VLSI - PHOTONI C HETEROGENEQUS | NTEGRATI ON BY WAFER BONDI NG Thi s
application clainms priority to U.S. Provisional Application serial
nunber 60/ 501,669 filed on Septenber 10, 2003 as well as, U S
Application serial nunber 10/822,201 filed on April 9, 2004, herein
i ncorporated by reference. BACKGROUND OF THE I NVENTION (1) Field of
the Invention The invention relates to the integration of optical and
el ectronic chips, and, nore particularly, to a nethod to forma

hybrid, VLS| vplsatenpeoint egrrakedzsiusliinreskagruaier hondi BeNo )
Description of the Prior Art In optical nodules for access and

met ropol i tan networking, several requirenents are anticipated in the
future. In particular, it is anticipated that transmtters, fibers,

regenerators, 7\ tHeS ca8Rln I ELEIERLS 1 WL ¢y RES QTR hbgbl Ys1degr at ed
conmponents at distribution nodes. Very |ow cost, plug-and-play

SySt ens, asuehc@s: dd ARTLLL BRSANG /8B ¥ES Si1 1PliC AL PEENOF k duNkbbS:3
(ONY), and optical termnation |ines (OTL) operating at frequenC|es

in excesssofeld {3 gabist SABECONE Wrl lseP@a1 rﬁ%e&e%/%ﬁ@ £ rentecShat e
of the art in heterogeneous integration is the silicon (Si) optical

bench. Oapaisibj camaophieal n e norkabh oM LoeAeat s, such as |aser
di odes, ﬁotodetectors

BACKGROUND QF THE INVENTION
(1) Field of the Invention

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

hybrid, VLSI-pheotonic 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 1s anticipated that transmitters, fibers,
regenerators, switches, and receivers will become highly
integrated components at distribution nodes. Very low cost,
rlug-and-play systems, such as transmitters and receivers,
optical network units (ONU), and optical termination lines (OTL)
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wavegui des, and VLSI chips, are each picked, aligned, placed, and
bonded onto a silicon substrate using flip chip technology and, nore
particul arly, using solder bunps. These silicon bench nodul es

t hereby offer both optical signal and el ectrical signal processing
functions on the sane silicon substrate. The optical perfornmance of
an optical transceiver is sensitive to the accuracy of the

al i gnnents between optical conponents such as between the fiber and

the wavegyides i Retieeieqhbec MaYVagUide.and e laser. t apskLgiaeen t be
wavegui de” and the photodetector. For exanple, in the reference by

Ki t agawa et aleq. "Hybrid I ntegration Technol ogi es Usi ng Pl anar

Li ghtwave G rcuits and Devel oped Conponents,” |ElICE Trans.

El ectron., Vol. E85-C, No. 4, April 2002, p. 1009, it is found that
the average optical signal loss for a single |aser beamat a spot

si ze convertefpd Q3 Rkanas: vaveqyidg i ni@fﬁeac%%ot;énéwyti&e%rggigré

Wt hout the spot size converter, the |oss Increases to about

I'n addithgntheiéiﬂf%dEOHQQ)t&E%ié%l'%EHth%m@eJQﬁﬁXFEFbéﬁEfE{%EbEQEh,

exanple, 2 electrical interconnects, such as netal |ines, cone

transm ssLbon,kd nesRhehigquansl es ahoue & 3%, EULEDSL..Sush  netal

| i nes exhibit high propagation |loss at frequencies above about 10
G-gaHert 2,45, Ad10t ahleyapp! Ligald, 00, 0PLdiE i c1lh@NE S 8L YEE S p15UER, as
transi npedance anplitiers, clocCk data
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., EB5-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 wavegquide interface is about 4.5 dB. Without the spot
size converter, the loss increases to about 7 dB. In addition,

it is found that silicen is a lossy substrate. For example,
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recovery circuits, nmultiplexers, and denultipl exers, 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
probl em As for passive optical conponents, currently, silica-based
materials, such as silicon oxynitride, silicon nitride,

ger mani um doped silicon oxide, or silicon-rich oxide, require high

t enperature anneal ing. For exanple, annealing at tenperatures of

greater thap:apout ;7QQ Cohgcdgquisied Lo foram 1silikcapbassd, passive
opti cal conponents exhibiting Iom1 propagatlon [0oss of less than

about 2 dBLALY ASs A6SGHEBEad Ner MMLRQEE s €l Ale 2" BRST IPur TRl L7 ANeE

Anal ysi s, and Fabrlcatlon of SiTicon Ckynltrlde Based Pl anar Opti cal

Wavegui d r i rnal _of hL ey,
ooy ey R Pt o) SO o

i gh  t edperat ik & prgcess| n%yre%%@gﬁlgvgpmé&tqom; BEALden of

paSSIVG optlca conponents wth electronics ch I PS

tenper at Y€ PLOLRSS, ngueﬁfggt&atr{é%ggagﬁ %@’ﬁ%&%%s%f&k ?‘data

i ncreases confact reésistance I nt er connect

layers. Seugral, pej r%mgt My&we%%sreg@%&&lwgagg%sssm akgy

devi ces and optlcal devices. Internation Pat ent Appl1cation

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 probliem.

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
sillca-based, passive optical ccmponents 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
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,
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02/ 48765 Al to Pandraud et al and U. S. Patent Application

2002/ 0076130 Al to Pandraud show nmethods to formfeatures within
substrates by bonding two substrates together. A waveguide structure
with a reflective facet is shown. U S. Patent Application

2003/ 0091264 Al to Kinmerling describes a hybrid device conprising an
optical chip and an electronic chip. The tw chips are bonded

t oget her using sol der bunps. U S. Patent 6,455,398 Bl to Fonstad,

Jr., et ah-disgl 0583 c8cpelbodd:0,Lor 1ha cam’br[e'lq hQEQQrPﬁ%&&'n%HH
devi ce by bonding together a silicon wafer and a II1-V sem conduct or

waf er, sygh-as a GaAs wafer. Dielectric |ayers overlylng t he

surfaces of each wafer are bonded together by a two step sequence
conprising pressure and thermal processing. Enbodi ments describe
thinning the silicon substrate such that a thin Si |ayer overlies

then bonded gi.gl.egt Ejlrgol:aé/ﬁ{ %n‘k‘f‘%‘n‘E*ﬂoné “réluqrt% tBVEEitgofé‘%u'b's'tié(te

substrate. Electronics are forned S | ayer

opt oel eCLEPNLES AL opf QEARhd 1 dhe Iﬂté/n%aet%%gndgg&@ﬁt' ficathidh

Patent 6,456,767 B2 to Terashima shows an optical wave

transm theygeeeimMer , syl 8 4 L@eaﬁvgyﬁe o raltaﬁﬁ_ gl?ﬁﬂaacc%n

substrate that is bonded 4 together i ng surtaces are held

Logel her 282/ P diso 80! 06Toa e RiTLLBL BN, PoSeo AP GAk ANy cnin

2003/0140317 Brever et al discloses various fec ni ques ftor

Conbininguﬁgtgé¥és 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 GalAs 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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stacki ng substrates of differing conposition. U S. Patent

Appl i cation 2003/ 0002809 Al to Jian teaches an optical device where
fibers are vertically integrated through the substrate |ayers. U S
Patent 6,020,624 to Wod et al describes a method to bond wafers
together in a nenory device. U S. Patent Application 2002/0171077 to
Chu et al teaches a silicon and silicon germani um optoel ectronic
integrated circuit. Additional references related to the present

i nvent i ORogL gt LA&HNGoAGE L C&'ﬁrfméeékéb@mel%r t3yer hEP o i@nd
Wring Technologles on PLC Platfornms for Low Cost and gh Speed

Appl i cat 'semae F10cecdhBg Q. BCTE, 5198001 00832, 2809/ § Nep AN 16! g by
Ri eh et al anollthlcally | nt'egr at ed % Ge-Si PIN-HBT Front- End

Phot or ec vor 1BER; r n A t i v
e SeBpuate o, EER Rt Shclecbiplognag ses (e Senter

Syst ems g%@)ngoeﬂb%rtraeeP%P%l%teq%gca&ggﬂuﬁgmEseS@ CTb AR & he

published on a web site: ww. mcro.u oss/ Tas

paper "Tagkills 10963%996@658@‘ pﬁntenﬁfgrg aéeﬁd%h@g' Qﬁdggﬁ%&tlh device

I nt erferoneter-base Bl 0- Sensor System e relate e toplc of
i 0- SeNSQhS.d LARK QQeO{?&f £ 1995 L R0BC D £1083.00Gh ShoCA%8 ARw O
conbi ne opti cal ers SIfrcon war er
lNVENTIC&%yers. U.5. Patent 6,020,624 to Wood et al describes a method

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

Applicatiecn 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, 1987, p. 632, and the article
by Rieh et al, “Monolifhically Integrated SiGe-Si PIN-HBET Front-
End Photoreceivers,” IEEE Photonics Technology Letters, Vol. 10,
Ne. 3, March 1998, p. 415. In addition, in the Bio—-Cpto
Electronic Sensor Systems (BOSS) Center, a DARPA Optcelectronics
Research Center, published on a web site:
www.micro.uiuc.edu/boss/TaskII.html, the paper “Task II:
Development ¢©f an Integrated Guided-Wave Interferometer-based

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



A principal object of the present invention is to provide an
effective and very manufacturable nethod to integrate an optical
substrate and an el ectronic substrate. A further object of the
present invention is to provide a nethod to integrate an opti cal
substrate and an el ectronic substrate such that a heterogeneous,
VLSI - photonic integrated circuit is forned. A yet further object of
the present invention is to provide a heterogeneous, VLSI-photonic

Integratst&ar5auapt99gprg§g{ghs %quhgésf&HH“df%Eioéth&%”@H'@oﬁglne
el ectronic/optic, optic/ "~ electronic, optic/optic, and

el E‘CtrOnbﬁéﬁéﬁt(ﬁ&'—%)wé‘ﬁéfso%d sﬁ%orﬁ urddier; obj ect of the present
invention is to provide a nethod to inprove t he performance of the

el ectrical interconnects and RF passive devices, such as inductors,
t hrough the use of buiIt-in thick dielectric Iayers after substrates
are stacked together. ﬁnggqﬁe%HgbhﬁgﬁNfgmﬁhe pr esent

invention is to provide a nethod to forma waveguide with an
enbedded mrror in the manufacture of an integrated circuit device.
A yet further object of the present invention is to provide a nethod

to forma W'zﬁ'gﬂil%m?}:{?'obfé&c'&%dtﬁgbﬁié net %\’zlaﬁm‘?lolllnlécc%oﬁa%(}(ige

with the objects of this invention

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 cof the present inventicn is to provide
a2 heterogeneous, VLSI-phctonic 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 lavers after substrates are

stacked together.



