VLSI-PHOTONIC HETEROGENEOUS INTEGRATION BY WAFER BONDING This application claims
priority to U.S. Provisional Application serial number 60/501,669 filed on September 10, 2003 as well as,
U.S. Application serial number 10/822,201 filed on April 9, 2004, herein incorporated by reference.
BACKGROUND OF THE INVENTION (1) Field of the Invention The invention relates to the integration of

optical and elegtronicrohipsiand, more paciouanys ta amethod tofomy awhylbrid, BB pfotonic
integrated circuit using wafer bonding. (2) Description of the Prior Art In optical modules for access and
metropolitan networking, several requirements are anticipated in the future. In particular, it is anticipated
that transmitters, fibers, regenerators, switches, and receivers will become highly integrated components
at distribution nadess Very low gesto rplug-andsplay systems, sucly as iramseiittersarglreceivers, optical
network units (ONU), and optical termination lines (OTL) 1 operating at frequencies in excess of 10
Gigabits/aeganicbwillibenregeired] Thercbierent state of thedart inl ketetogeneousnitegration Kothe silicon
(Si) optical bench. On a silicon optical bench,

as well as, U.S. Application serial number 10/822,201 filed on

April 9, 2004, herein incorporated by reference.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The invention relates to the integration of optical and
electronic chips, and, more particularly, to a method to form a

hybrid, VLSI-photonic integrated circuit using wafer bonding.

(2) Description of the Prior Art

In optical modules for access and metropolitan networking,
several requirements are anticipated in the future. In
particular, it is anticipated that transmitters, fibers,
regenerators, switches, and receivers will become highly
integrated components at distribution nodes. Very low cost,
plug-and-play systems, such as transmitters and receivers,

optical network units (ONU), and optical termination lines (OTL)



various components, such as laser diodes, photodetectors, waveguides, and VLSI chips, are each picked,
aligned, placed, and bonded onto a silicon substrate using flip chip technology and, more particularly,
using solder bumps. These silicon bench modules thereby offer both optical signal and electrical signal
processing functions on the same silicon substrate. The optical performance of an optical transceiver is

sensitive dp dheyaceliasy ot thesplignmends betweenr optical compereMs suzhasheiween theéiber and
the waveguide, between the waveguide and the laser, and between the waveguide and the
photodeteetgn ikerexample, in the reference by Kitagawa et al, "Hybrid Integration Technologies Using
Planar Lightwave Circuits and Developed Components,” IEICE Trans. Electron., Vol. E85-C, No. 4, April
2002, p. 1009, it is found that the average optical signal loss for a single laser beam at a spot size
converter to a planar waveguide interface is about 4.5 dB. Without the spot size converter, the loss
increases to abaute/ dBrincadditant i isfounddhatsilidon isca lossy substiatei Foegxamplen 2 electrical
interconnects, such as metal lines, become transmission lines at frequencies above 2 GHz. Further, such
metal linessextiibit highipropagation tgssiatdrequencies above abdutdthGigatHiertzl Aseannbtable
application, optical

various components, such as laser diodes, photodetectors,

waveguides, and VLSI chips, are each picked, aligned, placed,

and bonded onto a silicon substrate using flip chip technology

and, more particularly, using solder bumps. These silicon bench

modules thereby offer both optical signal and electrical signal

processing functions on the same silicon substrate.

The optical performance of an optical transceiver is
sensitive to the accuracy of the alignments between optical
components such as between the fiber and the waveguide, between
the waveguide and the laser, and between the waveguide and the
photodetector. For example, in the reference by Kitagawa et al,
“Hybrid Integration Technologies Using Planar Lightwave Circuits
and Developed Components,” IEICE Trans. Electron., Vol. E85-C,
No. 4, April 2002, p. 1009, it is found that the average optical
signal loss for a single laser beam at a spot size converter to
a planar waveguide interface is about 4.5 dB. Without the spot
size converter, the loss increases to about 7 dB. In addition,

it is found that silicon is a lossy substrate. For example,
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transceivers, such as transimpedance amplifiers, clock data recovery circuits, multiplexers, and
demultiplexers, have many clock and data lines running at or above 10 GHz. In such an application, the
high propagation loss of the silicon substrate is a significant problem. As for passive optical components,
currently, silica-based materials, such as silicon oxynitride, silicon nitride, germanium-doped silicon

oxide, or silisenwich-0xide,equise high emperiuresannaaling 1 kecexamplecannealing at temperatures
of greater than about 700 C is required to form silica-based, passive optical components exhibiting low

propagationslass 0f kessithan abeut:2 dBiemasrdesssbead i3,dVorhoidfzet atiiResign, Tolemrance Analysis,
and Fabrication of Silicon Oxynitride Based Planar Optical Waveguides for Communication Devices,"
Journal ahétghitwave decbrology cVoli gty , iNa B Auigi 3899 op.s1401. Thegequitementiastigh
temperature processing prevents monolithic integration of passive optical components with electronics
chips. Thisohigh tenpErature pracessing effecis dtansistgrchacacteristjcsyBtinereases contact resistance,
and can melt metal interconnect layers. Several prior art inventions relate to multiple substrate

transceivers, such as transimpedance amplifiers, clock data

recovery circuits, multiplexers, and demultiplexers, have many

clock and data lines running at or above 10 GHz. In such an

application, the high propagation loss of the silicon substrate

is a significant problem.

As for passive optical components, currently, silica-based
materials, such as silicon oxynitride, silicon nitride,
germanium-doped silicon oxide, or silicon-rich oxide, require
high temperature annealing. For example, annealing at
temperatures of greater than about 700 °C is required to form
silica-based, passive optical components exhibiting low
propagation loss of less than about 2 dB/cm as described in
Worhoff et al, “Design, Tolerance Analysis, and Fabrication of
Silicon Oxynitride Based Planar Optical Waveguides for

(4

Communication Devices,” Journal of Lightwave Technology, Vol.
17, No. 8, Aug. 1999, p. 1401. The requirement for high
temperature processing prevents monolithic integration of

passive optical components with electronics chips. This high

temperature processing effects transistor characteristics,

3



devices and optical devices. International Patent Application 02/48765 Al to Pandraud et al and U.S.
Patent Application 2002/0076130 Al to Pandraud show methods to form features within substrates by
bonding two substrates together. A waveguide structure with a reflective facet is shown. U.S. Patent
Application 2003/0091264 Al to Kimerling describes a hybrid device comprising an optical chip and an

electronig ghipe I be stwarehips are-bonded tegethermusing solder bumpsa U.S nPatent £,42%,398 Bl to
Fonstad, Jr., et al discloses a method to form a hybrid integrated circuit device by bonding together a

silicon wafgreang.a IlI-V semiconductor wafer, such as a GaAs wafer. Dielectric layers overlying the
surfaces of each wafer are bonded together by a two step sequence comprising pressure and thermal
processing. Embodiments describe thinning the silicon substrate such that a thin Si layer overlies then
bonded dielectric layers which, in turn, overlie the 111-V substrate. Electronics are formed in the Si layer
and optoelectrosies @re Iformed in thecllliYsemicanducterllayer. thSmRateny 6¢456; P67 B2 to Terashima
shows an optical waveguide transmitter/receiver module. The module comprises a silicon substrate that
is bondedidstogethenritheobanding suefaces are héldttegetiter by aésiha isetder Apresimnilat ineans. U.S.
Application 2003/0140317 Al to

02/48765 Al to Pandraud et al and U.S. Patent Application

2002/0076130 Al to Pandraud show methods to form features within

substrates by bonding two substrates together. A waveguide

structure with a reflective facet is shown. U.S. Patent

Application 2003/0091264 Al to Kimerling describes a hybrid

device comprising an optical chip and an electronic chip. The

two chips are bonded together using solder bumps. U.S. Patent

6,455,398 Bl to Fonstad, Jr., et al discloses a method to form a

hybrid integrated circuit device by bonding together a silicon

wafer and a III-V semiconductor wafer, such as a GaAs wafer.

Dielectric layers overlying the surfaces of each wafer are

bonded together by a two step sequence comprising pressure and

thermal processing. Embodiments describe thinning the silicon

substrate such that a thin Si layer overlies then bonded

dielectric layers which, in turn, overlie the III-V substrate.

Electronics are formed in the Si layer and optoelectronics are

formed in the III-V semiconductor layer. U.S. Patent 6,456,767

B2 to Terashima shows an optical waveguide transmitter/receiver

module. The module comprises a silicon substrate that is bonded
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Brewer et al discloses various techniques for combining or for stacking substrates of differing
composition. U.S. Patent Application 2003/0002809 Al to Jian teaches an optical device where fibers are
vertically integrated through the substrate layers. U.S. Patent 6,020,624 to Wood et al describes a
method to bond wafers together in a memory device. U.S. Patent Application 2002/0171077 to Chu et al

teaches a siesenand siliconbgarmanjuaLepteelestranic integnated £ireHit rAdditiepalirgferences related to
the present invention include the article, by Akahori et al, "Assembly and Wiring Technologies on PLC

Platformsstor deow, Cost andhHigh-Spead sApplicationsp Preceeding obDECTEL 49977 pa632,cnd the article
by Rieh et al, "Monolithically Integrated SiGe-Si PIN-HBT Front- End Photoreceivers," IEEE Photonics
Technologydweiters,tVel110,1i Nol 3s Mareta 1 998,sp.t4lbh in addiionoin ther@iorQOpte Electionic Sensor
Systems (BOSS) Center, a DARPA Optoelectronics Research Center, published on a web site:
www.micea. diticiedy/kossé Taskd khtnd ftheipaper 1 figsk Hnkevetopmentofsan wegrated Guided-Wave
Interferometer-based Bio-Sensor System," the relates to the topic of bio-sensors 5 based on optical
systems Buiddesandtodisclo98 hovi omizine optidal(H |-V avafers and sificon-wafetsvice

where fibers are vertically integrated through the substrate

layers. U.S. Patent 6,020,624 to Wood et al describes a method

to bond wafers together in a memory device. U.S. Patent

Application 2002/0171077 to Chu et al teaches a silicon and

silicon germanium optoelectronic integrated circuit.

Additional references related to the present invention
include the article, by Akahori et al, “Assembly and Wiring
Technologies on PLC Platforms for Low Cost and High Speed
Applications,” Proceeding of ECTC, 1997, p. 632, and the article
by Rieh et al, “Monolithically Integrated SiGe-Si PIN-HBT Front-
End Photoreceivers,” IEEE Photonics Technology Letters, Vol. 10,
No. 3, March 1998, p. 415. In addition, in the Bio-Opto
Electronic Sensor Systems (BOSS) Center, a DARPA Optoelectronics
Research Center, published on a web site:
www.micro.uiuc.edu/boss/TaskII.html, the paper “Task II:
Development of an Integrated Guided-Wave Interferometer-based

Bio—-Sensor System,” the relates to the topic of bio-sensors



SUMMARY OF THE INVENTION A principal object of the present invention is to provide an effective and
very manufacturable method to integrate an optical substrate and an electronic substrate. A further object
of the present invention is to provide a method to integrate an optical substrate and an electronic
substrate such that a heterogeneous, VLSI-photonic integrated circuit is formed. A yet further object of

the presesyt saengan deto provids, acheteragenequs.sVikskphatenicdptegratgdicircyit gompsising
complex functions and combining electronic/optic, optic/ electronic, optic/optic, and electronic/electronic
functionseAtyiet furthermbjegt ofdire present inventienis teapreyide a method to improve the performance

of the electrical interconnects and RF passive devices, such as inductors, through the use of built-in
thick dielectric layers after substrates are stacked together. 6 A yet further object of the present invention
is to provide a method to form a waveguide with an embedded mirror in the manufacture of an integrated
circuit device. A yet further object of thevmasentaRvantionrisyapravide a method to form a multiple level,
stacked substrate device.

A principal object of the present invention is to provide

an effective and very manufacturable method to integrate an

optical substrate and an electronic substrate.

A further object of the present invention is to provide a
method to integrate an optical substrate and an electronic
substrate such that a heterogeneous, VLSI-photonic integrated

circuit is formed.

A yet further object of the present invention is to provide
a heterogeneous, VLSI-photonic integrated circuit comprising
complex functions and combining electronic/optic, optic/

electronic, optic/optic, and electronic/electronic functions.

A yet further object of the present invention is to provide
a method to improve the performance of the electrical
interconnects and RF passive devices, such as inductors, through
the use of built-in thick dielectric layers after substrates are

stacked together.



In accordance with the objects of this invention, a method to form a VLSI-photonic heterogeneous
system device is achieved. The method comprises providing an optical substrate comprising at least one
passive optical component formed therein. An electronic substrate is provided comprising at least one
active electronic component formed therein. A plurality of metal pillars are formed through the optical
substrate and protruding out a first surface of the optical substrate. A plurality of metal pads are formed
on a first surface of the electronic substrate. The optical substrate and the electronic substrate are
bonding togethex by-a methedt irthes cemprising-akigning then first:susfaces of the eptical and @tectronic
substrates such that the protruding metal pillars contact the metal pads. The optical and electronic
substrates atetthen bobded tegether thrgughdhe metalpillansianganetal pads vising a tkermal diffusion
metal-to-metal process. 7 Also in accordance with the objects of this invention, a method to form a
waveguideawiili antembedded mirtortinghe tmanutacturetof @éswvdptical substrate device is achieved. The
method comprises forming a cladding layer overlying a silicon layer on an optical substrate. The cladding
layer is patterned to form openings through the cladding layer where an embedded

A yet further object of the present invention is to provide

a method to form a multiple level, stacked substrate device.

