LOW LOSS CONTACT STRUCTURES FOR SI LI CON BASED OPTI CAL
MODULATORS AND METHODS OF MANUFACTURE Thi s application
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Serial No. 60/554457, filed March 18, 2004, entitled
"Silicon Based Optical Mbdul atjors and Met hods of

Manuf acture,” which disclosure is incorporated herein

by reference in its entirety for all purposes.

Technical Field The present invention relates to

si | i conomaseds coNTElIT STRIUCHTRESFOR ISIACONRBASED OPTICAL
transm ssi orMOPSILATOR NANE MEFTHORS OEANANUFACTPIRES ent
invention relates to electrical contact structures for
silicon based thin-filmstructures for use in optica

nodul atThissppldtioredisiod shebbnafinbd 10.§. Braeikiosd] ApplicatiersSerial No.
Background The state of the art in optical

C G0YHI M4 57 afiile d Marvlat 1 802008, enpitdadt“SiabraBisyd Obtidal Melhadbted abdMethods
phot oni cs based conponents for use in such networks,

hag Maglvasiaed whigh didclosira isris@epotatgddrrein byRefesang in its entirety for all
applications require, and future application wl|l
degnmgaeks. t hat t hese conmuni cation systens have the
capability to reliably transfer |arge anmounts of data

at high rates. Mreover, [edaissieFidlhese net wor ks need

to be provided in a cost efficient manner, especially

for "l afik présére invefiohirdattd 16 siticorcbagideptical eatiulatbrseif aptital

has been directed toward reduci ng the cost of such

p hehafiktonsy Spas evitie pattichiedy, fprposem ghveiteinrelpey toelentaing @ontact
Typi cal optical comrunications systens use fiber optic

c albh@sre@fr tilieonlhacdhnindilmktricheesdonye i apéitdl owdsiyetseml methods of
because fiber optics can transmt data at rates that

f ahakéngeeektiubieresapabi | iti es of wire based

comruni cati on networks. A typical fiber optic based
comuni cati on network usesBaclgraanécei ver based system
that includes various types of optoel ectronic

C ONPONETH: State@f iteragtl ih yptical domanscaionaetwons| pedbmlagly thagtetated to
source, neans to convert an electrical signal to an
opthotoaics tastdoesmpenaptalbs usaicsuntemtgorksy headvarced mpidly in recent years.
i ncom ngoptical signal back to an electrical signal. A

| aredentiapplicatichs taquipe,aud theure ipplisaion edl dfmahd,ghet thesrocosmmunication

systems have the capability to reliably transfer large amounts of data at high rates.
Moreover, because these networks need to be provided in a cost efficient manner, especially
for “last mile” applications, a great deal of effort has been directed toward reducing the cost
of such photonic components while improving their performance.

Typical optical communications systems use fiber optic cables as the backbone of
the communication system because fiber optics can transmit data at rates that far exceed the
capabilities of wire based communication networks. A typical fiber optic based
communication network uses a transceiver based system that includes various types of
optoelectronic components. Generally, a transceiver includes a light source, means to

convert an electrical signal to an optical output signal, and means to convert an incoming



nodul ator is used to turn the light source into an
i nformati on bearing signal by controllably turning the
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10

15

20

25

light fromthe laser into a data stream of ones and
zeroes that is transmtted byja fiber optic cable. The

i ncom ng optical signal can be converted back to an
ebpiichr digal bask grmleldoyicaisigng. @olapoiventdso puatie#ig source of light and a
anplifiers and photodetectors to process the signal.
Camelator Blubad tolgedthe ightcalrcenipebun drifomstiem beagng figwal by controllably
['ithium ni obate based devi ces or conpound

s arrhiag thd lightan ahdsffdTide s the moduletor amvdrtseheHi ghbfrdya dedaser into a
devi ces that use gallium arsenide or indium phosphide
maite ktrdain «padsens zerdddiat isonadnited tsi d fiteooptibaside Devinmesng
have been devel oped. However, silicon based optica
nmophidabdigial ¢aa bb nalvetpd Hadstonotlebieies) siahdl &y ugngpeampodentsesuch as
device that can performlike the commercially

avmplifddd dphoddadcsoraiogravassyhexignbl. ens need to be sol ved
before such silicon based devices can conpete with the
conmer CoainleyciAlyakddadptieal hiotiiatormard dfbertlghiam diobatabanad devices or
sem conduct or devi ces. Lithium niobate devices rely on
aro@peal satipindact@fbhedideticespudhas the IH-Vbaed dtvicagthat use gallium
function. That is, an electric field is used to change

t ageried sraediing haspld@xmatkridl ngstemmt evddaiondllyy licgh baded dévidehbave
light is traveling. These devices are usually provided
adech dvbclbpede Hogever, isiticar basedooptita modhlatot tetisotogp basafot been able to
nmodul at or, an incomng light source is divided and
dipfideadietibe thatghn panfora dipathatemmerciatiy inckdshle prodwtssat magy
field is applied to one of the wavegui des, which

C atsb@snstnhal b ibg bdlveddsforawch filiaudhsed detices b @utpeofwithilas e
Wth respect to the light in the other wavegui de. \Wen

t kemmeghilly enslnisje Kthfuhomv gt dnd wewvpgnil sesicandoctoralevintsi nes,

it interferes destructively, effectively turning the

l'i ght afithium motaenieviastrely oo ap decicbopt@ndficcric povide 2 bedddting
devices rely on an el ectroabsorption effect. In this ‘

t ypetiod. Thatly) aatelectriafickipphseé tb chbmettne refréciied ddéxol degmterial
used, but not to vary the refractive index of the
matireughadhi¢ththoligh iswhavdingt fkest dgtdes ks upreip agaidedgs. a MarbeZehnder
conpound sem conductor material, an electric field can
bénterseométer. Ihihisttyperod maldslatop ti oxoredlg dgigfsourbeirdivaiel] add drgeted
that the material becones opaque to a particul ar
walehghrigd kepafatd waybguideShan elfectrie fieldys dppkiadl to gnet dighe waveguides,
electric field on and off, the |ight can be turned on
arwhidfchuses the light passing through it to be out of phase with respect to the light in the

other waveguide. When the light emerges from both waveguides and recombines, it
interferes destructively, effectively turning the light off.

