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METHODS FOR FABRICATION OF OPTICAL STRUCTURES ON PHOTONIC
GLASS LAYER SUBSTRATES

BACKGROUND
Field

{00011 Embodiments of the present disclosure generally relate o silicon photonic
integrated circuits and co-packaged optical silicon photonic devices. More
particularly, the present disclosure perfains o apparatus for co-packaged optical
silicon photonic devices and methods of fabricating optical structures for optical

silicon photonic devices.

Description of the Related Art

00021 With increasing data traffic network demands, networking companies
previously using the traditional copper cable for communication have sought out
more efficient solutions that could be deployable on a massive scale. Today, optical
fiber technologies dominate the long-distance communications space. Networking
companias have gradually been transitioning to using optical fibers to transmit data
across great distances. With the use of oplical fibers, data is transmitted as photons
at the speed of light at super-high frequencies, thereby allowing for higher data

volume fransmissions.

{00031 Along with data traffic network demand increases, there is also a demand
for ever-increasing data rates in electronic systems and communications. One area
of improvement that can help the semiconductor indusiry as it balances the
challenges of ever-increasing integrated circuit operating speeds and chip solutions
that can address increasing data traffic networks demands, is improvemenis in
interconnect speeds. The typical slectrical interconnect solution between transistors
on traditional integrated circuits is currently still electrons through copper wiring.
The issue with use of copper wiring for communication and data transmission in
general is IR heating and that electrons traveling through such wires interact with
other atoms which slow the electrons down and contribute to signal loss. There is
therefore a motivation to reduce the use and length of copper interconnects and

wires on solutions for communication and data transfer technologies. One approach
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{o minimize the use of copper interconnects is co-packaged multi-chip modules in
which a single package substrate includes mulliple integrated circuit devices
assembled closely fogether. Such mulli-chip modules have been explored but use
of typical multi-chip modules still largely rely on copper wiring to transmit data o and

from the printed circuit boards of the muiti-chip modules.

00041 Ancther approach o minimize the use of copper wiring in electronic
communication systems is the integration with oplical communication system
technologies which have proven o be more advantageous than copper for
communication and data fransmission due to lower length-dependent and data-raie-
dependent signal ioss. More recently, optical components are being integrated
on silicon (S) substrates for fabricating large-scale silicon photonics  integrated
circuits  that co-exist with micro-electronic  chips. Optical communications
{echnologies typically involve different materials and fabricalion processes than
slectronic communications technologies. However, silicon photonics technologies
have brought optical communications tfechnologies together with elecltronics
technologies based on & commoen material platform.  With the use of an optical
transceiver, received optical signal can be converted to an electrical signal capabie
of being processed by an infegrated circuit, or the processed electrical signal can be

converted o an optical signal to be transmitted via an optical fiber.

[0005]  Accordingly, what is needed in the art are improved co-packaged optical
silicon photonic devices and methods of fabrication.

SUMMARY

{00081 Embodiments described herein relate o electronic and photonic
integrated circuits and methods for fabricating integrated interconnect between
electrical, opto-electrical and photonic devices. in one embodiment, a method for
fabricating an elecironic and pholonic device is provided. The method includes
depositing a core material layer on a surface of a substrate comprising a photonic
glass layer (PGL) having a first refractive index. The core material layer has a
second refractive index different from the first refractive index. Then, a patterned
layer is deposited over the core material layer, the patierned layer having openings

formed therein in which portions of a surface of the core malerial layer are exposed.
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The method continues with removing portions of the core material exposed within
the openings of the patterned layer to form a plurality of optical structures. Each of
the plurality of optical sfructures includes a wavegquide configured to fransmit light
between a first edge and a second edge of the substrate, and wherein each of the
waveguides of the plurality of optical structures extend in one or more directions

between the first edge and the second edge.

{00071 In one embodiment, a methed for fabricating an electronic and photonic
device is provided. The method includes depositing a patterned layer over a surface
of a substrate comprising a pholonic glass layer, the photonic glass layer having a
first refractive index and the patternad layer having openings formed therein in which
portions of the surface of the substirate are exposed. Then, portions of the substrate
exposed within the openings of the patterned layer are removed to form a plurality of
structures in the substrate separated by a plurality of trenches. The method then
continues with removing the patterned laver and depositing a fill layer having a
second refraciive index that is different from the first refractive index over the
plurality of structures and inio the plurality of trenches to form a plurality of optical
structures, Each of the plurality of optical structures includes a waveguide
configured to transmit light between a first edge and a second edge of the substrate,
and wherein each of the waveguides of the plurality of optical structures extend in

one or more directions extending between the first edge and the second edge.

{00081 In another embodiment, a method for fabricating an electronic and
photonic device is provided. The method includes depositing a patterned layer over
a surface of a substrate comprising a photonic glass layer, the photonic glass layer
having a first refraclive index and the patterned layer having openings formed
therein in which portions of the surface of the subsirate are exposed. The method
then continues with performing an ion implantation process on the exposed portions
of the substrate fo implant a plurality of doping ions into the surface of the exposed
portions of the substrate. The exposed portions of the substrate that include the
plurality of doping ions define a plurality of optical structures having a second
refractive index different from the first refraclive index. Each of the plurality of
optical structures also include a waveguide configured to transmit light between a

first edge and a second edge of the substrale, and wherein each of the waveguides
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of the plurality of oplical structures extend in one or more directions extending

between the first edge and the second edge.

{00091  In ancther embodiment, an electro-photonic device assembily is provided
having a substrate with a chip mounting region that is configured o receive a
photonic fransceiver chip {providing electrical to optical and optical o electrical
conversion among other functions) and a fiber connector region that is configured {o
be coupled {o a fiber connector. The substrate further includes a plurdlity of optical
structures between the photonic transceiver chip and the fiber connector with each
of the plurality of optical struciures being operabie to transmit light between a first
end of each of the plurality of oplical structures that are configured 1o receive light
transmitted from a plurality of waveguides of the optical transceiver chip or light that
is to be received by the waveguides of the optical transceiver chip, and a second
end of each of the pluraiity of opfical structures that are configured {0 receive light
fransmitted from a plurality of optical fibers of the fiber connector or light that is o be
received by the optical fibers of the fiber connector that is connecied to the

substrate.

00101 In ancther embodiment, a co-packaged elecironic and photonic device is
provided. The co-packaged electronic and phofonic device includes a package
substrate, ong or more electrical or opto-electrical integrated circuits mounted on the
package substrate, and one or more slectronic and photonic devices mounted on
the package subsirate with each of the one or more electronic and photonic devices
connected to one or more of the electrical or oplo-electrical infegrated circuits., Each
of the one or more electronic and photonic devices also includes a supporting
substraie having an optical transceiver chip mounting region that is configured to
receive an oplical fransceiver chip and a fiber connector region that is configured o
be coupled o a fiber connector. The supporting substrate of the one or more
slectronic and photonic devices also includes a plurality of optical structures that are
formed within the supporting substrate and are operable {o transmit light between a

first end and a second end of the supporting subsirate.

00111 In one embodiment, a method for fabricating an electronic and photonic

device is provided. The method includes depositing a patterned layer over a surface
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of a substrate comprising a photonic glass layer, the photonic glass layer having a
first refractive index and the patterned laver having openings formed therein in which
portions of the surface of the substrale are exposed. Then, portions of the substrale
exposed within the openings of the patterned layer are removed to form a plurality of
structures in the substrate separated by a plurality of trenches. The method then
continues with removing the patlerned laver and depositing a fill layer having a
second refractive index that is different from the first refractive index over the
plurality of structures and into the plurality of trenches fo form a plurality of optical
structures.  Each of the plurality of optical structures includes a waveguide
configured o transmit light between a first edge and a second edge of the substrate,
and wherein each of the wavegquides of the plurality of optical structures extend in

one or more directions extending between the first edge and the second edge.

00121  In ancther embodiment, a method for fabricating an electronic and
photonic device is provided. The method includes depositing a palterned layer over
a surface of a substrate comprising a photonic glass laver, the pholfonic glass layer
having a first refractive index and the patterned layer having openings formed
therein in which portions of the surface of the substrale are exposed. The method
then continues with performing an ion implantation process on the exposed portions
of the substrate to implant a plurality of doping ions into the surface of the exposed
portions of the substrate. The exposed portions of the substrate that include the
plurality of doping ions define a plurality of optical structures having a second
refractive index different from the first refractive index. Each of the plurality of
optical struciures also include a waveguide configured o transmit light between a
first edge and a second edge of the substrats, and wherein each of the waveguides
of the piurality of oplical structures extend in one or more directions extending

between the first edge and the second edge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] So that the manner in which the above recited features of the present
disclosure can be understooed in detall, @ more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. It is 1o be noted, however,

that the appended drawings illustrate only exemplary embodimenis and are
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therefore not {o be considered limiting of its scope, and may admit {o other equally

sffective embodiments.

[0014] Figure 1 is a perspective view of at least a portion of a package substrate
having one or more optical silicon photonic devices formed thereon, according to an

embodiment.