In accordance with the objects of this invention, a method
to form a VLSI-photonic heterogeneous system device is achieved.
The method comprises providing an optical substrate comprising
at least one passive optical component formed therein. An
electronic substrate is provided comprising at least one active
electronic component formed therein. A plurality of metal
pillars are formed through the optical substrate and protruding
out a first surface of the optical substrate. A plurality of
metal pads are formed on a first surface of the electronic
substrate. The optical substrate and the electronic substrate
are bonding together by a method further comprising aligning the
first surfaces of the optical and electronic substrates such
that the protruding metal pillars contact the metal pads. The
optical and electronic substrates are then bonded together
through the metal pillars and metal pads using a thermal

diffusion metal-to-metal process.
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mirror is planned. A waveguide layer is deposited overlying the cladding layer and filling the openings,
creating a vertical waveguide. The waveguide layer is patterned to define a horizontal waveguide. The
patterning forms an angled edge where the waveguide layer is etched through to underlying the cladding
layer. A metal layer overlies the waveguide. The metal layer is patterned to remove the metal layer from
the waveguide excepting at the angled edge of the waveguide. The metal layer forms an embedded
mirror for the waveguide. Also in accordance with the objects of this invention, a VLSI-photonic
heterogeneous gysiemidevice: israchiervedy tie dawcesosrises anceptical sukstrate €pmyprising at least

one passive optical component formed therein. Pluralities of metal pillars are located through said optical
substratevand peotrusier oua firstsueface ©f the eptical suhskatee Anmelecteonic rsubisrate comprises at
least one active electronic component 8 formed therein. A plurality of metal pads is on a first surface of
the electronic:suhsirate. e fitst sprfaces] ofsthie Kpticak substiate aind therelecteanic substrate are held
together by the bonding between the metal pillars and the metal pads. Also in accordance with the
objects ohthis inventiomrd seaveguite. dgviee ithdaln embedded mirrer isyachieved Thecdevice

layer on an optical substrate. The cladding layer is patterned

to form openings through the cladding layer where an embedded

mirror is planned. A waveguide layer is deposited overlying the

cladding layer and filling the openings, creating a vertical

waveguide. The waveguide layer is patterned to define a

horizontal waveguide. The patterning forms an angled edge where

the waveguide layer is etched through to underlying the cladding

layer. A metal layer overlies the waveguide. The metal layer is

patterned to remove the metal layer from the waveguide excepting

at the angled edge of the waveguide. The metal layer forms an

embedded mirror for the waveguide.

Also in accordance with the objects of this invention, a
VLSI-photonic heterogeneous system device is achieved. The
device comprises an optical substrate comprising at least one
passive optical component formed therein. Pluralities of metal
pillars are located through said optical substrate and protrude
out a first surface of the optical substrate. An electronic

substrate comprises at least one active electronic component
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comprises a cladding layer overlying a silicon layer on an optical substrate. The cladding layer has
openings through to underlying silicon layer. A patterned waveguide layer overlies the cladding layer and
partially fills the openings. The patterned waveguide layer has an angled edge in the openings. A metal
layer overlies the waveguide only on the angled edge. A second cladding layer overlies the waveguide

layer andrtbenaetat Hayer: BRIEFDESERIRTIQN Qe THE DRAWINGSAnihe accempanrying &rawings
forming a material part of this description, there is shown: Figs. 1 through 6 illustrate a first preferred
embodiment tafdéhe peesent invensap swhesed anraptical wadersand an celestromic avafer areshonded
together. 9 Fig. 7 illustrates the first preferred embodiment of the present invention wherein the multiple
wafer strucibea: isa extengdad o greaterthasiwe watess. g e8 diustratessa secenthpreferyed eabodiment
of the present invention showing a photonic receiver circuit Figs. 9 through 13 illustrate a third preferred
embodinment difikhe peesent nvendionshawing a photorie trandeeivertcircuitawherein a laser photo diode
is incorporated into the multiple
Also in accordance with the objects of this invention, a

waveguide device with an embedded mirror is achieved. The device

comprises a cladding layer overlying a silicon layer on an

optical substrate. The cladding layer has openings through to

underlying silicon layer. A patterned waveguide layer overlies

the cladding layer and partially fills the openings. The

patterned waveguide layer has an angled edge in the openings. A

metal layer overlies the waveguide only on the angled edge. A

second cladding layer overlies the waveguide layer and the metal

layer.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part of

this description, there is shown:

Figs. 1 through 6 illustrate a first preferred embodiment
of the present invention wherein an optical wafer and an

electronic wafer are bonded together.
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wafer structure. Figs. 14 through 16 illustrates the third preferred embodiment of the present invention
wherein the laser photo diode is incorporated at another part in the process. Figs. 17 through 19, 20a
through 27a, and 20b through 27b illustrate a fourth preferred embodiment of the present invention
showing a method to form a waveguide with an embedded mirror for changing the direction of light
transmitted in the waveguide. 10 Figs. 28, 29, 30a, and 30b illustrate a fifth preferred embodiment of the
present invention showing a chemical or biological agent detector circuit fabricated using the novel
method of forming @.hybrid optieal ansleleeikonie itegrated caircuit daviced DESERITION: OF THE
PREFERRED EMBODIMENTS The preferred embodiments of the present invention disclose methods to
form hybpdceptical ane elactronicintegrated: sikcuitdevices A emboglimentaftbe psesent invention
relates to the integration of an optical wafer, or chip, with built-in optical devices such as waveguides or
light emittertdiodes] with @nealeetronic waferyor ehipevwith built-in electronic devices, such as transistors
or photodetectors. A wafer bonding process

Fig. 8 illustrates a second preferred embodiment of the

present invention showing a photonic receiver circuit

Figs. 9 through 13 illustrate a third preferred embodiment
of the present invention showing a photonic transceiver circuit
wherein a laser photo diode is incorporated into the multiple

wafer structure.

Figs. 14 through 16 illustrates the third preferred
embodiment of the present invention wherein the laser photo

diode is incorporated at another part in the process.

Figs. 17 through 19, 20a through 27a, and 20b through 27b
illustrate a fourth preferred embodiment of the present
invention showing a method to form a waveguide with an embedded
mirror for changing the direction of light transmitted in the

waveguide.
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uses thermal diffusion to bond metal to metal and to thereby bond together the optical and electronic
substrates. A method to form optical waveguides with embedded mirrors is also disclosed. It should be
clear to those experienced in the art that the present invention can be applied and extended without
deviating from the scope of the present invention. 11 Referring now to Figs. 1 through 6, a first preferred

embodiment of thegeyesent inyentiomis illustrated.Saverals tpperdant features pithespresent invention are
shown and discussed below. More particularly, a simplified cross section of an exemplary optical
substrate=1® isashewnt incffigsht tRyeeghn3. This opticalsubistatent0 gorrpsises alpassive optical device
as will be described below. Fig. 4 illustrates an electronic substrate 30 in a simplified cross section. In
Figs. 5 and 61 dbe opticalstbstrate: 2@ and the etectronicasihisirate 30wase nonded tegetter to form a
photonic heterogeneous device 55. Referring again to Fig. 1, the optical substrate 10 is shown. The
optical sulbstratel 10 comprises@ stabk/ ot previasty daanufactusac layess including g fiussteuibstrate 12, a
dielectric layer 14, optical components 20, and metal pillars 16. The optical substrate 10 is preferably a
wafer, asds commonlyvdefined in the art, though the optical substrate 10 may

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The preferred embodiments of the present invention disclose
methods to form hybrid, optical and electronic integrated
circuit devices. An embodiment of the present invention relates
to the integration of an optical wafer, or chip, with built-in
optical devices such as waveguides or light emitter diodes, with
an electronic wafer, or chip, with built-in electronic devices,
such as transistors or photodetectors. A wafer bonding process
uses thermal diffusion to bond metal to metal and to thereby
bond together the optical and electronic substrates. A method to
form optical waveguides with embedded mirrors is also disclosed.
It should be clear to those experienced in the art that the
present invention can be applied and extended without deviating

from the scope of the present invention.
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alternatively be a single die of a wafer. The optical substrate 10 comprises at least one passive optical
component 20. In the exemplary case, a waveguide 20 is formed on the optical substrate 10. The
waveguide 20 is formed by methods known in the art. Other optical components that may be formed on
the optical substrate 10 include, but are not limited to, branching devices, optical filters, multiplexers,

demultiplexers, waveguidepptical 12 switghes, anehwaveguids optical amplifiess Alse the optical
substrate 10 can contain optical components that made used of photonic bandgap devices such as
photonic erystali iepractiee,t aplyabiyofopticakeampeonans is foimed-n e optiea) rsubstrate 10. A first
substrate 12 is provided. Preferably, the first substrate 12 comprises a semiconductor material such as
silicon. Homevet, ntherfmatariadss could diecugecesinee thenfiksh tsubstrate-12 matvhe semoved in
subsequent processing. The optical components 20 and 22 are formed overlying the first substrate 12.
More preterablys a«tielpetricvayetdkisdatmed waverlying thedirstsubsirate 2 oERkis heledtsic layer 14
may comprise a single layer but, more preferably, comprises a plurality of dielectric layers. A waveguide
20 is formed withix e dietectrip tayes 14sThe waveguide domptisesna hmat€rials having farrefraictive index
described by the constant n2. The

3. This optical substrate 10 comprises a passive optical device

as will be described below. Fig. 4 illustrates an electronic

substrate 30 in a simplified cross section. In Figs. 5 and 6,

the optical substrate 10 and the electronic substrate 30 are

bonded together to form a photonic heterogeneous device 55.

Referring again to Fig. 1, the optical substrate 10 is
shown. The optical substrate 10 comprises a stack of previously
manufactured layers including a first substrate 12, a dielectric
layer 14, optical components 20, and metal pillars 16. The
optical substrate 10 is preferably a wafer, as is commonly
defined in the art, though the optical substrate 10 may
alternatively be a single die of a wafer. The optical substrate
10 comprises at least one passive optical component 20. In the
exemplary case, a waveguide 20 is formed on the optical
substrate 10. The waveguide 20 is formed by methods known in the
art. Other optical components that may be formed on the optical
substrate 10 include, but are not limited to, branching devices,

optical filters, multiplexers, demultiplexers, waveguide optical
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surrounding dielectric layer 14 has a refractive index described by a constant nl. Here, n2 is greater than
nl such that light that is transmitted through the waveguide 20 will be confined in the waveguide. In this
way, the waveguide 20 allows light to be transmitted through the optical substrate 10. The optical
substrate 10 is essentially an analog circuit. Therefore, it is essential to process optical signals while

preserving.the quality efithose eptical signabtnpus. largsdersl3 tasaceomplishhibesg goals) the following
requirements must be met in the optical components 20. First, the optical components 20 must exhibit
very low propagation lass. Seeondnthere: must be ahigbefficiertcaupting betaeen wayveaguides 20. Third,

there must be sufficient bandwidth in the waveguides 20 and in any wiring or interconnects. Fourth,
there mustbe tow tesidual Fefteciioni and crasstalk bepreen and amgng the . waveguides: esthese ends,
the waveguide 20 preferably comprises a silica-based material. For example, silicon oxynitride (SiOxNy),
silicon nitside (Shd\yl)t, gesmhaaium deped silison @xide (SI02)o,rphdsphorous doped sHiton oxide, or
silicon rich silicon oxide could be used for the waveguide 20. As a general rule, these waveguide
materialss2®reqgearechigll termpérature probessing.e Pracessingtemiperdtures of kwrexcegs of about 700 'C
are

first substrate 12 comprises a semiconductor material such as

silicon. However, other materials could be used since the first

substrate 12 will be removed in subsequent processing. The

optical components 20 and 22 are formed overlying the first

substrate 12. More preferably, a dielectric layer 14 is formed

overlying the first substrate 12. This dielectric layer 14 may

comprise a single layer but, more preferably, comprises a

plurality of dielectric layers. A waveguide 20 is formed within

the dielectric layer 14. The waveguide comprises a material

having a refractive index described by the constant n2. The

surrounding dielectric layer 14 has a refractive index described

by a constant nl. Here, n2 is greater than nl such that light

that is transmitted through the waveguide 20 will be confined in

the waveguide. In this way, the waveguide 20 allows light to be

transmitted through the optical substrate 10.

The optical substrate 10 is essentially an analog circuit.
Therefore, it is essential to process optical signals while

preserving the quality of those optical signal inputs. In order
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commonly used for high temperature deposition, such as in low- pressure chemical vapor deposition
(LPCVD) or in high temperature annealing. A key advantage of the present invention is the formation of
all of the key optical components, such as the waveguides 20, on an optical substrate 10 separate from
the electronics components, such as transistors. If the electronics devices and the optical devices are

integrated dogeibenpn assommarewater at thispeintdn the progess thendhe high temperature, optical
processing would adversely affect the 14 performance characteristics of the electronic devices. Other

waveguide-materials inchydei Sk melah@ddes,tstich@s A1203, HftheTa2@5, @nd thenlikenand s
polymer-based materials. The formation of all of the key optical components in the optical substrate 10
brings arvadditienal &ey asvantageyoveswhe s a4t 1 thel pder.art siticod pebek methad ttheoptical
components are individually formed and then placed and bonded onto a silicon substrate using solder
bumps. Thigymetiiad suifers theugisacdvaniager ot sighticantidalypding dossasibetyweenopticalu somponents
due to misalignments of the optical axes or due to gaps between components. In the present invention,
very highofeaturetdefinition aadc dlignmentiaretachievadsincelall of thexroptical dewcesiarerformed in the
same integrated substrate 10.

or interconnects. Fourth, there must be low residual reflection

and crosstalk between and among the waveguides.