to forma VLSI-photonic heterogeneous system device is achieved. The
met hod conprises providing an optical substrate conprising at |east
one passive optical conponent fornmed therein. An electronic substrate
is provided conprising at | east one active electronic conmponent
formed therein. A plurality of netal pillars are fornmed through the
optical substrate and protruding out a first surface of the optical
substrate. A plurality of netal pads are fornmed on a first surface
of the electronic substrate. The optical substrate and the

el ectronic substrate are bonding together by a nethod further

conpri sing al A galinGthgerf bl slcS Y apESpALs 4&6 lq%he%naﬁd & %%waéc
substrates such that the protrudi ng ne %a pillars contact the netal

pads. The nephégalo addmeh e QN iGieS Wosh &t ee?nb%rd@ehhﬁi'rp ded shaget her
through the nmetal pillars and netal pads using a erna f usi on

met al -tomaﬁaeiacw&%%san lﬂé&ét%daQQQElgf@%Wcteh the obj ects of this
invention, a nethod to forma waveguide with an enbedded mrror in

the manufacture of an optical substrate device is achieved. The
met hod conprises formng a cladding |layer overlying a silicon |ayer

on an opticalp tfruf'iﬂtﬁerT&?]é‘éta%Q' B | GYELe S 18%5@%‘;‘?0‘13 LQ, fp%@lde

openi ngs through the cladding | ayer where an enbedded mrror

pl anned. a%w@@wod%&aysrmmlqﬁgomex;sﬁ, oMl NG EBErate gevice.

In accordance with the objects of this invention, a methed
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 threough 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.



cladding layer and filling the openings, creating a verti cal
wavegui de. The wavegui de layer is patterned to define a horizontal
wavegui de. The patterning forns an angl ed edge where the wavegui de

| ayer is etched through to underlying the cladding |ayer. A netal

| ayer overlies the wavegui de. The netal layer is patterned to renove
the netal layer fromthe wavegui de excepting at the angl ed edge of

t he wavegui de. The netal |ayer forns an enbedded mrror for the
wavegui de. Also in accordance with the objects of this invention, a
VLSI - phot oni ¢ heterogeneous system device is achieved. The device

conprises an optd Gl a%H??&{{?ée w‘i‘EHp hel e%tts' SESEhPé‘elm}é%l%%}{e

optical conponent forned therein. ura ies of netal [ars are

| ocated f, %]{ (ﬂtgh:os%logmogtl u%‘é%%%\ r?‘%%b%ﬂ%&“ﬁf r QUL B LT St

surface o opti cal Tate Fectronic  su strate conprlses

at |east,one-act]ve ¢l & Etcg;%lc%lcgﬂ’ﬂ&?ﬂ‘ée el Qk Q‘ag t V%d

pIurallty 0 netal pads i I'rst surface ectronlc
olect rony 2 LUEeTRE L8 RART L 5 b RaPRl Rire: 93%@%2&?%&%29%

t al t I t
il B g i Tl s e sk ones o e ap g

achi evedtoIPc?rrP%\fa'e%?nggoﬁPfdusg%s ACLAGEING hayer Erd YINerBedhlh con

| ayer on a

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 wavegquide. The metal layer forms an

embedded mirror for the waveguide.

Also in accordance with the objects of this invention, a
VLSI-photonic heterogeneocus 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
oulb a first surface of the optical substrate. An electronic

substrate comprises at least one active electronic component
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optical substrate. The cladding | ayer has openings through to
underlying silicon layer. A patterned waveguide | ayer overlies the
claddi ng layer and partially fills the openings. The patterned
wavegui de | ayer has an angled edge in the openings. A netal |ayer
overlies the wavegui de only on the angled edge. A second cl addi ng
| ayer overlies the waveguide |ayer and the nmetal |ayer. BRI EF
DESCRI PTI ON OF THE DRAW NGS I n the acconpanying drawings formng a

materi al £pafLy ofpe dinS Qegfadr}aqtr%g doftlngm lgao%h%ﬂbn%g&rs% hreugh 6

illustraie a first preferre i ment e present 1nvention

wh f
erein gp &Pé'é':laé?ct}é’lﬁ}n% angk A, Ll ?ﬁérf’ﬂ!& "é‘%r%aég g{}ﬂeeg; tical

t oget her. ustrates the Irst preferre

present ipyentiqn et gnem% %Q{Jﬁ waf.er aterﬂgﬁwte | & he §egﬁ9

to greater than two Mﬁ ers ustrates a SECOH prerer

Ciroui 1 Roe FBaan 1s eriata s T R Perar L nboni ment

of the present invention showi ng a photonic transceiver circuit
wherein a | aser photo diode is incorporated into the multiple wafer

structure. 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 obenings 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 laver overlies the waveguide layer and the metal

layer.
BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part cof

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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Figs. 14 through 16 illustrates the third preferred enbodi nent of
the present invention wherein the |aser 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 enbodi ment of the
present invention showing a nethod to forma wavegui de with an
enbedded mrror for changing the direction of light transmtted in
the waveguide. 10 Figs. 28, 29, 30a, and 30b illustrate a fifth
preferred enbodi ment of the present invention show ng a chem cal or
bi ol ogi cal agent detector circuit fabricated using the novel nethod

Gevi ce. Descrl BT AN O HHET TSR RRER T NG WERTE TR b ST B e

DES
enboqlneggés&%%tfk% %%eggn%héﬁgﬁpE.gnmg%:EH%?%afgth gécéékg(y’m
hybri d, optical an erectronic in egrate ci'fcui t devices, An

enbpdineQ&Fggdégqxprggggériqy@pk%%nwg égée; to the integration of an
optical wafrer, or cﬁip, W th built-Tn optical devices such as
wavegui des or light emtter diodes, with an electronic wafer, or

chip, with built-in electronic devices, such as transistors or

Egggoggt gft ?(r)?inge.tA a%“’?éﬁr s%’%é\f'%sg%e%%8893Spre%e%%ehh%&%&iﬁéitf Y3l eneto

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 20k 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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bond together the optical and el ectronic substrates. A nethod to
formoptical waveguides with enbedded mrrors is also disclosed. It
shoul d be clear to those experienced in the art that the present

i nvention can be applied and extended without deviating fromthe
scope of the present invention. 11 Referring nowto Figs. 1 through
6, a first preferred enbodinent of the present invention is
illustrated. Several inportant features of the present invention are

shown and digclissed beghbows, Mre papti wi&ré%teaagm&!}re egfg_»gai

section of an exenplary optical substrate i's shown in

0 scTfhaygn e, bRLRLE AR 197 fanen s By o

device as w rates an electronic

SUbStrat%iégoéfbél%%ﬁgkga%ﬁgj%%p%ﬁréggﬁiR%ﬁgkgtghgéﬁig gﬂg @kﬁg%he

optical substrate ectronic s rate on

t oget her r ni .ef 0 devi . _Referrin ain
T s e S St e RS e
10 conprises S of previously manufactured |layers including a
first suﬁstr%?%(%%%%g'dielectric | ayer 14, optical conponents 20,
and netal pillars 16. The optical substrate 10 is preferably a wafer,
as is conmonly defined in the art, though the optical substrate 10
may alternatively be a single die of a wafer. The optical substrate

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 integraticn 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 teo bond metal to metal and to thereby
bond together the optical and electronic substrates. A methed to
form optical wavegquides 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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10 conprises at |east one passive optical conponent 20. In the

exenpl ary case, a waveguide 20 is fornmed on the optical substrate
10. The waveguide 20 is forned by nethods known in the art. O her
optical conponents that may be forned on the optical substrate 10

i nclude, but are not limted to, branching devices, optical filters,
mul tipl exers, denultiplexers, wavegui de optical 12 sw tches, and
wavegui de optical anplifiers. Also the optical substrate 10 can

v o Optl%&ké%% gnggwﬁx} tgf ?n pra % thig u %@@9@

devi ces such as photonic crys i cé, ality o

opti cal 8&@&3&%%50%55&&” %e B Egﬁe%lcilc%'sf ﬁ?%%%&s% 1%e !LrSt

substrate 12 I's provi era TSt substrate

compr | 59%80%%3‘?&9@998%% c!Pitt%“ g!:? 1%% % hCQrelZJB“%‘QﬁV%FBe ot her

materials co be used si nce at e r enoved

for med oubrTyioas PRESH hug-t “?asﬁ?%%%%ﬁ@ %”ﬁﬂiff R 2 gBE son
dielectrig 4%%@3%2 sp%fl;%q smés&ywq]o he éh&%%u]tnut%ﬁl@r atg 1, oJ4H S

dielectric nprise Sin

preferably,, Juos”B%'t?S&l sy dst‘{ra%' Ity Q%r?q_'lse%cy Lﬁ%e wavegﬁtl afayegul de

20 is forme t he electric € conprises

a merigl . navkdag [eLActiye, | ndey d.fsl 1l,eda by, te canstani n2

The surrounding dréléctric layer has ractive in deseri bed
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 ¢f 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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by a constant nl. Here, n2 is greater than nl such that light that
is transmtted through the waveguide 20 will be confined in the
wavegui de. In this way, the waveguide 20 allows |ight to be
transmtted 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 13 to acconplish these goals, the

fol I owi ng, fequid enpat §- Pt Le oggggzr%% ?aﬁ%quEEGaklgch%gE%ch;