[0015] Figures 2A and 2B are top views of a photonic engine, according to an

ambodiment.

[0016]  Figures 3A-3E are schematic, cross-sectional views of a portion of ong or

more oplical silicon photonic devices, according to an embodiment.

[0017] Figures 4A-4G are schematic, cross-sectional views of a portion of one or

more optical silicon photonic devices, according to an embodiment.

[0018]  Figures 5A-DE are schematic, cross-sectional views of a portion of one or

more opfical silicon photonic devices, according to an embodiment.

{00191 Figure 6 is a flow diagram iHustrating operations of a method for
fabricating an optical device on a photonic glass layer substrate, according fo an

embodiment.

[0020]7 Figure 7 is a flow diagram iHustraling operations of a method for
fabricating an optical device on a photonic glass layer subsirate, according o an

embodiment.

{00211  Figure 8 is a flow diagram iHustrating operations of a method for
fabricating an optical device on a photonic glass layer substrate, according to an

embodiment.

{0022] Figure 9 is a schematic, cross-sectional view of a portion of the photonic
engine formed by use of the section line C-C in Figure 10, according to an

embodiment.
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[0023] Figure 10 is a schematic, cross-sectional view of a portion of the pholonic
engine formed by use of the seclion ling B-B in Figure 24, according o an

embodiment.

{00241 Figure 11 is a schemalic, alternate cross-sectional view of a portion of the
photonic engine formed by use of the section line B-B in Figure 2A, according to an

embodiment.

[0025] Figure 12 is a schematic, cross-sectional view of a portion of the
pluggable connector formed by use of the section line B-B in Figure 24, according to

an embodiment.

{00261 To facilitate understanding, identical reference numerals have been usad,
where possible, {0 designate identical elements that are common to the figures. Htis
contempilated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

{00277 Embodiments of the disclosure provided herein relate to optical silicon
photonic devices and methods for fabricating optical silicon photonic devices. The
methods described herein enable the high volume manufacturing and fabrication of
optical silicon photonic devices having a plurality of optical structures formed on @
photonic glass layer substrate. The optical silicon photonic device further includes a
silicon photonic chip mounted on the photonic glass layer substrate and connecled
fo the plurality of optical structures. The plurality of optical structures optically
connect the silicon photonic chip to a fiber connector configured for connecting with
an external fiber and operate to propagaie light signals between the fiber connector

and the silicon photonic chip.

{0028] Embodiments described herein also relate to electronic and photonic
infegrated circuils and methods for fabricating integrated interconnect between
electrical, opto-electrical and photonic devices. One or more oplical silicon photonic
devices described herein may be used in conneclion with one or more opto-
glectrical integrated circuits {opto-glectrical chip) on a single package substrate to

from a co-packaged optical and electrical device. The methods described herein

]
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enable high volume manufacturing of electrical, oplo-elctrical and the optical silicon
photonic devices having a plurality of optical structures, such as waveguides, formed

on or integral with a photonic glass layer substrate.

[0029] One embodiment of the co-packaged optical and electrical device
described herein includes the package substrate formed with one or more oplical
silicon photonic devices and one or more opto-electrical chips. The one or more
optical silicon photonic devices are connected to one or more opto-electrical chips
and provides an interface to operably connect the opio-elecirical chip to an external
network fiber connection plugged into the optical silicon photonic device. The
methods described hersin provide for a scalable process for fabricating the optical
silicon photonic device with optical structures of varying sizes, materials, and
properties on or integral with the pholonic glass layer subsirate. The fabrication of
the optical silicon photonic devices described hersin may also be configurable based
on varying the electro optical photonic circuit and network fiber connection

properties the optical silicon photonic device may be used with.

{00307 As used herein, the term “aboul refers o a +/-10% variation from the
nominal value. It is o be understood that such a variation can be inciuded in any

value provided herein,

{00311 In various embodiments of the present disclosure, layers or other
materials are referred to as being deposited. It is understood that the deposition of
these materials can be performed using any conventional methods used in
semiconductor manufacturing, such as, but not limifed to, chemical vapor deposition
{CVD), atomic layer deposition (ALD), physical vapor deposition (PVD),
slectroplating, electroless plating, the selective deposition of any of the above,
combinations of the above, and any other suitable method. 1t is 0 be understood
that when a method operation is described herein as depositing a material in two or
more separate locations, the depositions can ocour simultaneocusly, or the material
can be deposited in separate sub operations.

{00321  In various embodiments of the present disclosure, layers or other
materials are referred to as being eiched. it is understood that the eiching of these

materials can be performed using any conventional methods used in semiconducior
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manufacturing, such as, but not limited o, reactive ion etching (RIE), dry etching,
wet etching, or laser ablation, combinations of the above, and any other suitable
method of removing material. it is {0 be understood that when a method operation is
described herein as stching two or more types of materials, the etching can occur
simultaneously with the same elching process, or the siching can be performed in
separate sub-operations using different etching processes.  For example, an
operation describing etching a metal and a dielectric includes a first etching sub
operation using a first etching process that etches the metal, and the operation
further includes a second etching sub operation using a second etching process that

eiches the dislectric.

{00331 Figure 1 is a perspective view of a portion of exemplary co-packaged
optical and electrical devices 100 comprising an elecirical or oplo-electrical chip 102
connected by a plurality of optical waveguide or elecirical frace interconnect 104 io a
photonic integrated interconnect unit 103 where all are formed on or disposed on a
package substrate 101, In an embodiment, the elecirical or opto-slectrical chip 102
may include any high-density chip having a high YO pin count. In ong example, the
high-density chip has between 100 and 2000 VO pins or up to and greater than 2000
/O pin counts. Examples of electrical or oplo-electrical chips 102 include but not

limited fo data center SWITCH chips, artificial intelligence (Al) chips, and the like.

{0034] The photonic integrated interconnect unit 103 includes a fiber connector
region configured to be coupled to & fiber connector 112 for removably connecling a
fiber cable 120 to the photonic integrated interconnect unit 103, In an embodiment,
the fiber cable 120 may be plugged into the fiber connector 112 to operably connect
the fiber cable 120 to the co-packaged optical and electrical devices 100. In an
embodiment, the photonic integrated interconnect unit 103 is configured for
connecting fiber cables 120 including, but not limited {o, single-mode fiber optic
cables having 9 micron fiber core diameters. The fiber connector 112 may further
include a plurality of optical fibers 112A (Figure 10) to operably connect fiber cables
120 having between 1 {0 74 fiber cores, 74 {0 148 fiber cores, and up o and greater

than 148 fiber cores to the photonic integrated interconnect unit 103.
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[0035]  In an embodiment, the pholonic integrated interconnect unit 103 in the set
of co-packaged slectrical and optical devices 100 is configured to transmit signals
between the electrical or oplo-electrical chip 102 and the fiber cable 120 connected
o the pholonic integrated interconnect unit 103, The photonic integrated
interconnect unit 103 includes a photonic glass layer (PGL) subsirate 106, a plurality
of optical structures 110+-110y formed integral with or on the PGL substrate 106, an
optical transceiver integrated circuit (8iPho chip) 108 mounted on the PGL substrate
108 and coupled to the plurality of optical structures 110+-110y at a first interface
107, and the fiber connactor 112 connectad to both the PGL substrate 108 and the

plurality of optical structures 1104-110y at a second interface 109,

[0038] In an embodiment, the SiPho chip 108 in the photonic integrated
interconnect unit 103 operates to convert slectrical signals to optical signals, and
vice versa. The pluralily of oplical structures 110+-110y in the photonic integrated
interconnect unit 103 operate {o transmit oplical signals between the SiPho chip 108
and the fiber connector 112, and the opfical waveguide or electrical irace
interconnect 104 opsrate o transmit electrical or optical signals between the
photonic integrated interconnect unit 103 (specifically, the SiPho chip 108} and the
glectrical or opto-electrical chip 102, The optical waveguide or slectrical trace
interconnect 104 can include metal traces that are formed within the package
substrate 101, which in some embodiments can include metal traces formed in a
printed circuit board (PCR) substrate or metal traces formed within a plurality of
redistribution layers (e.q., dielectric containing layers) formed over a solid core

substrate (e.g., silicon or glass core substrate).