To these ends, the waveguide 20 preferably comprises a
silica-based material. For example, silicon oxynitride (SiOxNy),
silicon nitride (SiuNy), germanium doped silicon oxide (Si0j),
phosphorous doped silicon oxide, or silicon rich silicon oxide
could be used for the waveguide 20. As a general rule, these
waveguide materials 20 require high temperature processing.
Processing temperatures of in excess of about 700 °C are
commonly used for high temperature deposition, such as in low-
pressure chemical vapor deposition (LPCVD) or in high
temperature annealing. A key advantage of the present invention
is the formation of all of the key optical components, such as
the waveguides 20, on an optical substrate 10 separate from the
electronics components, such as transistors. If the electronics
devices and the optical devices are integrated together on a
common wafer at this point in the process, then the high

temperature, optical processing would adversely affect the
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As an important, but optional, feature, an embedded mirror 22 is formed in the waveguide 20. The
embedded mirror 22 comprises a material that is entirely reflective to light transmitting in the waveguide
20. The embedded mirror 22 preferably comprises a metal layer 22. The embedded mirror 22 is formed
at an angle 0 with respect the lateral plane of the optical substrate 10. More preferably, the embedded

mirror 22ds forned at anangle 0+af about 45. lpthishuay light Pdntransmiiteddateraliynivnthe waveguide
20 and incident on the 15 embedded mirror 22 will be redirected at a right angle as reflected light P2. A

preferredunethpditodorimn tewavaguide 20uwith an, embedded mirers??2 isilustsated ind=igsatd through
19, 20a through 27a, and 20b through 27b, and is described in detail in a later section. Referring again to
Fig. 1, anniher inpertantdeature: pf thed presephénventiends thecpresaenee of metal pillars 16. The metal
pillars 16 are formed entirely through the dielectric layer 14. The metal pillars 16 are preferably formed
after the formation of the optical components 20. The advantage is less processing steps (about 50%)
than the process describing in Fig. 17 through 27 therein. Also, high temperature anneal of up to about
1000 C to reductéprapagadiondossocarebhé dofhetditer they farpatioalof components in the

optical substrate 10 brings an additional key advantage over the

prior art. In the prior art silicon bench method, the optical

components are individually formed and then placed and bonded

onto a silicon substrate using solder bumps. This method suffers

the disadvantage of significant coupling losses between optical

components due to misalignments of the optical axes or due to

gaps between components. In the present invention, very high

feature definition and alignment are achieved since all of the

optical devices are formed in the same integrated substrate 10.

As an important, but optional, feature, an embedded mirror
22 1s formed in the waveguide 20. The embedded mirror 22
comprises a material that is entirely reflective to light
transmitting in the waveguide 20. The embedded mirror 22
preferably comprises a metal layer 22. The embedded mirror 22 is
formed at an angle 6 with respect the lateral plane of the
optical substrate 10. More preferably, the embedded mirror 22 is
formed at an angle 0 of about 45°. In this way, light P,

transmitted laterally in the waveguide 20 and incident on the
15



the optical components 20 and before the formation of metal pillars. Hence, high temperature anneal
would not affect the metal, i.e. melting. However, the drawback of forming metal pillars after the
formation of the optical components is that the thick dielectric layer 14 can be between about 25 to 40um
in depth. As a result, etching the thick dielectric layer is very challenging due to very long etching time of

perhaps afewbeursmAlsedhe eiched openings forthe aetakpillarspwould havel a tagering profile. That
is, the tops of the openings are much larger than the bottoms. Another drawback is less flexibility 16 in

the designeaf said heater yiichpis. usedbinea Brocidatar « interferemesern agdwop gaultiplexer, etc. Hence,
to overcome these drawbacks, an alternative process flow is described in Fig. 17 through 27 therein.
The metal pillars A 6 are preferably formedusing ai damaseene pracessi Brefenably, thewmetal pillars 16
comprise copper metal surrounded by a barrier layer such as tantalum, tantalum nitride, or titanium
nitride. The jntegeationafthe meta) pilad 16 formationscandthe, waveguide 26 andiérabedded mirror 22
formations is illustrated in Figs. 17 through 19, 20a through 27a, and 20b through 27b, and is described
in detail idea datér sectionlater section.

Referring again to Fig. 1, another important feature of the
present invention is the presence of metal pillars 16. The metal
pillars 16 are formed entirely through the dielectric layer 14.
The metal pillars 16 are preferably formed after the formation
of the optical components 20. The advantage is less processing
steps (about 50%) than the process describing in Fig. 17 through
27 therein. Also, high temperature anneal of up to about 1000
°C to reduce propagation loss can be done after the formation of
the optical components 20 and before the formation of metal
pillars. Hence, high temperature anneal would not affect the
metal, i.e. melting. However, the drawback of forming metal
pillars after the formation of the optical components is that
the thick dielectric layer 14 can be between about 25 to 40um in
depth. As a result, etching the thick dielectric layer is very
challenging due to very long etching time of perhaps a few
hours. Also the etched openings for the metal pillars would have
a tapering profile. That is, the tops of the openings are much

larger than the bottoms. Another drawback is less flexibility
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As a key feature, the metal pillars 16 extend through the dielectric layer 14 from the top surface 24 to the
bottom surface 26 of the dielectric layer 14. Further, the metal pillars 16 extend into 18 the underlying

first substrate 12. In this way, the metal pillars 16 form a conductive via through the dielectric layer 14 of
the optical substrate 10. Preferably, the metal pillars 16 extend into the first substrate 12 between about

0 A and about 2:0QQ:A: 47 Refersinganave ta Eig. @nthenunderlyingsfirsh substrate 112 és-removed. By
removing the first substrate 12, the portion 18 of the pillars 16 that extend past the bottom surface 26 of

the remainingopticaksitasirate d4isiavailabla fordionding with the eleetrenic substiate cdhe first
substrate 12 is preferably removed by a two-part process. First, most of the first substrate 12 is removed
to using & haekside grinditgprogess: 1kerexample, abackside Privd may cemove theifirsh substrate 12
until about 100 m remains. Then, referring now to Fig. 3, a second substrate 28 is glued onto the top side
24 of theFremainingtopticabaulistraie d 8e This second substrate 28 acts as a temporary mechanical
support for the thin, optical wafer 10. The remaining first substrate 12 is then completely removed using,
for example, a wet etch and, more preferably, a spin-
The metal pillars 16 are preferably formed using a

damascene process. Preferably, the metal pillars 16 comprise

copper metal surrounded by a barrier layer such as tantalum,

tantalum nitride, or titanium nitride. The integration of the

metal pillar 16 formations and the waveguide 20 and embedded

mirror 22 formations is illustrated in Figs. 17 through 19, 20a

through 27a, and 20b through 27b, and is described in detail in

a later section.

As a key feature, the metal pillars 16 extend through the
dielectric layer 14 from the top surface 24 to the bottom
surface 26 of the dielectric layer 14. Further, the metal
pillars 16 extend into 18 the underlying first substrate 12. In
this way, the metal pillars 16 form a conductive via through the
dielectric layer 14 of the optical substrate 10. Preferably, the
metal pillars 16 extend into the first substrate 12 between

about 0 A and about 2,000 A.
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etch. An alternative process is a second substrate 28 is glued onto the top side of the optical substrate
10 first, and then is followed by the backside grinding process and wet etch of the Si substrate 12. At this
point, the metal pillars 16 will protrude from the bottom side 26 of the dielectric layer 14 of the optical
wafer 10. The preliminary processing on the optical wafer 10 is now completed. Referring now to Fig. 4,

the electronics substrate 3@ is\bwstratediig simplifiegcrossisection J heieleetreniss 48 substrate 30
comprises a stack of previously manufactured layers including a semiconductor substrate 32 and 34, a
dielectricikyeed6velectreRics €aBpDAGNtSH46, 4i%: 40, and S8y and metal padshmd:-dherelectronics

substrate 30 is preferably a wafer, as is commonly defined in the art, though the electronics substrate 30

may altermatively beia pattof aovafestThe:semiConasetor hsubsitated2 andr3d mayacasprise=a single

material, such as silicon. Alternatively, the semiconductor substrate 32 and 34 may comprise a

combinatiammafimatefialsuchnas snian ti=3t semicondustar isysteln. Ihdhelpseieineg casehthehe

semiconductor substrate 32 and 34 comprises a monocrystalline germanium layer 34 overlying a

monocrystatine:siicon layérs32; avith. orfwithdiitr buffenlaygenseafSiGe hetween fayers B2 and 34.
removed by a two-part process. First, most of the first

substrate 12 is removed to using a backside grinding process.
For example, a backside grind may remove the first substrate 12
until about 100 Um remains. Then, referring now to Fig. 3, a
second substrate 28 is glued onto the top side 24 of the
remaining optical substrate 10. This second substrate 28 acts as
a temporary mechanical support for the thin, optical wafer 10.
The remaining first substrate 12 is then completely removed
using, for example, a wet etch and, more preferably, a spin-
etch. An alternative process is a second substrate 28 is glued
onto the top side of the optical substrate 10 first, and then is
followed by the backside grinding process and wet etch of the Si
substrate 12. At this point, the metal pillars 16 will protrude
from the bottom side 26 of the dielectric layer 14 of the
optical wafer 10. The preliminary processing on the optical

wafer 10 is now completed.

Referring now to Fig. 4, the electronics substrate 30 is

illustrated in simplified cross section. The electronics
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Various electronics components can be formed on and in the semiconductor substrate 32 and 34 by
methods well known in the art. For example, MOS transistors 42 and 46 may be formed. These
transistors 42 and 46 may comprise silicon-based, silicon germanium-based, or germanium-based
devices as are known in the art. In the exemplary cross section, a MOS gate 46 is formed overlying the

germaniug semicanductordaygi 34 betwees-twerdereds sainiseuIce regiens42.vArethertypeof device
that can be usefully formed in the electronics substrate 30 is the photodetector 38, 39, and 40. 19

Photodetegtors 38n39 canth 40 srayienprise siser-based, siican geymanwm-based,ief
germanium-based devices as are well- known in the art. The photodetector may further comprise a
metal-semigesndustor-raetat (MSM) deviear@roa pritsdiode devices (Forexanyde, thedphatadatector of the
exemplary cross section may comprise a p-type region 39, an intrinsic region 40, and an n-type region
38 to therghysofn a e dicde.tiuen photedetecton mayie fisther éegeated withvarratypea MODFET, a
p-type MODFET, or both types of MODFETSs in a CMOS configuration as is described in U.S. Patent
Applicatiors 20024047 107 d¢d Cheadetial, téferenced abovegAltematizékyctheophiotedeteotar candoe
integrated with a heterogeneous bipolar transistor (HBT) as is

30 may alternatively be a part of a wafer. The semiconductor

substrate 32 and 34 may comprise a single material, such as

silicon. Alternatively, the semiconductor substrate 32 and 34

may comprise a combination of materials such as in & an III-V

semiconductor system. In the preferred case, the semiconductor

substrate 32 and 34 comprises a monocrystalline germanium layer

34 overlying a monocrystalline silicon layer 32, with or without

buffer layers of SiGe between layers 32 and 34.

Various electronics components can be formed on and in the
semiconductor substrate 32 and 34 by methods well known in the
art. For example, MOS transistors 42 and 46 may be formed. These
transistors 42 and 46 may comprise silicon-based, silicon
germanium-based, or germanium-based devices as are known in the
art. In the exemplary cross section, a MOS gate 46 is formed
overlying the germanium semiconductor layer 34 between two doped
drain/source regions 42. Another type of device that can be
usefully formed in the electronics substrate 30 is the

photodetector 38, 39, and 40.
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described by Rieh et al, referenced above. If a photodetector 38, 39, and 40 is included on the
electronics substrate 30, then a vertical waveguide 48 may likewise be included to transmit light to the
photodetector device. The vertical waveguide 48 preferably comprises a silica-based material as
described above. In addition, metal interconnects 44 are formed as is well known in the art. In addition to
transistors 46 and 42 and photodetectors 38, 39, and 40, as shown, other types of electronic components
may be formed on the electronics substrate 30. For example, 20 resistors, varactors, and capacitors,

such as are typicaldtooMé & itegratexicirapts, aray bie farmed-emiheielectsanies csubsiratei30. The
electronics substrate 30 may further comprise optical-electronic transceiver circuits, such as

transimpedarniceo ampiifieesn([TUA ) Iedcckdjata recemerny {EDR) ireuits, daserc deversciectitsimodulator
drivers circuits, and multiplexer/demultiplexer circuits. In addition, radio frequency (RF) processing
circuits, suchwas Bluetaoth AMLAN Hor ultha wides thanmd(L\WBY cifcuitsherrbasehand circaits that are digital,
memory, A/D, D/A, etc., may be included. Moreover, in the event that substrate 34 is SiXGey or IlI-V, it is
possible aevesticat scavity istrface emmitting laseryVCSk)ican be made-andhisdd ode device.

For example, the photodetector of the exemplary cross section

may comprise a p-type region 39, an intrinsic region 40, and an

n-type region 38 to thereby form a p-i-n diode. The

photodetector may be further integrated with an n-type MODFET, a

p-type MODFET, or both types of MODFETs in a CMOS configuration

as 1s described in U.S. Patent Application 2002/0171077 to Chu

et al, referenced above. Alternatively, the photodetector can be

integrated with a heterogeneous bipolar transistor (HBT) as 1is

described by Rieh et al, referenced above. If a photodetector

38, 39, and 40 is included on the electronics substrate 30, then

a vertical waveguide 48 may likewise be included to transmit

light to the photodetector device. The vertical waveguide 48

preferably comprises a silica—-based material as described above.

In addition, metal interconnects 44 are formed as is well known

in the art.