First, the optical conmponents exhibit very Iow propagation

| oss. Second, -4heng pust hg . ihi 9Ll clsnlcaup! Lng: hetyeen q of
I'Cli dwi dt

wavegui des 20. Third, there nust e su ent ban in the

wavegui dﬁﬁo@&j]acn%g%pggf'}’dé/@i@e%g sufth é@ﬁo%%@&%%?ysa%ﬂr th, EEtQEE&Q,”St

be | ow resi dua ion and crosst et ween anon

navegui desy1 . Gs 8 cBds, oMo pYRgM de 2Goaneter sl y. GampEises a

silica-based nate or exanp icon oxynitri

silicon pitLi e(%io_x.le)filgseg_ g,isegggg S 'pirgegdgéi c&ﬁre(f%ir%}%gg, the

phosphor ous doped ‘silicon oxide, or silTicon'rich silicon ox could

be used Ef@sgrgiﬁ@§¥ggﬁ:gﬁt%%%gé%eg geggﬂfﬁon%ﬂkﬁort%%?g%ig%aﬁﬁgﬂigg

materials 20 require erature processing. rocessi ng

oper g;gf%pgiﬁois}ﬁ%ﬁggg;ﬁs Sofe:ARANL - [00; i pEONURA! iR dnbOE; PLON
substrate 12 will be removed in subsequent processing. The
optical components 20 and 22 are formed overlying the first
substrate 12. Mcre 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 nZ2. The
surrounding dielectric layer 14 has a refractive index described
by a constant nl. Here, nZ 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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pressure chem cal vapor deposition (LPCVD) or in high tenperature
anneal i ng. A key advantage of the present invention is the formation
of all of the key optical conponents, such as the wavegui des 20, on
an optical substrate 10 separate fromthe electronics conponents,
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 tenperature, optical processing would
adver sel r ri e cfronic
devi ces. ¥Ef%§é%ﬁpl;§g %ﬁ%% ﬁ% erla?Ee é?f% it §Ehe? %H?§¥?a€§ gs%%h as
Al12Q3, he ngl, paly.er sed materials. The
fornatlg&g%f aﬁ%ﬁﬁFPQEga£ (m%DEEEE? g%n%%ﬁénfsgg Re % comanents
substrate,10 hrin addltlonal adva ntage gver h prior
n the pf? b EpE ’éon %Yencoh Brphet e B o8 c%n%hnerﬁt Pares

LUbstr ot Bt T AN C%‘iP ChPhRFGS AN e, 201 Opf Bl L LB00e myat
of st ani 1 capy -coupll ng, Losses et peen, oot el zsog;agnlennta% dye 1o,
m sal i gnRent 5 |ca axes or due Japs Bet e "doripdhent s.

I'n the preseq&ﬂkg% g onT,ver% hkgerefeature Qg |Qét 1Jnajgndf:illlgnnent
are achi éved since ar He ircal devices are For the  Yame
| nt egr at g, subsiran g 100,25, B TROFS At 4L gRbLgmal Cieature, an

enmbedded™ i r¥or

To these ends, the waveguide 20 preferably comprises a
silica-based material. For example, silicon oxynitride (SiO.N,),
silicon nitride (Si.N,), germanium doped silicon oxide (S510;),
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 depcesition (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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22 is forned in the wavegui de 20. The enbedded mirror 22 conprises a
material that is entirely reflective to light transmtting in the
wavegui de 20. The enbedded mirror 22 preferably conprises a netal

| ayer 22. The enbedded mirror 22 is formed at an angle O with respect
the lateral plane of the optical substrate 10. Mre preferably, the
enbedded mrror 22 is fornmed at an angle O of about 45. In this way,
light P1 transmtted laterally in the wavegui de 20 and i nci dent on

the 15 eg@??gﬁrﬁa% rc%%rggtfg\éigtdlt?:ﬁse%%géﬁcggé edctalion%cr }ig@}.c nglé)gzh%\%i th

reflecte preferre orm-a wavegui de

ISR S, AL Ry ot

t hr ough a, “an IS described in a

| ater section. Referri again to Fig. 1 not her j mportant feature
of the g?é§bﬁ?ﬁiﬁ§8n g%ﬁ %gdtﬁggﬁ?%géﬁ%%eopa%%f%ﬁi%illars 16. The
metal pillars 16 are fornmed entirely through the dielectric |ayer

14. The netal pillars 16 are preferably fornmed after the formation

of the optic conmponent s 20. -The .advant age i.s | ess _processin t eps
Cabout 209 ¢ Fh ChEeEr ol efh i e Bl Aok ah Sa g =Ty SpboER™ 39 ot

t her ei n. s0.. high.tenperatur.e anneal .of up to,about 1000 C to
reduce pPBpéﬁ%&i%ﬁ%sfggchgﬁ' %§Q%§n5na??§}t Q?lféFHa?%%ﬁﬁEﬁge OET the

%gi quﬂgsI%Otggdpgfgéng%ttg§lggén tééﬁ% %Ltggéﬁlthe optical

opti cal
compeonents 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 opticnal, 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 6 of about 45°. In this way, light 2,

transmitted laterally in the waveguide 20 and incident on the
15



pillars. Hence, high tenperature anneal would not affect the netal
i.e. nelting. However, the drawback of formng netal pillars after
the formation of the optical conponents is that the thick dielectric
| ayer 14 can be between about 25 to 40umin depth. As a result,
etching the thick dielectric layer is very challenging due to very

|l ong etching time of perhaps a few hours. Al so the etched openi ngs
for the netal pillars would have a tapering profile. That is, the

tops of LhSeQRENIMNGSoAr 82 MPON YALEES rdblaly the 1bot foms, n Another
drawback is less flexibility 16 in the design of said heater which is

used in acEDHU Al Qrignei B) el SOME] Al ASAr 0D Mt I PRYREY1 8 Cro

Hence, to overcone "these drawbacks, an alternative process oW is

describegiEﬂlaﬁqé%be&ﬁe&h&QH%ﬂ:%E EQeifﬂﬁhtEQ%%dgEEa#iQ-Ih%r?ﬁégﬁg¥2|

preferably formed using a damascene process. Preferably,

pillars i@,Cﬂmpﬁhé%ugﬁoﬁPQIgﬂﬁi%bbSHﬁf&&ﬂg%ﬁbpyaﬂgbﬁér &l 1 BY8 ; guch
as tantalum tantalumnitride, or titaniumnitride. The 1 ntegration
of the getal;pid gaﬁaggrfggégygnqns and the wavegui de 20 and enbedded
mrror 22 formations is illustrated in Figs. 17 through 19, 20a

t hrough 27a, and 20b t hrough 27b, and is described in detail in a

| ater section. As a key feature, the netal pillars 16 extend through

the Referring again to Fig. 1, ancther 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 plllars 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, 1.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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dielectric layer 14 fromthe top surface 24 to the bottom surface 26
of the dielectric layer 14. Further, the netal pillars 16 extend
into 18 the underlying first substrate 12. In this way, the netal
pillars 16 forma conductive via through the dielectric |ayer 14 of
the optical substrate 10. Preferably, the netal pillars 16 extend
into the first substrate 12 between about 0 A and about 2,000 A 17
Referring nowto Fig. 2, the underlying first substrate 12 is

renoved. lﬁytﬁ@r&‘é'lﬁg B?esgi %a%ggs%}gfé}? :LJSZ’USEB Hoétrﬁcﬁﬂll]a%o (,)f the

pillars 16 that extend past e bottom surface 2 remai ni ng

opti cal sHbSAGCRA-! Saavallabls . £0r handi ng i L the 1ol ectionhe

substrate e first su abl'y reéenoV

t wo- part . proc qﬁ§ EiLrst, f S rate empved
to using a % c " gcégln i ng 5%%3E2§e1$ ofsgxggg% &t d%g%%gée eggrlnd
may renoy ubst.r.at 2 until about 100 gmremai ns. Then,
referrlng hﬁéhgﬁ §§1ﬁﬁ§§%énd substrate 28 is glued onto the top

side 24 of the remai ni ng optical substrate 10. This second substrate
28 acts as a tenporary nechanical support for the thin, optical

waf er 10. Thﬁuerfn 5?'1591%{{ 1654PSt Ferjaél&sf%%@dcs letely

renmoved usi ng, wet etc nor e ny a spin-

etch. Andgjnéfger}'l%t &D\fgcQngE\Esrsefle%a%lieC&pe m%létgﬁt g?ﬁ.fags 1|6s c%lm%%gse

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 piliars 16 extend through the
dielectric layver 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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onto the top side of the optical substrate 10 first, and then is

foll owed by the backside grinding process and wet etch of the S
substrate 12. At this point, the netal pillars 16 will protrude from
the bottom side 26 of the dielectric layer 14 of the optical wafer
10. The prelimnary processing on the optical wafer 10 is now
conpleted. Referring nowto Fig. 4, the electronics substrate 30 is
illustrated in sinplified cross section The el ectronics 18 substrate

30 conprises Re® ﬂ%&agoaogrgg'% %, TRl ﬁr? %ﬁgn'gﬁégfégt 3%&04&%%@919

sem conduct or str

el ectroni;gs., 88%%;%’#‘:{}%’5 §§ﬁov1 ‘h% f%?gt?’?ub t'l_?Etl%', i %Qg?ﬁorsﬂl'on-rqg

el ectronics su 'S p erab y a wat er,

defined ip houg tronjcs, s b rate
aIternatlvekﬂng{%P%%r?%o 8 % The etszﬁlgbnéﬁgtsur ac”q?ratetga
and 34 n ter| I ¢h. 3 1 Sl a5 .