{00371 The photonic engine 1032 may optionally further include one or more
glectronic phy chips 111 that are coupled to the SiPho chip 108, The electronic phy
chip 111 is generally used to assist with operations performed by an optical chip. In
one embodiment, the electronic phy chip 111 is operably connected {o the SiFho
chip 108 to assist the SiPho chip 108 with various electrical functions. As shown,
the electronic phy chip 111 may be mounted on top of the SiPho chip 108 and
thereby directly connected to the SiPho chip 108, Alternatively, the electronic phy
chip 111 may be embedded in the PGL subsirate 108 and connecled to the SiPho
chip 108 through the PGL substrate 106, which is often simply referred to herein as

10
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a substrate 106. Further, the electronic phy chip 111 can be mounted on or
embedded in the package substrate 101 and connected to the SiFho chip 108
through electrical interconnect 104,

{0038] Figures 2A and 2B are top views of the photonic engine 103 according to
an embodiment. In some embodiments, as shown in Figure 24, the photonic enging
103 includes the SiFPho chip 108 mounted near one end of the PGL substrate 108,
the fiber connector 112 connected at an opposite end of the PGL substrate 108 from
the SiPho chip 108, and the plurality of optical structures 110+-110n exiending
between the SiPho chip 108 and the fiber connector 112, In an embodiment, each
of the plurality of optical structures 1104110y include a light fransmitting region for
transmitling Hight in either direction between the first interface 107 and the second
interface 108. The light being transmitted through the optical structures can be
either received from one or more of a plurality of waveguides 108A (Figure 2B) of
the SiFho chip 108 or received from one or more of a plurality of optical fibers within
the fiber connecior 112 that a light signal source is in communication with during
use. The SiPho chip 108 is typically configured to receive light {e.g., detect)
transmitted through the optical structures 110110y and also emit light {e.g.,
transmit) into the optical structures 110:-110n in an effort to communicate with
external devices connecied through the fiber connector 112, The SiPho chip 108
can be configured to transmit light into the optical structures 110:-110y by at least
the use of light emitters integrated into SiPho chip 108, or by use of light emitters
that are external to PGL substrate 108, In the case where the light emilters are
extarnal to PGL substrate 106 the light is delivered to SiPho chip 108 via the optical
structures 1104110y and then modulated by the SiPho chip 108 to create a transmit

signal that is provided to the optical structures 1104110

{00381 In some embodiments, which can be combined with other embodiments
described herein, the plurality of oplical structures 1104-110y are formed on {(e.q.
directly or indirecily) or are integral with the PGL subsirate 106. Each of the plurality
of optical structures 1104-110y in the photenic engine 103 may be formed by one of

various methods described herein.

11
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[0040] In one embodiment, which can be combined with cother embodiments
described herein, the light transmitting region within each of the plurality of optical
structures 110+-110n may have the same cross-seclional dimensions, such as
height and width. In ancther embodiment, which can be combined with other
embodiments described herein, the light transmitting region within at least one of the
plurality of optical structures 110+-110y may have at least one different cross-
sectional dimensions, such as one of height and width, from the dimensions of the
other optical structures 110 within the PGL substrate 108. in ong embodiment,
which can be combined with other embodiments described herein, the light
fransmitling region within each of the plurality of optical structures 1104-110n may
have the same refractive index.  In another embodiment, which can be combined
with other embodiments described herein, the light transmitling region within at ieast
one of the plurality of optical structures 1104-110y may have a different refractive
index or mulliple different refractive indexes or a gradual gradation of refractive
indexes or other index varving structures when compared with the rest of the

plurality of optical structures 1104-110y within the PGL substrate 108

{00411 In one aspect, the number of optlical structures 110:-110x formed in the
PGL substrate 108 is dependent on the number of waveguides 108A in the SiPho
chip 108 needing to be connecied, which may also correspond with the number of
fiber connections neading © be connected to the opto-electrical chip 102. In an
embodiment, the oplo-slectrical chip 102 may comprise seventy-two (72) fiber
connections such that seventy-two (72) corresponding interconnects 104 extend
from the opie-electrical chip 102 and connect to seventy-twoe (72) corresponding
fivers and waveguides 108A in the SiPho chip 108 of the photonic engine 103. To
appropriately connect the SiPho chip 108 {o the fiber connector 112 via the plurality
of optical structures 1104-110y in the photonic glass layer substrate 108, seventy-
two (72) corresponding optical structures 110 are formed on or integral with the PGL
substrate 106. In this example, N as shown in Figures 2A and 2B will equal 72, and
thus the optical structures 110 are spaced apart in the XY plane from one edge of
the PGL substrate 108 to the other edge of the PGL substrate 106. In this example,
optical structure 110y is positioned near the top most edge and optical structure

11072 would be positioned closest {o the botiom most edge of Figure 2A. As

12
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discussed further below, the optical structures 1104-110n are spaced apart and
separated by a material that has different optical properties, such as index of

refraction (), than the light transmitling portions of the optical structures 110+-110x.

{00421 The plurality of optical structures 110+-110n are generally sized and
configured to appropriately connect to the plurality of waveguides 108A within the
SiPho chip 108, In an embodiment, the plurality of waveguides 108A (Figure 2B} at
the output of the SiPho chip 108, or portion that is o communicate with the oplical
structures, have a core with a height dimension that is about 1 micron (um) in cross-
sectional size. In one configuration, the output of the SiPho chip 108 has & square
or rectangular shaped cross-section that has at least one dimension that is equal o
about 1 um in length. For example, a square cross-section of a waveguide 108A
may have a core that is 1 um height and width. Light transmitted o and from the

SiPho chip 108 would thus be fransferred through the 1 micron waveguides 108A.

{00431 In contrast, light transmitted {0 and from the fiber cable 120 through the
fiber connector 112 can have a different form factor, such as having a core cross-
sectional dimension of about @ ym in size. For example, the fiber connector 112
may have a square, rectangular or circular cross-section with a core having a height
dimension that is about 8 um in size. As such, in some embodiments, sach of the
plurality of optical structures 110:-110y are formed such that light propagating
through the plurality of optical structures 110:-110w between the SiPho chip 108 and
the fiber cable 120 iz expanded or compressed accordingly depending on the
direction of propagation of the optical signal. In one example, the plurality of optical
structures 1104-110y extending from the second interface 109 adjacent to the 8 um
fibers in the fiber connector 112 have fransmission regions with cross-sectional
areas that vary at different portions of the respective structures to facilitate coupling
{o the plurality of 1 micron waveguides 108A in the SiPho chip 108. In one
embodiment, the plurality of optical structures 1104-110x are tapered along at least a
portion of their length from a 9 um dimensional core size until they are near 1 um
dimensional core size near the first interface 107, where it is assumed that the
varying dimensional core size relates 1o a dimension of a side of a square or
rectangular cross-sectional shaped oplical structure 110, In some embodiments, the

{apered optlical structures 110 have a cross-sectional area ratio, which if measured

13
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at one end versus measured at the opposing end of the optical structure 110 is
greater that 1.1 and less than about 1:100, or less than 181 In another
embaodiment, the piurality of optical structures 1104+-110y extending from the second
interface 109 adjacent to the fiber connector 112 have a varving refractive index
along at least a portion of their length from the second inferface 108 to the first
interface 107 {o facilitate coupling hetween the optical elements within the SiPho

chip 108 and the fiber connector 112 that have different cross-sectional dimensions.

{00441 In ancther aspect, the photonic engine 103 is configured such that the
fransmission loss of the optical signal between the first interface 107 and the second
interface 109 is approximately or less than 3 dB, inclusive of loss dus o the
transmission of the optical signal through the plurality of optical structures 110+-110n
themselves. In an embodiment, the transmission loss may largely be dependent on
the coupling at the first interface 107 between the SiPho chip 108 and the plurality of
optical structures 110+-1108. As shown in Figure 2B, in an embodiment, the SiPho
chip 108 is to be mounted on a coupling surface 208 at a chip mounting region 204
of the PGL substrate 108. Whean mounted on chip mounting region 204, the plurality
of waveguides 108A disposed on the side surface 1088 of the SiFho chip 108 are
aligned with the plurality of optical structures 1104-110x found at the first interface
107.

[0045]  In some embodiments, which can be combined with other embodiments
described herein, the PGL substrate 106 further includes one or more fiducial marks
206 to assist in the alignment and mounting of the SiPho chip 108 on the chip
mourting region 204. The one or more fiducial marks 206 operate to guide and help
align the position of the SiPho chip 108 along the XY plane of the PGL substrate
106 to ensure mounting of the SiPho chip 108 occurs with proper alignment to one
or more electrical contacts {(e.g., vias 1006 (Figure 10} and optical structure portions
of the PGL substrate 108. As such, in an embodiment, the tolerance for error in the
coupling or hybrid bonding the SiFho chip 108 and the plurality of optical structures
1104-110y together at the first interface 107, which will be discussed further below,
may be in a range from 0.1 {o 2 microns {o ensure the connections are optimized for
the lowest signal loss. In one embodiment, the misalignment of the centers of the

waveguides 1084 and the optical structures 1104-110y is maintained such that the

14



WO 2024/076463 PCT/US2023/033113

lateral misalignment in the Y-direction {i.e., top o botlom direction in Figure 2B8) is
less than 1 to 2 microns. in some embodiments, the misalignment of the centers of
the waveguides 108A and the optical structures 110+-110y is also maintained such
that the vertical misalignment in the Z-direction (Figure 10 or 11) is less than 1 {0 2
microns. In one embodiment, the variability in the vertical misalignment can be
dependent on the variability of the compression of a plurality solder bails 1010 or
other electrical contact that is used fo electrically couple the SiPho chip 108 to a

plurality of vias 1008 (Figures 10-11} formed in a portion of the PGL substrate 108.