In contrast, compound semiconductor based devices rely on an electroabsorption
effect. In this type of modulator an applied electric field is also used, but not to vary the
refractive index of the material through which the light is propagating. In a compound

semiconductor material, an electric field can be used to shift the absorption edge of the



One problemw th |ithium ni obate based nodul ators is
that as the data transfer rate increases for these
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requires nore material, which can increase cost. These
modul at or devices are often i.gtegrated into packages
W th other conponents where the demand for snaller
p atleigiesoshaz &8 niagerigldrtimasabhqne it pagiicsian yavelingthaff diple, Therefore,
nodul ator size is a concern. Another problemwth
| by Rirhing thi eleettie filld e dndief ittedhi @nbb tunedive anid off.e
vol tage can be sonewhat high as conpared to conpound
sem coat pioblemd@tt Iitkism nicherrbdsed glodylatoedaitheeasdhd datagensfer rate
vol t age change between the on and off state is nore
diifcldasa ifdr these drvivelt) s@miftalne szelof thedewicd itsalfeTlswreqgirestnivee
drive electronics required to provide such | arge
V @ateigle wileh bgescredse cdsy pitesd hyduladraitviveslage oftep aneprate iatod
can introduce nore cost to the systens. Conpound
S @adkage ithtothier ¢onbohaitsorhetietihe desand dor strellerpaekagedizes irgbytinually
small and are not limted by the size restrictions of
| iificadating. nTlehddre, nxdiaRtbr ey isaesnceivb rAgother protlbre sethdighin ebate
can handl e high data transfer rates at relatively | ow
dibhsed denvadel gk the koive vatage b snbevdanipguascdompared to compound
sem conduct or based nodul ators, such as those
f abniceatuadr deroes. tAveoriingiylivacplse s plngedeltnartcbariga betyyst therpn and
have certain [imtations. In particular, these devices
C fff ssattf if @voref diffionlpto@bddacesthared atverdvol tagecsoving, the griveodexronics
and i nternal absorption | osses, which are generally
neéqureendvideudhi lirge ushapt dlaages alvagechily eatitvely expmsiagand can
addi ti onal concern, the processing and manufacture of
C Gifrducedn@ € tosconithsyitans.based devi ces i s expensi ve when
conpared to silicon based devices, for exanple. One
r eason dotpotirtdi ssmicendubtat mnduigtorafevicéseat b wademixgeney small and are
used for conpound seni conductor processing are
expelnsitedédy atrecsiz irdsfricdodstof lithitnanidbate basat degicesrNlercovien dhiesem
phosphi de wafers are presently limted in size and the
| dlegestcamdhéle highrdeta exapdersatest réldtively hak ésve voliages slowdvgh
vol unme manufacturing difficult as conpared to that
whiirént canpanod eenti¢oatiojor besed lntodilaters, suph tdthosadabuitaiet fere the
of silicon based devices.- A - Regarding silicon based
t endimo bioagyhidematedial stend hsedemnad ih#itons. dapaiieulaethegmeces can
to

suffer from problems related to coupling losses and internal absorption losses, which are

generally not present in lithium niobate based devices.

As an additional concern, the processing and manufacture of compound
semiconductor based devices is expensive when compared to silicon based devices, for
example. One reason for this is that many of the base materials used for compound
semiconductor processing are expensive and difficult to handle. For example, indium
phosphide wafers are presently limited in size and the largest wafers are expensive. This
makes low cost high volume manufacturing difficult as compared to that which can

potentially be obtained in the manufacture of silicon based devices.



function in a manner that is simlar to the way a
l'ithi um ni obate based device functions in that it
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wavegui de. Thi s phase change can be used in a

Mach- Zehnder type device to f.ar.m a nodul ator. Mre
particularly, a silicon based device generally

oper at &sgoding kigicorbapalitggheologyat siicondgiadmagiilabor gin tehiasigeed to
concentration can be used to shift the phase of |ight

i Murtckien inaneapuerdhat isl sirpidar tethe gy a tithemneighate bagkl dsiice fupctions in
phase shift is proportional to the charge

C ¢lmat @hangts tbeptascofttindightpegtihe thfoughe wetrgnige diepfiasschange can
a direction in which the light travels. Thus, the

atbi lugetdyin § Mach-Belinderdypealgiviontodbrmsampiditen tMartparti@larly, a silicon
density to interact with the light is essential to be
abbheddevicengtuarellyeopptates en tieanigaple dmperigmh lofhignehatgeapnasatration
shift the phase by an anbunt suitable for use in a
Meahbehdtheshift thpphaskeofilight. in theovrasteguideo Iippwianidfe the neigaitugle df the
regi on that can be used for phase shifting, these

d @libse ekiftas wropamidomal b theirbarge eineettiaton aykl tiel lertlr afiilee dhprged region
depletion of holes in a diode or triode type device.

| rin @ Pieectivn inrwhich thokghttravebt Tous, Gk abihibrig ereata p régamof sefficient
be provided in an active portion of a guiding region
ofchargavdeneityuio dreeract withélsdigtiev essergial apla t@ind@ice p phdsathange,
inmportant in a silicon based optical nodulator is the

s peediallynonetthat hareshiththe glede beai aamustmitiide for eatiedMackdZehnder type
subsequently di ssi pated. Mdre particularly, the speed
atdewité.ch charge carriers can be generated as well as

the speed at which charge carries can be renoved (by

r econbilmatdeon prdvite ackapgpl regiomthhitarh be tded fog phasd staftingHihash
nodul ati on can be perforned. These generation and

I elevindsiarsaitnown tuse dgesies ofzalastroisroz derlstion of ktlesdn & diotiher triode
nmobility of the charge carriers in the particul ar
meyrerdedbe. IBepansa, 4 trasatrdiéon of ekargm@rrizot dan b¢ prgiided in an active
crystal silicon and non-single crystal silicon and
beoairsef ¢ pEdinpirigiontofa whveghide ipethesa deviess.sOnapapemretes ithatylse
crystal silicon is significantly |ower than the
motpériant/inafsilichmbayed apdical imedslajonisdhepgead ie whish akhaggediregmm, can
the low nobility non-single crystal materi al

urbk orentiad andedupselnamily distippéedr Maze partiuiarkyhthe reediawibedd charge
nodul ate |ight. Summary The present invention thus
preavietiesn bd generaied hawel bhsttle speediat whish chaegepawiss eandre remayed

(by recombination, for example) affects the speed at which modulation can be
performed. These generation and recombination processes are directly related to the
mobility of the charge carriers in the particular material. Because these devices use both
single crystal silicon and non-single crystal silicon and because the mobility of charge
carriers in non-single crystal silicon is significantly lower than the mobility of charge
carriers in single crystal silicon, the low mobility non-single crystal material

unfortunately limits the rate at which the device can modulate light.



capabl e of rapidly creating and renoving a charged
region for shifting the phase of |ight passing through

W@ b@esea7oct ure. I n accordance with the presentPCT/US2005/028402
i nvention, high frequency optical nodul ators can be
formed using silicon-insulatog-silicon thin-film
structures. In order to provide a charged regi on for
phase shifting, in accordardfeemmait h the present
i nvention, devices of the present invention are
pr ef er @hd predearinedti@sthhsyrevida siiconimsed thig-filmatrudiaresthafrare
i nsul ator | ayer, such as silicon dioxide, sandw ched
betpasie of wpidiyeemntihgand removigoonherzad region G shiftinglilze phese of light
carriers can be provided in a region adjacent to each
Spdskiagthtagh de sirnttere f Biecdiganappitly the gresent mivertion, high fraguensy
across the silicon layers. This effectively noves