AIterna??Ve%QHPﬂieﬁgéﬁggo%ﬁﬁéi s&%s 7 va%ﬁﬁﬁhd § dl%%ﬁ%ﬁ#sgh%

conbi nat | 9g69£o esruao%kgﬁ%cmhaes i ggbs't'r' % oseuieg agj& system

In the preferred case € sem conduct or strate

comr i se3 <fipPRAOGT Yok aLl Loe. s iUl gy ,Wr%chs% O\fegmg'

nonocrystalll ne I"i con uffe ayers of
Si G betegn. Lavers 32 andofds MAULoHS £1SELIAY08: 0 opepis. can be
formed on-and

For example, & 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 fer 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-
et-ch. 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 §i
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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sem conductor substrate 32 and 34 by nethods well known in the art.
For exanple, MOS transistors 42 and 46 may be forned. These
transistors 42 and 46 may conprise silicon-based, silicon

ger mani um based, or gernmani um based devices as are known in the art.
In the exenplary cross section, a MOS gate 46 is formed overlying

t he germani um sem conductor | ayer 34 between two doped drain/source
regi ons 42. Anot her type of device that can be wusefully fornmed in

the el ecLroni o5 Sufs B Pl as SEQSk (E’f'oﬁr%qz%%g’i M z%ifa39cur%8d erslg
§8 3 o ed,

Phot odet ect or's conprise silic Sstli

german! uikpAsedy @ sgswama%v Qaésgs@'@av Co% 39448, o1 o eI the
art. The phot odet éctor urt conpri

tal t t ) d d
ggaﬁple E%igpgﬁ%t%&eggcagFgof¥%ﬁ°ne§§ {%rgzgrosg seggﬁ%ne%bp%et for

corrprl Segg?g %C%;.p%‘h eg;Lor moﬂlcasnsugé&l: he I %EO eraael%al nd a@aafert yr?s

region 3 ereb a p-i- rode. ector “may’ be

further d an .n t e, T t MODEET, o
{ypes. of - MERERT I, B E afc% R D t%g% Re! EREMBERL: b LoAN:

Pat ent | i Q77 t et _al, referenced
Alternaf?g f§ ern%Q g%%é%?ST PZEh %e f“? ra ed Wt A uc¥or
heterogen{%D %r@pma}s“{t COE}éHBT% aassa_'n%le esc aeld bsY; l§| eh et
al , reference ove ot’o

silicon. Alternatively, the semiconductor substrate 32 and 34
may comprise a combination of materials such as in & an III-V
semiconducteor system. In the preferred case, the semiconductor
substrate 32 and 34 comprises a monocrystalline germanium layer
34 overlying a monocrystaliine silicon laver 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 ke 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 ber
usefully formed in the electreonics substrate 30 is the

photodetector 38, 39, and 490.
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38, 39, and 40 is included on the electronics substrate 30, then a

vertical waveguide 48 may |i kewi se be included to transmt |Ilight to
t he phot odet ector device. The vertical waveguide 48 preferably
conprises a silica-based nmaterial as described above. |In addition,

nmetal 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 conponents may be forned on the
el ectroni cs substrate 30. For exanple, 20 resistors, varactors, and
capacitors, such as are typical to VLSI integrated circuits, may be

formed on theeleoitontos: SHDS abeady e cBleel Loniom %b%ggg&e 30

may further conprise el"éctronic Fver circult

as t1ansipegance g 2l ers, (TLA 510Gk, data T ecovely (R ) el
CIFCUItS aser rrver CIFCUItS ul at or rIVEFS cClrcuits,

nultlpleﬁgrégenu%%lp ﬁerTéhrgygéaE$ln gg%%y %Eiﬁﬁgglcofre%uency

(RF) processing circi 5% de

band (LNﬁﬁt irééﬁlc%n ucPéé eg ?Mgﬁ?'éé%fégﬂbr?%gpg'ﬁht&%d o dBUPES:

A/ D, nclu reover vent

substrat i S Si 1] i Scpossibl e vertlcal c vity
surface §%1§t%xam5§| a?xe Kl teshbpeShn sha Pty Hohpofetr oh t he

electronlc substr.at e, . . .
dy “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
rhotodetector may be further integrated with an n—-type MODFET, a
p—type MODFET, or both types of MODFETs in a CMOS configuration
as is described in U.S. Patent Application 2002/0171077 to Chu
et al, referenced above. Alternatively, the photodetector can be
integrated with a heterogenecus bipolar transistor (HBT) as is
described by Rieh et al, referenced above. If a photodetector
38, 3%, 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 electrecnics substrate 30. For example,
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As anot her inportant feature of the present invention, the

el ectroni cs substrate 30 further conprises netal pads 50. The netal
pads 50 conprise a patterned netal |ayer and, nore preferably,
conpri se copper netal 50 that has been patterned wusing a danascene
process. The copper netal 50 preferably is surrounded by a barrier
material such as tantalum tantalum nitride, or titaniumnitride.
The netal pad can be made at the sane tine as the |last netal |ayer

of the elestsanic walerand .ganche.connect edctoathe d auer et al

| ayers through vi'as. 21 Referring how to Fig. 5, anot nportant

feature yflet e dresent ol INANL O] Sod | diskiatedc nThe gpticcal..

substrate 10 an fhe el ectroni cs strate are bon together to

forma §ﬁ£'9éxeat heper egenequs YhSLLPAAt Q¢ dgyi e, tiGabrise
? f %Ilgn gﬁﬁnt the

substrate 10 an t'he el ectronics substrate 0 are

bot t f I
52 of |1 nG ol Cer L aR L R uBoT R a0, or ST rARry P e pty gArBaghe

SUDSL T at g, df AN L Mo g eol1on! G aubsLiALe, J8psach: AT se pfers,

as common e |ne inthé art, and rise ali'gnnent

marks. Thes Ald QUIRAL. B0 KSR b0 a0pYd & Clrvaﬁlﬁ@g 10, gnd on the

el ectroni cs waf e are use to proper e wafers such that

the pillar,e 1%@%&9agm&§tlga;%xemecﬂsﬁﬂs .p%%s aégléla@,n And syeb hhat,

opti cal conponents, suc

(RF) processing c¢ircuits, such as Bluetooth, WLAN, or ultra wide
band (UWB) circuits or baseband circuits that are digital,
memory, A/D, D/A, etc., may ke included. Moreover, in the event
that substrate 34 is Si,Ge, or III-V, it is possible a vertical
cavity surface emitting laser (VCSEL) c¢an 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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t he optical wavegui de 20 and the vertical waveguide 48 align. A
single alignnment process, at the wafer-to-wafer level, is used to
align all of the circuit die structures on each wafer. This 1is a
very useful feature of the present invention to reduce the cost and
time needed to align each final product. In addition, the

m sal i gnment probl ens inherent in the silicon bench approach of the
prior art are elimnated. The present invention inproves the

al i gnment  accrE ALY, 10l GRRDEHaH nsopghsaﬁe@h%to @0k fgét&% -% fne
t hrough a single step, gl obal alignnent of the wafers 30.
H%eand

This progessehedusasnassend! ¥ NIQReesshnNorsd e ;294

resulting device footprint when conpared to a 22 S|f|con ench

devi ce. kReaddidi ah 2agh, 00L10al300L 6l £6LIONG B ATPONELo.SUch a5 @

VLSI circuit or a photodetector oes not ve'to ividual ly

packaged ;agqh tﬁ]—f‘t&’og’eﬁg 9%@@858@?9 adheref org, @péjfc,raqe cost

savl ngs and a hi g er perrtor mance devi ce are realized. erring now

to Fig. @ubgbsa@@tﬂoc%gsy@étgfé&rmlagdswsecra%' e%rgpé%lég%%t t;filfcﬁ 30

are pressed together after proper alignnent as | mpor t ant

feature photpe ALESARL 2bMYPNLIORe:E %ﬁa;s‘trr%tt% %aﬁ(“@ascf A %andct he

subjected to a thernmal process to net al

metal pads,50;4d agethernt o frphanded. L acations .5§re£f§§aﬁﬂ,e,r L

process
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 & single step, global alignment of the wafers
10 and 30¢. This preocess reduces assembly processing steps and

reduces the resulting device footprint when compared to a
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preferably conprises a thernmal treatnent at a tenperature of between
about 100 C and about 500 C. This tenperature is sufficient to cause
copper diffusion at the pillar-pad boundary to thereby create a

per manent bond between the substrates 10 and 30 after the thernmal
cycle is finished. Note that this thermal treatnment is performed at
a relatively |low tenperature such that damage or alteration of the
el ectroni c conponents, such as transistor characteristics, does not

occur. TQ?}E&JFP%%&?H g PO ONILG, Qﬁ&?gﬁg&-ﬁn%ﬁ% g%?%aff’ors@‘i‘é%t onic

particularly use configuration ere I cal substrate

wavegui de. &0, and 0.y el ot Rarhcs, SUDS! Tt & oKer Ligal.vav el de, 48

are contacte t 6get e I'S arrangenent | s use or transm I'E?I ng

ight from23dhe ophigal, substratecdo down Lot be phot odetget or

sensing section 4 e ronrcs substrate -~ Xhe 't her mal

di ffusiog,of, el alLo: petal ., tl%’égggﬁés% &y Ptggea% Zaté n}%ji QL ant

par amet er,” but ~ot her pararnfeters as surfdce ess, force

and pressure 5%%ecggg{é%qﬁﬁhgga§igg&pessfuI bonding. It is found

that a plfasma treatnen n € copper surface will provide a copper
surface cleanliness sufficient to reduce the tenperature for wafer
bondi ng down to about 100 C. After the photonic heterogeneous stack

ggni Eet her mal . DORGed, f QUEENE! . 5 NG L SIRALANY 5, SECOND. SPgLLALE, 28
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
rhotonic 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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removed fromthe optical substrate 10. The second substrate 28 may
be renoved using an W irradiation or thermal process to nelt out
the glue that is bonding it to the optical wafer. Next is a clean
step to renove any renmaining glue on the top of the optical wafer.
Further, an additional anpunt of the dielectric |ayer 14 may be
removed such that the nmetal pillars 16 extend above 53 the top side
24 of the optical substrate 10. This step would allowa third

substrat epe V\b;%ﬂdﬁqt @'ub@@ii&ze 1) Rewhhesmald %th%BQ‘éQc@cE‘E adhentop side
of the optical wafer 10. Referring now to Fig. 7, the wafer Stacking

concept g@MtI&P%d)%fei%B@nngcgr%nl@l Eﬁ]@é&a%f 8pS §1Q tl'ﬁeLS th Q:ma@nd 75
thermal |y bonded together using the pillar and pad nethod of the

present AvVENtign.orThe: 2 cormlghed, S%@rﬁﬁeﬁﬁla?tus.njéo‘ﬁ’é andifste q'm%&r;gﬂtcs

substrate 60 bonded 24 to a first optical substrate 65, a sécon

el ectronb9§ar§é@e%tr%h@ offePaned b e Lhe,dd 8 QRELEA! fe%}a ih@ke, 65,

and a second optical substrate 75 bonded to the second el’éctronics

substrat @orgg ar@%egg{??é I’é{_[ 'c%n%ggﬁgté Q:ot Qle S%Eéggspyl %dn@%ﬂ?“t IQf

pillars and pads and by thernmal processing to cause netal fusion

bondi ng. ; Ihee SIack621 51 shiorn ALtecnating hetygen. ool £ale ,uaters 60

and 70 and electronlcs wafers 65 and 75 but any nation or

sequencepml@ee L138dpeRel X FA N0 AWt P B &1 B1 8RCONY RIRLEr LR

enbodi ment
temperature for warfer bonding down to about 100 °C.