{00481 Figure 8 is a flow diagram illustrating operations of an exemplary method
800 for fabricating a portion 300 of the PGL substrate 108, as shown in Figurses 3A —
3E, such as a portion of the optical structures 110+-110n. The method 800 includes
operations 802-618. In one embodiment, the method 600 is a single subsirate
process or baich process involving a plurality of substrates that are fabricated
simultaneously. At operation 802, as shown in Figure 3A, a cladding layer 303 is
disposed over a surface of a supporting substrate 301. The cladding layer 303 may
be disposed over the surface using a liquid material pour casting process, a spin-on
coating process, a liquid spray coating process, a dry powder coating process, a
screen printing process, a doctor blading process, a PVD process, a CVD process, a
PECVD process, a FOVD process, an ALD process, or an evaporation process. In
one embodiment, the cladding layer 303 is made of a material having a refractive
index that is relatively low, as compared to the refractive index of the core material
layer 302, which is formed in a subsequent operation. In some embodiments, the
cladding layer 3203 has a refractive index between 1.3 and 15 In some
emboediments, the cladding layer 303 employed at operation 802 can be formead from
one or more low-index malerials including SisNs, SiO:, doped SiO:, low-index
fluoropolymers, nanoparticle films, hydrogels, porous materials, and photoresist

containing materials.

{00471 At operation 604, as shown in Figure 3A, a core material layer 302 is
disposed over the surface of cladding layer 303 and the supporting substrate 201,
The core matenal layer 302 may be disposed over the surface of the cladding layer
303 using a liquid material pour casting process, a spin-on coating process, a liguid

spray coating process, a dry powder coating process, a screen printing process, a
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doctor blading process, a PVD process, a CVD process, a PECVD process, a FOVD
process, an ALD process, or an evaporation process. In some embodiments, the
supporting substrate 301 includes a material selected from a group that consists of

silica (Si0)y), boron oxide (B.(0s), and alumina (AlQO3).

{00481 The core material laver 302 can be a low index of refraction material or a
high index of refraction material, depending upon the embodiment. The material
used to form the core malerial layer 302 has a refractive index different from the
refractive index of the malerial used io form the cladding layer 303, In some
embodiments, the core material layer 302 has a refractive index between 1.4 and
1.5. In another embodiment, the material used to form the core material layer 302
has a refractive index that is higher than the refractive index of the malerial used to
form the cladding layer 303, In general, the refractive index of the core material
layer 302 is different from the cladding laver 303, and also the encapsulation layer
314 discussed further below. In one example, the core material layer 302 has a
refractive index between 145 and 1.50 while the cdladding layer 303 and

encapsulation layer 314 have a refractive index between 1.40 and 1.44.

00491  In an embodiment, which can be combined with other embodiments
described herein, the core material laver 202 can be formed from one or more
materials including, without limitation, silicon carbide (SIC), silicon oxycarbide
{SI0C), titanium dioxide (Ti02), silicon dioxide (Si0y), vanadium (IV) oxide V3,
aluminum oxide (ALOg), aluminum-doped zinc oxide (AZQ), indium tin oxide (TO),
tin dioxide (&nQy), zinc oxide (Zn(d), fantalum pentoxide (Tax(Cs), silicon npitride
(SisNy), zirconium dioxide (Zr0p), niobium oxide (NbGs), cadmium stannate
(CdasnQy), silicon menonitride (SiN), silicon oxynitride (SION), barium titanate
{BaTi(0s), diamond like carbon (DLC), hafmium(V) omdde (HfOy), lithium niobate
{LiNb(Qs), silicon carbone-nitride (SICN) containing materials or other material(s)

suitable for the formation of optical structures.

{00507 At operation 6006, a patternad layer 305 is disposed over the core material
layer 302. The patterned layer 305 defines exposed negative portions of the core
material layer 302 that when removed, correspond fo a structure pattern that will

anable the formation of the optlical structures 110 in a subsequent operation.
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[0081] In an embodiment, as shown in Figures 3B and 3C and described in
further detail below in operations 608-812, disposing the pallerned layer 305 on the
core material layer 302 may include disposing a hardmask 304 on the core material
layer 302, disposing a patierned photoresist 308 on the hardmask 304, the
patterned photoresist 308 defining exposad portions of the hardmask 304, and
removing the exposed portions of the hardmask 304 to form a patierned hardmask

304 corresponding to the patierned photoresist 306,

{00521 In ancther embodiment, disposing the patterned layer 305 on the core
material layer 302 in operation 806 may include forming a patierned photoresist over
the core material laver 302 by disposing a photoresist layer on the core material
layer 302 and performing a kthography process to patiern and develop the
photoresist material.  The patterned photoresist defines exposed negative portions
of the core material layer 302. The patterned photoresist would allow the selective
etching of the core material layer 302 under the patterned photoresist, as the
patterned pholoresist protects certain regions of the core material layer 302 from
unwanted etching in subsequent processes. In such an embodiment, the method
600 continues with operation 814 below to remove negative structure portions 312 of

the core material layer 302 defined by the patterned layer 305,

{00531  In operation 808, as shown in Figure 3B, the hardmask 304 is disposed
over the core material layer 302, The hardmask 304 may be disposed over the core
material layer 302 using a liquid material pour casting process, a spin-on coating
process, a liquid spray coating process, a dry powder coaling process, a scresn
printing process, a doctor blading process, a PVD process, a CVD process, a
PECVD process, a FCVD process, an ALD process, or an evaporation process.
The hardmask 204 can include, but is not limiled o, a material selected from a
group of chromium {(Cr), silver (Ag), SiaNg, SiO;, TiN, and carbon (C) containing

materials.

{00841 Al operation 810, as shown in Figure 3B, the patierned photoresist 308 is
disposed over the core material layer 302, and, when preseni, also over the
hardmask 204. The palterned photoresist 308 allows the selective efching of

material under the palterned photoresist 306, as the patterned photoresist 308
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protects certain regions from unwanted eiching in subsequent processes. In one
axample, the patiterned photoresist 308 is formed by disposing a photoresist material
on the hardmask 304 and performing a lithography process to pattern and develop
the photoresist material. The pattemned photoresist 306 defines exposed portions
310 of the hardmask 304 (i.e., openings of the hardmask 304). The exposed
portions 310 correspond o a pattern 308 that will be used to form the optical
structures 110. The patterned photoresist 308 may be disposed on the hardmask
304 or on the core material layer 302 using a spin-on coating process. The
photoresist material 308 may inciude, but is not limited to, light-sensitive polymer

containing materials.

[0058] At operation 812, as shown in Figure 3C, the exposed portions 310 of the
hardmask 304 are removed. Removing the hardmask portions 210 exposes
negative siructure portions 212 of the core material layer 302, The negalive
structure portions 312 correspond fo the structure pattern 308 that will enable the
formation of the optical sitructures 110 in a subseguent operation. In one
embodiment, the exposed portions 310 are removed by an ion etching, RIE, or
selective wet chemical etching process to form a plurality of openings in the
hardmask 304.

[0056] At operation 814, as shown in Figurs 3C, the negative structure portions
312 of the core material layer 302 are removed t© form the plurality of optical
structures 110, in one embodiment, which can be combined with other
embodiments described herein, the negative structure portions 312 are removed by
an ion etching, RIE, or selective wet chemical etching process to form a plurality of
trenches 316 in the core material layver 302, In an embodiment, the removal of the
exposed portions 310 in operation 812 and the etching of the negative structure
portions 312 in operation 814 may be performed simullaneously or sequentially. In
ong aspect, the hardmask 304 has a lower etch rate than the material of the core

material layer 302,

{00571 At operation 816, the patierned layer 305 is removed. Removing the
patterned layer 305 includes removing a hardmask and/or a photoresist laver. In the

axample shown in Figure 3D, removing the patterned layer 305 includes removing
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the hardmask 304 and the patternad photoresist 306. Removing the hardmask 304
may include ion efching, RIE, or seleclive wet chemical etching. Removing the
patterned photoresist 208 may include the use of an ashing process or etching

process described herein.

{00581 Al opergtion 818, as shown in Figure 3E, an encapsulation layer is
disposed over the cladding laver 303 and the plurality of optical structures 110, The
encapsulation layer 314 may be formed by use of one or more of PVD, CVD, FCVD,
and spin-on coating processes. In one embodiment, the encapsulation layer 314 is
made of a material having a refractive index that is relatively low, as compared o
the refractive index of the core material layer 302. In some embodiments, the
encapsulation layer 314 has a refractive index between 1.3 and 1.5, such as
between 1.40 and 1.44. In some embodiments, more than one encapsulation layer

can be used having more than one index of refraction.