In addition to transistors 46 and 42 and photodetectors 38,
39, and 40, as shown, other types of electronic components may

be formed on the electronics substrate 30. For example,
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component on the electronic substrate. As another important feature of the present invention, the
electronics substrate 30 further comprises metal pads 50. The metal pads 50 comprise a patterned metal
layer and, more preferably, comprise copper metal 50 that has been patterned using a damascene
process. The copper metal 50 preferably is surrounded by a barrier material such as tantalum, tantalum

nitride, or-titanikind REride.athe-metal paghean-be made-atdhe ssamedine as the fast metaldayer of the
electronic wafer and can be connected to the lower metal layers through vias. 21 Referring now to Fig. 5,
another importanhteadureda dhe ipresemtdnventiords iltustraéed.cihe-optical substeated9 and the
electronics substrate 30 are bonded together to form a single, heterogeneous VLSI/photonic device. The
optical suhstsateskl-and therelectories suhstrates3(bareralignedovitt sthe botinersider@érafdbe optical
substrate 10 contacting the top side 52 of the electronics substrate 30. Preferably, the optical substrate
10 and thecelectiaries substivate S0 eacts compriseanafers, tas, cammionlysdefinedsiribe astnand further
comprise alignment marks. The alignment marks on the optical wafer 10 and on the electronics wafer 30
are useddopiogerkyr alig e watdrs skich dhat the pillas exteqsions 8 and thes, laser

driver circuits, modulator drivers circuits, and

multiplexer/demultiplexer circuits. In addition, radio frequency

(RF) processing circuits, such as Bluetooth, WLAN, or ultra wide

band (UWB) circuits or baseband circuits that are digital,

memory, A/D, D/A, etc., may be included. Moreover, in the event

that substrate 34 is SisGe, or III-V, it is possible a vertical

cavity surface emitting laser (VCSEL) can be made and is a

component on the electronic substrate.

As another important feature of the present invention, the
electronics substrate 30 further comprises metal pads 50. The
metal pads 50 comprise a patterned metal layer and, more
preferably, comprise copper metal 50 that has been patterned
using a damascene process. The copper metal 50 preferably is
surrounded by a barrier material such as tantalum, tantalum
nitride, or titanium nitride. The metal pad can be made at the
same time as the last metal layer of the electronic wafer and

can be connected to the lower metal layers through vias.
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metal pads 50 align and such that optical components, such as the optical waveguide 20 and the vertical
waveguide 48 align. A single alignment process, at the wafer-to-wafer level, is used to align all of the
circuit die structures on each wafer. This is a very useful feature of the present invention to reduce the
cost and time needed to align each final product. In addition, the misalignment problems inherent in the

silicon bench appsgach 0f ghe, priokart @re elimjnated.- e prasest-nveation irpraves ntheralignment
accuracy of combination optical-electronic circuits through a single step, global alignment of the wafers
10 and 3@ rERisprocessdieduees assemblypresessing stepsasnd caducasdbe resyting dexige footprint

when compared to a 22 silicon bench device. In addition, each optical or electronic component, such as a
VLSI circuii©r @lphatedetector sdees et Bage tebe individually packaget assinftbersilicon bench
approach. Therefore, a large cost savings and a higher performance device are realized. Referring now
to Fig. 6, 4he gptcalistibstrate=1@ and thve Hleetranies: subsitate 30 .areresseatt together after proper
alignment. Next, as an important feature of the present invention, the substrate stack 55 is now subjected
to a thermab process td boaddhe eetall pittarsciGiand theometaltpads®Gkre aligned with

the bottom side 26 of the optical substrate 10 contacting the

top side 52 of the electronics substrate 30. Preferably, the

optical substrate 10 and the electronics substrate 30 each

comprise wafers, as commonly defined in the art, and further

comprise alignment marks. The alignment marks on the optical

wafer 10 and on the electronics wafer 30 are used to properly

align the wafers such that the pillar extensions 18 and the

metal pads 50 align and such that optical components, such as

the optical waveguide 20 and the vertical waveguide 48 align. A

single alignment process, at the wafer-to-wafer level, is used

to align all of the circuit die structures on each wafer. This

is a very useful feature of the present invention to reduce the

cost and time needed to align each final product. In addition,

the misalignment problems inherent in the silicon bench approach

of the prior art are eliminated. The present invention improves

the alignment accuracy of combination optical-electronic

circuits through a single step, global alignment of the wafers

10 and 30. This process reduces assembly processing steps and

reduces the resulting device footprint when compared to a
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together to form bonded locations 52. The thermal process preferably comprises a thermal treatment at a
temperature of between about 100 'C and about 500 'C. This temperature is sufficient to cause copper
diffusion at the pillar-pad boundary to thereby create a permanent bond between the substrates 10 and
30 after the thermal cycle is finished. Note that this thermal treatment is performed at a relatively low

temperatyrel suchthet rdamage; or alteration @fi the slectrenisrcampanents, stichas: trapsistor
characteristics, does not occur. The completed photonic heterogeneous stack 55 shows a particularly
useful canfigosationwhere-thezopticalisigistiate waveguide2pand the: telestronicsisidstiate, vertical
waveguide 48 are contacted together. This arrangement is useful for transmitting light from 23 the optical
substratent®-dows tbdhe phototetectorsensing sestian 40rofthe electronias substrate 30. In the thermal

diffusion of metal-to-metal, temperature is the most important parameter, but other parameters such as
surface cigantiness, . foroce and qressure bisoyeonttibutesta a successtil hondiige it is found that a plasma
treatment on the copper surface will provide a copper surface cleanliness sufficient to reduce the
temperatprecfios waferckonting dewsnrte about 1064C. After the photonic heterogeneous stack 55 is
thermally
Referring now to Fig. 6, the optical substrate 10 and the
electronics substrate 30 are pressed together after proper
alignment. Next, as an important feature of the present
invention, the substrate stack 55 is now subjected to a thermal
process to bond the metal pillars 16 and the metal pads 50
together to form bonded locations 52. The thermal process
preferably comprises a thermal treatment at a temperature of
between about 100 °C and about 500 °C. This temperature is
sufficient to cause copper diffusion at the pillar-pad boundary
to thereby create a permanent bond between the substrates 10 and
30 after the thermal cycle is finished. Note that this thermal
treatment is performed at a relatively low temperature such that
damage or alteration of the electronic components, such as
transistor characteristics, does not occur. The completed
photonic heterogeneous stack 55 shows a particularly useful
configuration where the optical substrate waveguide 20 and the

electronics substrate, vertical waveguide 48 are contacted

together. This arrangement is useful for transmitting light from
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bonded together, the temporary, second substrate 28 can be removed from the optical substrate 10. The
second substrate 28 may be removed using an UV irradiation or thermal process to melt out the glue that
is bonding it to the optical wafer. Next is a clean step to remove any remaining glue on the top of the

optical wafer. Further, an additional amount of the dielectric layer 14 may be removed such that the metal

pillars 16texteng ahove 53.thedepside 24 @bihe epticahsubstrate dd: dbissstepewsulgallow a third
substrate, with metal pads, to be thermally bonded onto the top side of the optical wafer 10. Referring

now to Fig ot the wabercstacking €vaeeptdnay husube extendeddo multiplewafers©01 65, 70, and 75
thermally bonded together using the pillar and pad method of the present invention. The completed
stack 62 shews @ifyst electrienies subsitrate-60, berded24 ta adirstoptical suhstrate65r-asecond
electronics substrate 70 bonded to the first optical substrate 65, and a second optical substrate 75
bonded tp dhesecend electronick subptiatendOckEachk suhstrate ds added te theastack oy glignment of
pillars and pads and by thermal processing to cause metal diffusion bonding. The stack 62 is shown
alternatinfchetweendpticals wafersstisand 0 andoeleetranics walers&absand. 75 dudlany .cdmbination or
sequence may be used.

is found that a plasma treatment on the copper surface will

provide a copper surface cleanliness sufficient to reduce the

temperature for wafer bonding down to about 100 °C.

After the photonic heterogeneous stack 55 is thermally
bonded together, the temporary, second substrate 28 can be
removed from the optical substrate 10. The second substrate 28
may be removed using an UV irradiation or thermal process to
melt out the glue that is bonding it to the optical wafer. Next
is a clean step to remove any remaining glue on the top of the
optical wafer. Further, an additional amount of the dielectric
layer 14 may be removed such that the metal pillars 16 extend
above 53 the top side 24 of the optical substrate 10. This step
would allow a third substrate, with metal pads, to be thermally
bonded onto the top side of the optical wafer 10. Referring now
to Fig. 7, the wafer stacking concept may thus be extended to
multiple wafers 60, 65, 70, and 75 thermally bonded together
using the pillar and pad method of the present invention. The

completed stack 62 shows a first electronics substrate 60 bonded
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Referring now to Fig. 8, a second preferred embodiment of the present invention is illustrated. In this
embodiment, the photonic heterogeneous wafer stacking technique is extended to create a photonic
receiver circuit 80. An optical substrate 90 is stacked with and bonded to an electronics substrate 85. The
optical substrate 95 comprises a dielectric layer 96, passive optical components 100 and 122, and metal

pillars 104 The electronigscsubstrate, B €paHises a serisepducton substrate 92, sudietectiie layer 94,
electronics devices 114, 116a, and 116b, and metal pads. The optical substrate 90 and the electronics

substrate785 prerberdedtogetheribysthespaly-induced smetallie diffusiopndbetiween dheimetal pillars and
the metal pads. Further features of the second embodiment of the present invention are an optical

waveguide-10Q with-ammembedded minon 253122 Theopticab waveguice kO alignsumigt ayvestical
waveguide 102 that is formed in the electronics substrate 85. As a further important feature, a light
emitting, Taser thade 33 issineartporateddniothietdesigne86.tHwkldsegr divderdistaligned itoblthe svaveguide
100 such that light 101 emitted from the laser diode 98 is transmitted through the waveguide 100. This
transmittechtight=104 isrréflestedibyrthe lenpheddedsmireortk? 2 andds thareby diréctesitoward the vertical
waveguide 102 in the

bonding. The stack 62 is shown alternating between optical

wafers 60 and 70 and electronics wafers 65 and 75 but any

combination or sequence may be used.

Referring now to Fig. 8, a second preferred embodiment of
the present invention is illustrated. In this embodiment, the
photonic heterogeneous wafer stacking technique is extended to
create a photonic receiver circuit 80. An optical substrate 90
is stacked with and bonded to an electronics substrate 85. The
optical substrate 95 comprises a dielectric layer 96, passive
optical components 100 and 122, and metal pillars 104. The
electronics substrate 85 comprises a semiconductor substrate 92,
a dielectric layer 94, electronics devices 114, 116a, and 1llé6b,
and metal pads. The optical substrate 90 and the electronics
substrate 85 are bonded together by thermally induced metallic

diffusion between the metal pillars and the metal pads.

Further features of the second embodiment of the present

invention are an optical waveguide 100 with an embedded mirror
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electronics substrate 85. Finally, the transmitted light 101 strikes the photodetector 116a. The
photodetector 116a generates an electrical signal based the intensity of the incident light 101. Another
important feature of the present invention is the formation of metal lines 110, 106, and 108 overlying the
top surface of the optical substrate 90. In particular, electrical transmission lines 110, antennas 108, and

bonding pads, 166 are,Jernaed. Withsegards to optisaliejactronie transceiver perfopmance,the design
and the fabrication of the transmission lines 110 is of critical importance. The electronics substrate 85

uses a silicon subsirate 92demthe formatien ef theractivecdevices 414+ 2163 116h, anddd8nAs has been
described above, the silicon substrate 92 represents a significant transmission loss at high frequencies

of greatet thanralout SrekizulreAkahari 26 €t ah cited appve 2a coplanastine pss«of about 17dB/cm is
reported at 10GHz for transmission lines formed overlying a silicon substrate with about 1.5 m of
dielectriclayertherebetveemtSuchlosses atyeleetricatrsignaksteengih duthed gransmissiembaes are very
critical in a photonic receiver design such as in the second embodiment because the photodetector 116a
and 116k-comprisesaeithgrialsilidan) silicon- that light 101 emitted from the laser

diode 98 is transmitted through the waveguide 100. This

transmitted light 101 is reflected by the embedded mirror 122

and is thereby directed toward the vertical waveguide 102 in the

electronics substrate 85. Finally, the transmitted light 101

strikes the photodetector 1l6a. The photodetector 1ll6a generates

an electrical signal based the intensity of the incident light

101.

Another important feature of the present invention is the
formation of metal lines 110, 106, and 108 overlying the top
surface of the optical substrate 90. In particular, electrical
transmission lines 110, antennas 108, and bonding pads 106 are
formed. With regards to optical/electronic transceiver
performance, the design and the fabrication of the transmission
lines 110 is of critical importance. The electronics substrate
85 uses a silicon substrate 92 for the formation of the active
devices 114, 116a, 116b, and 118. As has been described above,
the silicon substrate 92 represents a significant transmission

loss at high frequencies of greater than about 5 GHz. In Akahori
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germanium, or germanium device that has a relatively low output current when compared to a lll-V
(GaAs) detector. In addition, the transmission lines 110 can be quite long due to isolation of the
photodetectors 116a from the transimpedance amplifiers. It is further found that the loss due to the
substrate 92 is reduced as the dielectric layer 94 and 96 thickness L1 increases. For about 10m of

dielectricdayerbetween dhesybsirate angh themtiansmissionding, the lossds redugeddn alout 5.8 dB/cm.
At about 30 m, the loss is further reduced to only about 2.5 dB/cm at 10 GHz. Strip lines with a ground

plane exhihitatass ofdessithan about 4.dB/emiatsiboHziwhen the-rehielectvie tayeirris about 30 m. In the
present invention, the combination of stacking substrates 85 and 90 and of forming the transmission

lines 1100verlying theopticaksubgsirate 90 cauises fhgresulting rapsmission liRes-110 to be formed
overlying the 27 silicon substrate 92 with a dielectric layer 94 and 96 thickness of between about 25 m

and aboyt 30 ratherebefveen, Hences low 1gss frapsmission lings; 110 arg 1uiltyin, te the present
invention. There is no need to create a technology or to retrofit process steps to accommodate for low
loss transmission; lines, Againdhe presentigventioniimproves perfermancewhile- seduging cost.
design such as in the second embodiment because the
photodetector 116a and 116b comprises either a silicon, silicon-
germanium, or germanium device that has a relatively low output
current when compared to a III-V (GaAs) detector. In addition,

the transmission lines 110 can be quite long due to isolation of

the photodetectors 116a from the transimpedance amplifiers.