After the photonic heterogeneous stack 55 is thermally
bonded tocgether, 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 teo the optical wafer. Next
is & 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, €5, 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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the present invention is illustrated. In this enbodi nent, the

phot oni ¢ het erogeneous wafer stacking technique is extended to
create a photonic receiver circuit 80. An optical substrate 90 is
stacked with and bonded to an el ectronics substrate 85. The opti cal
substrate 95 conprises a dielectric |ayer 96, passive optical
conponents 100 and 122, and netal pillars 104. The electronics
substrate 85 conprises a sem conductor substrate 92, a dielectric

|ayer 94, el ealyignigs, ggy'sqggsstﬁée 4363, andA10b... and Jetal pads.

The optlcal ibstra the €l ectronics are

tOQEther Qéb&iygrneta %295 S o %%LR'&U éPQQE%S%Q” QE£WE Qﬁ met al

pillars an features of the secon “enbodi ment

of the p e i nt n.optical wave e 100 W th
enbeddedgﬁg%é%ﬁ Su%é%fié n?ﬂe op?ch Cheeﬁfco & T DRI TGS Wi ?ﬁtrate

vert cal pyaveay] denc102.4 Y ipoloLred. i n.ths elect [aniss Subgtials,

85. As a |npor eature |g aser

5 “C‘”99‘53%“%06*%%%h?*hdffﬂs%lg”ﬁ‘ggia{ﬂ%#%% S dhone h g abiaped 1o

t he wavegui suc aser di ode

98 is transmt e thr h veguide 100. .This transmtted,light
101 is rg gg q g&{ﬁ% dﬁeé ﬁg?r o ﬁdg " Ther alrected

toward the vert caI uj de 1 n el_ectronics. su strate 85.
Fi nal | y1w?%er5t ransmd}[/\?ee(dgrl'd q_ecgéi J.c wafers %g 204 CPs %out% 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 technigue is extended to
create a photonic¢ receiver circult 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 compenents 100 and 122, and metal pillars 104. The
electronics substrate 85 comprises a semiconductor substrate 92,
a dielectric layer 94, electronics devices 114, 1ll6a, and 116b,
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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strikes the photodetector 116a. The photodetector 116a generates an
el ectrical signal based the intensity of the incident |light 101.
Anot her inportant feature of the present invention is the formation
of netal lines 110, 106, and 108 overlying the top surface of the
optical substrate 90. In particular, electrical transm ssion |lines
110, antennas 108, and bonding pads 106 are forned. Wth regards to
optical/electronic transceiver perfornmance, the design and the

fabricathop, ofnd fb%t&eamsméegaéﬂrae hbBes; o LS Qf cpLidcaly wmgp{%g@&e-

The el ectronics substrate uses a silicon substrate 92 f

formati O@Gﬁ)ftﬁ %th'o\_lﬁe%e Sltlcflpese%éét (-]-1—?16@5 S égpragg%i’;“.l%(s a fnf_@her

been descri bed above I con su strate represents a

siont {1 canbotiansmaslion, | oss:al hioh frequsnci gqof greater than

about 5 . In Aka orli clted ‘above, a coplanar line |oss

of about 4 17dR) m.ics :hepori el TORE far LLansuissl oy |ines forged
i Lot 0 5% o

overlying a I con substrate w’th about ctric Fayer

t her ebet }é\@eﬁh? %%gh%éefo@fsu%'he%élfClﬂg Qﬁ)a_[' ofth £ LY A h0e 5oy

transm ssion lines are very critica otonic recelver design

such as apo&@egéqgoggasgmpﬁdeerae@argsgﬁ%@e thlz;s,e phgL odef ectgr, 116a and

116b conprises either a silicon i con- fani um - or ger mani um

device tp@éniﬁ?%f%dr§£8££Vﬁky O@@?H&E%gd 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 1léa 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 20. 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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current when conpared to a Il11-V (GaAs) detector. In addition, the
transm ssion lines 110 can be quite long due to isolation of the
phot odet ectors 116a fromthe transi npedance anplifiers. It is further
found that the |l oss due to the substrate 92 is reduced as the
dielectric layer 94 and 96 thickness L7. increases. For about 10m of
dielectric layer between the substrate and the transm ssion |line,
the loss is reduced to about 5.8 dB/cm At about 30 m the loss is

furt her duce a 0 rHi-yl A.nes. Wt h
a groundég %ﬁeqnggﬁi%?%y%fng%mﬁﬁﬁ?gggﬁg%g%S%bggfggééﬁy%j%BékalgsGHE

when t heregéﬁée%“aft' gObﬁ'yefof 4 QHES§POI{nlln%St @Srﬁégd@\natrl g' on,

the combination of stacking substrates 85 and 90 an ng the
transm ssion |ine 10 _over | ptic substrat e 90 causes t he
ot U1 ng LTaHbABETSRCT 1 T PP of be Worited B08H S1g VRE 27
silicon substrate 92 with a diele trlc | ayer. 94 and 96 thi ckness

et weon BUCHTESH oG aliCABHUE 30061t L HEr St aeR oo HeTice a1 D8s
transm ssion |ines 1} are "built-in" to the present jnvention. There
i s no nebtPIY &t At AHifolVEGY BF”EJocalr et’r fPPO*b?IHcCesf§°§tl¥B§ to
accommodat e, for | ow | oss transm ssion i nes. Again, the present

|nvent|oﬂe?ﬁﬁ}6W§? Bért%tﬂﬁ%é@cﬁﬁpl%mb?QﬁﬂﬂﬁtnBe Buge Hi%h frequency,

RF passive conponents_1 such as ant ennas
P rhotodetector 11&2 'and 116b comprises either a silicon, silicon-

germanium, or germanium device that has a relatively low output
current when compared to a 1I1-V (GaAs) detector. In addition,
the transmission lines 110 can be gquite long due to isclation 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 10 um of dielectric layer between the
substrate and the transmission line, the loss is reduced to
about 5.8 dB/cm. At about 30 pm, 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 abeout 20 Um. In the present invention, the
combination of stacking substrates 85 and %0 and of forming the
transmission lines 110 overlying the optical substrate 90 causes

the resulting transmission lines 110 to be formed overlyving the
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and inductors, are also easily forned on the surface of the optical
substrate 90 due to the "built-in", very thick dielectric |ayer 94
and 96 between these conponents 108 and the wunderlying silicon
substrate 92. Such RF devices provide the capability of sending and
receiving bi-directional information to/fromother devices in a
wirel ess node. Referring nowto Figs. 9 through 13, a third preferred
enbodinent is illustrated. In this case, the fabrication steps for

the photgni g-4f angGei¥eL 80 ane bl hustiatad 1b92 PhOL OIS thickness
transceiver circult, the laser, photodetector and el ectronic

circuits_are all fabri t oget her. rri first to Eig. 9,. the
ot hod behi Beftash 2PREE ph S At MR PRL I saRs bbb Sled Bebleel) 1ot
substrate 90 to the previously faornmed glectronics substrate 85. Each
eubst r at 598D GIAPBEPLon | il LhldaFF agttl 17 105 E8ntapPresent
one-to-another. The metal pillars 104 of the optjcal substrate 90
and the mBYaF-PHls TE65° ot S tHe "EFECEP oNT T S FhSEFate C85 Hr % hen
bonded together by thermal diffusion as_descri bed above to formthe
phot oni c* "ef%%otgé%é’ﬁﬁéss?%%ﬂé 86, 2REPBIIIHS oW t8YFH S 162 tR&sS1on

phot oni c_het er ogeneous stack 80 ,is patterned to forman openi ng. 126,

or terratel tortdMé FBSeP: PHoto1dVs %%Oﬁrﬁé‘pﬁé?f"{eérH?ﬁ@oﬁr%a“&eef@?é%l y

gigag{gegeg Cf%gléoggggraphy and et ching sequence conprising, for

High frequency, RF passive components 108, such as antennas
and inductors, are also easily formed on the surface of the
optical substrate 20 due to the “built-in”, wvery thick
dielectric layer 94 and 26 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 circulit, the laser, photodetector and electronic
circuits are all fabricated together. Referring first to Fig. 9,
the method begins with the bonding of the previousiy formed
cptical substrate 90 to the previously formed electronics

substrate 85. FEach substrate 90 and 85 is aligned and placed in
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depositing a photoresistive |layer, not shown, overlying the photonic
het er ogeneous stack 80, exposing the photoresistive l|ayer to actinic
| i ght through a mask, devel oping the photoresistive |layer to
transfer the masking pattern to the photoresistive |ayer and to

t her eby 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 remai ning photoresistive | ayer.

As a key re,._the i,ng 126 hr h-the ' gui de
100" wi LT m THe B ea oabet ate Be Rt rriing how f o I orerTe

metal | aygers .30 d %odﬁﬂgséﬂéaqnet%‘ie%bg& ”Iﬂzoﬁ e Rhat 85_‘&;3%&%1‘%{50%% €0U2e

stack 80 and lining t openi ng or exanpl e, e neta ayer

130 may gonpLi %enabgﬁhg§r@cgeet%ggps wéﬁmagsEﬁggﬁ%&ﬁﬁgydewﬁbgal

vapor 29 deposition (PVD ferring now t e metal Tayer

130 is patierned o LaLmyaid-qus Lealyas ha0a, 1308, 130c, and 130d

on the surface of t p oni ¢ het erogeheous stac The patterning
may conprise a |ithography and etching sequence as described above.
Note that this will work for both the photoreceiver IC, in Fig. 8,

as well as thﬂﬂﬂﬂ%&%érﬁgéqgl%@ﬂ.IE?, Eﬁ%Eﬁgﬁfgikhﬁg%ggbégﬁgogﬁestack

conpari son, a danascéne process only nthe case o
photorecgbVEg ﬂa’tégkeglgo E%rm 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
rhotonic heterogeneous stack 80, exposing the photoresistive
layer to actinic 1light through a mask, developing the
photoresistive layer to transfer the masking pattern to the
photoresistive layer and to thereby expose the photonic
heterogenecus 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 cpening 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 wvapor