{00591 In an embodiment, which can be combined with other embodiments
herein, the encapsulation layer 314 can be formed from one or more low-index
materials inciuding SisNg, SiC:, doped Si0;, low-index flucropolymers, nanoparticle
films, hydrogels, porous materials, and pholoresist containing materiais.  The
material used o form the encapsulation layer 314 has a refractive index different
from the refractive index of the material used to form the core material layer 302, In
ong embodiment, the material used to form the encapsulation layer 314 has a
refractive index lower than the refractive index of the material used o form the core
material fayer 302. Low-index materials are discussed herein in contrast to *high”
index materials such as amorphous and crystalline silicon, silicon mitride, titanium
dioxide, gallium phosphide, tantalum pentoxide, gallium nitride, sulfur-inated
materiais, polymers, and other malerials with appropriate optical properties. it is
contemplated that materials and combinations of materials can be used o form the
cladding layer 303, encapsulation layer 314 and/or the core material laysr 302
discussed herein, and that these materials can be selected based on the targeted

optical properties of the oplical device(s) fabricated in the method 800,

{00801 In ancther embodiment, which can be combined with other embodiments

herein, the encapsulation layer 314 can be formed to include an interlayer (not
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shown) that exlends above a top surface of the encapsulation layer 314, The
interlayer may be used to separate the encapsulation layer 314 and the optical
structures 110 formed from the core material layer 302 from additional optical
struciures of a second optical structure material layer (not shown). Thus, optical
structures of additional different optical layers may be formed and laysrad on top off
the portion 300 shown in Figure 3E while not being in direct contact with the oplical
structure 110 or the encapsulation layer 314. Furthermore, the lower the refractive
index of the maierial used for encapsulation, the lower the aspect ratic of the
constituent nanostructures (fealures patterned) for each optical structure. In an
embodiment, lower aspect ratio features produce thinner optical layers, as well as
faster and cleaner stching. Thus, the systems and methods hersin resull in more

efficient fabrication processes in terms of time, cost, and complexities.

00611  While the optical structures 110 iHustrated herein in Figures 3A-3E are
shown as having approximately square or reclangular-shaped cross-sections, it is
contempilated that the optical structures can, in other examples, include tapered
sidewalls and thus form a trapezoidal cross-section (not pictured}. In one example,

the frapezoidal cross-section is wider near the {op versus the bottom of the opening.

{00621  Therefore, the method 600 can be used o form the oplical siructures
1106+ 1104, which include the remaining portions of the core material layer 302, by
use of a negative paltering process. As illustrated in Figure 3E, the PGL substrale
108 includes seven optical structures (.e., oplical structures 1104-1107) that are
disposed on the supporting substrate 301 and are each encapsulated and separated

by at least a portion of the encapsulation layer 314,

{00631 Figure 7 is a flow diagram illustrating operations of ancther exemplary
method 700 for fabvicating a portion 400 of the PGL substrate 108, as shown in
Figures 4A — 4F, such as a portion of the optical structures 110+-110n. The method
700 can include operations 702-718. The method 700 begins in operation 702 with
a patterned layer 405 disposed over the supporting substrate 401, The patierned
layer 405 defines exposed negative portions of the supporting substrate 401 that
when removed, correspond {0 a structure patiern that will enable the formation of the

optical structures 110 in a subsequent operation.
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[0084] In an embodiment, as shown in Figures 4B and 4C and described in
further detail below in operations 704-708, disposing the pallerned layer 405 on the
supporting substrate 401 may include disposing a hardmask 402 on the supporting
substrate 401, dispesing & patierned photoresist 404 on the hardmask 402, the
patterned photoresist 404 defining exposad portions of the hardmask 402, and
removing the exposed portions of the hardmask 402 to form a patierned hardmask

402 corresponding to the patierned photoresist 404.

{00851 In another embodiment, disposing the patterned layer 405 on the
supporiing substrate 401 in operation 702 may include either directly disposing a
patterned photoresist over the supporting subsirate 401 or disposing a photoresist
layer on the supporting substrate 401 and performing a lithography process to
pattern and develop the photoresist material. The patterned photoresist defines
exposed negative portions of the supporling substrate 401, The patierned
photoresist would allow the seiective eiching of the supporting substrate 401 under
the patterned photoresist, as the patierned photoresist protects ceriain regions of
the supporting subsirate 401 from unwanted etching in subsequent processes. In
such an embodiment, the method 800 continues with operation 710 below to remove
negative structure portions 410 of the supporting substrate 401 defined by the
patterned layer 405,

[0086] At operation 704, as shown in Figure 44, the hardmask 402 is disposed
over the supporting substrate 401. The hardmask 402 may be disposed over the
supporting substrate 401 using a liquid material pour casting process, a spin-on
coating process, a liquid spray coating process, a dry powder coating process, a
screen printing process, a doctor blading process, a PVD process, a CVD process, a
PECVD process, a FCVD process, an ALD process, or an evaporation process.
The hardmask 304 can include, but is not limited 1©, a material selected from a
group of chromium (Cr), silver {Ag), SiaNs, SiO2, TiN, and carbon (C) containing
materials. In some embodiments, the supporting subsirate 401 includes a material
selected from a group that consists of silica (Si0;), boron oxide (B:0a), and alumina
{Al2Ca3).
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[0087] At operation 706, the patterned pholoresist 404 is disposed over the
supporting substrate 401, and, when present, also over the hardmask 402, as
shown in Figure 4B. The patierned photforesist 404 allows the selective etching of
material under the patterned photoresist 404, as the patterned photoresist 404
protects certain regions from unwanted etching in subseguent processes. in one
example, the patterned photoresist 404 is formed by disposing a pholoresist material
on the hardmask 402 and performing a lithography process fo paitern and develop
the photoresist material. The patterned photoresist 404 defines exposed portions
408 of the hardmask 402 {(i.e., openings of the hardmask 402). The exposed
portions 408 correspond 1o a structure pattern 408 o result in the formation of the
plurality of optical structures 110. In one example, the patierned photoresist 404
may be disposed on the hardmask 402 using a spin-on coating process. The
photoresist material 404 may include, but is not limited to, light-sensitive polymer

containing materials.

[00688] At operation708, as shown in Figure 4C, the exposed portions 408 of the
hardmask 402 are removed. Removing the exposed portions 408 exposes negative
structure portions 410 of the supporting substrate 401, The negatlive structure
portions 410 correspond 1o the structure pattern 406 fo result in the formation of the
optical structures 110, In one embodiment, the exposed portions 408 are removed
by an ion eiching, RIE, or selective wet chemical stching process to form a plurality

of openings in the hardmask 402,

[0089] At operation 710, as shown in Figure 40, the negative structure portions
410 of the supporting substrate 401 are removed to form the patterned structures
406. In an embodiment, which can be combined with other embodiments described
herein, the negative structure portions 410 of the supporting substrate 401 may be
removed by an ion efching, RIE, or selective wet chemical etching process {o form a
plurality of trenches 412 in the supporting substrate 401, In an embodiment, the
removal of the exposed portions 408 in operation 708 and portions of the supporting
substrate 401 in operation 712 may be performed simultaneously or sequentially. In
one aspect, the hardmask 402 has a lower etch rate than the material of the

supporting substrate 401,
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[0070] At operation 712, the patterned layer 405 is removed. Removing the
patterned layer 405 may include removing a hardmask and/or a pholoresist layer. In
the example shown in Figure 4D, removing the pattermned layer 405 includes
removing the hardmask 402 and the patierned phoioresist 404, thereby leaving the
supporting substrate 401 with the plurality of patterned structures 408 each
separated by the plurality of trenches 412, In an embodiment, removing the
hardmask 402 may include ion etching, RIE, or seleclive wet chemical etching.
Removing the patterned photoresist 404 may include a conventional ashing process

or elching process.

{0G71] Al operation 714, as shown in Figure 4E, a fill layer 418 is disposed over
the supporting substrate 401 and the patiernad structures 408 formed therein. The
fill layer 418 can include, but is not limited to, a material selected from & group of
SisNg, Si02, low-index fluoropclymers, hydrogels, and pholoresist containing
materiais. The fill layer 418 may be disposed over the supporting substrate 401 and
into the plurality of trenches 412 by one or more of PVD, CVD, FCVD, and spin-on
coating processes. The flowable nature of the fill laver 418 allows for the fill layer

418 to also flow into each of the plurality of trenches 412,

00721  In one embodiment, the fill layer 418 is formed from material having &
refractive index different from the refractive index of the PGL substrate 108 in the
supporting substrate 401, In some embodiments, the fill layer 418 has a refraclive
index between 1.4 and 1.5, In another embodiment, the fill layer 418 is formed from
material having a refractive index greater than the refractive index of the supporting
substrate 401, In certain embodiment, the fill layer 418 may formed from a high-
index material such as amorphous and crystaliine silicon, silicon nitride, tianium
dioxide, gallium phosphide, tantalum pentoxide, gallium nitride, sulfur-inated
materials, polymers, and other materials with appropriate optical properties. it is
contempiated that materials and combinations of materials can be used {o form the
fill layer 418 discussed herein, and that these materials can be selected based on
the targeted optical properties of the optical device(s) fabricated in the method 700,
in one exampie, the fill layer 418 has a refractive index between 1.45 and 1.50 while

the supporting substrate 401 has a smaller refractive index between 1.40 and 1.44,

23



WO 2024/076463 PCT/US2023/033113

[0073] At operation 718, as shown in Figure 4F, an excess fill layer portion 4184
is removad, such that the height of the fill layer 418 within the plurality of frenches
412 is approximaiely the same height as the patterned structures 408 of the
supporting subsirate 401, The excess filler layer 4184 may be removed using a
chemical mechanical polishing (CMP) process, according to one embodiment. The
removal of the excess fill layer 418 forms the plurality of optical structure 110 in the

substraie 401 separated by the palterned structures 4006,

[0074] While the optical structures 110 illustrated herein in Figures 4A-4F are
shown as having approximately square or rectanquiar-shaped cross-sections, it is
contempiated that the optical structures can, in other examples, include tapered
sidewalls and thus form a trapezoidal cross-section (not pictured}. In one exampie,

the frapezoidal cross-section is wider near the top versus the boftom of the opening.

