguaticn (2} below. Because the signal and

!
e
O
0

f-ts

ot
ot
4
Y
[0}

-

idler modes have electric fields amplitude that peak in
the center of nonlinear optical waveguide in this

central region will have the greatest

example,
contribution to the rate of signal generation.

25 Considering now the contributicons to eguation (2)
below from the two side peaks of the pump mode, the rate
of generation of signal light is negative in this

example. The electric field amplitude of the pump mode

=
p-

; and opposite signs on

-

fd

. In this

has the same

sign across all of nonlinear optical waveguide 300. As a

result, tThe contribution to the generation of a signal

-

ight and an idler light has one sign in the center of
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and an opposite

waveguide 300 in

region 312.

3]

Because the

Cu
o
(//'l
o

siqg

mode )

Iig

o

a8

in the side lobe

i

o
ey

iectric fie

[S)

n

3

a Si

o]

o]

n across

to the rate

o
]

.
{Z

kx)

sign for the

sign for the

¢
o

contribution

generation of

the 1

irst

3

312, versus cent

-
{Z

.
Cne

Because armpl

electr
down
side

o

LS

Next,
region 312

to—no

signa
side

ral

itudes

ric £

regicn 310 and

light generatio
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waveguide 300 in central region 304,
sign for the sides of nonliinear optical

)

ond side

e field amplitude of t oump

I's

[

n center lcobke, n

€]

a

and opposite

!

bat t the

)

of ilobe

0}
97
C

amplituds

S,

NS S
1CtD

the

mode

1d amp of the idlex

the entire structure, th outicn

on of signal

gen

the structure; rosit

T

00

illustrative
1d

the struct:

the sign fie

ER
SR

Ifegi oS norniinear

the

regions make to the

ight generation contributed bs

310

region second

in

304

iz

region a

of

. N
1elds

conversion relatively

e A
WeE

]
> CO

s nd side region 312, the

s

light generation by

itu

than the magn

n by central region 304.

310 and second =zide

that has little-

5
}
o

~f
[ORN

examples the rate

anda

light

oy

[SEN

[N

regionz is fect

fd

In this
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Thus, the rate of light g

=

neration of the signal

0]

ight (and alsc cf the idler light in the case of

down conversicn {(SPDC)) in

Ui
C *G
[
ot
o
~
O
i @]
C
@)
0./
o
o+
[}
’.4 -
O
(o)
5

nlinear optical waveguide 300 can be dominated by the

f the signal light (and alsc of

rate of light generation

o
ht in the case of

conversion (SPDCY) in cent
optical waveguide 300, In

punp light mede in T1

o
o

overlaps with the idierx

Iin this i1llustzrative

field profile 402 for the pump mode do not

the rate of light generation of =zignal 1lig

300 because

light, or both in ncnlinear optical w

these side lobes, side lobe 4086 and side lobs 408, do nct

significantly overlap a material with a large nonlineax
coefificient. Thus, the competition ketween contributiocons

from different zspatial regions to the nonlinsar optical

- ]

ocess can be significantly reduced, 1f not entirely

eliminated.

In thiz example, using all 3 lobes of the pump mode
shown in fileld profile 402 for the nonlinear process
results in a cancellation of the contributions fron

different spatial regions to nonlinear optical processes.

i

This cancellation can occur because of the differing
signs of electric field amplitude in the differing pump

mode lobes such as side lobe 406 and side lobe 408 versu

U

With nonlinear optical waveguilde 300, the zide lobes

nonlinearity of central region 304. As a result, the
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contribution of central region 304 in nonlinear optical
waveguide 300 with high nonlinearity level is not
cancelled by the contribution from the side lobes o¢f the

which woulid otherwise

pump mode in field profi
subtract from the centribution of central region 304 to
the nonlinsar optical process. The flrst nonlinsar
optlical cosfficient in central region 304 and second

310

nonlinear optical coefficient

and second side regilon 312 can be

relative wvalues to provids a

or light generation rate in ncnlinear optical

ko]
0]
o
I
o
>

s 1n

9]
@]
-
Q,
JJ
(“
o
<
—+
oy
v}
-}
o—
<
[v)]
1
5
Q
ct
s
<
o

is depilcted in ac

embodiment. vs deplcted, field profiles 5806 are for a

central region such as central region 304 in nonlinear
300 in Figure 3.
502 is for a pump light

-
n

304 as indicated outline

fields illustrative

within outline B08 in the different field profiles are
the optical fields that are involved in a

nonlinear process that ge: Lght in

[
0
e}

s

e

Q

)

D

o

-

d

)

o+

0l

4!

s

i
0

nonlinear raveguide 300.

o]
O
3
ot
p
Q
ol

In nonlinear optical waveguide 300 in Figure 3, the
o

»f signal light from pump light and

idler ilight in an exemplary second-order nonliinear
optical process of difference freqguency generation can b

i

Q

]
S

described by the coupled-wave egquation, given below

o] ;i
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dz dopr o A

where A; is the electric field amp

o
.
1
ot
o
[}
O

f =ignal

frt
=N

ight 110, A, 1s the electric field amp

l...l
i..
I
ot
[oX
¢
¢}
-+

pump

of electric field

amplitude of idler light 112, d.p is the effective

nonlinear optical coefficient < 18 the wvacuum

wavelength of the signal light, 7, is the effective

refractive index of the signal light propagating in

nonlis

opticel waveguide 300, Ak is the wavevector

In this example, ®y 1s the effective refractive

£y

tive” nonline

{

index for the signal light. The “effec

{l

optical coefficient dgy 1s described by the valiues for

I

sndd

1)

-

irst nonlinear coefficient in central region 304

second nonlinear coeff

FJn

cient in first side region 310 and
second side region 312, as well as by the spatial

tributions of the optical fields. n the illustrative

)

di

example, optical field” is the propagating electro-

:3‘
s

magnetic field of the lig

ght.
In the depilcted examplie, the dimensions describing

the cross-section geometry for nonlinear optica

waveguide 3080 can be selected to meet a particular phase-

-

£

5 R SR
}, which

matching condition, or value for 3 3
i 5

depends on the particular implementation. The first

three factors as well as the wave-vector mismatch in the

exponential on the right-hand-szide of

terms of interest in light generation for nonlinear
optical wavegulide 300, For any polnt along the

longitudinal dimension z of the wavegulde, the generation

i
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of the signal light will depend on the transverss or

spatial variaticn of the nonlinsar optical coefficient in

the waveguide’s cross-sectional structure and on the

variation of

oump
light and thes idler light. Thsss spatlal variations are
described in the zpatially integrated valus fox dqf,

A
dig

d=

X dypr = i dysu udady {2}

n equation (2), dy

x1 1s the nonlinear optical coefficient
of the material, and can have a different value different

iy is the

~o

for different spatial regions of the waveguide

normalized electric field distribution for the pump light

and ¥; 1=z the normaliz: Ld distribution for

r light. The integration can be performed over

he transverse or o dimenzions

The electric field digtributions shown in Figure 5

are oniy those portions for which the waveguide material

1

dqf as describe by eguation {(2).