29



Al ernatively, the netal |ayer 130 may be patterned using a danascene
process wherein the dielectric layer 96 is first patterned to form
openi ngs and trenches, then the netal layer 130 is deposited, and
then the nmetal |ayer 130 is planarized to confine the netal |ayer to
t he openings and trenches. Following the patterning step, bonding
pads 130b, RF passive conmponents 130c, and transm ssion |lines 130d
are conpleted. In addition, a |ower electrode 130a for the |aser

phot 0 o1 080 d32d:5 EObIEtheENA] Kot £8 61 G0 OcEL e 3 UGl 256y

phot o di f I xab gd 'rnto th ‘phot oni ¢ eous

attached” %ﬁi%%rn%‘%eﬁb”%%??’o%‘%r%' A %?#ﬁé%f afe; Bape
now t o Fbgs hé‘%&gya%gggiég‘l @10%'0&1? nﬁ ’& \C/ire d%t ng spefzc}{ i1t I}go Fig

photonlc transrecei ver |IIus erring

in tgéﬁg% ity %Q?Olc%'%\ﬁ% %d%rléﬁg% Oal% t‘éﬁghi&%l Cau%n% téga'

substrat pri‘or € op strate

150 to t ssgilepce@f]%@o%a # ess Lakechil. %k@%ﬂ%%%@?% di ode 160

is placed rnto t fica strate 1 ter |ghtammaune

thermal eRLEEERALNG, &8qumrefqgto of oL 50, sl ioge: basedt optdqale, 1o

conponents, 1's co et &d tica {rate 1 again €'s

a first §Hb§lg.atget%§%m9pﬂ.ca' COTRBNENS $n,128 43RG 4E r?e 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 laver 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 f£o Fig. 13 the laser photo dicde 132 is
fixably placed into the photonic heterogeneous stack 80 at the
opening 126. The laser photo diode 132 may ke 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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a dielectric layer 154, and netal pillars 156 that extend above 157
the dielectric |ayer 154. The el ectronics substrate 170 again

conpri ses el ectronics devices and phot odetector 180 and 182, a

sem conductor substrate 172, metal pads 178, and a vertical
wavegui de 176 forned 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, 5'9 £Q,fd hel tltr%a §E§£ra§é'b155tor%&%o?;f’@oi\?hé:c{ﬂ?e‘f’r@g%uThe

nmet al Iayer 6 1S epo patterned to form net res

186 a5 | pobhe P10k, { upbbale £ 0% 14 LALOUON. A6, dddl ust rate
For et Ton - "Re %

j ust one net anot her netho aser di ode

(LD) can he, Qxfé)c"& H?OO“FEL ugh -bufferyQfs .S Fed nLc8V‘4:}[I'e9 a
d¥etch E AN be %

subsequent patterning an t he tren

filled h ﬁ%%@ or ris

f or med 2%%91t e%ﬁﬁggtggﬁe ggotgﬁ ﬁb%@é%?%gr%odﬁFBﬂ%g .17

t hr ough r a 2 thr h preferred
enbodine%goc%gﬁhecIh 7 %ﬁ%;ﬁfﬁbgﬁfpogg?§£H$#%SP§£$%dgb%ﬁﬁ%thod to form
a_wavegul £2a CRBAARE I LEQr 0/ hangLDg L 0o ¢ Legion of

| i ght tra tte int maveQU| Fur t rtan

feat grnescgrtptrtees wresent LienLien, ase sgtolvg@l Bstssrtr& igstnkor £ 9

a dielectric laver 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 new to Fig. 18, 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.14 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 $102. Next, a core layer is formed and

then patterned, and so on.
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optical substrate 200 is shown in sinplified, cross sectional form
A first substrate 202 is provided. The first substrate 202
preferably conprises a sem conductor material and, nore preferably,
conprises silicon. A dielectric layer 204 is formed overlying the
first substrate 202. The dielectric |ayer 204 preferably conprises,
for exanple, silicon oxide. The dielectric |layer 204 is preferably
formed to a thickness of between about 0.5 gmand about 15 gm The

dielectric |ayar 294,685 @8 @008 ¢ claddi ng, ! Q'Mgrtﬁ:gfug}:hh%?a and
subsequent|y fornmed optical wavegui des. Referring nowto Fig. 18, a

singl e dagBSGENR HOPRE! PrOGESS prbfe POV RELLRL REL: t 95 fa{emﬁgge@ﬁ of

the nmetal pillar 206. As a first step, a via opening Is e through

the di el 6LLIG diayer 51204 AN NhORLDE HINdETLYNg L1081, PSRt &,

202. A neta ayer en posited overlying t lelectric

| ayer ZOQ%F%FheJiﬂiE%Q? EQP -%ggigggﬁﬂgFéﬂ écﬁégha§96l%§hgrg¥3ﬁfﬁét %$ﬁ3

pl anari ze si ng, exanpl e, en ca i cal” polis

rocess, ; I.R&; hhe; lonl @ to [ ' agyshown.
Note. 32 that "t e “gart tal ot G | ar 206 B endls. Jown 308 EnEa t ne

first SUQ?&{}Q{ eei g_% e el4d %%oﬁﬁwzggefél%in 95 D¢ Org%gill’bg 350 54

n L4
made t hrough t |eFectr|c | 'ayer e opening made where

a right angle tgmswawe%w QROSE],, Wy equi g8 ;i qP! AUEH s REELEL AP Y,
t he opening 210 is nmade the same size as
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 Mm. 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 underiying first substrate 202. A metal layer
206 is then deposited overlying the dielectric layer 204 and
filiing the wvia. The metal layer 206 is then planarized using,
for example, a chemical mechanical pelishing (CMP} prccess, to

cenfine the metal layer 206 to the via opening as shown. Note
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t he pl anned wavegui de or slightly larger. Referring nowto Figs. 20a
and 20b, the optical substrate 200 is shown fromtwo different cross
sectional views. In Figs. 20a through 27a, the waveguide is shown
where the enbedded mrror is forned to deflect the transmitted |ight
downward. In Figs. 20b through 27b, the waveguide is shown at
alternative sections. A waveguide dielectric layer 212 is deposited
overlying the dielectric |ayer 204, or |lower cladding |ayer 204, and

filling EH&tOEHHﬁﬂEJt%AQ'mJ¥Ei\ﬁyﬂgggi9§6cg§%e G HEwh Y68 942 the

preferably conpriises a material having a refractive 1 ndex described

by the censtant, iz WaLl go%he R%lfre.rrggggibgcg%céoagq- Ng; o di ?A eldnliGgl aYET

204 has a refractive 1 ndex descri constant’ nl. Here, 'n2 is

greater thap il HelohNehe [ANBL 18ycd ANSMLLedo L 0gh ot b

; §
wavegui confin veguide. In this way, the

wavequl dﬁaé%é@?éséfol%zr#hﬂ@taﬁ gf’tur ransmd E?g»g%gggucg&éq]%c%pﬁiscal

substrate ese € the waveg Ielectr ayer 212

pr ef e1 ably. SQIPT | $63:8,2L1} 0axhased, IR Xl lss Fahe XAy, SSLLI On

oxynitri , fcon nitr ger mani um

silicon i i 02 I Ous . jljcon oxide, or silicon
rich sil?ﬁ%ﬁggﬁﬁgg'%85?%9%%9Sgbgﬁﬁggpgﬂéﬁﬁg$%ﬁuide 20. The wavegui de
dielectric layer 212 is deposited at a high

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 aliternative
sections. A waveguide dielectric layer 212 is deposited
overlying the dielectric layer 204, or lower cladding layer 204,
and filling the opening 210. The wavegulde 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 wavegquide 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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tenperature of in excess of about 700 C. More preferably, the
wavegui de dielectric |layer 212 is deposited by high density plasma
chem cal vapor deposition (HDPCVD) or |ow pressure chem cal vapor
deposition (LPCVD). The wavegui de dielectric layer 212 fills the
narrow gaps of the openings 210. The waveguide dielectric |ayer 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 lowindexe. ookl oMy, 428.,d8R081d1 00 i @59@9@12%“ on

process is perfornmed to snooth out” any topography caused by the gap

filling @gg@gﬁéply'gyﬁirggggagiggﬂﬂdgnbgggﬁ ﬁgﬁ@J%%%Pe%EQVQE%&#%%fﬂg, for

exanpl e, procesSs. Referring nowto Figs. 2la and 2

wavegui de; 1 digh eg 16 hayers 23 | S ﬁaititc%nﬁg?;?débomxﬁbe,_ WaYegyk

shapes. This patterning step conprises, preferably, “al'i thography

and et chingasemiente 354099614 pedoAbOYE, - The opaLh el ned pevegHL deo.

| ayer epicted 1n Fig. 2 s critical at t etching 3

process %éﬁkﬁ&ﬁsrl %@ﬁ%g&£°$§l d QRQILAPLY, METRLN L YET Y ?@E&f&%ﬁlo.
edges are achieved to reduce polarization l'oss. Preferably, a dry

CLCNI NG RLACESPd S disad o1 BEL & IGO0 B 05 ) i,0:3284200 230

patterneg phot oresi st [ayer bli’ls forme ovg}lylng t he maé%QU|de

dieleCtrE8m£g¥§%ufél%f in excess of about 700 °C. More preferably, the
waveguide dielectric layer 212 is deposited by high density
plasma chemical vapor deposition (EDPCVD) 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 f£illing 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 te 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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and the cladding dielectric |ayer 204. The photoresist |ayer 214 is
patterned using a |ithographic nethod as described above.
Alternatively, a hard masking |ayer may be deposited and then
patterned by a |lithography and etching sequence as described above.
Most inportantly to the present invention, the patterned photoresist
| ayer 214 has openings 216 that expose the waveguide dielectric
llayer 212 at the |ocations where enbedded mrrors are planned. The

openi ngs ;216 nay. .he yrade, §Ia19m&t>£ob%9@5p endi Ner &tm Lehing,

process used Fig. 22a shows where't ot Oor eési st ayer 14 has an

openi ng %&Seéoéré?‘%c%'f@%gg% r?ercfu% Po!‘QH?aﬁ'le 1520, 5@9&%&’!@&;’6 o

enbedded mrrors are planned. Referring nowto Figs. 23a 3b, as

an i npor gapt ex-bh w@qgggpde dielectric layer 212 is now
et ched ?oﬁaﬁﬁaﬁy?boft ?slexposed by the photoresist layer 214. The

et chi ng process is not anisotropic, rather, it is a type of etch
t hat generates an angled cross section 220. Mre particularly, the

et chi ng proceg Egﬁgg eﬁo@nt@%gkﬁ ?Fgfaﬁ@ 0,42 g%ﬁgefﬁﬁﬁ%%ot%§e595t

t he pl ane of t e wavegul ow ng thé an etc

phot or esg%ei Y& i %1‘%okﬁe§tc§dl_g‘?:ﬂ?qng"‘@l¥e %}que%éﬁ' EaQ!LQEectPJ.fl Cel%? 'rs2l2

perforne Referring now to next i

feature, ,asrefd esty d\@naegﬂlé&w 2221 5, 6l£Pasis tgﬂo@(féélygtnqag,g@ 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 tc 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. 221 shows where no embedded mirrors are planned.