5 chpicglen@htatdrecan bE famed hengdxilidon-gishiaosilinen thini{din strosares In
the oxide | ayer so they build up in a region near the
i pider th pewride@ukarpal ragied for phdsashiftisg,impoertdanve with thetyiresent
type of device is the speed in which a charged region
C avelinCdeertad the findsent Seatibni ase mefemblylfyrmed balapaed druttees
nmobility of the charge carriers in the particular
MedaEliave bn infll@oethyer auch 43 siinen dohdg samewichedbekwegh silicon layers.
per f ormance devi ce can be provided when both silicon
| ay@h&ntaivarof sierdeicgitershi be pryviddd in e osgianadiaceans to each
crystalline silicon. High nobility material is

10 paititéngaxiderihtyrfjee &f epplyag fnoalectrivel taastacrpes thositidonriaysfs. This
wavegui de of the device. Mdireover, to function as an
opifictiatly mosies chirge carsars frord éhel tubkssilpoe feted bl tgward Biegeide layer
structure of appropriate materials for rapidly
aké they tugldiupen f regnoearthesntedarcent rati on across the
optical path of a wavegui de and preferably the
st r uct e phrameter thatéintportad inf this éypa fldayise dethe $psed ingthich a
t hrough the wavegui de wi thout degrading or attenuating
t bBargddgagitn caAbe tieated. fEirisspeddds dirdedly related tophemability pithe
this type of device relates to the efficiency of the

15 deldrgecarriens ipalietpadisllar matbris s Teerefore, inonagstwdimanb @ high any
part of the device can affect the efficiency of this
t ppdoratne@plevicadan e piovded T el silidos bayprs cempresa tigbarability
where netal is used in the device such as at an
elsiictir suckabs aystllaetsilictd. ghigle mbbibityenatsriddisipesisulamtyepreferred for
preferred for many reasons such as for providing
dehd actiee foktinn of & wagegojsie obthe dedate. Maeavot, teltretion as an optical
Accordingly, in one enbodi nent of the present
i mwanliaioaruch devices preferably include structure of appropriate materials for rapidly

20 altering the free carrier concentration across the optical path of a waveguide and
preferably the structure is defined to confine and guide the light through the waveguide
without degrading or attenuating the signal.

Another parameter that is important in this type of device relates to the
efficiency of the device. In particular, losses due to absorption in any part of the device

25  can affect the efficiency of this type of optical device. Optical absorption can occur

where metal is used in the device such as at an electrical contact. High efficiency



el ectrical contact structures are provided wherein
contact regions that use a netal (s) are spaced apart

w@eooam2z070f rom an active region of the device i PCDUS®D5/028402
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to control possible optical |osses. The present

i nvention provides silicon-ingulator-silicon

structures for optical nodulators having first and

s dedcd agipréferead thayaryseasbisluehas florpreidngdevicecthagpen bé ng
active regions conprising high free carrier nobility
Siopératediat 18U editaged. iAvoordinglyLinatoemisidinapoof th¢ prashtinemtion, e
desirable for high speed optical signal nodul ation

( greetaita cortivapmbiurdsQe: frevidal, wifemin @xantibgdns thyt efeer méshl(s) are
silicon that has a bulk free carrier nobility of at

| epestd 420 ocawdy fret &1 gBremehibn stbodaict cmidersd ceartirof pussible
tenperature (if n-type silicon is used) and at | east
20ptiahidéses.s at roomtenperature (if p-type silicon is
used) is provided as starting material to forma

t hi n- f iThepepnt Hedntion grovetrilico-insolator-eilicon sroctares fon optical
Wi th one aspect of the present invention. That is,

t ogulhioghhaminp ifikst bryd ssédnid sidivorniagersveittprachy preifechblynbiprisithative
doped to forman active region of a silicon layer for
anegiqak icaaprismgighafreercarsitr metility silicavhi Smbh slbqminFigsulagar-silicon
change, and typically |lowers, the nobility of the
aGtricheres @giwiatle forhigh epeedbrticallsignall muelulaBorefeeratbiyn 1suéh
an active region is doped to a level sufficient to
athite e ekdaple)e Prafe@ablyypitinbrathatduas perlk Hreaemice mobitityaefiat least
case, the doped active region is considered to have a
hisgt cdntimetesaveli-ecomin(bml/Visyatirepnaeoperdimre@ nalypdsilidoe is used)
present invention if it is forned froma material that
hasd at 1§aste200 caf/Vi-eit rovnbiempérytuasif aypefsdicon isalsal) &. providedas
been estinmated that speeds in excess of 1 x 109 hertz
antrtag niviayial egorora tyinefdtogptitdh auodll @ovstrbO@rehe pdcprdgn Wit one
reali zed when the active region of the second silicon

| ayect df#s preseraliiviention. Thattis, itss lgh mekdBly si0es RBYbafrovifka and
mobility of the active region of the first silicon

| dyrérer dohed wrfdinmgyl active fegios efosilibos ldyeciionar epjieal niodulator
preferably fornmed fromsilicon material that has a
motyidtirt ywitidhatoping cart chaegsand2056al % Yomefs, thia enobity ¢fitheactye
thematerial that is used to formthe first silicon

| aggdon frohothe iritid ealué. nfreforablyt dueh sroattivateiion isglopddir méaveke,

it is preferable to have the second | ayer nobility at
alsofificientG8achiavel thealssired modulation performance. In any case, the doped active

region is considered to have a high free carrier mobility in accordance with the present
invention if it is formed from a material that has a free carrier mobility as set forth
above.

It has been estimated that speeds in excess of 1 x 10 hertz and as high as or
greater than 10 x 10° hertz can be realized when the active region of the second silicon
layer has a mobility that is at least 20%-25% of the mobility of the active region of the
first silicon layer. Accordingly, the second silicon layer is preferably formed from

silicon material that has a mobility that is at least 20%-25% of the mobility of the
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preferably close to 100% Thus, the initial silicon
material for formng the active region of the second

and nost preferably close to 100% of the initial

silicon material for the actiye region of the first
silicon layer. Accordingly, in one aspect of the
praesntthat st todorm the Sist siloon ldyars d fiutthen infipirpye the modidagion
for an optical nodulator is provided. The thin-film
Spérfoetnatice, ipis pfediratid tp hevrthe sesasl layenmoeiljtyi at sbouTH3o, and most
wavegui de preferably includes a guiding region

C preferdbdy digpedo H10P4. Chus,ithwsivitialt spicos mafegalrfort fhinming thee aetive region
structure. The silicon-insulator-silicon structure
pbethe saatmdsilconuyergesferably had aopobility ofiehpinc®%, aydmost preferably
sandwi ched between first and second silicon device

| alparts 100Pkof thhintidl silicongthaterit for the abtsie repiaf of theldirgt silicon layer.
conprises an electrical contact structure for at | east
one of Actredihigly.st camnaipstethaprsiehi ivumtiote ¢ isidieor! Eayesithin-fifhe
el ectrical contact structure preferably conprises a

c stpicacs fopad dptonl nmplaked isgppaidedf Thathinkfametructivegpraferghlvnn

of the wavegui de. In another aspect of the present

i ovepiseonwaegsild. i Terwasepsiald prdférably inchudestarguatingregipor an
optical nodulator is provided. The thin-filmstructure
geaepriidgy siopinsslesr-silienbistfim etruchire. SThezfitow-twdpfdr-silicon
silicon device layers, a thin-filmdielectric device