Turning now to Figure 6, an illustration of a graph
of an optical field overlap factor for different

configurations of nonlinear optical waveguides is

depicted in accordance with an illustrative embodiment.
In this illustrative example, graph 600 illustrates an
optical fisld overlap factor as a functlion of strip

width. In graph 600,

aerated afterx

(o " -
{(Z) with a

nonlinearxr

d value of 0 or 1 for the

coefficient dyn. The normaliz value 1z one

the coptical field is within outline 401 or outline 508
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when the optical field is cutside o

cutline 401 or outline 508 as in Fi

depicted

In this example, y-a represents
5 field overlap factor, and x-axis 604 repre

width in micrometers The lines in graph &0
values of the optical fieid overlap factor ob

of

various configurations nonlinear optical

PCT/US2021/071725

f this

=
=
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the optical
ents strip

0 1llustrate

e

btained for

uides.

waved

The lines in section 806 are obtalned using a
10 material with a low value or normalized to © for material
nonlinear optical coefficient duc.

As depicted, the lines in section 606 depict optical
field overlap factors for nonlinear optical waveguides
that have a spatially uniform lithium niobate cors

15 region, whose normalized nonlinear optical coefficient
has a value of 1. In ion €086, line 852 is for a
waveguide with a spatially uniform lithium niob: core
region and an upper cladding hesight of 0.50 pm, and line
854 is for a wavegulde with a spatislly uniform lithium

20 niockate cors reglon and an uppsr cladding height of 0.45
um. In this sexample, the lines in =ection 606 result
from a nonlinsar coptical wavsguide whose core ragion
comprises spatially uniform lithium niobate and does not

25 the lines in section
808 illiustrate optical field overlap factors for
nenlinear optical waveguides whose core region comprrises
a central region The lines 1in
section 808 are region has a

20 nalized nonlivy dyy egqual to 1

he two side regilons

cefficient du equ:

nonlinesarx

include

nonlineax
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optlical wavegulde 300 1n Figure 3, nonlinear optical
waveguide 702 in Figure 7, nonlinear optical wavegulde
902 in Figure 9, and nonlinear optical waveguide 1002 in
Figure 1¢. These nconlinear optical waveguides can have a
lithium niocbate center region and silicon nitrids side
reglons.,

In section 608, line 856 1s for a nconlinear optical

waveguide with a center region width of 0.3 pm and an

e 858 1s for a

upper cladding height of O.46 pm; and

nonlinsar optical waveguide with a lithium niobate centerx

regicn and silicon nitride side regions having a center

¢

region width of 0.3 uym and an upper

0.47 pm.
in the illust
light in the nonlinearx

u
.—r
O
5
o

increase in the generation of light =uch as at

of a signal light or an idler light from a pump light

propagating through the nonlinear optical wavegulde,

The selection of values for the center width for a
central region with side regions as depicted in the
illustrative examples can result in an optical field
overlap factor that provides greater performance in light
generation as compared to current nonlinear optical
wavegulides as can be seen by the difference in the
optical field overlap factor in section 08 and section
606,

Turning now to Figure 7, an illustration of a cross-
sectional view of an optical waveguide structure with
electrodes is depicted in accordance with an illustrative
embodiment. Optical waveguide structure 700 is an
examplie of an implementation for optical waveguide

structure 100 in Figure 1 and Figure 2.
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As depicted, upper cladd

In this illustrative example, optical waveguide
structure 700 comprises nonlinear cptical waveguide 702,
electrode 722, and electrode 724, DNonlinear optical
waveguide 702 1z an example of an implementation for
nonlinear optical waveguide 102 shown in block form i
Figure 1 and in Figure 2.

In this illustrative example, nonlinear optical
waveguide 702 comprises core region 704, upper cladding
8. Lower

regicn 708, and lower cladding region

formaed on a silicon substrate 710.

b
)
O,
o)
"
=
9]
-
1)
[to}
d
O
o]
~d
(o]
w
ot
n

ion 786 and lower cladding

Ll

ing re

LQ

region 708 are formed using an oxlide
Asg deplcted, core region 704 comp:

region 712, first side region 714, and second

716, In this i1llustrative example, central
i I

of lithium nicbate (LiNbOs). First side region

714 and second zide reglon 716 are compri silicon
nitride (SisNa).

Ag depicted, core region 704 has strxip width 718,
and central reglon 712 has center width 728. Core region

704 also has strip heilght 718.

ected to obtain desired

These dimensions can be

propagation of light through nonlinear optical waveguide

L

702. TFor example, at least one of strip width 718 ox
strip height 718 can be selected to cbtain a desired
phase matching condition or a desired value for the wave-
vector mizmatch 4k. Center width 720 can be zelected to
increase an overlap of a first portion of an
electromagnetic field having a first sign for a light of
interest within central region 712 and such that a second
portion of an electromagnetic field having the second
sign is located in first side region 714, and second side
region 716 such that light generation is increased in

nonlinearx

ini
O
ﬂ\
o
@]
ol
Q
5
D
NS
o
!
9]
O]
~3
<
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In this illustrative example, optical waveguide

structure 700 also includes electrode 722 and alectrode

724. As depicted, electrode 722 and electrode 724 form
cal waveguide structure that can function as ar

phase shifter that can shift the phases of the

optical waveguide 702. The fields can be;, fozx

transverse electric (TE) fields or transverse

[

magnetic (TM} fields. In other illustrative examples, a

<

ectrode can be located in proximity to the

-
H
L

waveqguide core regicn. iIn yvet other illustrative

illustrative example, electrode 722 or electrode 724 ca

be fabricated to extend over core regicn 704,

hl

“urning now to Figure 8, an illustration of a cross-

an optical wavegulde structure 1s

accordance with an illustrative embodiment.

wavegulde structure 800 1s an examp

ol

implementation foxr ophtics

3

wavegulde structure 100 in
Figure 1.

In thiz illustrative example, optical waveguide
00 comprises nonlinear optical waveguide 802,
22, electrode 824, and electrode BZ25,

Nonlinear optical waveguide 802 1s an example of an

implementation for nonlinear optical waveguide 102 shown

in block form in Figure 1 and in Figure 2.

In thisz illustrative example, nonlinear ophical

wavegulide B0O2 comprises core region 804, upper cladding

region 808, and lower cladding region 808. Iower
cladding region 808 is formed on silicon substrate 810.

As depilcted, upper cladding region 806 and lower cladding

£

using an

oxide (8i02).

o}

region 808 are forme

(@8]
[InS



WO 2022/076993 PCT/US2021/071725

3]

o

LS

Az deplcted, core region 804 compriszes central
regicon 812, first side region 814, and second side region

816. In this illustrati

ample, central region 812 is
comprised of lithium niobate (LiNbOs}. First side ragion
814 and second side region B16 are comprised of silicon
nitride (SiaNyg) .

Asg deplcted, core region 804 has strip width 818 and

height 81%9. In this example, central region 812 has
center width 820, Thess two dimenzicons can be ssalected

in desired propagation of light through nonlineax

P wavegulde 702. For example, at least ones of

trip width B18 or strip height 819 can he sslacted to

ocbtain a desired phase matching condition. Center width
2

0 can be selected toe increase an overlap of an

o)
O
Tt
s
3
Qo

[to}
=
0]
ct
-
@]

-
s
0]

irst sign for a light of

o)
O
Tt
s
3
)
)]
=
0]
ct
—
@]

signal has a seccond zide in first side
regicn 814 and =zecond side region 816 such that light

generation 1s Increased in nonlinear optical wavegulde

in this illuszstrative example, optical waveguide

structure 800 also includes el

lectrode 822 and electzrode

824. As depicted, electrode B22, electrode 724, and

]

lectrode B25 enable optical waveguide structure 800 to

h

unction as a phase shifter that can shift phases of the

s3]

electromagnetic filelds in light traveling through

nonlinear optica

fa—

. waveguide 802. The fields can be, forx
example, transverse electric (TE) fields or transverse
magnetic (TM} fields. In other illustrative examples, a
single electrode can be used.