Referring now tc Figs. 23a and 23b, as an important
feature, the waveguide dielectric layer 212 is now etched
through where 1t 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 6, of about 45° with respect
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wavegui de dielectric layer 212. The reflective netal |ayer 222 nust
exhibit good reflectivity and, nore preferably, conprises gold (Au),
copper (Cu), silver (Ag), or alumnum (Al). The reflective netal

| ayer 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 netal layer 222 is patterned to renove the reflective
netal |ayer 222 fromall areas excepting the angled area 220 of the

wavegui de, d&ﬁ% EOLINCC o | BYEN %GgéuQQ%ZQE? %Qﬂh@négée¥ﬁé“5%é¥€%petIﬁe

remaining ref ectlve net al orns e ded mrrors at

] unCtI0n§ 5%%#%%15L'9€$eﬂ“2ﬂ4 q@kgtfﬁ %%%g’agg Lgfbéﬂlnﬁhe

wavegui de 21 patterning step nay be perforned using a

Iithograﬂpg @QQ:EJ%QE@Q nsgquence as described above. Follow ng the
patterni hg step, hotoresi st is stripped, and the wafer is

cl eaned. Referring nom1to Figs. 26a and 26b, an upper cladding |ayer
224 is deposited overlying the waveguide dielectric |ayer 212 36 and

the enbedded 11410r ;828 e pRer o6l add ngy aver o 224, L ke, cLhe

| ower claddlng ayer Iomer refractive I ndex than t he

wavegui d 9{1%! eCtar Irgf!l_g t_efvezllt%‘tagh?a%g?eiéé:li%dgleags1&@%?&ve§%§_}ggath

preferab y conpri ses s |con oXi erring no

217b, a“°%9§£ QﬂP%fﬁgéggggggﬁy%roﬁ?§f hife QW1 REETOTIRL 1 9.,600Ph 55 €

the neta ars Vi as

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 junctions where the
light will make & downward, 9%0° turn in the waveguide 212. The
patterning step may be performed using a lithography and etching
sequence as described zbove. ¥ollowing the patterning step, any

photoresist is stripped, and the wafer is cleaned.

Referring now to Figs. Z26a and 26b, an upper cladding layer

224 is deposited overlying the waveguide dielectric layer 212
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et ched through the upper cladding |ayer 224 to the underlying netal
| ayer 206. A second netal |ayer 226, preferably conprising copper
netal, is then deposited overlying the upper cladding |ayer 224 and
filling the second vias. The second netal layer 226 is then

pl anarized to confine the second netal |ayer to the second vias and
to conplete the nmetal pillars 206 and 226. For exanple, a CWP
process may be used to planarize the copper layer 226. It should be

noted thahqgt g r@%d@l@ﬁ' AL AL B8 of | "r’ﬁ& Nﬂéﬁér &%Bd?ﬁgrﬁoﬁéﬁe%zﬂpr 1t Re

second vias. Referring nowto Figs. 30a, and 3 afif
preferr e@h@@&%f@%d@&n&“ﬁaﬁzﬁ%qt hQé’eé‘tlc%r' Sekblusivatiethesl B3 -

this enbodi nent, a chem cal "or biological agent detector circuit 1is

fabri cat ed.psing Jheqn qaguel aeihad, ol 1Lor g ariubhbde. aptikageand

el ectronic lntegrate circult Vi ce erring now to Fig. 2

Cross 53%&99%24"'&\%@%}5&% cgﬂ%trq_gleg Q?ifé&g%&qggs Referring now to

optical -electronic device 300 i's illustrated. The device 30

conprises, oL 15ty 2Q ehECt LS %UBE&E%&%@%nQ%%&&Q”ﬂ'n%'w“g 37

silicon. In t he substrafe 302, silicon-bas circuits 304 are

formed. Lo addidd Qn, cémBPQE&dc%tee%%l%nQﬁ?a&% H8Gel ¥ELon &l %I‘é' Ly 08 _

are forned 1n the silicon substrate 3 Secon an optica

formed Uét@ﬂ ATRLROOR, p&];?ﬁ’éro%%}ﬁdgﬁécfé}éf‘rd 5N t8h€hé’rnﬁﬁf‘e’}t1ylng

i nvention. The optlga waf er conprises” a
metal layer 206. A second metal layer 226, preferably comprising

copper metal, is then deposited overlying the upper cladding
layer 224 and £illing 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 wvias

can pbe re-used for the second vias.

Referring now teo 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
cptical-electronic device 300 is illustrated. The device 300

comprises, first, an electronics substrate 302 herein comprising
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dielectric layer or layers 310 and 312. Metal pillars 314 and pads
326 are formed through the optical wafer as in the other
enbodi nents. A | aser diode 322, a horizontal wavegui de 316, an
enbedded mirror 318, and a vertical waveguide 320 are also forned in
the optical wafer. The optical wafer and the electronics wafer are
bonded together using the netal -diffusion bonding as described in
previ ous enbodi nents to formthe photonic heterogeneous device 300

shown. T | t t g i e e t
aser di oas (00 o Eo Phe ot oder et o8 ra The e i vane !

substratg, éOE sy a&nDQ?&it?PAJﬁg{%ﬁngPQ&é%ogl gﬁgr Enq A AU&/L

QAL
sensitive n1324 I's Torne yi ng ing layer 312 in the

area OVSELM@ §d§ea\e@vagﬂh 1%1QheTQ§l§&§ptsu%%@§5{:éV§05Ilrge%%ﬁd an

conprises a nmaterial that w interact with a biological or

chem cal o3genly SHGAL! Bal cohe.d e sRboLoal e gagggee%owg{ dides Lyling

V\B.VGgUI de Is altere erring no ew o

chent cal ;r e bl ol.00j6al 1 pgegt et %g%?macluu}af'e% ggmﬁme% 0 th Sy

enbodi nment, wavegui Is split Tnto two 3 annel s, or arnms,

340 and §4§'aye¢}%35 j@agéE%?llﬁa Yok <2 3h 8 Q{A]&’“ﬁez. %e%?ﬁ%ﬁ%&&?heQeghd

sensitive oes not overlie t wavegul bottom

arm 344 %dé he, sens @8?%@“ LGt BRe B9ENTA1SGASELT YE | AYSle 3R4eH0eS

overlie e wavegui de

embodiments. A laser diecde 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 heterogenecus 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
chemiczl 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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Referring nowto 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 emtted 348 fromthe

| aser diode is split into reference light 350 and a sensing |ight
352. After traversing the reference arm 340 and the sensing arm 344,
the Iight reconbi nes 354. The conbined |ight 354 can then be

refl ected by the enbedded mrror 318 to the photodetector 306 and

anal yzedohRef&rd i ng nowst 03 8004 Req . Wayequwde 1:S3{ 9T 12d, UsifGence
photonic crystals 360. In this case, the chem cal or biol ogical

material o3 fyanpedd acbol ex.262:10 1Lhe: Pt opbe SoySAls o chbe

sensing arm 362. The advantages o e present invention may now be

[ . £f Gt i bl it t
sunmari-zg vgcﬁtﬂuf‘é H/E! ’fgeat%jc Vel ¥ fBBkS act ynal ssng‘fwgégﬁ]r& Q«he‘g@ gﬁ%a €

an optica strate and an electronic substrate Is |l eve

met hod itggg%age%ﬁ@vgp&gy@é Substrat g, and anp.el,e6LL oM e sybstrate

such tha et erogeneous, VLSI-photonic 1integrated ' circuit is
formed. A heterogeneous, VLSI-photonic integrated circuit conprising
conpl ex functions and conbining 39 el ectronic/optic, optic/

el ect roni ¢, MISLINL fow AN r.8),eSbEON Lol 6! EANLE T MIPLIONS L B

t
achi eved. The nethod~i nproves °the rformance of the ec
I nt er C°“§?§t§s ay u@'Eﬁgé‘éé! Ve AGKLECSenSUAY AT 1 hRIYEE O Sur liisongh the
use of built-inthic

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 is 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
iﬁtegrate an optical substrate and an electronic substrate is
achieved. The method integrates an optical substrate and an
electronic substrate such that a heterogenecus, VLSI-photonic
integrated circuit is formed. A heterogenecus, VLSI-photonic

integrated circuit comprising complex functions and combining
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dielectric layers after substrates are stacked together. A nethod to
forma waveguide with an enbedded mirror in the nmanufacture of an
integrated circuit device is achieved. The nethod fornms a nmultiple

| evel , stacked substrate device. As shown in the preferred

enbodi nents, the novel nethods and devices of the present invention
provi de an effective and manufacturable alternative to the prior

art. Wiile the invention has been particularly shown and described

with ref erepced. the proferred anhodiapat s, kheregtsc Lindi 1 be

under st oo ose ifled’in the ar at "vario changes in form

d det aj - ] t Qe ot N8, SPfL
R e P i e f

al ne

VLSI - ph [ t t . [ [ h i.Slk pg:
or ovi 0 g ar BCt A CEUBEL Tt & e rg L EASETone  pae ey

optical ‘gogponent, fQraed; fnerel . pLEYLM ng, AR &l 8%%?1‘1&—1}“{%%'%%? €

conprising af T'east  one active él ecifoni ¢ conponéent forme erein;
for i ng g bl Ealid y 0L 0B Ale.Pid 8L 3L OHAN 9 caOPLi&aleSURSt rat e
and protruding out a“first surface O?