| atywture prefeeabgroingigses adatleatmic dbdc Inyer sdndwizhedlzstween first and
structure for the first silicon layer. The first

s istdondsiliche devies lageye rThe shipfikh grusbira/al§oqreferdbly gomprises an
substrate and the thin-filmdielectric device |ayer is
prektteicAbontadt sruvkte fonattiénst dik pfthe ist argigacoga vilicen dezipelayers.
The thin-filmdielectric device |ayer preferably has a
piTadetb@ricnl pethct $iuctkreagssferally seumises s¢dntacimerithaspased dragidiom
is preferably formed on the thin-filmdielectric

dehwi gnédlingaygion of Fhewsvagwedrii de preferably conprises a
guiding region and at |east a portion of the first

si | i cofin geitiecaspbapihe prebpat inkintion, jalsihicel dsedthinFfgdmdery¢tare for
| ayer, and the second silicon device |ayer. The

elag opticalcrabdubabortismrovidedr (Tbe thirefiostructues deperally eoiiprises @
device | ayer preferably includes a contact portion

s patseate Apsirand $acom siliven deviidilagrsy ainofimudicledygc device layer, a
wavegui de. I n yet anot her aspect of the present N

i rmagepuidergndan pietiticd coftact srupfureforthe fitst gligen bayse dlhe first silicon
thin-filmstructure for an optical nodul ator is
prdevicaleykr isTeferaely fiwohedjomhe subistyate and the thin-film dielectric device

layer is preferably formed on the first silicon device layer. The thin-film dielectric
device layer preferably has a predetermined thickness. A second silicon device layer is
preferably formed on the thin-film dielectric device layer. The waveguide preferably
comprises a guiding region and at least a portion of the first silicon device layer, the
thin-film dielectric device layer, and the second silicon device layer. The electrical
contact structure for the first silicon device layer preferably includes a contact portion

spaced apart from the guiding region of the waveguide.



i ncludes steps of formng a silicon-insulator-silicon
thin-filmstructure, formng a wavegui de, and form ng

wa@eooelzodr i cal contact structure. Form ng the PCT/US2005/028402
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silicon-insulatorsilicon structure preferably
conprises providing a substrage conprising a first
silicon |ayer, depositing a thin-filmdielectric |ayer
on t he If yet sdotlst hipea of tha peesend fnvertien surtxghadat! dorméngch silicon
depositing a second silicon layer on the thin-film
dibedeé dtin-filn $taugimre. forTdneopiieal egduleter is pefvaiedbThe metodd gtegally
guiding region and at |east a portion of the first
siicliglesstdpa y&orming e silibérainfuildton-siliceh git-filnestiuaipes; formmg at he
second silicon layer. The electrical contact structure
pefeuab) and forolingce sleatricd rb@adt stpehure. drermipg dedilepadsulator-
fromthe guiding region of the wavegui de. Bri ef

Desicen gntuttore podfferbig c@nmisenmeviding s enbatmade oinfipeising e dirsy sifsqn
aspects, and advantages of the present invention wll

b égyerndepositihes thinafiler ditleade aydr lon thediast dilitan layee of b bubairatg and
description, appended clains, and acconpanyi ng
ddepisitig)s a wdeetidesiliden tpyemeontthd thinafilsidentrid leyer. The waveguide
cross-sectional view of an exenplary |ayered thin-film
s ipkdf@aiily inolnddsatgnidingirkgicroamdsit legst & porsion of the Gt dlizoo &yw, thh
the present invention that can be used to form an
optiih-Gidh dieteciuit &iyar andRhgiecendBilicen lyec Mberledtucal contact structure
cross-sectional view of a silicon-on-insulator

s phératdy mcltiata coatact ipertios emhcddophnt fromahe gryngemgipmpfthé i | m
silicon-insulator-silicon structure in accordance with
arwaeegnaidi ment of the present invention such as the
layered thin-filmsilicon-insul atorS| I icon structure
shown in Figure 1; g} ption of VTR
cross-sectional view of the silicon-on-insul ator

subst r dthese@hd thepifeadurss, sipets, agd advargeges pItibé preseat invention will
thin-filmetch stop |ayer that has been provided on a
sibeécm@rbetiaypedersdodtwith rsgdrd ©dhs follewing ddsartimionspbgidedtlams gnd
forma layered structure;Figure 4 is a schematic

C raossapsgiig dvmvaihgswleve: of t he | ayered structure of

Figure 3 showing in particular channels that are

provi déidgutol issetlemetiacrpsrstitional ofewt dfen skenipbaoniayergdthingfilm
the silicon-on-insulator structure in accordance wth
ansileepmstlatof-silidoe siprogsemtac¢andennt Withnthe present invention that can be used

to form an optical modulator;

Figure 2 is a schematic cross-sectional view of a silicon-on-insulator substrate that
can be used to form a layered thin-film silicon-insulator-silicon structure in accordance with
an embodiment of the present invention such as the layered thin-film silicon-insulator-
silicon structure shown in Figure 1;

Figure 3 is a schematic cross-sectional view of the silicon-on-insulator substrate of
Figure 2 showing in particular a thin-film etch stop layer that has been provided on a silicon

layer of the silicon-on-insulator substrate to form a layered structure;



Figure 5 is a schematic cross-sectional view of the
| ayered structure of Figure 4 with a thin-film

wale@bmezi7ni ¢ | ayer covering the thin-film etch BEDPS2005/028402
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| ayer and filling the channels; Figure 6 is a

schematic cross-sectional view.of the | ayered

structure of Figure 5 after partial renoval of the

cover i Wigudi ®lsectheimetid aysrseciiodal veawouidlhe laferadisarugtine of Fighmmn3
etch stop layer, thus leaving a first electrically

i shiveneih peiticilgoshanteisithe atepyanded sviselgie amorinp obthelsilicon layer of
surface; Figure 7 is a schematic cross-sectional view

ofthet sl@oh-ay-anseldtos strugarrain @caofdafgeguitheangsysict of the freparitinveniin;
thin-filmdielectric device | ayer provided over the

first diguradisadeheimatic ¢raspesectiopd yigmeolghe leyesedsseriedwgof Eigure 4 with
cross-sectional view of the layered structure of