In Figure 8, another illusztraticn of a cros

\n
923
i

sectional view of an optical waveguide structure with two

core regions is depicted in accordance with an

1
L

ustrative embodiment.

AL
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of an implement

for optical waveguide
structure 100 in Figure 1 and Figure 2. OCOptical

waveguide structure 880 can function as optical coupler

and can be a3 wavelength sctive coupler.

In this illustrative example, optical waveguide

€]

tructure 900 comprises nonlinear optlcal waveguide 902

and nonlinsar optical waveguide 204. Nonlinear optica

oo oy

waveguide 902 and nonlinear optical waveguide 904 are an

L‘l
[@]
j41]
—t

implementation for nonlinear opti

shown in block form in Figure 1 and in

Asg deplcted, optical waveguide structure 200
comprises nonlinear optical wavaguide 902 and nonlinearx
optical waveguide 804, In this illustrative example,

nonlinsar optical waveguide 802 and ronline

804 have upper regiocn 2808 and lo

cladding ragion 210. Lower cladding region 810 is formed
on siiicon substrate 912. Upper cladding regilion 808 and

lower cladding regicon 910 are comprised of an oxide

in this illustrative example, non.
wavegulide structure 200 has first core region 214 and
second core region 926 that are separated from each other
by gap 806, This first core reglon 914 comprises central
region 916, first side region 818, and second side region
920. As depicted, central region 816 is comprised of
lithium nicbate (LiNbQ3). First side region 218 and

second side region 920 are comprised of silicon nitride

As depilcted, first core region 914 has strip width

822. Central region 816 has center width 924, These two

i propagation

b

dimensions can be selected to obtailn desire

o

of light through nonlinear optical waveguide 802 and the

3
pr}

36
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coupling of light between first core region %914 and
ond cors region %26,

As deplcted, ncnlinear optical waveguide 204 has

€]

ccond cors region 926. In this example, second core

3]
<

region 8286 comprises central region 928 and doss not
include side regions as compared to first core regicon 814

waveguids 902, Central rsgion 928

P.
o
=
C
=
i...
et
=
®
&
=
o
T
&
}_/
¢
Q’-
P..J

lithium niokbate (LiNbO3) in this depicted

10 Central reglcon 828 has strip width 930. This width
can be selacted to adjust optical props in the
propagation of light through optical waveguide structure
900 and the coupling of iight between the two core
regions 214 and 2826

i5 Asg deplcted, first core region %14 has strip height
932 and second core region 926 has strip ght 934.
These heights can alsc be adjusted to cbtain desired

Transmizsion propertiss. Adjusting the strip
and the strip width can change the effective

N

I
O]
el
Q
0
-
ot
<
0]
e
o}
[oN
0]
h
O
[a
—+
8]
<
O
-
=
Q
ot
)
jgei
n
ot
Q0
)
Q
oent
0
to)
oy
1

25  waveguides, these changes also affect the wave-vector
mismatch and the phase matching, which in turn affects
the efficiency of the nonlinear optical generation

process.

Turning to Figure 10, vet another illustration of a
30 cross-sectional view of an optical waveguide structurs

with two core regions is depicted in accordance with an

illustrative embodiment. Optical wavegulide structure
1000 is an example of an inplementation for optical

wavegulide structure 100 in Figure 1 and Figure 2.

37
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Optical waveguide

optical coupler.

}

-
i
)
et
et
-
o
(92}
T
1
s3]

and optical wavegulde
1082 is an example of
optlcal wavegulde 102

in Figure 2.

tical wavegulde s

Iin this i1llustzrative

cladding ragion 1008 and

wer cliadding region
Upper c¢ladding x

region 1010 are compri

has first

core
comprises central
and second side x
10186 is
region

comprised of

1022. Central region

two dimenszions can be

propagation of
1002

and coupling

1014

and second core

struct

ative ex

1000 compris

g

1002 and cptical

ical wavagulde =try
region
:d from
example,
region
regil
egion 1020,
comprised of 1

1018 and second side region 1020 are

light through nonlinearxr

PCT/US2021/071725

ure 1000 can function as an

ample, optical wavaguide

ical waveguide 1002

es nonlinsar op

1004. Nonlinear optical waveguide

an implsmsentation for nonlinear

shown 1in block form in Figure 1 and
wavegulde structure 1000 is similarx

tructure 200 in Figure 9 except

1004 is prezent in place of

r;j

de 804 in Figure 9.

example, nonlinear optical

waveguide 1004 have upper

‘O
0]

lower cladding region 1010,

1010

is formed on silicon substrate

cladding

saed of an
cture 1000

1014 and second core region

sach other by gap 1006, In
nonlinear optical waveguide

1014, Thi

)
6]

on 1016, first side

As depicted, region

ithium niockate First side

comprised of

strip width
1024, These
desired

optical waveguilde

i

of between first core region
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As depilcted, optical waveguide 1004 has sscond c

o
@]

re
region 1026, In this example, second core region 1026
comprises central region 1028. In this particular
example, central regicon 10628 i1s not comprised of

tical material. As depicted, central region

3]

nonlinear

C
o)

1028 is comprised of silicon nitride (S1aNgj .

Central reglon 1028 has strip width 103¢., This
width can be selected to adjust optical propertiss in the
rropagation of light through optical waveguide 1004 and

10 the coupling of light bstween first core ragion 1814 and
gsecond core regicon 1028,

Ag depicted, first core regicn 1014 has strip height

1032 and s=cond core region 1026 has strip height 1034,

80 be adjusted to obtain desired

Transmizsion propsrtiss.

With reference to Figure 11, ancther illustration of

N

ectlonal view of an optical waveguide structure
with merged core regiong that form a multimode
interference coupler 1s depicted in accordance with an
ustrative embodiment. Optical wavegulde gstructure

example vice that can

be used in ophtical in Figure 1

-

and Figure 2. Optical wavegulide structure 1100 can

function as an optical coupler.

,._« -

25 In thisz illustrative example, optical waveguide

structure 1100 comprises a multimode interference coupler

core 1105 that can be used in optical wavegulde structure

100 shown in block form in Figure 1 and Figure 2 to

couple nonlinear optical waveguide 102 to another optical
30 waveqguli that can be used in optical waveguide structure

100.

As depilcted, nonlinear optical wavegulide structure
1100 has upper cladding region 1108 and lower cladding

region 1110. Lower cladding region 1110 is formed on
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ilicon substrate 1112. Upper cladding region 1108 and
lower cladding reglon 1110 ars comprised of an oxide

In this illustrative example, multimode interference

in optical waveguide 1100 has first core regicn

3]
c
C
o
T
D)
=

@]
i
6]
-
[
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9]
3
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e
i
%
23
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|35

1114 that is an example of ¢
This core region comprises central region 1118, firs
side region 1118, and second side regicn 1120. As

central region 1118 is comprised of lithium

10 nicbats (LiNbOz) . PFirst side region 1118 and second side

regicn 1120 are comprised of silicon nitride (851:Nz). As

depicted, central region 1116 in first core region 1114

hasg center width 1124.