It is further found that the loss due to the substrate 92
is reduced as the dielectric layer 94 and 96 thickness L1
increases. For about 10Uum of dielectric layer between the
substrate and the transmission line, the loss is reduced to
about 5.8 dB/cm. At about 30 um, the loss is further reduced to
only about 2.5 dB/cm at 10 GHz. Strip lines with a ground plane
exhibit a loss of less than about 1 dB/cm at 10 GHz when the
dielectric layer is about 30 um. In the present invention, the
combination of stacking substrates 85 and 90 and of forming the

transmission lines 110 overlying the optical substrate 90 causes

the resulting transmission lines 110 to be formed overlying the
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High frequency, RF passive components 108, such as antennas and inductors, are also easily formed on
the surface of the optical substrate 90 due to the "built-in", very thick dielectric layer 94 and 96 between
these components 108 and the underlying silicon substrate 92. Such RF devices provide the capability
of sending and receiving bi-directional information to/from other devices in a wireless mode. Referring

now to Figs19 thyreughds: adhisd prefeired embodinaentiis dlustratad. in this gase, the fakrication steps
for the photonic transceiver 80 are illustrated. In a photonic transceiver circuit, the laser, photodetector

and electionie Gircuits are allfabricgigd é@gft%fo&f%i’t‘ﬁﬂnfiféh@r%ge%w%meﬁﬂ@{%gf?giﬂ§with the

bonding of the previously formed optical substrate 90 to the previously formed electronics substrate 85.

Each substrate 90.and 85.is aligned and plaged.in.28.contact gne-to-gnother The metal pillars 104 of the

optical substrate 90 and the metal pads 105 of the electronics substrate 85 are then bonded together by

thermal diffusion as desetibed above Jo faum the,photopicheteragenegus stack,8Q. Referring now to Fig.
10, the photonic heterogeneous stack 80 is patterned to form an opening 126, or terrace, for the laser

photo dioder The patterning issprpferablyperfermeghbByidte for low loss transmission

lines. Again, the present invention improves performance while

reducing cost.

High frequency, RF passive components 108, such as antennas
and inductors, are also easily formed on the surface of the
optical substrate 90 due to the “built-in”, wvery thick
dielectric layer 94 and 96 between these components 108 and the
underlying silicon substrate 92. Such RF devices provide the
capability of sending and receiving bi-directional information

to/from other devices in a wireless mode.

Referring now to Figs. 9 through 13, a third preferred
embodiment is illustrated. In this case, the fabrication steps
for the photonic transceiver 80 are illustrated. In a photonic
transceiver circuit, the laser, photodetector and electronic
circuits are all fabricated together. Referring first to Fig. 9,
the method begins with the bonding of the previously formed
optical substrate 90 to the previously formed electronics

substrate 85. Each substrate 90 and 85 is aligned and placed in
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lithography and etching sequence comprising, for example, depositing a photoresistive layer, not shown,
overlying the photonic heterogeneous stack 80, exposing the photoresistive layer to actinic light through
a mask, developing the photoresistive layer to transfer the masking pattern to the photoresistive layer
and to thereby expose the photonic heterogeneous stack 80 where the opening 126 is planned, etching

the photarig, bgterogeneous-stack 8@ to farnethe-apening, angd:- stripping away she pemaining
photoresistive layer. As a key feature, the opening 126 cuts through the optical waveguide 100 within the

optical suhgtrate- 96 cReferedng newdortdg all, e metal dayer f13his depesited raveslymgdthephatonic
heterogeneous stack 80 and lining the opening 126. For example, the metal layer 130 may comprise
aluminung br geppertbat iscdepesited Hyphysical, vaper 2 depasition (RVDh Refewngimew to Fig. 12, the
metal layer 130 is patterned to form various features 130a, 130b, 130c, and 130d on the surface of the
photonic hieteregenedusrstack 80phbe patterning amayseomprise atithagraphy and etching sequence as
described above. Note that this will work for both the photoreceiver IC, in Fig. 8, as well as the
phototransceiver IC, in Fig. 9 through 13. By comparison, a damascene process only
Referring now to Fig. 10, the photonic heterogeneous stack

80 is patterned to form an opening 126, or terrace, for the

laser photo diode. The patterning is preferably performed by a

lithography and etching sequence comprising, for example,

depositing a photoresistive layer, not shown, overlying the

photonic heterogeneous stack 80, exposing the photoresistive

layer to actinic light through a mask, developing the

photoresistive layer to transfer the masking pattern to the

photoresistive layer and to thereby expose the photonic

heterogeneous stack 80 where the opening 126 is planned, etching

the photonic heterogeneous stack 80 to form the opening, and

stripping away the remaining photoresistive layer. As a key

feature, the opening 126 cuts through the optical waveguide 100

within the optical substrate 96.

Referring now to Fig. 11, a metal layer 130 is deposited
overlying the photonic heterogeneous stack 80 and lining the
opening 126. For example, the metal layer 130 may comprise

aluminum or copper that is deposited by physical vapor
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works in the case of the photoreceiver IC, of Fig. 8. Alernatively, the metal layer 130 may be patterned
using a damascene process wherein the dielectric layer 96 is first patterned to form openings and
trenches, then the metal layer 130 is deposited, and then the metal layer 130 is planarized to confine the
metal layer to the openings and trenches. Following the patterning step, bonding pads 130b, RF passive

componemts ds30¢€i and tansmissieir ires 4306 ate eempleied.1lp adgitionat lowerglectraden130a for
the laser photo diode 132 is formed. Finally, referring to Fig. 13 the laser photo diode 132 is fixably

placed intasthesphatenisdeterogengous stack S0raldbe repening 4261 3be Jases phpta digdeslE2 may be
attached 134 by solder reflow or by ultrasonic welding. Referring now to Figs. 14 through 16, an
alternativerimetheds of-fosinga phiotonic transreceivet 4 904s Hiwstratesk sRefesring firsé to Fig. 14, in this
case, the laser diode 160 is 30 placed into the optical substrate 150 prior to the thermal bonding of the
optical suybstrate- 150 4o the/electipmits esubstrate 440 abughem theslaset digdeckG-isqaced into the
optical substrate 150 after the high temperature, thermal processing, required to form the silica-based
optical cdmponénts]isstampletethtihecopticat sulsstrate I150cagaifor both the

photoreceiver IC, in Fig. 8, as well as the phototransceiver IC,

in Fig. 9 through 13. By comparison, a damascene process only

works in the case of the photoreceiver IC, of Fig. 8.

Alernatively, the metal layer 130 may be patterned using a

damascene process wherein the dielectric layer 96 is first

patterned to form openings and trenches, then the metal layer

130 is deposited, and then the metal layer 130 is planarized to

confine the metal layer to the openings and trenches. Following

the patterning step, bonding pads 130b, RF passive components

130c, and transmission lines 130d are completed. In addition, a

lower electrode 130a for the laser photo diode 132 is formed.

Finally, referring to Fig. 13 the laser photo diode 132 is

fixably placed into the photonic heterogeneous stack 80 at the

opening 126. The laser photo diode 132 may be attached 134 by

solder reflow or by ultrasonic welding.

Referring now to Figs. 14 through 16, an alternative method
of forming a photonic transreceiver 190 is illustrated.

Referring first to Fig. 14, in this case, the laser diode 160 is
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comprises a first substrate 152, optical components 158 and 162, a dielectric layer 154, and metal pillars
156 that extend above 157 the dielectric layer 154. The electronics substrate 170 again comprises
electronics devices and photodetector 180 and 182, a semiconductor substrate 172, metal pads 178, and
a vertical waveguide 176 formed in a dielectric layer 176. Referring now to Fig. 15, the optical substrate

150 and thes elagtronics substrata: 170 ares aligneds placeshinio-eftaet, andcthermaky bonded together.
Referring now to Fig. 16, the first substrate 152 is removed. The metal layer 186 is deposited and

patternedtenformgnetal featurgstliftas nuthetpriarcaseoNote that Hgs.d4tbrough 16, illustrate just one
method of formation. As another method, the laser diode (LD) can be growth on Si through buffer of
SiGe andsGesEolawing asuliseaguest patiesning eod elch hack,abe irenches €an hedirstfilled with a
cladding layer such as SiO2. Next, a core layer is formed and then patterned, and so on. 31 Referring
now to Figst1¢4iroagh 49y 20a threugh 27eay ande20ld through2Zbaa thied preferred embodiment of the
present invention is illustrated. A method to form a waveguide with an embedded mirror for changing the
direction 1of bghttrainsmitted cinithe avavegtimers shewni Furthebinspartant featates of the

components, 1is completed. The optical substrate 150 again

comprises a first substrate 152, optical components 158 and 162,

a dielectric layer 154, and metal pillars 156 that extend above

157 the dielectric layer 154. The electronics substrate 170

again comprises electronics devices and photodetector 180 and

182, a semiconductor substrate 172, metal pads 178, and a

vertical waveguide 176 formed in a dielectric layer 176.

Referring now to Fig. 15, the optical substrate 150 and the

electronics substrate 170 are aligned, placed into contact, and

thermally bonded together. Referring now to Fig. 16, the first

substrate 152 is removed. The metal layer 186 is deposited and

patterned to form metal features 186 as in the prior case. Note

that Figs.1l4 through 16, illustrate just one method of

formation. As another method, the laser diode (LD) can be growth

on Si through buffer of SiGe and Ge. Following a subsequent

patterning and etch back, the trenches can be first filled with

a cladding layer such as Si02. Next, a core layer is formed and

then patterned, and so on.
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present invention are shown. Referring first to Fig. 17, an optical substrate 200 is shown in simplified,
cross sectional form. A first substrate 202 is provided. The first substrate 202 preferably comprises a
semiconductor material and, more preferably, comprises silicon. A dielectric layer 204 is formed
overlying the first substrate 202. The dielectric layer 204 preferably comprises, for example, silicon oxide.

The dielectric layer 204is preferakbly fermed. toiay thicknessiof bejween abaut Qdn[taand abeut 15 [tm.
The dielectric layer 204 acts as a lower cladding layer for the subsequently formed optical waveguides.

Referringeew to Fig: Ji8, 28ingle danmiasgcepe£oppet prasass dsmomt performed to-foska part of the
metal pillar 206. As a first step, a via opening is made through the dielectric layer 204 and into the
underlyingrfirstsuhstraie; 202 1A snetat layer 206dsithen depasited everbingtheddielectric layer 204 and
filling the via. The metal layer 206 is then planarized using,, for example, a chemical mechanical
polishingd@hdR)derocess; to rcanfinethermetatlayee 206 te thel via apeningyas shewnsNote- 32 that the
partial metal pillar 206 extends down 208 into the first substrate 202. Referring now to Fig. 19, an
opening 210 s madesthwoligrethesdielectric. layer204 1Thenppening 2104s tmade where laeright angle turn
in the proposed waveguide is

present invention are shown. Referring first to Fig. 17, an

optical substrate 200 is shown in simplified, cross sectional

form. A first substrate 202 is provided. The first substrate 202

preferably comprises a semiconductor material and, more

preferably, comprises silicon. A dielectric layer 204 is formed

overlying the first substrate 202. The dielectric layer 204

preferably comprises, for example, silicon oxide. The dielectric

layer 204 is preferably formed to a thickness of between about

0.5 um and about 15 um. The dielectric layer 204 acts as a lower

cladding layer for the subsequently formed optical waveguides.

Referring now to Fig. 18, a single damascene copper process
is now performed to form a part of the metal pillar 206. As a
first step, a via opening is made through the dielectric layer
204 and into the underlying first substrate 202. A metal layer
206 is then deposited overlying the dielectric layer 204 and
filling the via. The metal layer 206 is then planarized using,
for example, a chemical mechanical polishing (CMP) process, to

confine the metal layer 206 to the via opening as shown. Note
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planned. Preferably, the opening 210 is made the same size as the planned waveguide or slightly larger.
Referring now to Figs. 20a and 20Db, the optical substrate 200 is shown from two different cross sectional
views. In Figs. 20a through 27a, the waveguide is shown where the embedded mirror is formed to deflect
the transmitted light downward. In Figs. 20b through 27b, the waveguide is shown at alternative

sections.vhwaveguidg dielestricrlayer22iisdeposited ameslying the.dieleckicilayer 204 or lower
cladding layer 204, and filling the opening 210. The waveguide dielectric layer 212 preferably comprises
a materiat havingsureftactive index. deserikad by thexeanstantnzywhile the,suisparding claduing
dielectric layer 204 has a refractive index described by a constant nl. Here, n2 is greater than nl such
that light thatns deansmitied throngh dhe waveguide12k2-willJme: confineddpdhe nyavaguide. In this way,
the waveguide 212 allows light to be transmitted through the optical substrate 200. 33 To these ends, the
waveguideadieledtida - kayer 212 hareferghly comprises a siica-based enatetiak ot eéxarhple, silicon
oxynitride (SIOXNY) , silicon nitride (SiXNY) , germanium doped silicon oxide (SiO2), phosphorous
doped siliconroxide, orpPsiicenr Hoh gilicoh@xigdescould be Usetdfomthéewareguide@0size as

the planned waveguide or slightly larger.