Fiaghin-ili7 disheotnic fayencoseringribe thinHilmmtchdtopileyer dnglyfdling the channels;
overlying part of the thin-filmdielectric |ayer and

t he fi Figurest isiaschemdtwiress-seeiipoal view dfdirentayeradrsirpctirie joffigure 5
silicon-insulator-silicon structure that, in
actiordiatemaidl lof thh eovsriesdiplectiinlapertandremoyalief the thin-iin pteh stop
forman optical nodulator; Figure 9 is a schematic top
vileyar, dfus kaviag e fisstielsdtrically isplatet] sidirorodenich lyerdeing en ¢xppsed surface;
an optical nodul ator such as the optical nodul ator

shown iFiiguFé Gisrect®mafi¢ ¢rofsiseeional ivébwsef dlrlalyceagstragyre of Figure 6 with
structures that can be used to position contact

r edintignah thinyfif diptectnic davideJayer rrgvided ayer thdérst sijeon deyice layer;
structure; Figure 10 is a schematic cross-sectional

si de viFiswred istalyehemalierress-ssetiond tvismeotdlfie Ipyeradrstrugurs bigwrg 7
athin-filmdielectric device |layer positioned between

f ishewingmsbcgmiailivgn dévidedamst eeevlyioe pirhglchsthingfilen di¢leptpiclayier and the
is a schematic top view of another |ayered structure

t Hast sitiagn dswice et to érmarthindimsihicocimbulaprpciuliopn sfrucsye thata s

the optical nodulator shown in Figure 8 with first and

s econdineonittaibe prssentiovantien, cethbe usedie fyen apswtical ogdston;i on
contact regions away froman active region of the

| ayer edisry Ustasehemahieiop iviswidi e 14yered strustitle Hhalcan be e togferm an
structures are provided at an angle with respect to a
dioptiest imodplar suphystthemtipad geedilater shiews igfigumn é withyfsstapd second
structure. Detailed Description In Figure 1, a first .

e rebutelit steeturestthal gardystisedip pawiden caniget ragions gwaie Eem @m prdige region of
with the present invention is schematically

i Ithelgyeregtsérdctig; cr oss-section. As shown, the optical

Figure 10 is a schematic cross-sectional side view of the layered structure of Figure
9 showing a thin-film dielectric device layer positioned between first and second silicon
device layers; and

Figure 11 is a schematic top view of another layered structure that can be used to
form an optical modulator such as the optical modulator shown in Figure 8 with first and
second contact structures that can be used to position contact regions away from an active
region of the layered structure wherein the first and second contact structures are provided at

an angle with respect to a direction of light propagation through the layered structure.



nodul ator 10 includes a substrate 12, preferably
silicon, an insulator that preferably conprises buried

wo@ziod®2d7ayer 14, and a first silicon |ayer 16.PCT/US2005/028402

10

15

20

25

Preferably, the first silicon layer 16 and the buried
oxi de | ayer 14 are provided aspa silicon-on-insul ator
structure, as conventionally known. However, the

modul ator 10 does not r dtsil
silicon-oninsul ator technol ogy and may be fornmed by
ot her tladigvirgledirgt aabedinern of 31 qpaieal imoditlator { higgecordance with the
descri bed below. Silicon-on-insulator structures are

p Pesset ineantise deigbenagallyibystrated mpaess Bectipr. yAsghon, the optical
conventional conplenmentary netal oxide sem conductor

( Gdslpiop i binelydesagubspste d Baticfernble sdigen, eminsylapichatpreisratly
of an optical nodulator (which itself is an
elcewprisss bipied ezide Wisrild cand @diast Bidicomlayeg A &t Brgfeggblyhthe fisst silicon
el ectrical functionality of devices such as
t dayes]6sand e buriedsoxddedpsr 14 arp aravidsd as a alirgniopdusslator stryshire, as
the sane substrate. These el ectro-optical and
elcenventianally khewinc Bowewen themedwaierd Oldpesuof seguirerise elowhponron-
processi ng techniques to provide optical circuits that
afmsulater teghnlasy and mpy e ferpad; by sthet feghniguesincIinging yparticular those
silicon-on-insulator technol ogy provides an easy way

t degsribed igtova Siliqgh-onrinsiatoy staichygtsarairyiened berangeef thgitroppatibility
electrically isolate plural devices that can be forned

i vithivenentignabseniplpmentaryrmagipl @zidh senipenductr{ €M progessing1Hs
al so preferably includes a thin-filmdielectric |ayer

1 8ucha thd wpiidabindiionalideef anjeptiqal medulaipy (Whish itpeifie pn dlectigrgtiepl
second silicon layer 20. In one preferred enbodi nent,

t eviedlicen bd iptggraied Wéth thejctectriggldinclignabiyrgs dpdess S‘%?}@F FrpRsiSHoTS,
d|0X|de | ayer. Also, the first silicon |ayer

presiséors srpcitasivpnd isdustosnonsihe gane sabstplp. ThesF Bleetey- <Ppé19‘é and
That is, the silicon |ayer 16 is preferably surrounded
byleaticalisisvicestchmby frmmed by abing fe gpampn Pr@cqsaﬂ@%éahmqne&mmwde
vertically isolate the silicon |ayer 16. Preferably,
a®piiess eirdquitidat are insgated @@tb,e}ectgéqlgwultg Moreover silicon-on-insulator
silicon-oninsulator substrate is used an
c depheglegyamaidey ak PRSI TP Bds & hlélh@ﬁhing&tcnﬁﬁl roceds
can be used to laterally isolate the silicon |ayer 16
f elsainistllydpolajeiplurabdavicaeiiptcan bg Hrmekin dis stligen laygrdrom each other.
substrate. The buried oxide | ayer of the
si | i corfhgmopyatar Kt abvo nsefprally inchidesahinije dielectric layer 18

provi devertical isolation. As such, the silicon |ayer

1 Gandsiched betwess thesfiralsiicor laperd 6 2ad ¢ ﬁf»‘é?ruirsa}cwlab'@c%oame pyeferred
the thin-filmdielectric layer 18 and a surroundi ng

oededifpient] e thin-Blae¢jeloctric Iapgrd § C?mmseﬁ@h@a diopisls dayor f’slml the

23 that can be seen in cross-sectio
first silicon layer 16 preferably comprises an electncally isolated layer. That is, the silicon

layer 16 is preferably surrounded by an insulating material in order to laterally and vertically
isolate the silicon layer 16. Preferably, as described in more detail below, a silicon-on-~
insulator substrate is used and a conventionally known shallow trench isolation process can
be used to laterally isolate the silicon layer 16 from other adjacent devices formed on the

same substrate. The buried oxide layer of the silicon-on-insulator structure can thus provide



Al t hough preferred, silicon-on-insulator technol ogy
does not need to be used. Any conventionally known or

wo edoanz7oevel oped t echni que capabl e of functi oPCTYS1005/028402
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the sane manner to sufficiently isolate device

structures for form ng high friequency opti cal

nmodul ators in accordance with the present invention
caertibed isgletich. Assugla theistighmlayerd 6 €01 s8rcpriistond)ecsn besiaetiajly isolated
require sufficient lateral as well as horizontal

i bpetliniln diefegiic f4yenks dng a isereduadieg efids Gléos tfepgrd lewhigh includes
other. For exanple, it is contenplated that

c ooriemst 22Gmd RB thakeao ke seer ghaidsguessios.uch as deep trench

i solation or local oxidation of silicon (LOCOS) can be
used t dlthenghpadféryed; sldoaton-inpelator tecknolagy dogsaot nere tpredisely Any
vertical isolation, any technique that is o

c oonwenticnalhyeirioyn lonfwre daveloped iecbnigusy edpalpedf fipptioning in the same
sufficiently vertically isolating the silicon [ayer 16

i magoer o eiéfincetinisohtetdesicpstastares fardgraing fogh fieapense opiseal .