Ag depicted, multimode interference
15 1105 in optical wavegulide structure 1100

core region 1126 with central reglon 1128,

central regicn 1128 in

has width 1130 and is comprised of lithiwm niocbate

{(LiNkCz) in this depicted example. This width can be
Z0 selected to adjust cptical properties in the propagaticn

sht through opti waveguide structure 1100,

1114 and szecond core

region 1128 has
be adiusted to cbtain desired optical transmission
25  properties.
In Figure 12, vyebt another illustration of a c¢ross-

sectional view of an optical waveguide structure with

2]

merged core regions that form a multimode interferencs

’

in accordance with an illustrative

o}

coupler is depicte
30 embodiment. Optical waveguide structure 1200 iz an
example of an optical waveguide component that can be

used in optical waveguilde structure 100 in Figure 1 and

Figure 2. Optical waveguide structure 1200 can function
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In this illustrative example, optical waveguide

tructure 1200 comprises nonlinsar optical waveguilide 1202

€]

that is an example of an implsmentation for nonlinear
optlical wavegulde 1082 shown in block form in Figure 1 and

in Figure 2. Optical wavegulde structure 1200 is similax

G U
to optical wavegulde structurs 31100 in Figure 11.

Az deplcted, nconlinear optical waveguide 1202 forms

multimode int ence coupler core 1205,

in this illustrative example, has upps

egion 1208 and lower cladding reglon 1216, lLowsr

[¥1])
<
o
w
ct
Al
s3]
1
¢}
sy
X%
it
i

cladding region 1210 is formed on silicon

core region 1214 that is an

region 200 in Figure 2. This first core
region comprises central re 1216, first side reglon
1218, and second =zide reglon 1228. As deplcted, central
prised of lithium nicbate (LiNbO2).
1218 and second zide reglon 1220 arxe
rigsed of silicon (SisNg) .
central region 1216 in first core
center width 1224. This width can he
selected to obtain desired propagaticn of light through
nonlinear optical waveguide 1202.
As depilcted, multimode interference coupler core
1205 has second core region 1226. In this exanmples,
second core region 1226 1s not comprised of nonlinear
optical material. As depicted, second core region 1226
region 1228 is comprised of silicon nitride (SisNg).

As depilcted, first core region 1214 and second core

region 1226 have strip height 1234. This height can be

)

dijusted to obtain desired optical transmission

properties.

e
fot
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Turning now to Figure 13,

cross—sectional view of an optical

accordance with an

deplcted

Optical waveguilde structure

implementation for optical

Figure 1 and Figure 2.

In this illustrative example,
structure 1300 comprises nonlinsar

D

waveguide

r optic

ylinear opti

in this illustrative example,

1302 comprises Core ragl

and lower c<ladding
cladding region 1308

uppsr cladding

reglon comprises alr

adding

riged of silicon coxzide.

core region 1304

regicn 1312, first side

1318,

and top In this

central

{LiNbhCz) . First zide region 1314,
1316, and top region 1317 are compr

Da darmd otad first
D LA \.J 1 AN e\ 7 Aozl

region 1316 are

and top region 1317 is

3 . N -
Located over

O

Although first side region 1314,

Se

and top region 1317 are described a

these elements can be a

same time during fabrication of non

waveguide 1302.

e
N

illustrative
1300 1is

wavegulde

Figure 1 and

on 1304,

reglon 1308,

is formed on a

region 1314,

second

central

cond side reg

single structure formed at

PCT/US2021/071725

an i1llustration of a
waveguide structure is

embodiment.

an example of an

structure 100 in

optical waveguide

optical waveguide

1302

is an =sxample of

waveguidse 102
in Figurse 2.
cal

ncnlinear opti

upper cladding
Lower

gilicon substrate
1308 is a

130% and

region two-

silicon oxide

region 13088 that 1

n

comprises central

S CO

side

ised of silicon

second side

central

ion 1316,

5 separate elements,

the

nlinear optical

o
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n this illustrative example, top region 1317

fileld distributions for the pump
light, signal light, and idler light. This top regiocn

raefractive

can aiso affect the values for the

indices np, ns and n; of the pump light, signal light, and

=N

dler light. Top regilon 3317, when present in a phase

shifter, can improve the efficiency of the phase shifter.
Asg deplcted, core region 1304 has strip width 1318,

and central regilon 1312 has center widhbh 1320. Theze two

1

dimensions can ke selected to obtain a desired

)
Tt

propagation of light through nonlinear optical waveguide

1302,
Asg deplcted, upper cladding 1306 has height 1319,

Helght 1319 is measured basad on the height of silicon

je 1307 in upper cladding regilon 13086,

The illustraticons of the different cross—sections

b
o]

non-1limiting

8%}

Figures 3 and 7-13 are providad as

ezampias of implementations for opti waveguide

M

structure 100 in Figure 1 and Figure 2. These

in

illustrations provide illustrative examples of how

re not

j41]

implemented and

illustrative

_‘_
’D
o

examples can be Iincluded.

For example, in otherx plementations, the sides of

central region 304, first side region 310 and second side

region 312 in core region 302 of nonlinear optical
waveguide 200 in Figure 3, can have sides thatlll are

perpendicular to lower cladding region 306 instead of

angled sideszs as depicted in Figure 3. Examples of

1

perpendicular sides are shown in Figures 7-13. The

angled sides are not meant to limit the other examples to
particular angles. In vet similar illustrative examples,
the central region can have perpendicular sides while the

side regions have angled sides. In yet other depicted

e
(98]
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the central region can have a perpendicular
side while the side regions have angled sides.

As vet ancther example, other types of tuning

elements may be used in addition te or in place of tuning
electrodes that apply a voltage in Figure 7. For

examp a tuning element can cause phase shifting of

optical signals travellng through an optical wavegulde

(,f.'

using an activation such as a thermal energy, & strain,

or soms other type of energy that can be app

the
wavegulde to affect the mannery in which light
tes through the optical waveguide
With reference now to Figure 14, an illiustration of

waveguide structure 1 in=sar optic
T

waveguidse 1404,

23}

and second extensio . In this

ko)
p

0
W
B
m
a

eguide 140

-t
[
(o]
[AV]
U
=
o}
by
i
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o
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ot
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et
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ko
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Ag depicted, first extension opt: waveguide 1404
can be an idler loop extension optical waveguide, and

gsecond extension optical waveguide 1406 can be a pump

loop extension waveguide. Additicnally, area 1440 can be
an ending first extension wavelength selective coupler
located in an ending first extension location in main
nonlinear optical waveguide 1402 and first extension
optical waveguide 1404.

In thisz illustrative example, light can propagate
through these optical waveguide For example, light
comprising a pump light, a signal light, and an idlerx
light can propagate through one or more of main nonlinear

Iy ks e

optical waveguide 1402, first extension optical waveguide

o

1404, and second extension optical waveguide 1406. In



WO 2022/076993 PCT/US2021/071725

3]

o

LS

lustrative example, optical waveguide structure

1400 incorporates one or more nonlinear ophtical

at least one of a signal light or

light using a pump light input into optical wave

structure 1400 through pump input waveguilde 1408.
As deplcted, optical waveguide structure 1400 also
comprises signal output wavegulide 1410 and idler output

waveguide 314312, In this illustrative example, pump input

1408 cperates to input a purp light into szecond

al waveguide

structure 1400. Signal output waveguide 1410 operates to

cutput a signal light from main nonlinear optical

1402. Idlex Tout wavegulide 1412 operates to

cht from first extension coptical wavegulde 14Q04.
Additionally, cptical waveguide structure 1400 alsc
4

ancd electrodes

1418, Asg depicted, electrode 1414 and electrode 1416

8}
=

re

U

Ll
{

Q

adjacent to porticns of main nonlinear optical waveguils
as

‘hese electrodes can operate to shift the phases

of one of optical signals propagating Through main

non.d

1402. These optical signals
can he, for example, selected from at least one of a pump
ight, a signal light, or an idlexr light.