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 understocd 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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said optical substrate; formng a plurality of netal pads on a first
surface of said electronic substrate; and bondi ng together said
optical substrate and said electronic substrate by a nmethod further
conprising: aligning said first surfaces of said optical and

el ectroni c substrates such that said protruding netal pillars
contact said netal pads; and thernmally treating said optical and

el ectronic ﬁﬁgﬁt{gt@faﬁﬂﬁbjkhat said netal pillars bond to said

net al pads; ereli n sal ptical substrate is a wafer conprising a
plurality of die, wherein each said die conprises at |east 41 one
sai d passive optical conponent, wherein said electronic substrate is

a wafer conprising a plurality o i,e,.and .wherein each said die
conpri ses atiréaﬁgt%ﬁg'géi I§Z9i &gIéP@@FPBﬁchﬁBﬁB%%%%?QU?.ﬁ%ﬁ?em
met hod gccording to Claim1l wherein said optical wafer and said

el ect r offF&*éif e aﬁgch contain alignment marks so that said wafers
can be accurately aligned one to another. 3. The nethod according to
C ai m 1 wher BERRSAi PRt ivhi ¢

providing an optical substrate comprising at least one
passive optical compcnent formed therein;
providing an electronic substrate comprising at least
cne active electronic compeonent formed therein;
forming a plurality of metal pillars through said
optical substrate and protruding cut 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;
wherein said optical substrate is a wafer comprising a

plurality of die, wherein each said die comprises at least
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substrate conprises a photodetector device, wherein said optical
substrate transmts an optical signal, and wherein a vertical
wavegui de transmts said optical signal through said electronic
substrate to said photodetector device. 4.The nethod according to
Claim 1 wherein said passive optical conponent is a waveguide, a
splitter, a mul tipl exer, a demultiplexer, an add/drop filter, a ring

resonator, V&ngj %%s%ﬁt\)&c%:p liCBomﬁén@ngor%@@élrprgaltdq%rl%%ftronlc

5. The nethod accor gto mhere n said passive opti

conponent |s i a ba g waveguide, a . A2 S
wavegui de, éh1 oﬁf%lbrfsﬁgﬁerofgg bF ha |oh%lu¥ ll%%ﬁOE g%fhea§gthod
accordi ng to im1l wherei,n said active el ec roni c_conpanent

da
Si modul at or "M% eijr“ar%a‘%hnﬁé‘& nfé® ShPPFHPEF, 2% ?%Sc"k e a&trléfﬁlt

a laser drivey circuit, a nultiplexing circuit, a demultiplexing
circuit, a Fafi'dF qq%&nﬁ%%ﬁ?“ﬁP&ceSS|ng circuit, a baseband processing
circuit, or a conbination thereof. 7.The nethod according to Caiml
wherein said step of thermally treating is perforned at a

tenperature of between about 100 C and about 500 C.
2.The method according to Claim 1 wherein said optical

wafer and said electronic wafer each contain alignment
marks so that said wafers can be accurately aligned one to

another.

3.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 wavegulde transmits said optical signal through

said electronic substrate to said photedetecter device.

4.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, a waveguide optical switch, or a combination

thereof.

5.The method according to Claim 1 wherein said passive

optical component is a thin film, a Si-based waveguide, a
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8. The nethod according to Claim7 wherein said step of bonding
together further conprises a pre-plasma surface treatnent of said
protruding netal pillars and said netal pads prior to said step of
thermally treating. 9. The nethod according to Caim1 wherein said
passive optical conponent conprises a wavegui de and wherein said
wavegui de further conprises an enbedded mrror. 43 10. The net hod

according to I r.ei_n saj | r Qni ubstrate .conprises: a
verti cal mav%%&ﬁ%é;é%ﬁ%¥a§%gﬁo?ogg ggﬁg% gg%%%%f%Lﬁﬁ1éﬁﬁ%lggﬁigﬁficaI
signal path_is fqgned t hrough said optical substrate waveguide, to
sai d enbedded P T%or, through said el ectronic substrate vertical
wavegui de, and to said photodetector. Il.The nethod according to
Claim 10 wherein said vertical waveguide and said optical substrate
wavegui de conprise the sane material. 12.The nmethod according to
Claim1 furtherhedhiost Rgcordieri hg Sif & opt ¥R e iduFtichiee tdfeer
said step of bonding together such that said nmetal pillars protrude
out of sai cebPRERAHILSEsIPracatatsaasdétonddslatece dppesisrdmpgdgnce

el ectroni ¢ substrate;
amplifier, a clock recovery circuit, a laser driver

circuit, a multiplexing circuit, a demultiplexing circuit,
a radic frequency processing circuit, a baseband processing

circuit, or a combination thereof.

7.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.

8.The method according to Claim 7 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.
9.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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providing a third substrate with netal pads on a first surface; and
bondi ng together said optical substrate and said third substrate by
a nethod further conprising: aligning said second surface of said

optical substrate and said first surface of said third 44 substrate
such that said protruding netal pillars contact said netal pads; and
thermally treating said optical and third substrates such that said

metal pillars, band r&eﬁchtsc}]%f; ‘rlgc%gcggggpégsuéﬁnT@ewﬁ@f%‘}ﬂesfa‘ﬁ%ore‘iie%r%ﬂic

Claim 12 whereln sal rate conprises e an électronic

substrate conprising at | east one active electronic conponent forned
. substrat coqgrlsegz _ .
therein or an optical substraté conprising at | east one passive

optical conponent_ forned herein..é4;A VL SI - phot oni c het er ogeneous
syst em devi ce, séi&eﬁﬁiﬁa e "8SREFESFAg® ™ An optical substrate
conprising: at |east one passive optical conponent fornmed_ therein,;
and a plurality of Hﬁﬁ§ﬂde§PPF8Fsd?ﬁﬁ%%gﬁu%%j%P%ﬁanxﬂptlcal signal

path is formed through said optical substrate wavéguide, to
sald embedded mirror, through said electronic substrate

vertical waveguide, and to said photodetector.

11.The method according te Claim 10 wherein said wvertical
waveguide and said optical substrate waveguide comprise the

same material.

12.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
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substrate and protruding out a first. surface of said optical
substrate; and an electronic substrate conprising: at |east one
active electronic conponent fornmed therein; and 45 a plurality of
netal 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 netal

illars and said I ds; LN I I.cal ra
S/af er conpri sing Sg%t%lr&r %I ?F?ﬂgﬁﬁgize,sga%gg%ﬁﬁg%cﬁg%lstt&lditpglégrrr%ri ses

at least one salcd Ras: "é%i%p}n'e%gh conponent wherein said
el ectronic substrate s &warf er con%rlsi ng ' a plurality of die, and

wherein each said die conprises _at |east one said active electronic
conmponent. 15. The devi%‘@%@éi?’dfﬁﬁ#bn%} A 1%%%]9iar?dsgihdr81pti cal

waf er and said electronic wafer each contain alignnment marks so that
sai d wafers can bERRE@aCeFYCHI FRARISHHE TR afdthidts PendThe gavfce

according to Claim 14 wherein said electronic substrate conprises a
phot odet ect or devied@! pads.

13.The method according to Claim 12 wherein said third
substrate comprises either an electronic substrate
comprising at least one active electronic component formed
therein or an optical substrate comprising at least one

passive optical component formed therein.

14.A VLSI- photonic heterogeneous system device, said
device comprising:
an cptical substrate comprising:
at least one passive optical component formed
therein; and
a plurality of metal pillars through said optical
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
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wherein said optical substrate transmts an optical signal, and
wherein a vertical waveguide transmts said optical signal through
said electronic substrate to said photodetector device. 46 17.The
devi ce according to Claim 14 wherein said passive optical conponent
conprises a waveguide, a splitter, a nultiplexer, a demultiplexer,
an add/drop filter, a ring resonator, or a wavegui de optical swtch.

18. The device accor di .ptl%rglé}itgp ¢ %ﬁ@?éfi aé@ign?tfi\’rest elggliani.¢
conponent conprises a Sii nodulator, a trans- | npedance amplifier, a

clock recovery circujt,, a laser _driver circuit, a multi.plexin
circuit, a denult?%ﬁéﬁg%%ftrgpﬁguFPgsér?S%i%h??%aﬁéﬁ?fl6%6€§S§F%§aces
circuit, or a basgband procesaing circuit. 19.Th evi ce accordi ng
to daim 14 wher €t i PIEAVe SUBPFF LT ?:erp%‘?ﬁe ted‘]c%cr?:ptrqnsl& a
wavegui de and wherein said waveguide further conprises an_enbedded
mrror. 20.The déVﬁEﬂ”éE@b@&ﬁnBegg EPYFRRSD Rherld PRl id% e EsRi ¢

substrate conprises: a vertical waveguide; and a photodetector device
such that an opti%Hld giefedl Pipaensi 3nfofard TakdDLUEREHI d opti cal
substrate wavegui de, to
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.

15.The device according fo Claim 14 wherein said optical
wafer and said electronic wafer each contain alignment
marks so that said wafers can be accurately aligned one to

ancther.

16. The device according to Claim 14 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.
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sai d enbedded mirror, through said electronic substrate vertical
wavegui de, and to said photodetector. 47 21. The device according to
Claim 20 wherein said vertical waveguide and said optical substrate
wavegui de conprise the sane material. 22.The device according to
Claim 14 further conprising a third substrate conprising a plurality
of netal pads on a first surface of said third substrate wherein a

tal pac irst surface of said third substrate wherei
o oot ron o Subel ot SUARS Sara riTdr tourt S B S v R st va o

are hel d together_.by the bonding between said tal_pillars _and said
hird substrat’e t SOTRERET 2 5ORREIREY hod ALCO g 1 G RA AR 22"
wherein said thi.r substrate Tpri ses eithe el ectronic .
Substrate . CBHOTIRISG a: & B50HT BABLETET veel S PR Sichidnedt TBFed
therein or an optical substrate conprising at |east one passive
optical conpdisit2¥Brmed eh¥pEPAULgE optical switch.

18.The device according to Claim 14 wherein said active
electronic component comprises a Si modulator, a trans-
impedance amplifier, a clock recovery circuit, a laser
driver circuit, a multiplexing circuilt, a demultiplexing
circuit, a radio frequency processing circuit, or a

baseband processing circuit.

19.The device accerding to Claim 14 wherein said passive
optical component comprises a waveguide and wherein said

waveguide further comprises an embedded mirror.

20.The device according to Claim 19 wherein said electronic
substrate comprises:

a vertical waveguide; and

a photodetector device such that an optical signal
path is formed through sald optical substrate waveguide, to
said embedded mirror, through said electronic substrate

vertical waveguide, and to said photodetector.
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21.The device according to Claim 20 wherein said vertical
waveguide and said optical substrate waveguide comprise the

same material.

22.The device according to Claim 14 further comprising a
third substrate comprising a plurality of metal pads on a
first surface of said third substrate wherein a second
surface cof 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.

23.The method according to Claim 22 wherein said third
substrate comprises either an electronic substrate
comprising at least one active electronic component formed
therein or an optical substrate comprising at least one

passive cptical component formed therein.
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