An oxide layer 24 is also preferably provided, as

i Modslatosstie esconianteivathghesfresentlihyendansiay he wseil nIngyaisilar, gucht

| east partially define a wavegui de 30 that extends for

a siowctotest generalhedquiiesuifinicnt laterabes dvetl @s horimantek isqlatiop 4y fnstionally
of an el ectromagnetic field through the wavegui de 30.
Thsmtatd deyiceshieonpsactl ether For exarplebit {5 casfsinpleisd thet eonmdnitiprally known
light in the wavegui de 30. A propagating

eltebtinereghes despficedhdsdlation bslocal exidation @f siticondLOLCHA} can be used
herein. As shown, the waveguide 30 is preferably at _

| ealtergiaisolatd deyicelesfiictvead. Bygardieg Yemtiaal is¢lhtipngdiny|techpigiethatgs
and the first and second silicon |layers 16 and 20,

r espegtidneldt knowTve fuliae éeyalopes Bosuffinwntly serscally ivkating e silicon
and gui de |ight propagating through a guiding region

32ayef 16 ih econedregpuritheh@presentinysndeny mayoba ustdyst rat e this

gui ding and confining functionality, a node 34 of an

el ect r dwegpiietliver 24 ie hlgo priafsrablyamovided prsghustated padig prefebly
guiding region 32 of the waveguide 30 is illustrated .

s clhegrat ircertldryo atiigsstoag sl ddfing awayeguids 80 gt exdamideifor apreflgermined
preferably designed for single nobde transm ssion. That

| slistanreinwaliregjion ¢Epraprepitonmi et eleciiomperpds fighd dough thewgveguide 30.
the | owest order bound node (also called the _

f Uieleisratre: axlidg 37 areederahdidessists ta qoapprdighhindled wavaerigh Fp Ayippagating
at the wavel ength of interest. For typical optical ,

c chetemnagasticdivld is gise wefrsred (eap digkirhgtelis Asrshevwia theagaveguide 30 is
infra-red portion of the el ectromagneti c spectrum are

t ypiferalily gt lepstemirtially deféned pihe thinvéilre fielsgirind? andghniirshang second
silicon layers 16 and 20, respectively.

The waveguide 30 functions to confine and guide light propagating through a
guiding region 32 of the waveguide 30. In order to illustrate this guiding and confining
functionality, a mode 34 of an electromagnetic field that can propagate through the guiding
region 32 of the waveguide 30 is illustrated schematically. More specifically, the
waveguide 30 is preferably designed for single mode transmission. That is, the waveguide

30 is preferably designed so that the lowest order bound mode (also called the fundamental



m crons are common. Thin-filmstructures and
t echni ques for designing such structures for optical
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confining and guiding light in accordance with the
present invention can be used;p For exanple, such

wavegui des may include interfaces between thin-film
mgtided mdds oh &repped muié)fcen ppageiefet the wavadenighiond sateroghi Ky typical
interfaces can be used in order to guide and confine

| opiivel Gomnampetichanystenw Wivetehgthpindkearesr infig-tadpogion of the

Mor eover, graded index regions, such as can be forned
bylectomtagudtic apdcyrumareytymieplly mecde Fapereimpleoiavsiengthyareend; 1545,
may be used to guide and confine light as is well

K moseons afthenfoianst sili con | ayer 16, the thin-film
dielectric layer 18, and the second silicon |ayer 20

are al Foingilefsnetivieyanddeshyinees forolepieninmpib bteucpies for optical
modul ating light that is traveling through the guiding

r egvagniddare fvell keowneand guy dhaict3®, capiblecof sprfiie and E!llgl,ng dght m

| east a portion of the guiding region 32 of the
wascegianaevigthé srepnichemtidn sande siegnEor axemplasieliwavgguides may
active region. Accordingly, the first silicon |layer 16
atirgludh énts facoridtveh thoofiln matenal Digvime different weftagsivy index, which
operatively doped to formactive regions (or doped

r égérGanss)can he tded irf drdeg to @ndk and confube Sightiie anvotdanse wath 118> nagsant
20. Preferably, the first and second silicon |ayers,

1 Gnvantibn2 0forenver, gegldnden regimegidreseen by emetthecentrallaply varying
desired to rapidly alter the free carrier

C treeembositidnon 2 awteoigls meee wpd focguidegnd pondhe tight ag is gigH known.
propagati ng through the guiding region 32 of the N
wav eguiTtie fiB0siligs laes b, thedldn-filsh diglectrindaysi 18, angiihg gepend siligon
can be p-type and the silicon |ayer 20 can be n-type
oflayet Weary despreferblyfdesigtst yo bet dapablroafimeduleting lightthafriptraveling
sufficiently doped in order to achi eve a desired _
moldotghtthaoguidng sgion 3hpfthe wpvegeide 20. ddore spreifivpliii ptdeasta paption of
preferably includes a first electrical contact 26 for
ptisvgudtiimeryegion dhofthe waveguifredOsis pietarably dpyignedio inglyde an active
second el ectrical contact 28 for providing a contact

t gegsérl. i Avoerdinglyethe fit siligpnddyentp ank ehesosrng elisomigyes AQjarp greferably
are preferably spaced apart fromtheactive portion of

t logergfinet}i doged lodororncBe regiowsr(eiedopedresions) in the figgpardsggond silicon
| osses that can be caused by netals as are preferably .
udersi 16 asdizh Ryeftablyt the fitsbandisensnd glbepndesterss 1 41d 20r a3 deppdiin a
met hods of form ng such contacts that can be used in
acegiodanate whicteht is fesirgd tosamidly plivy Ehstfiee pargigreconcentration across the

optical path of the light propagating through the guiding region 32 of the waveguide 30. As
described below, the silicon layer 16 can be p-type and the silicon layer 20 can be n-type or
vice versa. Preferably, the active regions are sufficiently doped in order to achieve a desired
modulation or switching speed.

Also, the modulator 10 preferably includes a first electrical contact 26 for providing
a contact to the silicon layer 20 and a second electrical contact 28 for providing a contact to

silicon layer 16. As shown the contacts 26 and 28 are preferably spaced apart from the



described in nore detail below Preferably, the
contacts 26 and 28 are forned as | ow resi stance ohm c

W@ oovbazi781 wherei n current varies linearly w t hp@ppkioes028402
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vol tage. Accordingly, the second silicon [ayer 20
preferably includes a highly.¢gpped region 36 that at

| east partially forns the contact 26. For exanple, a
hiagthveyoriop efithe ggjilina rigipnFR éf endersp pindope @rtics] loesesibattas bgcaused
10 17/cnB and 2 x 1018/ cnB. Likew se, the first

sibl imetats ds asearefdrgblp needan sush yoritavést Ldwdosy cpniteph piyuctiagsagd methods
region 38 that at |east partially forns the contact

2 8f fotinimg sedyicontactShatat baBsea meacpyrédnes with the gepsen invention are
correspond with the doping of the respective silicon

| dgssribedihatord defailibelophe first silicon layer 16 is

p-type, the region 38 is also preferably p-type.