In this illustrative example, electrode 1418 is
located adjacent to a portion of first extension optical

wavegulide 1404. This electrode coperates fo shift the

;1)

hrough first extension

i

phase of an idler light propagate t

Cptical wavegulide structure 1400 can be implemented

1

using one or more of optical wavegulde structu such a

]
923

U

the optical waveguide structures depicted in cross-

i

sectional form in Figure 3 and Figures 7-13. For
example, area 1420 containing main nonlinear optical

wavegulide 1402 and second extension optical waveguilde

e
(63
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1408 can have a cross-sectional structure as shown for

-+

optlical wavegulde structure 1000 in Figure 10 or for
optlcal wavegulde structure 1200 in Figure 12. As

ancther

mple, arec oenntains main nonlinear

ea
optlical wavegulde 1402 and first extenslon optical

5
waveguide 1404. This area can have a cross-—-sectional
structure as shown for optical waveguide structure 800 in
Figure 9 or for optical waveguide structure 1100 in
Figure 11.
10 Asg deplcted, area 1422 can ke for a first extension

wavelength selective coupler located at a first extensiocon

waveguide

ension optical waveguide 1404,

is nonlinsar optical

Additionally, area

1402 and electrodse 1416. These two areas can

-

have a cross-sectional structure as shown for optical
wavegulide structure 700 in Figure 7 in which a single
20 tuning electrode 1s present. As vet anothsr example,

area 1428 includes main nonlinear waveguide 1402,

Area 1428 can h

v

ol
Ol
)

structure as shown

for nonlinear optical waveguide 300 in Figure 3.

'TS

As depilcted, area 1440 is an optical coupler for
25 coupling a signal light from main nonlinear optical
wavegulide 1402 to signal output waveguide 1410, This
area can have a cross-secticonal structure as shown for
optical wavegulde structure 1000 in Figure 10.
In thiz example, light of different wavelengths can
30 travel in different loops having different lengths within
optical wavegulde structure 1400. For example, first
loop within main nonlinear optical waveguide 1402. The

ight can be a signal light in this example. A
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gsecond 1ight of the second wavelength can travel in a

cond loop within main nonlinear optical waveguide 1402

€4 +

and first sextension optical sguide 1404 in which the

cond loop has a second length for the second light of

3]

the second wavelength, In this example, the sscond light
can be an idler light. A third light of a third
wavelength travels in a third loop within main nonlineax
optlical wavegulde 1402 and second extension optical

1408 in

10 for the third light of

=, the third light 2an be a pump light.

With reference to Figure 15, an illustration of an
cptical wavegulde structure is deplcted in accordance
with an illustrative embodiment. As depicted, optical
structure 1500 comprises main noniinsar optical

1502, signal loop extension cptical wavegulds

1504, and idlex loop
t

)

[N

in
'l

illustrative exampie, maln nonlinear optical
waveguide 1502, signal loop extensicon coptical wavegulde

and idler lcoop extension optical wavegulds 1506 are

of nonlinear material.

can propagate through the optical waveguildes
in optical waveguide structure 1500. For example, light

comprising a pump light, a signal light, and an idlerx

25 light can pr

O

vagate through one or more of main nonlinear

optical wavegulde 1502, signal loop extension optical

waveguid

{n
<
.
~
1)}
o3
0.
et

idler loop extension optical

waveguide 1506, In this illustrative example, optical

waveguide structure 1500 incorporates one or more

ks

30 nonlinear optical processes that generate at least one of

a signal light or an idler light using a pump light input

into optical wavegulide structure 1500 through pump input

waveguide 1508.

e
~d
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hi
1500 also has
wavegulde 15312.
to input a pump 1i

1502.

3]

wavegulide

veguide 1510 operates to

signal loop

oy
‘.fu

ocutput ulde 1512 operat

weavy

from i«

r loop exten

Iin this i1llustzatix

e

0]

1500 al=zo incilude

trode

structure S

1518,

alac

and

o~
.

one « opt

area 1520
i502.

pay

U

3
}
4

X amy

14

de

wavegul

cross—sectional structure as

illustrative example,

extension optical

These

in Figure 3
mailn

In this example,
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optical waveguide

signal output waveguide 1510 and

Pump input waveguide 1508

inte main nonlinear

3
A

and idlex

wWa v

eguide 1504,

cutput an idler light

elactrede 1514,

electrodes

1

1500 can bhe implemented

turs

ical waveguide structures

structures depic

and Figures 7-13.

non

ear opti

1520

can

area

shown for nonlinear

waveguide 300 in Figure 3.

25 As another example, area 1522 contains main
nonlinear optical waveguide 1502 and signal loop
extension optical waveguide 1504. This area can have a
cross—sectional structure as shown for optical waveguide
structure 2800 in Figure 9@ or for optical waveguide

30 structure 1100 in Figure 11 and can form a first
wavelength selected couplier. Area 1524 contains main
nonlinear optical waveguide 1502 and idler loop extension
optical waveguide 150&. As illustrated, area 1524 can
also have a cross-sectional structure as shown for

oo

e
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optlical wavegulde structure 900 in Figure 9 or for
optlcal wavegulde structure 13100 in Figure 11 and can

form a second wavelength seles

In this deplcted example, area 18286 includes main

1518,

@]
C
o
P.
=
i
|
C
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This area can have a cross-—-gsecticnal structure as shown

for optical wavegulde structure 700 in Figure 7 using a

Ag depicted, area 1540 is an coupler for

10 coupling a signal 1ight from main

6

nlinear optical

purmp input waveguide 1508, This area

ctional structure as shown for optical

1000 in Figure 10.
With reference now to Figure 16, an illilustration of
is a flowchart of a process for moving light through an

waveguide structure 1is depicted in accordance

illustrative embodiment. The process in Figure
18 can be implemented in a physical wavegulds structure
such asg nonlinear optical waveguide 102 in Figurss 1 and
20 2. This process can also be implemented using the

shown in Figure 3 and

physical implementation

shown in the different illustrative examples.

The process begins by inputting a light at a pump

25  wavelength into a nonlinear optical wavegulide structure
having a central region within the nonlinear optical
wavegulide, wherein the central region comprises a
nonlinear optical material, a first side region on a

first side of the central region, and a second side

306 region on a second side of the central region, wherein

the central regicon has a first nonlinear coefficient that

is larger than a second nonlinear coefficient of the
first side region and the second side region (operation

=
(93]

ga) .

e
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The process propagates the light at the pump

wavelength along a path in the optical wavegulde

structure (operation 18602). The process terminates
thereafter. In operatlon 1602, light generation occurs

in the nonlinear optical waveguide.