Referring now to Figs. 20a and 20b, the optical substrate
200 is shown from two different cross sectional views. In Figs.
20a through 27a, the waveguide is shown where the embedded
mirror is formed to deflect the transmitted light downward. In
Figs. 20b through 27b, the waveguide is shown at alternative
sections. A waveguide dielectric layer 212 is deposited
overlying the dielectric layer 204, or lower cladding layer 204,
and filling the opening 210. The waveguide dielectric layer 212
preferably comprises a material having a refractive index
described by the constant n2 while the surrounding cladding
dielectric layer 204 has a refractive index described by a
constant nl. Here, n2 is greater than nl such that light that is
transmitted through the waveguide 212 will be confined in the
waveguide. In this way, the waveguide 212 allows light to be

transmitted through the optical substrate 200.
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The waveguide dielectric layer 212 is deposited at a high temperature of in excess of about 700 C. More
preferably, the waveguide dielectric layer 212 is deposited by high density plasma chemical vapor
deposition (HDPCVD) or low-pressure chemical vapor deposition (LPCVD). The waveguide dielectric
layer 212 fills the narrow gaps of the openings 210. The waveguide dielectric layer 212 is deposited to a

thickness of betweeamabeuts,080 A-ard abeulR0.060 A; depending onther refractive index of the
waveguides, i.e. thick for low index. Following the deposition, a planarization process is performed to

smooth opit any tepagrapbynsausedby the gap filing pracess: ckhis planasizatien step=may be performed
using, for example, a CMP process. Referring now to Figs. 21a and 21b, the waveguide dielectric layer
212 is pagtemnesbio fornrthe wavegustecsiapes.s Thispatterningisiep comprises, getesalilyma lithography
and etching sequence as described above. The patterned waveguide layer is depicted in Fig. 21b. Itis
critical thabthedetehing3dhprogess exBibiis)gn ahiseisbpie dopogiapbyl whereinaery ¥erdical edges are
achieved to reduce polarization loss. Preferably, a dry etching process is used. Referring now to Figs.
22a and 22B,iapatterned photdresist oxide could be used for the waveguide 20.

The waveguide dielectric layer 212 is deposited at a high

temperature of in excess of about 700 °C. More preferably, the

waveguide dielectric layer 212 is deposited by high density

plasma chemical vapor deposition (HDPCVD) or low-pressure

chemical vapor deposition (LPCVD). The waveguide dielectric

layer 212 fills the narrow gaps of the openings 210. The

waveguide dielectric layer 212 is deposited to a thickness of

between about 2,000 A and about 80,000 A, depending on the

refractive index of the waveguides, i.e. thick for low index.

Following the deposition, a planarization process is performed

to smooth out any topography caused by the gap filling process.

This planarization step may be performed using, for example, a

CMP process.

Referring now to Figs. 2la and 21b, the waveguide
dielectric layer 212 is patterned to form the waveguide shapes.
This patterning step comprises, preferably, a lithography and
etching sequence as described above. The patterned waveguide

layer is depicted in Fig. 21b. It is critical that the etching
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layer 214 is formed overlying the waveguide dielectric layer 212 and the cladding dielectric layer 204.
The photoresist layer 214 is patterned using a lithographic method as described above. Alternatively, a
hard masking layer may be deposited and then patterned by a lithography and etching sequence as
described above. Most importantly to the present invention, the patterned photoresist layer 214 has

openings2i&-that expose theswaveguide ddielsstric layeiodk2 phiheldaecations where embedded mirrors
are planned. The openings 216 may be made slightly larger depending on the etching process used.
Fig. 22a shws whete the, photoresist layen 224 hasaniopening 216 der.aw embeddedymireor, while Fig.
22b shows where no embedded mirrors are planned. Referring now to Figs. 23a and 23b, as an important
feature, the wavegnidexdiplestrisslayers21i2 éisdnow etched through where it is exposed by the photoresist
layer 214. The etching process is not anisotropic, rather, it is a type of etch that generates an angled
cross section 220. More particularly, the etching process creates an angle em of about 45 with respect
35 to the plane of the waveguide 212. Following the angled etch, the photoresist layer 214 is stripped
away and a cleasrig processnisvperformieds Refersingmowe ol igs. 24a and248, as atmext impaortant

layer 214 is formed overlying the waveguide dielectric layer 212

and the cladding dielectric layer 204. The photoresist layer 214

is patterned using a lithographic method as described above.

Alternatively, a hard masking layer may be deposited and then

patterned by a lithography and etching sequence as described

above. Most importantly to the present invention, the patterned

photoresist layer 214 has openings 216 that expose the waveguide

dielectric layer 212 at the locations where embedded mirrors are

planned. The openings 216 may be made slightly larger depending

on the etching process used. Fig. 22a shows where the

photoresist layer 214 has an opening 216 for an embedded mirror,

while Fig. 22b shows where no embedded mirrors are planned.

Referring now to Figs. 23a and 23b, as an important
feature, the waveguide dielectric layer 212 is now etched
through where it is exposed by the photoresist layer 214. The
etching process is not anisotropic, rather, it is a type of etch

that generates an angled cross section 220. More particularly,

the etching process creates an angle 0, of about 45° with respect
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feature, a reflective metal layer 222 is deposited overlying the waveguide dielectric layer 212. The
reflective metal layer 222 must exhibit good reflectivity and, more preferably, comprises gold (Au),
copper (Cu), silver (Ag), or aluminum (Al). The reflective metal layer 222 preferably is deposited to a
thickness of between about 200 A and about 1,000 A. Referring now to Figs. 25a and 25b, the reflective

metal layep222ds paiteenedrta-remaene thgueflectivermetal laysr 222 frara alingneas excepting the angled
area 220 of the waveguide dielectric layer 212 defined in the previous step. The remaining reflective
metal layen 222 ferms-embedded yrirrops at jupctionsiwpere thealightwill anake-a slomapward, 90 turn in
the waveguide 212. The patterning step may be performed using a lithography and etching sequence as
described abeve.d-allowirg the-patterning step, any photoresist is stripped, and the wafer is cleaned.
Referring now to Figs. 26a and 26b, an upper cladding layer 224 is deposited overlying the waveguide
dielectric layer 212 36 and the embedded mirror 222. The upper cladding layer 224, like the lower
cladding layer 204, has a lower refractive index n3 than the waveguide dielectric layer 212. The upper
cladding layer XAt prefenahlyncomprisesisjicoreéxidenRefefiing aswatonEigs. 2naandatb, another
copper damascene process is now

feature, a reflective metal layer 222 is deposited overlying the

waveguide dielectric layer 212. The reflective metal layer 222

must exhibit good reflectivity and, more preferably, comprises

gold (Au), copper (Cu), silver (Ag), or aluminum (Al).

The reflective metal layer 222 preferably is deposited to a
thickness of between about 200 A and about 1,000 A. Referring
now to Figs. 25a and 25b, the reflective metal layer 222 is
patterned to remove the reflective metal layer 222 from all
areas excepting the angled area 220 of the waveguide dielectric
layer 212 defined in the previous step. The remaining reflective
metal layer 222 forms embedded mirrors at Jjunctions where the
light will make a downward, 90° turn in the waveguide 212. The
patterning step may be performed using a lithography and etching
sequence as described above. Following the patterning step, any

photoresist is stripped, and the wafer is cleaned.

Referring now to Figs. 26a and 26b, an upper cladding layer

224 is deposited overlying the waveguide dielectric layer 212
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performed to complete the metal pillars 226. Second vias are etched through the upper cladding layer
224 to the underlying metal layer 206. A second metal layer 226, preferably comprising copper metal, is
then deposited overlying the upper cladding layer 224 and filling the second vias. The second metal layer
226 is then planarized to confine the second metal layer to the second vias and to complete the metal

pillars 208:and:226. s cexample; a:GMPprocess mayde-used tojplanarize thercoppe layere226. It
should be noted that the mask defining the first vias can be re-used for the second vias. Referring now to

Figs. 28, 29 30awand 30bcaififth preferredempodirent afdhe present imtentien isdlustrated. In this
embodiment, a chemical or biological agent detector circuit is fabricated using the novel method of
forming aclhybrid; heptical-apd electonia integratedicireuit device. Referringaiow: ltadkdg.n28, a cross
sectional view of the photonic heterogeneous optical-electronic device 300 is illustrated. The device 300
comprisesafitst, dvéleptremics substraten3(2i bereirs campasings3i7dsilicorrdit ¢he-sulbstraie 302,
silicon-based CMOS circuits 304 are formed. In addition, a photodetector 306 and receiver circuit 308
are formedi mstheXSilicoarsiibzifate 302.tSecondyane opticalavafenis formed asingthe smethods previously
described

performed to complete the metal pillars 226. Second vias are

etched through the upper cladding layer 224 to the underlying

metal layer 206. A second metal layer 226, preferably comprising

copper metal, is then deposited overlying the upper cladding

layer 224 and filling the second vias. The second metal layer

226 is then planarized to confine the second metal layer to the

second vias and to complete the metal pillars 206 and 226. For

example, a CMP process may be used to planarize the copper layer

226. It should be noted that the mask defining the first vias

can be re-used for the second vias.

Referring now to Figs. 28, 29, 30a, and 30b, a fifth
preferred embodiment of the present invention is illustrated. In
this embodiment, a chemical or biological agent detector circuit
is fabricated using the novel method of forming a hybrid,
optical and electronic integrated circuit device. Referring now
to Fig. 28, a cross sectional view of the photonic heterogeneous
optical-electronic device 300 is illustrated. The device 300

comprises, first, an electronics substrate 302 herein comprising
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in the present invention. The optical wafer comprises a thick dielectric layer or layers 310 and 312. Metal
pillars 314 and pads 326 are formed through the optical wafer as in the other embodiments. A laser
diode 322, a horizontal waveguide 316, an embedded mirror 318, and a vertical waveguide 320 are also
formed in the optical wafer. The optical wafer and the electronics wafer are bonded together using the

metal-diffgisionc banding as\desgribed ia peevious embodinantsdaderneifies photonic hetesogeneous
device 300 shown. The resulting structure 300 guides light emitted from the laser diode (LD) 322 to the

photodeteaetor 8061 the siticerisubstraie 392pAsardeartietlarly snpodant feattse vark agent sensitive
film 324 is formed overlying the cladding layer 312 in the area overlying the waveguide 316. The agent
sensitive dilrn 324 conprises afvatesial that vrikinderactwith aubistogicat o cchemisalagent saeh that the
the photonic bandgap of the underlying waveguide is altered. Referring now to Fig. 29, a top view of the
chemical@sthielagicabdgent detectiomeitcuitsisnshawr. indhisceisbedimens, the waleguide316 is split into
two 38 channels, or arms, 340 and 344. The top arm 316 is a reference arm where the agent sensitive
layer 324idoeshrotoveskethel waveguide .36, hechottom amaf3d4 isdthe séasingaromhwhere the

dielectric layer or layers 310 and 312. Metal pillars 314 and

pads 326 are formed through the optical wafer as in the other

embodiments. A laser diode 322, a horizontal waveguide 316, an

embedded mirror 318, and a vertical waveguide 320 are also

formed in the optical wafer. The optical wafer and the

electronics wafer are bonded together using the metal-diffusion

bonding as described in previous embodiments to form the

photonic heterogeneous device 300 shown. The resulting structure

300 guides light emitted from the laser diode (LD) 322 to the

photodetector 306 in the silicon substrate 302.

As an particularly important feature, an agent sensitive
film 324 is formed overlying the cladding layer 312 in the area
overlying the waveguide 316. The agent sensitive film 324
comprises a material that will interact with a biological or
chemical agent such that the the photonic bandgap of the
underlying waveguide is altered. Referring now to Fig. 29, a top
view of the chemical or biological agent detector circuit is

shown. In this embodiment, the waveguide 316 is split into two
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agent sensitive layer 324 does overlie the waveguide 316. Referring now to Fig. 30a, a silica or silicon
waveguide 316 is illustrated. The agent sensitive film 324 overlies the sensing arm 344 but not the
reference arm 340. The light emitted 348 from the laser diode is split into reference light 350 and a
sensing light 352. After traversing the reference arm 340 and the sensing arm 344, the light recombines

354. The apmbised light 354:ean then berefleated bythe embeddedmirars318 tee the-phetedetector 306
and analyzed. Referring now to 30b, the waveguide is formed using photonic crystals 360. In this case,

the chemigalh oxhiolegicalanatesiat issteapped inidoles;, 362 3p 4he photania: crystals inethersensing arm 362.
The advantages of the present invention may now be summarized. An effective and very manufacturable
method taaititegrate-ars opticalt isebsisatecandham efectronic sulstrade isi aghievedwhbe enathed integrates
an optical substrate and an electronic substrate such that a heterogeneous, VLSI-photonic integrated
circuit is togmed. AdeierogenedusclSkghaetonic thtegraied cireuitveomprisidag cemplex functions and
combining 39 electronic/optic, optic/ electronic, optic/optic, and electronic/electronic functions is
achieved. The method improves the performance of the electrical interconnects and RF passive
Referring now to Fig. 30a, a silica or silicon waveguide

316 is illustrated. The agent sensitive film 324 overlies the

sensing arm 344 but not the reference arm 340. The light emitted

348 from the laser diode is split into reference light 350 and a

sensing light 352. After traversing the reference arm 340 and

the sensing arm 344, the light recombines 354. The combined

light 354 can then be reflected by the embedded mirror 318 to

the photodetector 306 and analyzed. Referring now to 30b, the

waveguide i1s formed using photonic crystals 360. In this case,

the chemical or biological material is trapped in holes 362 in

the photonic crystals in the sensing arm 362.