Si m | aPraferalily, thewontaets 361 endsis| ﬁr@gnnfrd@yéqw ®gistarcephpygpentacts
the region 36 is also preferably n-type. Any contacts

c ayhatsinccugtntpypiiesilidearly vath applssitvoltaeg] Ab¢aadingly, tﬁmmg@i sdicopylayer
region 30, thereby formng an active region in

a0 orafaahdeingludds athighly dopediteizion 36 thakat degsitperiiallnfomgs tha gontact 26.
can be used. Such ohmc contacts are well known_by,

t osexamplet hlsiglly dopsfl regiomp preferablr dopersioRetvwissn s 107 /cm” and 2 x
sem conduct or (CMOS) processing. |In operation, a phase

s HOFtomt alikbveisp tieding edicomlayer g f prefraably ingfudes e bighly doped region 38
wavegui de 30 by applying an electrical bias across the

s tthat ett leastepartiphly Sortws & cantadt @8t Ele regionsd@andi 3§ e grefegphly doped to
second silicon layers, 16 and 20, which thereby causes

C varrgggorgiawithi the doping aftheaespestiae silicdndaygi. eThatisy if the figgj giticon layer
18. In particular, contacts 26 and 28 can be used to

pri6vs mepea thy ragiomsy i slso preéersbly stypandimdlads pidhesependgHicon layer 20
| ayers, 16 and 20, as the node 34 passes through the

gu$ aHing thegion 3G absp preffsabhen-fyei Aoy GotacEsanagle of providiggn

in the active (doped) regions of the first and second .
sielactrionl bilagyeths guidieg sasipn 20, thergwefomgnaatactiferegion inersegriiance with
| ayer 18 and build up so as to provide regions of

c Heg igeentiom ewsrepntamplaisd pivbaan be st hSichehmicrepidefe are syl faaven by
shift in the light. This phase shift can be used to

molhst axthe 411 effromplymertaryestalpride serarondrtor SCHOS) pPioeessiag

an arm of a Mach-Zehnder interferoneter, for .
exanpl dn Fprsatiopyasphasaliifiscar bpprodyced Edight payengsthropgh theyaveguide
20, and the dielectric layer 18 forman optical device

c 9y l2pplying prr dedtririahbjasacesshe aErcpa skisdhasfagtivages thegleped first and
passing through the structure. The structure al so

f aeonil tieon! liviees, 16 adPQcvhiel thergly qanses pharge camisrsdie oge topyard the

char ge
diehagctric layer 18. In particular, contacts 26 and 28 can be used to provide a bias across the

first and second silicon layers, 16 and 20, as the mode 34 passes through the guiding region
32 of the waveguide 30’. Charge carriers in the active (doped) regions of the first and second
silicon layers, 16 and 20, move toward the dielectric layer 18 and build up so as to provide
regions of charge concentration that together can produce a phase shift in the light. This
phase shift can be used to modulate light where the modulator 10 is provided as an arm of 2

Mach-Zehnder interferometer, for example.



carriers nove toward the dielectric |ayer in response
to an applied electric field. The structure is

w@e@bereEbl y not designed for use as a charge SPOI/H§M05/028402
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device (an electrical capacitor) because such a
storage device may require copf.act netal positioned
near the active portion of the device, which netal can
cause B@pt fistdnd|sewmsésilicaydpysty b and2feand thefiqleptréc layer { § form an
present invention preferably conprises a sandw ch
s bptigel devige capalple pEpraydiag e idesired Phase et {oHighhagsiebieyyh the
| ayers rather than a body |ayer as used in a typical
t stawsirs t Bre stragum olse natinpy dke & ¢rpaditor, st least injthoigniedhas ehagg
is preferably formed froma | ayer of a
s kdrriers mowgnitovasihadiclects¢ laper tinespopescia @ eppdigd plectric field. The
silicon-on-insulator structures are readily avail abl e
c simercisakdfgrably nét dasignsg faiupd as@rehirgy eeragadevice (mshackisal a
single crystal silicon |ayer, which can have a high
f caecita) recese snob sfotage d¢vine ney aeguire condachingihl Hosisiened near the
carrier nobility is generally greater than at | east
5@@ive pertivh of the devirenwhichmetpldan canst eptical-lesggse Myirgdver the givepture
at | east 200 cn2/V-s at roomtenperature for p-type
s iof the present invérgion pteéegablshesmpribes e sandaichestrudtere comprasing active silicon
carrier nobility represent preferred values for the
b @highlyrdeped) layer{ mthet thart 4 bddy daverasivpry imabywichldrapsisthiat | s
used to formthe first silicon |ayer 16. That is, as
descr i Bedoted hloowe, thlirst silioon layer libdopreferpplyrforngdiftom a layer of a
preferably formed froman initial silicon materi al
t dicorhersinsuldtprruétnisdecsaper suelr siliavbiohiinsylatpn gnycgres are readily
subsequent |y doped to provide a functional device
| ayadlable coramtricialy wily tnp silisen laver dlpat parairiserrohingda @ystal whreHayer,
dopi ng may change, and typically lowers, the free
c avhidhgan hayb i highyfreo farerpogbilitp nF e fexanimie, ja highifegp cayripr raepity is
| ayer. Accordingly, an active region of a device |ayer
ofeerzeraliygrdaten thansidedsai0from’ Y -was covmdigmperatpfetipr n-tyee pliecosand at
invention may have a free carrier nmobility that is
d il¢aRte208 atn’/V sty aemoethiparatpis et nosipotilicop e It dnpieddlea) theae values for
layer. In any case, it is preferably to start with a
siffe cariermeabdity eepresmaprefeared alies dor the tadk waferigl ggr initial starting
mobility, as set forth above, and form an active
r epitepial) thrabinugasito famp thenfErst siligpn layér 1falhatisaps deperibed below, the first
accordance with the present invention, the silicon,
| aifiepn 1agerl§ ismreffrabls orynesd Fromiag &tiad silippnrrpederial that hep p ugh free
| ayer 20 has a free carrier nobility that is as close.
t canriyemétikiy andis sitsequetbi doped to providse Tarctiprabdevicg Jayer argetive
as possible (as nmeasured before doping to formactive
d esdierefor anymtical inpeulater, gihichdapingrmathangss ynd tripallylerssy, fhe free
i n one enbodi nent of an optical nodul ator,

carrier mobility of a portion of the initial silicon layer. Accordingly, an active region of a

device layer of an optical modulator in accordance with the present invention may have a
free carrier mobility that is different from another portion of the same device layer. In any
case, it is preferably to start with a silicon material that has a high free carrier mobility, as

set forth above, and form an active region from (or in) that initial material.