The flowcharts and block diagr

illustrative embodiment. In this regard, =ach block in

cne of a module, a segment, a functicn, or a porticn of

an operation or step. For example, one or more of the

biccks can be implemented hardware, or a combination of

-
H
L

the program code and hardware. When implemented in

hardware, the hardware can, for example, Take the form of

integrated circulits that ars manufactured or configured

operations 1n the flowcharts or

a
to perform one or
c

software can be used to simulate optical wavegulde

sty

ictures.  When implemented as a combins
code and hardware, the implementation may take the form

lrmware. Each block in the flowcharts or the block

O
i
i
1

diagrams c¢an be Iimplemented using special purpose

combinations of special purpose hardware and program code

In some alternative implementations of an

1llustrative enbodiment, the functicon or functions notec

D
"
=
0
o
D
2.
o
ol
o
o

J W ~17 e 24 SR Ny o
ocks may occur out of the oxde

figures. For example, in some cases, two blocks shown in

succession may be performed substantially concurrently,

(63
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other blocks may be added in addition to the illustrated
blocks in a flowchart or block diagram.

UL

Turning now to Figure 17, an 1llustrat

diagram of a product management system ls deplicted ir
accordance with an i1llustrative embodiment. Product
management system 1708 is a physical hardware system. In
example, product management system 1700

one of manufacturing system 1702 or

A

Manufacturing system 1702 1=z configursed to
manufacturs products. As depicted, manufacturing systen

1782 includes manufacturing egquipment 1708,

Manufacturing eguipment 1706 includes at

ot
~J3
fury
[

fabrication =sguipment 1708 or assembly eqguipment
Fabrication eguipment 1708 1is equipment that uszed to
fabricate thes nonlinear optical wavegulde structure.

e varsions of

near optical
wavegulide structures can be fabricated on a substrate
er. For sexample, different structures in nonlinear

iides can be fabricated on the same
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a number of different structures. For example,

fabrication equipment 1708 can be used to fabricate at

-

east one of optical waveguide structures, nonlinear
optical waveguildes, laser transmitters, ultraviolet
transmission systems, point-to-point communication

devices, laser infrared countermeasure sources, through

water optical communication devices, or other suitable

[

devices, antennas, or other suitable types of parts or
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Fabrication eguipment 1708 can include machines and
tocls., With respect to fabricating semiconductor

components and optical wavegulds components, fabrication

egqulpment 1708 can comprise at least one of an epitaxial
5 eactor, an oxidatlon system, a diffusion system, at
etching system, a cleaning system, a bonding machine, a
dicing machine, a wafer saw, an lon implantation system,
a physical vapor deposlition system, a chemical vapor
deposition system, a photolithography system, an
10 electron-beam lithography syvstem, a plasma etcher, a die
attachment machine, a wire bonder, a die overcocat system,
molding equipment, a hermetic sealer, an electrical
ftester, a burn-in oven, a oven, a UV erase
system, or other sultable types of equipment that can be
i5 used to manufacture semiconductor structures.
Agsembly eguipment 1710 is eguipment ussed to
assenmble parts to form a produact such as a chip, an
an optical transmitter, an
an alrcraft, or some cothex
20 product. Assemkly eguipnent 1710 zlso can include

tocls. These machines

1A o > . 4 - . e ren - o e
least one of a robotic arm, a spinner systemn, a sprayer

systemn, an elevator system, a rail-based system, or a

25 In thisz illustrative example, maintenance svystem
1704 includes maintenance equipment 1712. Maintenancs
eguipment 1712 can include anyv eguipment needed to
perform maintenance on and evaluation of a product.
Maintenance equipment 1712 mayv include tools for

30 performing different operations on parts on a product.
These operations can inciude at least one of
disassembling parts, refurbiszshing pa inspecting
parts, reworking parts, manufacturing replacement parts,

or other operations for performing maintenance on the

ut
NG
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product. These operations can be for routine
maintenance, inspections, upgrades, refurbishment, or
other types of maintenance operations.

In the illustrative

malntenancs squipment

1712 may include optical inspscticon devices,

imaging systems, surface-profils measurement systems,
drills, wvacuum leak checkers, and other suitable devices.
In scme cases, malntenance sequipment L1712 can includse

abrication squipment 1708, assambly eqguipment 1710, orx

both to produce and assemble parts that needs
maintenance.

Product management system 1700 also inc

-

vstem 1714, Controel system 1714 1s a hardwars system
tware or other types of

stem 1714 iz configured to contrel

one of manufacturing system

1702 or maintenance system 1704. In particular, control
systemn 1714 can contrcel the operation ¢f at least one of

fabrication =squipment 1708, assambly eqguipment 1710, orx
maintenancs asguipment 1712,

The hardware in control system 1714 can b=
implemented using hardware that may include computers,
circuits, networks, and other tvypes of eguipment. The
control may take the form of direct control of

manufacturing equipment 1706. For example, robots,

[oN

D

e
other eguipment can be

A

computer—-controlled machines, and

controlled by control system 1714. n other illustrative

control system 1714 can manage operations
performed by human operators 1716 in manufacturing or
prerforming malntenance on a product. For exanple,
control system 1714 can assign tasks, provide

instructions, display models, or perform other operations

to manage operations performed by human operators 1716.

ks

In these illustrative examples, the different processes

(63
98]
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photon detsctors,
point-
countermeasure
communication devices, or
manufactured

system 1714,

optical wa

to-point communication
th
other

us _Lvlq Frocesses
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optical

vegulides, laser

photon transmitters,

devices

rough water cptical

suitable devicss can be

implemented in control

in the different ililustrative exanmples, human
cperators 17186 can operats or interact with at lesast onse

of manufacturing eguipment

1712, or control system 17

.

nduct

to

manufacture

ducts su

waveguides, or ©

such as aircraft,

4

nonlinear

points of f

wavegulide structure inc

waveguide as well as other

1

which adjustments

of components in an optica

The dimensicons of the

measured, and optical waveg

performed to determine the

indices that

- e e v
rerracuive

candidate values of

cladding height that gives

-off can be

oI

ther

corputation systems,

system

can

the upper c.

o

-t
1708, maeinte

14. This interaction can occux

structures and other

ch as semiconductor devices,

components for usse

spacecraft, communications

and =sensor

1714

systems.

can be used to adjust

optical waveguides, optical

-
H
-l

and terminations dynamical

V2
4

roceszs. For example, many
abricating the optical
ing the nonlinear optical

are present at

characteristics

i wavegulde structure.

fabricated core region can be
yuide design simulations can be

values of the effective

be obtained for wvarious

ladding he The upper

for the

cladding
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can then be deposited that has the d
thickness or height.
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Another point in the fabrication process i1s after
the upper cladding material has been deposited to a value
5 that is greater than what might be desired. Test devices
szuch as as interferomet and
micro=-ring rascnators can bes fabricated in addition to
the nonlinsar optical wavegulde
These test devices can be char to 2xtract
10 values for the effect refractive indices for the upper
cladding hsight of these test daviceszs. Ths upper
cladding hsight can then be raduced by etching away some
of the upper cladding material, poszsibly in an iterative
manner accompanied by additional measurements of the test
15 structures. In this wa the dezired value for the upper
cladding hsight can be approachad and then achieved
Thug, the illustrative embodiments provide a method,
s, and system for propageting light in an optical
ide structure. In one illustrative sxample, an
23 wavegulde structure comprises a noniinear optical

3

second

side regilon.

the nonlinear optic

region comprises a

25 side region 1s on a
the second szide reg
region. The central
coeffi that 1s
coefficient of the

30 region.