The advantages of the present invention may now be
summarized. An effective and very manufacturable method to
integrate an optical substrate and an electronic substrate is
achieved. The method integrates an optical substrate and an
electronic substrate such that a heterogeneous, VLSI-photonic
integrated circuit is formed. A heterogeneous, VLSI-photonic

integrated circuit comprising complex functions and combining
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devices, such as inductors, through the use of built-in thick dielectric layers after substrates are stacked
together. A method to form a waveguide with an embedded mirror in the manufacture of an integrated
circuit device is achieved. The method forms a multiple level, stacked substrate device. As shown in the
preferred embodiments, the novel methods and devices of the present invention provide an effective and

manufacturable aiginativetto the pper ant. Whiletthe inventiephas keenipgrtigwlarly shown and described
with reference to the preferred embodiments thereof, it will be understood by those skilled in the art that

various elangesdn forne and detailsdnay betnade withodtdeparding frome the spirt andseope HOf the
invention. 40 What is claimed is: 1.A method to form a VLSI-photonic heterogeneous system device, said
method comprising: qraviding arroptical substrateccomprisieg ableastene passie eptical cemponent
formed therein; providing an electronic substrate comprising at least one active electronic component
formed thereine éarming arpluralitynefunetat pillarsthsoggh saidl use of built-in thick
dielectric layers after substrates are stacked together. A
method to form a waveguide with an embedded mirror in the

manufacture of an integrated circuit device is achieved. The

method forms a multiple level, stacked substrate device.

As shown in the preferred embodiments, the novel methods
and devices of the present invention provide an effective and

manufacturable alternative to the prior art.

While the invention has been particularly shown and
described with reference to the preferred embodiments thereof,
it will be understood by those skilled in the art that wvarious
changes in form and details may be made without departing from

the spirit and scope of the invention.
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optical substrate and protruding out a first surface of said optical substrate; forming a plurality of metal
pads on a first surface of said electronic substrate; and bonding together said optical substrate and said
electronic substrate by a method further comprising: aligning said first surfaces of said optical and
electronic substrates such that said protruding metal pillars contact said metal pads; and thermally
treating said optigal @and £leatronie substrates such that said metal pillars bond to said metal pads. 2.The
method according to Claim 1 wherein said optical 41 substrate is a wafer comprising a plurality of die,
wherein each said die comprises at least one said passive optical component, wherein said electronic
substrate is a wafer comprising a plurality of die, and wherein each said die comprises at least one said
active electroniclcempenenid3ihenvethod aucordipgde &laim Ravhereinsaid optiedlswader and said
electronic wafer each contain alignment marks so that said wafers can be accurately aligned one to
another. device, said
method comprising:
providing an optical substrate comprising at least one
passive optical component formed therein;
providing an electronic substrate comprising at least
one active electronic component formed therein;
forming a plurality of metal pillars through said
optical substrate and protruding out a first surface of
said optical substrate;
forming a plurality of metal pads on a first surface
of said electronic substrate; and
bonding together said optical substrate and said
electronic substrate by a method further comprising:
aligning said first surfaces of said optical and
electronic substrates such that said protruding metal
pillars contact said metal pads; and
thermally treating said optical and electronic

substrates such that said metal pillars bond to said

metal pads.

2.The method according to Claim 1 wherein said optical
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4.The method according to Claim 1 wherein said electronic substrate comprises a photodetector device,
wherein said optical substrate transmits an optical signal, and wherein a vertical waveguide transmits
said optical signal through said electronic substrate to said photodetector device. 5.The method
according to Claim 1 wherein said passive optical component is a waveguide, a splitter, a multiplexer, a

demultiplexer, agaddiaiopdiltes, a ring rkesonatas.a-£-ayaveguigde-aptical switeh,or agembination
thereof. 42 6.The method according to Claim 1 wherein said passive optical component is a thin film, a
Si-based wavegsids, as siligadayegoigde: agehotanic ceystal, onsombinations stheseefp? ideimethod
according to Claim 1 wherein said active electronic component is a Si modulator, a trans-impedance
amplifier, a clock seeeesy €ircuih arlasar daver eireut aonuliplaxing eiseudt, ademultiplexing circuit, a
radio frequency processing circuit, a baseband processing circuit, or a combination thereof. 8.The
method accordingte Claimnnt whepdinsaid stepaf thesmalytreatiag isi peréeraredsatial teimperature of
between

comprises at least one said active electronic component.

3.The method according to Claim 2 wherein said optical
wafer and said electronic wafer each contain alignment
marks so that said wafers can be accurately aligned one to

another.

4.The method according to Claim 1 wherein said electronic
substrate comprises a photodetector device, wherein said
optical substrate transmits an optical signal, and wherein
a vertical waveguide transmits said optical signal through

said electronic substrate to said photodetector device.

5.The method according to Claim 1 wherein said passive
optical component is a waveguide, a splitter, a
multiplexer, a demultiplexer, an add/drop filter, a ring
resonator, e¥ a waveguide optical switch, or a combination

thereof.
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about 100 C and about 500 C. 9.The method according to Claim 8 wherein said step of bonding together
further comprises a pre-plasma surface treatment of said protruding metal pillars and said metal pads
prior to said step of thermally treating. 10.The method according to Claim 1 wherein said passive optical
component comprises a waveguide and wherein said waveguide further comprises an embedded mirror.

43 11.The methgdmesording i ClainckQiwhgrein saichelectronisesuhisirate camprises:a vertical
waveguide; and a photodetector device such that an optical signal path is formed through said optical
substrate wavegijde,de1saigngipbedded mirsor; Hiraugh said elestronig substratee yartigal waveguide,
and to said photodetector. 12.The method according to Claim 11 wherein said vertical waveguide and
said optical substratesraveguidecarmprise the tsaiematerial a13. The nethiodraceoediag to Claim 10
wherein said embedded mirror is formed by a method comprising: forming a cladding layer overlying a
silicon layer on Said-eptical substrate;

7.The method according to Claim 1 wherein said active
electronic component is a Si modulator, a trans—-impedance
amplifier, a clock recovery circuit, a laser driver
circuit, a multiplexing circuit, a demultiplexing circuit,
a radio frequency processing circuit, a baseband processing

circuit, or a combination thereof.

8.The method according to Claim 1 wherein said step of
thermally treating is performed at a temperature of between

about 100 °C and about 500 °C.

9.The method according to Claim 8 wherein said step of
bonding together further comprises a pre-plasma surface
treatment of said protruding metal pillars and said metal

pads prior to said step of thermally treating.

10.The method according to Claim 1 wherein said passive
optical component comprises a waveguide and wherein said

waveguide further comprises an embedded mirror.
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patterning said cladding layer to form openings through said cladding layer where said embedded mirror
is planned; depositing a waveguide layer overlying said cladding layer and filling said openings;
patterning said waveguide layer to define said waveguide wherein said patterning forms an angled edge
44 where said waveguide layer is etched through to underlying said cladding layer; depositing a metal
layer overlying said waveguide; and patterning said metal layer to remove said metal layer from said
waveguide excepting at said angled edge of said waveguide wherein said metal layer forms an
embedded mirrar1 forrsaichweneguide ct4-d hegnethodiaccarding o Efainl 3 whereinseid-stepof
patterning said cladding layer and said step of patterning said metal layer use the same photolithographic
mask. 15.The methed aseerdingtorGlais 13 further comprising depositing a second cladding layer
overlying said waveguide. 16.The method according to Claim 15 wherein said second cladding layer
comprises a thickness of {esstihan abedtreguide; and
a photodetector device such that an optical signal
path is formed through said optical substrate waveguide, to

said embedded mirror, through said electronic substrate

vertical waveguide, and to said photodetector.

12.The method according to Claim 11 wherein said vertical
waveguide and said optical substrate waveguide comprise the

same material.

13.The method according to Claim 10 wherein said embedded
mirror is formed by a method comprising:

forming a cladding layer overlying a silicon layer on
said optical substrate;

patterning said cladding layer to form openings
through said cladding layer where said embedded mirror is
planned;

depositing a waveguide layer overlying said cladding
layer and filling said openings;

patterning said waveguide layer to define said

waveguide wherein said patterning forms an angled edge
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5,000 A such that chemical or biological agents contacting said second cladding layer will affect
evanescent light when an optical signal is transmitted in said waveguide. 17. The method according to
Claim 15 wherein said waveguide has parallel trenches or based on a photonic crystal device 45 and
wherein chemical or biological agents will be trapped in the trenches or holes in said waveguide or

photonic crystal,deviee ta theraby, affectrvangseentilight wheaan wpticatsigaahis ransiitted in said
waveguide. 18.The method according to Claim 1 wherein said optical substrate comprises a silicon layer
and a dielectric layes, whesein:sqid diglectric layer contains said passive optical component, and wherein
said dielectric layer is at said first surface, and further comprising removing said silicon layer from said

dielectric layer after saitkstepiaf begdingnéagethersaid optiealisubstrateand saidelacttenic ssidbstrate.
19.The method according to Claim 1 wherein said optical substrate comprises a thick dielectric layer and
further comprising: depesiting @aimetas tay@r ovedying saikthick dietectec dayied andhe surfage opposite
said electronic

from said waveguide excepting at said angled edge of said

waveguide wherein said metal layer forms an embedded mirror

for said waveguide.

14.The method according to Claim 13 wherein said step of
patterning said cladding layer and said step of patterning

said metal layer use the same photolithographic mask.

15.The method according to Claim 13 further comprising
depositing a second cladding layer overlying said

waveguide.

16.The method according to Claim 15 wherein said second
cladding layer comprises a thickness of less than about
5,000 A such that chemical or biological agents contacting
said second cladding layer will affect evanescent light

when an optical signal is transmitted in said waveguide.

17. The method according to Claim 15 wherein said waveguide

has parallel trenches or based on a photonic crystal device
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substrate after said step of bonding together; and patterning said metal layer to form metal lines. 46
20.The method according to Claim 19 wherein said metal lines form a low loss transmission line, an
inductor, or an antenna. 21.The method according to Claim 19 wherein said thick dielectric layer has a
thickness of between about 10 m and about 50 m. 22.The method according to Claim 1 wherein said

passive optical gampAneAtcaMprsas asvaveguide-and further .e@pEsing:1 patierningsaid @ptical
substrate to form an opening through a part of said waveguide after said step of bonding together; and
placing a laser diade iresaid<pening suchithat ightn from said dases diode will emtet saidavaveguide.
23.The method according to Claim 22 wherein said waveguide further comprises an embedded mirror
and wherein saidrglectonigssubsate-camptises; aaaTtical wavaguides randla phetogdetecterdevice such
that said laser diode light will be transmitted through said optical substrate

optical signal is transmitted in said waveguide.

18.The method according to Claim 1 wherein said optical
substrate comprises a silicon layer and a dielectric layer,
wherein said dielectric layer contains said passive optical
component, and wherein said dielectric layer is at said
first surface, and further comprising removing said silicon
layer from said dielectric layer after said step of bonding
together said optical substrate and said electronic

substrate.

19.The method according to Claim 1 wherein said optical
substrate comprises a thick dielectric layer and further
comprising:

depositing a metal layer overlying said thick
dielectric layer on the surface opposite said electronic
substrate after said step of bonding together; and

patterning said metal layer to form metal lines.
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47 waveguide, to said embedded mirror, through said electronic substrate vertical waveguide, and to said
photodetector. 24.The method according to Claim 1 further comprising: etching said optical substrate
after said step of bonding together such that said metal pillars protrude out of said optical substrate at a
second surface opposite said electronic substrate; providing a third substrate with metal pads on a first

surface; and bondingHegethen saidoptisabsustiate and said thingh substrate dya methad further
comprising: aligning said second surface of said optical substrate and said first surface of said third

substrate such thahsaidfsetiudingdnetabpdlats: goptact saiskhimetal padsnandhthermally treatiag said
optical and third substrates such that said metal pillars bond to said metal pads. 25.The method
according to Claimt2hwherein said third substrate comprises either an electronic substrate comprising
at least one active electronic component formed 48

21.The method according to Claim 19 wherein said thick
dielectric layer has a thickness of between about 10 um and

about 50 um.

22.The method according to Claim 1 wherein said passive
optical component comprises a waveguide and further
comprising:

patterning said optical substrate to form an opening
through a part of said waveguide after said step of bonding
together; and

placing a laser diode in said opening such that light

from said laser diode will enter said waveguide.

23.The method according to Claim 22 wherein said waveguide
further comprises an embedded mirror and wherein said
electronic substrate comprises:

a vertical waveguide; and

a photodetector device such that said laser diode

light will be transmitted through said optical substrate
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therein or an optical substrate comprising at least one passive optical component formed therein. 26.A
method to form a waveguide with an embedded mirror in the manufacture of an optical substrate device,
said method comprising: forming a cladding layer overlying a silicon layer on an optical substrate;
patterning said cladding layer to form openings through said cladding layer where an embedded mirror is

planned; deposifing eqaveguide layer @verlyng said sladding, layer andfillngisaid openings:patterning
said waveguide layer to define a waveguide wherein said patterning forms an angled edge where said
waveguide layekismeiched through te anderdyiag saigk clagding layes depoesiting e=metal dayer overlying
said waveguide; and patterning said metal layer to remove said metal layer from said waveguide
excepting at said angled edge of said waveguide wherein said metal layer forms an embedded mirror for
said waveguide. 49 27.The method according to Claim 26 wherein said step of
24 .The method according to Claim 1 further comprising:
etching said optical substrate after said step of
bonding together such that said metal pillars protrude out
of said optical substrate at a second surface opposite said
electronic substrate;
providing a third substrate with metal pads on a first
surface; and
bonding together said optical substrate and said third
substrate by a method further comprising:
aligning said second surface of said optical
substrate and said first surface of said third
substrate such that said protruding metal pillars
contact said metal pads; and
thermally treating said optical and third

substrates such that said metal pillars bond to said

metal pads.