[0078] At operation 718, as shown in Figure 4G, an encapsulation layer 420 is
optionally disposed over the supporting subsirate 401 and the plurality of optical
structures 110. The encapsulation layer 420 may be formed by use of one or more
of PVD, CVD, FCVD, and spin-on coating processes. in one embodiment, the
encapsulation layer 420 is made of low-index of refraction material, as compared o
the refractive index of the fill laver 418, In some embodiments, the encapsulation
layer 420 has a refractive index betwesn 1.3 and 1.9, such as betwesn 1.40 and
1.44.

[0076] Therefore, the method 700 can be used o form the oplical structures
1104-110n, which include the remaining portions of the fill layer 418, by use of &
negative pattering process. As illustrated in Figures 4F and 4G, the PGL substrate
106 includes seven optical structures (i.e., optical structures 1104-1167) that include
the portions of the fill layer 418 that are disposed within the supporting substraie
401, and thus are separated by portions of the supporting substrate 401,

{00771 Figure 8 is a flow diagram illustrating operations of an exemplary method
800 for fabricating a portion 500 of the PGL substrate 108, as shown in Figures 5A —
5E, such as a portion of the optical structures 110:-110x. The methoed 800 includes
operations 802-808. Method 800 provides for depositing species of a refractive

index changing material into a portion of a supporting substrate 501 via an ion
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implantation process. lon implantation is a surface modification technique capable
of modifying the optical properties of a portion of a surface layer of the supporting
substrate 501, lon implantation allows accurate conirol of both dopant composition
and penefration depth through the choice of the species and the energy of the
doping tons.  In some embodiments, the supporling substrate 501 includes a
material selected from a group that consists of silica (SiC2), boron oxide (B:0s), and

alumina (AlzOs).

[0078] At operation 802, as shown in Figure 5A, a patterned layer 502 is
disposed over the supporiing substrate 501, The patlerned layer 502 defines
exposed subsirate portions 504 of the supporting substrate 501 {(i.e., openings of the
patterned layer 502). The patterned layer 502 is configured to allow the selective
implantation of doping ions into the supporting substrate 501 disposed under the
patterned layer 502, as portions of the patierned layer 502 are able fo funclion as &
mask to biock the doping ions from reaching sslected portions of the supporting

substrate 501 under the palterned laver 502.

{00797 The palterned layer 502 can be a patlerned photoresist or a patlernad
hardmask. In an embodiment, the patterned layer 502 may be a patierned
photoresist formed from materials including, without limitation, such as polymeric
materials formed from phencol-, epoxy- or acrylic-resins. The patterned photoresist
must be thick enough o reliably absorb the ions at these sites. Accordingly, it will
generally be necessary for the resist film thickness {0 be appropriately selected as
the ion energy of the implant process is adiusted. In one example, the patternsd
layer 502 may be formed by disposing a photoresist material on the substrate 501
and performing a lithography process to pattern and develop the photoresist
material.  In ancther embodiment, the pattemed layer 502 may be a patterned
hardmask. The hardmask can include, but is not limited 1o, a material selected from
a group of chromium (Cr), silver {Ag), SiaNy4, Si02, TiN, and carbon (C) containing

materials.

{00807 At operation 804, as shown in Figure 5B, an ion implantation process is
performed on the supporting substrate 501, In the ion implantation process, doping

ions are accelerated and implanted within the supporting substrate 501 through the

25



WO 2024/076463 PCT/US2023/033113

openings in the pattemed layer 502. The doping ions will include a dopant material
that will alter the refractive index of the implanted regions positioned within the
openings in the patterned layer 502, and may include at least ong of AL P, F, CI, P,
or gases N, Ar or Kr. As described herein, the doping ions provided in the ion
implantation process are generated from a plasma formed by applying a high
voltage RF {o a processing region of a plasma processing chamber. The plasma
dissociated ions are then biased foward the surface of substrate 108 and implanted
a certain desired depth from the subsirate surface. Once implanied, the doping ions
bond with portions of the material in the supporting substrate 501 and induce
refractive index modifications in these portions of the PGL substrate 106, In one
embodiment, when performing the ion implantation process within method 800, the
supporting substrate 501 is placed on a substrate supporting pedestal of a plasma
processing chamber, a gas is flowed into the interior of the plasma processing
chamber and ignited 1o generale a plasma. A bias is then applied 1o the supporting
substrate 501 o accelerate the doping ions generated in the plasma towards a
surface of the supporting substrate 501, As a result of the plasma and the biasing of
the supporting substrate 501, the doping ions generated in the plasma are implanted
into the supporting substrate 501 {o form a portion of the supporting subsirate 501.
One example of the ion implantation apparatus is the Varian VHSTA® Trident,

available from Applied Materials, Inc., Santa Clara, Calif.

[0081] In an embodiment, as shown in Figure 5C, the ion implantation process
employed in operation 804 modifies the exposed substrate portions 504 of the
supporting substrate 501 to form the plurality of optical structures 110, On the other
hand, substrate regions 512 protected by the patterned layer 502 are not modified
by the ion implantation process. In one aspect, the modification by the ion
implantation depends on the ions {light ions or heavy ions) implanted in the PGL
substrate 106. The ions implanted in the exposed portions 504 of the PGL substrate
106 may be modified 0 have an increase in refractive index or decrease in refractive
ndex. In one embodiment, the optical structures 110 formed from the ion
implantation process comprise a refractive index higher than the refractive index of

the PGL supporting substrate 501 and protected regions 512
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{0082 At operation 808, as shown in Figuwe 5k, the patterned layer 502 is
removed thereby forming a substrate 108 that includes the supporting substrate 501
that has alternating opfical structures 110 and substrate regions 512 formed therein.
Removing the patterned layer 502 may include removing a patterned hardmask or a
patterned photoresist. Removing the patterned hardmask may include ion etching,
RIE, or seleclive wet chemical siching. Removing the patterned photoresist may

include the use of an ashing process or etching process described herein.

{00831 In some embodiments, i may be desirable fo perform an annealing
process on the PGL subsirate of substrate 501 to activate dopant species and to
remove any damage created in the optical structures 110 by the implantation
process and/or belter distribute the index of refraction altering dopant materials

implanted during operation 804 of the method 800.

{00841 While the optical structures 110 illustrated herein in Figures BA-5E are
shown as having approximately square or rectanguiar-shaped cross-sections, it is
contempiated that the optical structures can, in other examples, include tapered
sidewalls and thus form a trapezoidal cross-section (not pictured}. In one exampie,

the trapezoidal cross-section is wider near the top versus the boftom of the opening.

{00851 At operation 808, as shown in Figure 5E, an encapsulation layer 520 is
optionally disposed over the substrate 501 and the plurality of optical structures 110,
The encapsulation iayer 520 may be formad by use of one or more of PVD, CVD,
FCVD, and spin-on coating processes. In one embodiment, the encapsulation layer
520 is made of low-index of refraction material having a refractive index lower than
the refractive index of the implanted portions of the supporting substraie 501, In
some embodiments, the encapsulation layer 520 has a refractive index between 1.3
and 1.9, such as between 1.40 and 1.44.

{0086] Therefore, the method 800 can be used o form the oplical structures
1104-110~, which include the implanted portions of the supporting substrate 501, by
use of a negative pattering and implantation process, As illustrated in Figure 5E, the
PGL substrate 106 includes seven optlical structures (i.e., optlical structures 110+-
1107) that comprise the exposed portions 504 that are formed within the supporting
substrate 401,
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[00B7] Figure 9 is a schematic, cross-sectional end view of a portion of the
photonic engine 103 mounted on the package substrate 101 formed by use of the
sectioning line C-C in Figure 10, according fo an embodiment. As shown in Figure
@, the photonic engine 103 includes a bottom surface 108A of the photonic glass
layer substrate 106 disposed on a top surface 101A of the package subsirate 101,
with the plurality of optical structures 1104-110n extending through the PGL
substraie 108, In the embodiment shown, the plurality of optical structures 1104-
110~ extending through the PGL substrate 106 are each aligned in the X-Z plane of
the PGL substrate 108. While Figure 9 shows the plurality of optical structures 1104~
110y formed in a single row in plane across the PGL substraie 106, other
arrangemeants of the plurality of optical structures 110:-110y may be formed in the
PGL substrate 108. For example, more than a single row of optical structures may
be formed and stacked vertically. Stacked rows of optical structures may be formed
by one or more of the processes described herein, such as the methods described
in relation to Figures 3A-8. The arrangements of the plurality of optical structures

110+ 110x is not intended to imit the scope of the disclosure provided herein.