The

e =

configura

10

central re n

central

tion of t

and the

-
H
L

region,

a

req

The central region is 1o

~al wherein the

wavegulde,

neonlinear materia.

first side of the centra
ion is on a second side of

region has a first nonlin
larger than a second
first side region and the

the e T

two side reglons can

manner that increases the generation of light
optical waveguide structure. The different d
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can be selscted to increase the efficlency and light
generation in the different illustratlive examples.
Thusg, illustrative embodiments provide a method,

apparatus, system for a cross-—section in an optical

5 waveguide has desired charvacteristics in at least one of
light propagation or light generaticn. In one
illustrative example, an optical wavegulde structure
comprises a nonlinear optical wavegulide with a cantral
regicn, a first side region, and a second

10 located within the The
central region comprises a nonlinear optical matsrial.
The first side regicn is located on a first side of the
central region. The szsecond side reglon is locatad on a
gsecond side of the central region. The central region

15 has a first nonlinear coefficient that is larger than a
gsecond nonlinear coefiic of the fixst region and
the second side regiorn. The central region, the first
gside region, and the second sidse region foxrm a core
regicn within the nonlinear optical waveguide.

20 in one illustrative the different

tures in the cox

provides at desi

"I‘

s
car

the nonlin

z25 material

the core region. another example,

core region as & whole can be selected
ustrative example, other structures

a Ca

the nonliinear optical waveguide

another core region, or other suitable

Some features of

Swing

not intended

such as

gn

opt

rent

the

Ca

S a

ica

components in

dimensions the

in yet ancoltherx
n be included in

o~

cladding

components.

clauses are
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Further, the disclosure comprisses embodiments according

to the following clauses:

~

ausa 1:

P..J

An optical wavegulide structure Ccomprising:
a nonlinear optical waveguide;

a central region within the nonlinear optical

P
i

cl

¢

wavegulde, wherein the central reglon comprise
wnlinear optical material having a first nonlinear

coe

o

h
h

“
o
iy
Tt
~e

ilci
a first side regilon on a first side of the central
region;: and

a second side reglon on a second side of the central

region, wherein tThe nonlinear optical

et
oy
)
W
1
jnp
6]

compriszing the central regi

coefficient that is largexr than a ssecond nonli

of a secend matexris

The optical wavegulde structure according to clause

region has a set of dimensions

n

to lncrease a light generation within the

1 waveguide structure.

The optical waveguide structure according to clause

o]

2, wherein the light generation increases for at least
4 he e

one of a signal light or an idler light when a pump light

travels through the nonlinear optical waveguide.

The optical waveguide structure according any of
clauses 2Z-3, wherein the set of dimensions is a width

gselected to increase an overlap of an electromagnetic

Q)

field for a light of interest with the central region and

the electromagnetic fie light of interest has

3}

second sign in the first side region and the second side
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nonlinsar optical waveguide.

The optical waveguide structure according to clause

5 2, wherein the set of dimensions 1s selected from least
one of a width, a helght, or a sidewall slops.
Clauss 6:
The optical waveguide structure according any of
clauvses 1-5, wherein the second nonlinear coefficient is
10 gselected such that the first side regiocn and the second

ide region have & reduced contributi

generation.
Clause 7:

The optical wavegulde structure according to any

second nonlinear coefficilient is

o
H
Q
o
n
n
[)
s
<
5
o
-
o
e
t

T a noniinear optical interaction in the

nonlinsar optical waveguide 1s reduced to

o
=
-

[Ehe)
Zers.

The optical waveguide structure according

1
O
[87]
ja
o]
[
)
O
et

N3

ta
o}
1
oy
0]

i~7, wherein a pump light traveling

wavegulde structure has an electromagnetic field

a first sign in the central region while having

ot

a second sign in the first side region and the zecond
side region.
25 Clause 9:
The optical waveguide structure according to any of
1-8, wherein a cross-secticn of the central
region, the first side region, and the second side region
has at least one of a strip width or a strip height that

O is selected to cause a phase matching condition.

The optical waveguide structure according to any of

clauses 1-9, wherein fthe central region, the first side

(63
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reglon and the second si

form a core region, the
optlical wavegulde structure further comprising:
a cladding region comprising a dielectric material,

wherein the core reglon is located within the cladding

The optical waveguide structure according to clause

10, wherein the dielectri o material i1s selected from at

1

least one of a =zilicon dioxids, a polymer, or air.

The optical wavegulde structure accord

any

preceding clause, wherein the nonlinear optical material

-

is a first rnonlinear optical material that has a first

0

econd order nonlinear coefficient with a magnitude that
least one plcometer/volt, and wherein the first
side region and the second side regicn have a second

nonlinsar optical material that hasz a second ssacond-order

fThan one third the magnitude of the first gsecond order
nonlinsar coefficlent for the first nonlinsar optical
material.

Clause 13:

The optical waveguide structure according to any of
clauses 1-12, wherein the central region is comprised of

at least one of lithium niobate {(LiNbQCz), silicon carbide,
aluminum nitride, gallium nitride, gallium aluminum
nitride, gallium phosphide, gallium aluminum phosphide

—

aluminum phosphide, gallium arsenide, gallium aluminum

arsenide, or aluminum arsenide.

Clause 14:

3
jna
o
o

ptical waveguide structure according to any of

M
"
o)
o
)
w
-
£
Uy
o+

clauses 1-13, wherein the second material
side region and the second side regiocn are conprised of a

material such that a nonlinear coptical process in the

&
e
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econd sids reglon are comprised of at least one of

irst side region and the second side region does not

The optical waveguide structure according to any

¢

lauses 1-14, wherein the first side region and the

ilicon nitride, titanium dioxide silicon, silicon

oxynitride, or hafnia.

The optical waveguide structure accoerding to a

s
3

1

lauses 1-15, wherein the nonlinear

wavegulds 1s

waveguide, Tthe optical waveguide

structure furthexr comprising:

main nonl

opti

C

f a second wavelength is

ensicn optical waveguide;

first wavelength selective coupler that couples the

3

o]

N
¢t
O]
X
ot
®
o
he
(_)

inear coptical waveguids and the fi

wavegulde to each other such that a second light

nonlinsar optical waveguide and the first sxtension

waveguide; and

wavelength selective coupler that couples the

p—

main nonlinear optical waveguide and the second extension

optical wavegulde to each other such a third light of a

third wavelength 1s coupled between the main nonlinear

optical wavegulde and the second extension optical

waveguide,

ravels in a second loop within the main nonl

Clause 17:
The optical waveguide structure according to clause

ight of the second wavelength

.

1 wavegulde and the first extension optical

o

waveguide 1n which the second loop has a second length

for the second light of the second wavelength, and
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third loo

main nc
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optical
al waveguide in

which the third loop has a third length for the third
5 light of the third wavelength.
Clause 18:
The optical waveguide structure according to clause
16, wherein the first wawve th selective coupler is a
starting first ctive coupler
10 located at a fi cation in the
maln nonlinear
optical waveguide and the second wavele
coupler 1s a starting second axtenszion
selective coupler lccated at a second exztension starting
15 location in the main nonlinsar optical waveguide and the
gsecond extansion e, The cptical wavegulde
structure furthexr comprising:
an ending first extension wavelength selective coupler
located in an ending first =sxtensicn lcocation in the main
23 nonlinsar optical waveguide and the first sxtension
cptical wavegulde: and
an ending second extension wavelength selective coupler
located at an ending second extension location in the
main nonlinear optical waveguide and the second extension
25  optical waveguide.