25.The method according to Claim 24 wherein said third
substrate comprises either an electronic substrate

comprising at least one active electronic component formed
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patterning said cladding layer and said step of patterning said metal layer use the same photolithographic
mask. 28.The method according to Claim 26 further comprising depositing a second cladding layer
overlying said waveguide. 29.The method according to Claim 26 wherein said second cladding layer
comprises a thickness of less than about 5,000 A such that chemical or biological agents contacting said

second cladding layeewill affect.evapeseent light when-an eptigad signal isstransmitteddn said waveguide.
30. The method according to Claim 29 wherein said waveguide has parallel trenches or based on a

photonic crystalgleyviceyandgyherein chemisakorbiological ageatsanill be trapped in the trenches or
holes in said waveguide or photonic crystal device to thereby affect evanescent light when an optical
signal is transmitted in said waveguide. 31.A VLSI- photonic heterogeneous system device, said device
comprising: an optical substrate comprising: 50 at least one passive optical component formed therein;
and a plurality of metahpiltarsdhrovgheaid epticaleguide with an embedded mirror in
the manufacture of an optical substrate device, said method
comprising:
forming a cladding layer overlying a silicon layer on
an optical substrate;
patterning said cladding layer to form openings
through said cladding layer where an embedded mirror is
planned;
depositing a waveguide layer overlying said cladding
layer and filling said openings;
patterning said waveguide layer to define a waveguide
wherein said patterning forms an angled edge where said
waveguide layer is etched through to underlying said
cladding layer;
depositing a metal layer overlying said waveguide; and
patterning said metal layer to remove said metal layer
from said waveguide excepting at said angled edge of said

waveguide wherein said metal layer forms an embedded mirror

for said waveguide.

49



substrate and protruding out a first surface of said optical substrate; and an electronic substrate
comprising: at least one active electronic component formed therein; and a plurality of metal pads on a
first surface of said electronic substrate wherein said first surfaces of said optical substrate and said
electronic substrate are held together by the bonding between said metal pillars and said metal pads.

32.The device aggordirg ta:-Claim Jwbergin aidoptical ssubstratesise wates comprisinga plurality of
die, wherein each said die comprises at least one said passive optical component, wherein said

electronic substtate isawafer comprisingia pluralitysef die,randswhereit egch saig-die ccompgses at least
one said active electronic component. 33.The device according to Claim 32 wherein said optical wafer
and said electrogiciwafes €ach contain alignmiest 5hmaarks sodhatsaid naderscaishe accurately aligned
one to another. 34. The device according to Claim 31 wherein said electronic substrate comprises a
photodetector device,

28.The method according to Claim 26 further comprising

depositing a second cladding layer overlying said

waveguide.

29.The method according to Claim 26 wherein said second
cladding layer comprises a thickness of less than about
5,000 A such that chemical or biological agents contacting
said second cladding layer will affect evanescent light

when an optical signal is transmitted in said waveguide.

30. The method according to Claim 29 wherein said waveguide
has parallel trenches or based on a photonic crystal device
and wherein chemical or biological agents will be trapped
in the trenches or holes in said waveguide or photonic
crystal device to thereby affect evanescent light when an

optical signal is transmitted in said waveguide.

31.A VLSI- photonic heterogeneous system device, said
device comprising:
an optical substrate comprising:
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wherein said optical substrate transmits an optical signal, and wherein a vertical waveguide transmits
said optical signal through said electronic substrate to said photodetector device. 35.The device
according to Claim 31 wherein said passive optical component comprises a waveguide, a splitter, a
multiplexer, a demultiplexer, an add/drop filter, a ring resonator, or a waveguide optical switch. 36. The

device according to Claim 31 y¢hereinssaid astive £iacionie eamponeshgiRprsesa Shardulator, a
trans- impedance amplifier, a clock recovery circuit, a laser driver circuit, a multiplexing circuit, a

demultiplexing circuit, erradioi frequenty processing circuit, or a baseband processing circuit. 52 37.The
device according to Claim 31 wherein said passive optical component comprises a waveguide and
wherein said waveguide furthergcomprisesanemiedded minros 38. the-deviee agcarding ta-€haim 37

wherein said electronic substrate comprises: a vertical waveguide; and a photodetector device such that
an optical signal path isiforned throaugh saichoptical sybstrateavaveguidesie face of said
optical substrate; and
an electronic substrate comprising:
at least one active electronic component formed
therein; and
a plurality of metal pads on a first surface of
said electronic substrate wherein said first surfaces
of said optical substrate and said electronic

substrate are held together by the bonding between

said metal pillars and said metal pads.

32.The device according to Claim 31 wherein said optical
substrate is a wafer comprising a plurality of die, wherein
each said die comprises at least one said passive optical
component, wherein said electronic substrate is a wafer
comprising a plurality of die, and wherein each said die

comprises at least one said active electronic component.

33.The device according to Claim 32 wherein said optical

wafer and said electronic wafer each contain alignment
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said embedded mirror, through said electronic substrate vertical waveguide, and to said photodetector.
39.The device according to Claim 38 wherein said vertical waveguide and said optical substrate
waveguide comprise the same material. 40.The device according to Claim 37 wherein said embedded
mirror is formed by a method comprising: forming a cladding layer overlying a silicon layer on said optical

substrate; patterming: saidcladding dayel to fararapenrings dhreugh-said cladding layer where said
embedded mirror is planned; 53 depositing a waveguide layer overlying said cladding layer and filling
said openings; patterawg said waveguide layer to define said waveguide wherein said patterning forms
an angled edge where said waveguide layer is etched through to underlying said cladding layer;
depositing a metal layer overlying said waveguide; patterning said metal layer to remove said metal layer
from said waveguide excepting at said angled edge of said waveguide wherein said metal layer forms an
embedded mirrdd. The device according to Claim 31 wherein said

electronic substrate comprises a photodetector device,

wherein said optical substrate transmits an optical signal,

and wherein a vertical waveguide transmits said optical

signal through said electronic substrate to said

photodetector device.

35.The device according to Claim 31 wherein said passive
optical component comprises a waveguide, a splitter, a
multiplexer, a demultiplexer, an add/drop filter, a ring

resonator, or a waveguide optical switch.

36.The device according to Claim 31 wherein said active
electronic component comprises a Si modulator, a trans-
impedance amplifier, a clock recovery circuit, a laser
driver circuit, a multiplexing circuit, a demultiplexing
circuit, a radio frequency processing circuit, or a

baseband processing circuit.
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for said waveguide; and depositing a second cladding layer overlying said waveguide. 41.The device
according to Claim 40 wherein said second cladding layer comprises a thickness of less than about
5,000 A such that chemical or biological agents contacting said second cladding layer will affect
evanescent light when an optical signal is transmitted in said waveguide. 42. The method according to

Claim 40 whereysaid saveguicle haspasalle) trepches ornbased,an photonic crystal sevice and wherein
chemical or biological agents will be trapped in trenches or holes in said waveguide or photonic crystal

54 device to thetehy afect@vapeseeitt ligbhihwhepah eptical-signabis teansmitted é1 said waveguide.
43.The device according to Claim 31 wherein said optical substrate further comprises: a thick dielectric
layer; and patternedonetad dines overdying saitkthicksdiele ctrigo éay@s @mthe surface opposite said
electronic substrate. 44.The device according to Claim 43 wherein said patterned metal lines form a low
loss transmission line, an inductor, or an antenna.
38.The device according to Claim 37 wherein said electronic
substrate comprises:
a vertical waveguide; and
a photodetector device such that an optical signal
path is formed through said optical substrate waveguide, to

said embedded mirror, through said electronic substrate

vertical waveguide, and to said photodetector.

39.The device according to Claim 38 wherein said vertical
waveguide and said optical substrate waveguide comprise the

same material.

40.The device according to Claim 37 wherein said embedded
mirror is formed by a method comprising:

forming a cladding layer overlying a silicon layer on
said optical substrate;

patterning said cladding layer to form openings
through said cladding layer where said embedded mirror is

planned;
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45.The device according to Claim 44 wherein said thick dielectric layer has a thickness of between about
10 m and about 50 m. 46.The device according to Claim 31 wherein said optical substrate further
comprises: a waveguide; and a laser diode in an opening in said optical substrate and aligned such that
that light from said laser diode will enter said waveguide. 55 47.The device according to Claim 46

wherein said waveguidges fgther comprisesanuemedded aiirrgk,ard wheseinsaid «leetronie substrate
comprises: a vertical waveguide; and a photodetector device such that said laser diode light will be

transmitted through said-eptical substeate awavegidde ni§<said embedded mirror, through said electronic
substrate vertical waveguide, and to said photodetector. 48.The device according to Claim 46 wherein

said waveguide is based onaphictigniccrystabaevica. . The device agseorndiag & Caim 31 further
comprising a third substrate comprising a plurality of metal pads on a first surface of said third substrate
wherein a seconthveguide wherein said patterning forms an angled edge
where said waveguide layer is etched through to underlying
said cladding layer;
depositing a metal layer overlying said waveguide;
patterning said metal layer to remove said metal layer
from said waveguide excepting at said angled edge of said
waveguide wherein said metal layer forms an embedded mirror
for said waveguide; and

depositing a second cladding layer overlying said

waveguide.

41.The device according to Claim 40 wherein said second
cladding layer comprises a thickness of less than about
5,000 A such that chemical or biological agents contacting
said second cladding layer will affect evanescent light

when an optical signal is transmitted in said waveguide.

42 . The method according to Claim 40 wherein said waveguide
has parallel trenches or based on photonic crystal device
and wherein chemical or biological agents will be trapped

in trenches or holes in said waveguide or photonic crystal
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surface of said optical substrate, opposite from said electronic substate, and said first surface of said
third substrate are held together by the bonding between said metal pillars and said third substrate metal
pads. 50.The method according to Claim 49 wherein said third substrate comprises either an electronic
substrate comprising at least one active electronic component formed 56 therein or an optical substrate

comprising at legst,ore passive eptical companent fermed-thereini shA waveguide ggviceith an
embedded mirror, said device comprising: a cladding layer overlying a silicon layer on an optical
substrate wherein gaiglicladding dayer hasapeningss tkrough éounderlying silicon layer; a patterned
waveguide layer overlying said cladding layer and partially filling said openings wherein said patterned
waveguide layer has an angled edge in said openings; a metal layer overlying said waveguide only on
said angled edge; and a second cladding layer overlying said waveguide layer and said metal layer.

43.The device according to Claim 31 wherein said optical

substrate further comprises:

a thick dielectric layer; and

patterned metal lines overlying said thick dielectric

layer on the surface opposite said electronic substrate.

44 .The device according to Claim 43 wherein said patterned
metal lines form a low loss transmission line, an inductor,

or an antenna.

45.The device according to Claim 44 wherein said thick

dielectric layer has a thickness of between about 10 um and

about 50 um.

46.The device according to Claim 31 wherein said optical
substrate further comprises:

a waveguide; and

a laser diode in an opening in said optical substrate
and aligned such that that light from said laser diode will

enter said waveguide.
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52.The device according to Claim 51 wherein said second cladding layer comprises a thickness of less
than about 5,000 A such that chemical or biological agents contacting said second cladding layer will
affect evanescent light when an optical signal is transmitted in said waveguide. 53.The method according
to Claim 51 wherein said waveguide 57 comprises a photonic crystal material and wherein chemical or

biological agents wilthe trappeddn holasHnsaid thatanie erystahmatesiahtostherehy-affess eyanescent
light when an optical signal is transmitted in said waveguide. 58
further comprises an embedded mirror and wherein said
electronic substrate comprises:
a vertical waveguide; and
a photodetector device such that said laser diode
light will be transmitted through said optical substrate

waveguide, to said embedded mirror, through said electronic

substrate vertical waveguide, and to said photodetector.

48.The device according to Claim 46 wherein said waveguide

is based on a photonic crystal device.

49.The device according to Claim 31 further comprising a
third substrate comprising a plurality of metal pads on a
first surface of said third substrate wherein a second
surface of said optical substrate, opposite from said
electronic substate, and said first surface of said third
substrate are held together by the bonding between said

metal pillars and said third substrate metal pads.

50.The method according to Claim 49 wherein said third
substrate comprises either an electronic substrate

comprising at least one active electronic component formed
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therein or an optical substrate comprising at least one

passive optical component formed therein.

51.A waveguide device with an embedded mirror, said device
comprising:

a cladding layer overlying a silicon layer on an
optical substrate wherein said cladding layer has openings
through to underlying silicon layer;

a patterned waveguide layer overlying said cladding
layer and partially filling said openings wherein said
patterned waveguide layer has an angled edge in said
openings;

a metal layer overlying said waveguide only on said
angled edge; and

a second cladding layer overlying said waveguide layer

and said metal layer.

52.The device according to Claim 51 wherein said second
cladding layer comprises a thickness of less than about
5,000 A such that chemical or biological agents contacting
said second cladding layer will affect evanescent light

when an optical signal is transmitted in said waveguide.

53.The method according to Claim 51 wherein said waveguide
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comprises a photonic crystal material and wherein chemical
or biological agents will be trapped in holes in said
photonic crystal material to thereby affect evanescent
light when an optical signal is transmitted in said

waveguide.
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