{0088] Figure 10 is a schematic, transverse cross-sectional lateral view of a
portion of the photonic engine 103 mounted on the package substrate 101 that is
formed by use of the sectioning line B-B in Figure 24, according to an embodiment.
As shown, the package substrate 101 includes a plurality of circuit traces 1002
extending from a pluralily of corresponding interconnect pads 1004 formed integral
in the top surface 101A of package subsirate 101, In an embodiment, the plurality of
circuit traces 1002 form the interconnects 104 that elechrically connect the photonic
engine 103 in contact with the plurality of interconnect pads 1004 to the electrical or
opto-glectrical chip 102,  Alternatively, the plurality of circuit traces 1002 may
glectrically connect the photonic engine 102 in contact with the plurality of
inferconnect pads 1004 o other integrated circuits disposed on the package
subsirate 101,

{00891 In some embodiments, the plurality of vias 1008 extend through a portion
of the PGL substrate 108 between the coupling surface 208 and the bottom surface
1084 of the PGL substrate 108, When the photonic engine 103 is mounted to the

package substrate 101, in an embodiment, the plurality of vias 1008 are aligned with
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and placed in electrical contact with the corresponding interconnect pads 1004 that
are exposed on the top surface 101A of package substirate 101 and are in glectrical
connection with the photonic engine 103 through the plurality of circuit traces 1002
formed in the package subsirate 101, In another embodiment, the plurality of vias
1008 may alternatively connect the photonic engine 103 to one or more other
integrated circuils {chips) embedded in the package substrate 101 or on the

package substrate 101,

{00801 As shown in Figure 10, the SiPho chip 108 can be actively or passively
mounted on the coupling surface 208 of the PGL substrate 108 with the side surface
1088 of the SiPho chip 108 are "butt-coupled” to an end surface 1068 of the PGL
substrate 108 at the first inferface 107. When the SiFho chip 108 is butt-coupled to
the end surface 1068 of the PGL substrate 108, the end of the waveguide 1084 in
the SiPho chip 108 is also buti-coupled to a corresponding end of the opiical
structure 110, such as optical structure 1103, formed in the PGL substrate 108 at a
fourth coupling inferface 1008, The coupling of the plurality of waveguides 108A o
the plurality of optical structures 110 at the fourth interface 1008 can impact the loss
of optical signais between the SiPho chip 108 and the PGL substrate 108. As such,
to minimize coupling loss, the aforementioned one or more fiducial marks 208
(Figure 2B) are used during mounting of the SiFho chip 108 to assist in alignment
and the precise placement of the SiPho chip 108 to oplimize the buti-coupling of the
plurality of waveguides 108A and the plurality of oplical structures 1104110y at the

fourth interface 1008 and minimize coupling loss.

[0081]  To connect the SiPho chip 108 to the PGL substrate 106, SiPho chip 108
further include a plurality of solder connects 1012 that are in contact with the
plurality of solder balls 1010, wherein the plurality of sclder balls 1010 are positioned
between the plurality of solder connects 1012 and an end of each of the plurality of
vias 1006 on the coupling surface 208. The plurality of solder balis 1010 electrically
connect the SiPho chip 108 to the plurality of vias 1006 formed in the photonic glass
layer substrate 108. In an embodiment, the plurality of solder bails or other
interconnect bumps, pillars or interconnect materials, including planar hybnd
bonding fechniques, 1010 may be used to connect the plurality of solder connects
1012 to the plurality of vias 1008 extending through the PGL substrats 1086 {o the
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substrate 101, In the embodiment shown, the plurality of solder balis 1010 and the
plurality of vias 1006 connect the plurality of solder connects 1012 {0 the plurality of
interconnect pads 1004 in the substrate 101, thereby elscirically connecting the
SiPho chip 108 to the plurality of circuit traces 1002 in the package substrate 101
connected to the piurality of interconnect pads 1004,

[0082]  In an embediment, the coupling surface 208 of the PGL substrate 106
may further comprise a plurality of recesses (not shown} for cradiing each of the
plurality of soider balls 1010 used to connect the plurality of solder connects 1012 in
the SiPho chip 108 and the plurality of vias 1006 in the PGL substrate 108. The
plurality of recesses may be formed {o allow for expansion of the plurality of solder
palls 1010 when flattened such that the contacting surface of the plurality of solder
balls 1010 may be substantially flush with the coupling surface 208. The flaltening
of the pluraiity of solder balis 1010 on the coupling surface 208 when contacting the
solder connects 1012 in the SiPho chip 108 assists in ensuring uniformity in the
mounting of the SiPho chip 108 on the PGL substrate 108 as well as increases

contact reliability of the solder balis 1010

{00831 Figure 10 also includes a cross-sectional view of a portion of the fiber
connector 112 that is coupled to a portion of the PGL substrate 106 at the interface
109, according to an embodiment. In configuration, the fiber connector 112 can be
removably connecied o a portion of the photonic engine 103 to allow the
transmission to and receipt of optical signals from the opfical structures 110 by use

of a “butt-coupled” connection configuration.

[0084]  Figure 11 is a schemalic, cross-sectional lateral view of a portion of the
photonic engine 103 mountad on the package substrate 101, according to an
alternative embodiment. in the embodiment shown, the SiPho chip 108 may be
passively mounted on the photonic glass layer substrate 108 in a second chip
mounting region 1108 of the pholonic glass layer substrate 108, The second chip
mounting region 1106 of the PGL substrate 106 further includes a coupling portion
1102 of each of the pluralily of optical structures 110+-110n exiending along a
coupling surface 1104 of the PGL substrate 108. When the SiPho chip 108 is

mounted on the second chip mounting region 1108, a portion of the plurality of
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waveguides 108A in the SiFPho chip 108 are evanescently coupled with a surface of
the corresponding coupling portions 1102 of each of the plurality of optical structures
110+-110n in the PGL substrate 108, Evanescent coupling is accomplished when
two optical waveguides are positioned close together such that the evanescent fieid
gensrated by one waveguide reaches the other waveguide before any substantial
decay of the evanescent field is experienced. The evanescent coupling of the
plurality of waveguides 108A to the plurality of optical structures 110 aliow for optical

signals to be transferred between the coupled waveguides.

{00851  In an embodiment, the evanescently coupling of the waveguides may be
formed as a directional coupler wherein the evanescent modes of one waveguide
overlap with the modes of a second waveguide. When the evanescent modes of the
wavequides overlap, evanescent fields generated by the respective waveguides also
overlap such that the evanescent field generated by one guide may excite a wave in
the other guide. As such, in one aspect, the coupling strength between the plurality
of waveguides 108A and the plurality of optical structures 110 may therefore be
sensifive to the distance between the waveguides 108A and optical structures 110,
and/or the length of the coupling portion 1102, The coupling portion 1102 and
respective contacting portion of the waveguides 108A may therefore be sized and

formed to optimize the coupling and minimize coupling loss.

[0086] The mounting of the SiPho chip 108 on the substrate 106 in the chip
mounting region 1108 of the substrate 106 further includes connecting the plurality
of solder connects 1012 in the SiPho chip 108 to the plurality of vias 1008 in the
PGL substrate 106 using the plurality of solder balls 1010. The plurality of solder
balls 1010 may be positioned on the coupling surface 208 adjacent {o the coupling
portions 1102 of the plurality of optical structures 1104-110n and aligned between
sach respective solder connects 1012 and via 1008, The plurality of solder balls
1010 may be sized such that when the plurality of solder bails 1010 is flattened due
{o the contact of the SiPho chip 108 being mounted on the PGL substrate 108, the
plurality of solder balls 1010 is flattened {o a height substantially the same as the
height of the coupling portions 1102 of the plurality of optical structures 110+-110n.
in the embodiment shown, the plurality of solder balls 1010 in contact with the

plurality of vias 10086 and the plurality of interconnect pads 1004 electrically connect
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the SiPho chip 108 to the plurality of circuit traces 1002 in the package substrate
101, Further, one or more stand-off structures 1015 can be used to position,
support and/or help align the SiPho chip 108 within the chip mounting region 204, In
one exampie, the stand-off struciures 1015 (Figure 10} are formed o help set the
vertical alignment of the waveguides 108A with the optical structures 110, In some
embodiments, as illustrated in Figure 10, the PGL substrate 108 includes one or
more stand-off structures 1015 that are configured to support the SiPho chip 108 in
a direction (g.g., Z-direction) that is substantially perpendicular o a plane that is
parallel to the plane in which the optical structures 110+-110n exiend (e.g., X-Y-

plane).