The optical structure a

waveguide

~lauses 1-18 further comprising:
a set of electrodes in a location sele

one of

h

cCor

@]

least

O adjacent to the first side region, adjacent to the
second side region, adjacent to the central region.

Clause 20:
The optical waveguide structure a

wherein the central regi

ol

(O3

-

N N e 1 i~
ccording an

7

on, the first side
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form a first core
; tructure according to clause

2S¢

resent the fi core

between

(r.
@

}l“l

core region.

e
i

ht ylines

£

a lig
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wavegulde structure:

nonlinear
gion
optical

comprises

n
[p]
]
©
=)
@)

gside of the central region, wherein
has a first nonlineaxr coefficient that

waveguil

in the

3 - E
nas a sec

sd accordin

nonlinear coeffi o of the
the sacond side region; and

at the pump wavelength along a pattl
de structure, wherein light

nonlinear optical rguide.

clause the

rding to
of dimension

guide

To clause 23, wherein the light

least one signal light

F=

Lz

)
D

ntral

O

T+
[

urep light coverlaps

ical wave

guide
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c,

cof dimensions 18 a width selected 1se an overlap
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for a light

reglon such that light generation is Ilncreased within the

nonlinear optical waveguide.

5
0]
0]
1
-3

The method according to any of clause 23-25,

<.

the set of dimensions ig gselectaed from least one of

8%}

width or a height.
The description of the dif

embodiments has been prasanted

a.
"

S

Ut

(1‘

and 1z not intended to be

0
ks
et
5]
ot
b
o
o]

ration and des

j—

exhaustive or limited to the embodiments in the form

1 m =

disclosed. The different illustrative exanp

nts that perform acticons or coperations. In an

illustrative embodiment, a component can be configured to

1 T

perform the action or operation described. F

the componant can have a configuraticn oxr des

perform the action or operation that is described in the

S , L -
i

illustrative examples as being perfcrmed by the

N

component . Further, to the extent that terms “includes
M F 4

AL

-

.

rr AR
H

ncludin

.
<o}

o}

used herein, such teyrms are intended to be inclusive in a

N

manner similar to the term “comprises”™ as an open
transition word without precluding any additional or
other elements.

Many modifications and variations wil

to those of ordinary ski

different illustrative embodiments mayv provide different

features as compared to other desirable embodiments. The

(9%
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5 light generaticon (128) is increased in the nonlineaxr
(102 .

5. The optical waveguide struct: {100)Y of claim 2,
wherein the set of dimensions (130) is selected from

of a width {132}, a height (134}, or a sidewall
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claims 1-5, wherein the second nonlineary coefficient

¢
o

{126) is selected such that the first side region {(118)

gecond side region (118} have a reduced

contribution to (128) .
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. The optical wavegulide structure (100} of any
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{126) is selected such that a nonlineaxr cptical

interaction in the nonlinear optic

ks

“

1 waveguide (102) is

reduced to about zero.

25 3. The optical waveguide structure (10 of

in the

claims 1-7, wherein a pump light {(108)
1 waveguilde structure (100) has an electromagnetic
field that has a first sign in the central region (114)

while having a second sign in the first side region (11¢)

O and the second side region (118}.

9. The optical waveguide structure (100) of anv of

]

laims 1-8, wherein a cross-section of the central region

{114), the first side region (118}, and the second side

66
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aluminum phosphide, aluminum phosphide, gal arsenide,
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14, The optical waveguide structure ({(100) of any of
5 claims 1-13, wherein the second materi the

agion (118)

r optical

process in the first zide region (116) and the sscond

15. The optical wavegulde structure (100} of any of
claims 1-14, wherein the first side regicn (116} and the
gecond side region {(118) are comprised of at ilsast one of
gilicon nitride, titanium dioxide =ilicon, silicon
i5 czynitride, or hafnia.
16. The optical wavegulde structure (100} of any of
claims 1-15%, where nonlinsar cptical wavaguide
{102) is a main nonlinear optical waveguide (1402}, the
20 i wavegulde structure (100) further comprising:

a8
o

a first extension optical waveguide (14

: !

a second extension optical waveguide (1406} ;

e

a first wavelength selective coupler that couples
the main nonlinear optical waveguide {(102) and the first

25 extension optical waveguide (1404} to each other such
that a second light of a second wavelength is coupled
between tThe main rnonlinear optical waveguide (1402) and
the first extensicn optical wavegulde {(1404); and

a second wavelength selective coupler that couples

-

30 the main nonlinear optical waveguide {1

third light of a third wavelength 1s coupled between the
main nonlinear optical waveguide (1402) and the second

extension optical waveguide (1406).
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1%2. The optical waveguide structure (100) of any of
claims 1-18 further comprising:
a set of electrodes (242} in a location sslected
from at least one of adiacent to the first side region
5 {116), adjacent to the second side region (118}, adjacent
to the central reglon {(114).
20. The optical waveguide structure {(100) of any of
claims 1-19, wherein the central region (i1i4), the first
10 gide region (116} and the second side region (118) form a
first core region (248, 914} and further comprising:
a second core region (250, $826).
21. The optical waveguide structure {(100) of claim 20
15 wherein a gap (900) is present between the first core
regicn (249, 914)) and the second core region (250,
9261 .
a light through a nonlinear
20 structure {100):

nonlinea

the

into

pump wavelength

(102)

\

(100)

having a central region (114) within cal
waveguide (102} in nonlinear optical

25 structure (100), wherein the central
comprises a nonlinear optical material (104), a first
side region (1lo} of a first side {(120) of the central
region (114}, and a second side region (118) on a second
gside (122} of the central region {(114), wherein the

30 sentral region {114) has a first nonlinear coefficient
{124) that is larger than a second nonlinear coefficient
{126) of the first side region (116} and the second side
region (118); and
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a light generation {128) in the optical waveguids
structure (100).
24, The msthod of claim 223, wharein the light gesneration
{128) increases for at least one of a signal iight {110)
or an idier light when a pump light (108} overlaps
the central reglon {114} of the nonlinear optical

15 waveguide (102},
Z25. The method of claim Z3, wherein the set of
dimensions (130) is a width (132) selected to increase an
cverlap of an electromagnetic field has a first sign for

23 a light of interest with the central

electromagnetic fileld for
second sign in the first

e nonikt
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of dimensions {(130) is se
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a height (1
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light
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1600 ~_

INPUT A LIGHT AT A PUMP WAVELENGTH INTO A
NONLINEAR OPTICAL WAVEGUIDE STRUCTURE HAVING
A CENTRAL REGION WITHIN THE NONLINEAR OPTICAL

WAVEGUIDE, WHEREIN THE CENTRAL REGION
COMPRISES A NONLINEAR OPTICAL MATERIAL, A FIRST
SIDE REGION OF A FIRST SIDE OF THE CENTRAL
REGION, AND A SECOND SIDE REGION ON A SECOND
SIDE OF THE CENTRAL REGION, WHEREIN THE CENTRAL
REGION HAS A FIRST NONLINEAR COEFFICIENT THAT IS
LARGER THAN A SECOND NONLINEAR COEFFICIENT OF
THE FIRST SIDE REGION AND THE SECOND SIDE REGION

!

1602 -

PROPAGATE THE LIGHT AT THE PUMP WAVELENGTH
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