{00877 Figure 12 is a schemalic, cross-sectional lateral view of the fiber
connector 112 portion of the photonic engine 103, according to an embodiment. in
general, the fiber connector 112 is used o removably connect the external fiber
cable 120 to the pholonic engine 1038. The plurality of optical fibers 112A of the fiber
connector 112 transmit light signals to and from the fiber cable 120 plugged into the
fiber connector 112, The fiber connector 112 is configured to aliow for the
attachment of external fiber cable 120 to the optical input/output of the photonic
engine 103 without requiring active alignment of the fiber cable 120 1o the photonic
engine 103 on a per fiber core basis. As such, the fiber connector 120 may be
formed and configured to be interoperable with a varisty of different fiber cable 120

assembiies and standards.

[0088] As shown in Figure 12, light transmitied along the plurality of fibers 112A
is directed to the plurality of optical structures 1104+-110n on the PGL substrate 106
by a lens assembly for subsequent transmittance {o and through the photonic engine
103. The lens assembly includes a first lens 112B and a third lens 112C formed on
the fiber connector 112, and a second lens 1202 formed on the subsirate 106. In
the embodiment shown, light from the fiber cable 120 is transmilted along the fiber
112A towards the first lens 112B formed near the end of the fiber 1124, The first
lens 1128 directs light fransmitted along the fiber 112A fowards the second lens
1202 on the PGL substrate 108. The second lens 1202 on the PGL substrate 106
then reflects and re-direct the light back towards the third lens 112C on the fiber
connector 112. The third lens 112C finally reflects and re-directs the light to the
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optical structures 110 on the PGL substrate 106 for subseguent fransmittance

through the photonic engine 103,

{00891 In summation, embodiments herein relate to optical silicon photonic
devices and methods for fabricating optical silicon photonic davices. The methods
described herein enable the high volume manufacturing and fabrication of oplical
silicon photonic devices having a plurality of optical structures formed on a photonic
glass iayer substrate. The optical silicon pholonic device further includes a silicon
photonic chip mounted on the photonic glass layer subsirate and connected {o the
plurality of oplical structures. The plurality of optical structures optically connect the
silicon photonic chip to a fiber connecior configured for connecting with an external
fiber and operate to propagate light signals between the fiber connecior and the

silicon photonic chip.

001007  While the foregeing is directed to embodiments of the present disclosure,
other and further embodiments of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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What is claimed is:

1. A method for fabricating an electronic and photonic device, comprising:

depositing a core material layer on a surface of a substrate comprising a
photonic glass layer (PGL) having a first refractive index, wherein the core material
laver has a second refractive index different from the first refractive index;

depositing a patterned layer over the core material layer, the pattemed layer
having openings formed therein in which portions of a surface of the core material
layer are exposed; and

removing portions of the core material exposed within the openings of the
patterned fayer to form a plurality of optical structures, wherein each of the plurality
of optical structures comprises a waveguide configured to transmit light belween a
first edge and a second edge of the substrate, and wherein each of the waveguides
of the plurality of optical structures exdend in one or more directions between the

first edge and the second edge.

2. The method of claim 1, further comprising:

depositing a cladding layer on the surface of the substrate prior to depositing
the core material layer, the cladding layer having a fourth refractive index different
from the second refractive index;

removing the patterned layer after removing portions of the core material
axposed within the openings; and

depositing an encapsulation layer over the plurality of optical structures,
wherein the deposited encapsulation layer has a third refractive index that is

different from the second refractive index.

3. The method of claim 2, wherein depositing a patterned laver over the core
material layer comprises depositing a patlterned hardmask or forming a patterned

photoresist over the core material layer.
4. The method of claim 2, wherein depositing a patterned layer over the core

matarial layer comprises.
depositing a hardmask over the core material layer,
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forming a patterned photoresist over the hardmask, the patterned photoresist
having openings formed therein in which portions of the hardmask are exposed,
and

removing exposead portions of the hardmask {0 expose portions of the core

material layer.

5. The method of claim 2, wherein the encapsulation laver comprises one or
maore of SiaNg, SIO:, doped Si0,, low-index flucropolymers, nanoparicle films,

hydrogels, porous materials, and photoresist containing materials.

8.  The method of claim 2, wherein the first and third refractive indexes are lower

than the second refractive index.

7.  The method of claim 1, further comprising forming a chip mounting regionon a
surface of the photonic glass layer at the first edge of the substrate, wherein the chip
mounting region is operable to connect a photonic or electronic integrated circuit to
the photonic glass layer substrate.

8§  The mathod of claim 1, further comprising forming a fiber connectoron a
surface of the photonic glass layer at the second edge of the substrate, wherein the
fiber connector is operabie to connect an optical fiber cable to the photonic glass

layer substrate.

8. The method of claim 1, wherein the core material layer comprises one or more
of silicon carbide (SIC), silicon oxycarbide {SIOC), titanium dioxide (Ti0y), silicon
dioxide (Si02), vanadium (IV) oxide (VOx), aluminum oxide (Al:0s), aluminum-
doped zinc oxide (AZO), indium tin oxide (ITQ}, tin dioxide (Sn(s), zine oxide Zn},
tantalum pentoxide (Taz0s), silicon nitride (SiaNy), zirconium dioxide (ZrQ2), niobium
oxide (Nb,;Qs), cadmium stannate (Cd.Sn0.), silicon mononifride (SN}, silicon
oxynitride (SION), barium titanate (BaTi(:), diamond like carbon (DLC), hafnium{ly)
oxide (HFO.), lithium niobate (LiNbG:), and silicon carbon-nitride (SICN) containing

materials.
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10, The method of claim 1, wherein sach of the waveguides of the plurality of
optical structures comprises:

a first end extending from the first edge of the substrate, wherein the first end
of the waveguides comprise a first cross-sectional dimension; and

a second end extending from the second edge the substrate, wherein the
second end of the waveguides comprise a second cross-sectional dimension, and
the second cross-sectional dimension is greater than the first cross-sectional
dimension.

11, The method of claim 10, wherein the first cross-sectional dimension
comprises a haight dimension that is about 1 micron in size and the second cross-

sectional dimension comprises a height dimension that is about 9 micron in size.

12. A method for fabricating an electronic and photonic device, comprising:
depositing a patterned layer over a surface of a substrate comprising a
photonic glass layer, the pholonic glass layer having a first refractive index and the
patterned layer having openings formed therein in which portions of the surface of

the substraie are exposed;
removing portions of the substrate exposed within the openings of the
patterned tayer to form a plurality of structures in the substrate separated by a
plurality of irenches;
removing the patterned layer; and
depositing a fill layer having a second refractive index that is different from
the first refractive index over the plurality of structures and into the plurality of
trenches to form a plurality of optical structures, wherein each of the plurality of
optical structures comprises a waveguide configured o transmit light between a first
edge and a second edge of the substrate, and wherein each of the waveguides of
the plurality of optical structures extend in one or more directions extending between
the first edge and the second edgs.

13, The method of claim 12, wherein excess portions of the fill layer are removed
after the fill layer is deposited over the plurality of structures and in the plurality of

trenches in the substrate.
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14. The method of claim 13, further comprising depositing an encapsulation layer
over the plurality of structures and portions of the fill layer deposited in the plurality
of irenches after excess portions of the fill layer are removed, wherein the deposifed
encapsulation layer has a third refractive index that is different from the second

refractive index.

15.  The method of claim 12, wherein each of the waveguides of the plurality of
optical structures comprises:

a first end extending from the first edge of the substrate, wherein the first end
of the waveguides comprise g first cross-sectional dimension; and

a second end extending from the second edge the substrate, wherein the
second end of the waveguides comprise a second cross-sectional dimension, and
the second cross-sectional dimension is greater than the first cross-sectional

dimension.

18. A method for fabricating an electronic and photonic device, comprising:
depositing a patterned layer over a surface of a subsirate comprising a
photonic glass layer, wherein the pholonic glass layer has a first refractive index and
the patierned layer has openings formed therein in which portions of the surface of

the substrate are exposed; and

performing an ion implantation process on the exposed portions of the
substrate {o implant a plurality of doping ions into the surface of the exposed
portions of the substrate, whersin the exposed portions of the substrate that include
the plurality of doping ions defing a plurality of optical structures having a second
refractive index different from the first refractive index, whersin each of the plurality
of optical structures comprises a waveguide configured to fransmit light between a
first edge and a second edge of the substrate, and wherein each of the waveguides
of the plurality of optlical structures extend in one or more directions extending

between the first edge and the second edge.
17, The method of claim 18, wherein the plurality of doping ions comprises a
dopant material selecied from the group consisting of Al P, F, CI P, N, Ar, Kr, and

combinations thereof.
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18. The method of claim 16, further comprising removing the patternad layer after
the ion implantation process is completed and depositing an encapsulation layer
over the substrate and the plurality of optical structures, wherein the deposited
encapsulation layer has a third refractive index that is different from the second
refractive index.

18.  The method of claim 16, further comprising forming a chip mounting region on
a surface of the photonic glass laver at the first edge of the substrate, wherein the

chip mounting region is operable to connect a photonic or electronic infegrated
circuit to the substrate.

20, The method of claim 16, further comprising forming a fiber connectoron a
surface of the photonic giass layer at the second edge of the substrate, wherein the

fiber connector is operable to connect an optical fiber cable {o the subsirate.
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