the silicon |ayer 20 can be forned as an anorphous
silicon layer that is subsequently crystallized at

woemsv2artially within the functional opti cal P@DDg200$/028402
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such layer to provide inproved free carrier nobility.
I n anot her enbodi nent of the.iswention, the silicon
| ayer 20 can be forned with an effective crystal
st r uct i ecchylarse wéth tlhievneesepsiinvantical thy piboantaxen a0 isipreferably provided
extended | ateral overgrowh of such selective
e pudhalt gHe sicowlkeyeri28 hepseliectcarrior wobilie thahes ag clopactg thel feppeprrier
20 as such overlies at |east sonme of the thin-film
dinebaity ofithe diliope lay@i8lo aAnotsthe (a3 medswricd before dppipg vipi #egive device
the silicon layer 20 is by using a bonding process
wheyerstiyr aamptical mpdvdaterd clar saamplé, ayeesmbadimpet of pooptigaldnegiylator,
desired and bonded together to create a desired
s treusdican Byer@fchcizd formadiak an enerphavs sibierlaien that insubsequieily
present invention, such as the optical nodul ator 10
s leganllized Filagstertially widhin be fimstionah optigelyond ¢feticteyes g provide
Preferably, conventional CMOS processing techni ques
c amproecd fsedarsibt thehilifh. BorapodietasrboRimswipidhe inepbom ghedilicon layer 20
techni ques can be used instead of or in conbination.
Refeba formgedtvathRingtfeative crystalsirhétare iy seléatisetriteninl sewihotharein
40 that includes a substrate 42 (typically silicon),
b ektendtd datérd@vergspaith dfsuchaselgctiverepitaxeal Biowdhnis hepdde pegide the silicon
illustrated. Such silicon-on-insulator substrates are
c dapeed(cisahdhyoverlied 4t ddabtsomT pithe thircklmedidleadtic layrs 1BuAnether
oxi de | ayer 44 and the thickness of the silicon |ayer
4 Gechniguepioefreviding hesiicerclapat 20 ys hyowini d dending rregepsayereby any of
desired properties of the particular optical nodul ator
t dheyeceseedtelaygaioi bagravived di drsinesi apd bondaditogethertte ereateip desgpd
the device, as well as the processing techniques to be
ustecturdl so, the silicon layer 46 preferably has a high
free carrier nobility. Preferably, if n-type silicon
i s usedptic enoditlkforsom adeaigence s6thibespresentripsniéay puch ps the optical
mobility of at |east 500 cn2/V-s at roomtenperature.
| fmqaulatpp &0 sholvindwkigirs 1uesa de iade asidesceiber hedpye rPrefgrably, conventional
preferably has a free carrier nobility of at |east 200
c IEMQS grogessing s gnepeande yped altimugh enyaashey knewmesrdeyedeped f
the silicon layer 46 is electrically isolated to form
a téchniqees gan/hecused iastead of gr msombipgifeni Refejripgteliguregygfilicon-on-
electrical isolation facilitates the formati on of
plinsulator seveiveed) that indhedesasnbstaaiA (haicelly sikconh uried oxide layer 44,
illustrated enbodi nent, an oxide filled trench

and first silicon layer 46 is illustrated. Such silicon-on-insulator substrates are

commercially available. The thickness of the buried oxide layer 44 and the thickness of the
silicon layer 46 are preferably selected by considering certain desired properties of the
particular optical modulator to be made, such as the dimensions and/or structure of the
device, as well as the processing techniques to be used. Also, the silicon layer 46 preferably
has a high free carrier mobility. Preferably, if n-type silicon is used, the silicon layer 46 has

a free carrier mobility of at least 500 cm®/V-s at room temperature. If p-type silicon is used,



49 is used to define the first device |ayer 48 by
formng a border of dielectric material around the

wa@lewsoz7per i neter. As shown in cross-section, PECEUS2008@28402
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trench 49 includes oxide portions 50 and 52 as part of
the surrounding trench 49 thaigd solates the first

device |ayer 48 fromthe remai nder of silicon | ayer

A6re siliven lynrid6 greforatdiehds ayfese catrier madiiliy efatddast 200 ewit/V-s at room
device layer 48 from below so that an electrically

| $mipatagde.i sl and of silicon can be created as the first
device | ayer 48. This can be done, for exanple, by

shal | oRrefergig la pogioh af the siligagTajer 46 islelsetmicaltydsadried to Aorra first
silicon (LOCOS) procedures as known in conventional
CRiSSedayse 68 &8 shgwn inFigure ¢.pBusheletries) ddolatiomfagilifagng the formation of
process, an etch stop |layer 54, (see Figure 3) such as
apbirdl idedees pi theisaee dubstete. T thefillustatediaphndineat] ap pxidhlled trench
silicon layer 46. Next, conventionally known nasking

anfl isstsetio dglipribessissicaleper 48 dyl farmirfgarberder efdigleade majerial
shown in Fig. 4 (trench portions 56 and 58 are shown

i aroondths dswetpieomyter. Prsshtrur ingdosersgction, theyoaide 4ugnchad includes oxide
shown, defines the depth of the trench 49. _
Apationhi 50ging 52 edyeritaf techra@dipg etwhdbithat Welpienths firshdevice layer 48
first device layer 48 as an island. An oxide |ayer 60

i $rotrhbereprindércd eilicam lfyer #6.t The buriedexidedgyends istlaignthe first device
Figure 5, which step also nay cover the etch stop

| dayer 485qgm bedows bothet. an Riegtricallyhisnlassd igend ofpidicore@n by eveatedhes the
first silicon device |layer 48 and silicon | ayer 46 of

t Miest devicedaygr 3. sHusman bedetiegior exagipleaby thellqy tmﬁfz isplation (STI) or
such as by using cheni cal nechanical_processinglécmmﬁ.
Theal oxidatioreefsHicen APTQRS) erocedprgswh kedvnip adnyepioatlMBP y

be relatively very thin) can be renoved, such as by,

f grocessmgpl e, an acid bath that can sel ectively renove
the etch stop layer 54 fromthe silicon |ayer 46 and

the fi Mst tygisel treach iaglationpgncesFham osahysipptlayiers4 kgoHigiys 3) suchas a
Figure 6 can thus be provided wherein the first device

| aifigen uiBide dayed, isdirstidenmbitag ondly silicen layerchet Mexts ¢qnivergignally known
| ayer 46 by the oxide trench 49 and the buried oxide

| aypelkingland ehing@rashied asswnsed orfern irgsh 49 powow infFig. 4 (trench
silicon-on-insulator technology is preferred, other

t @otiongifemd 48 agsbewr ibstbsatseie). Ehabubed ogdadayayit.ae shown,
any known or devel oped nethods for planarizing or

r defnes thy depth of thafrench 8. Seerdinely. dhedepnchyiftprefgrably defines the first
processes may be conducted by any nunber of_ conbi ned
stdeyise lafer A8t angslandy dynj axidedayer 60 is then provided to fill the trench 49 as

shown in Figure 5, which step also may cover the etch stop layer 54, as shown. Next, the
oxide layer 60 over the first silicon device layer 48 and silicon layer 46 of the structure
shown in Figure 5 can be planarized, such as by using chemical mechanical processing
(CMP). Then, the etch stop layer 54 (which would preferably be relatively very thin) can be
removed, such as by, for example, an acid bath that can selectively remove the etch stop
layer 54 from the silicon layer 46 and the first device layer 48. The structure shown in

Figure 6 can thus be provided wherein the first device layer 48 is electrically isolated from



Preferably, the first device layer 48 is doped to form
a p-type active region for an optical nodul ator but

wa b@ef02a78t devi ce | ayer 48 may be doped to forPCHIS2005/028402
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n-type active region if desired. Such doping can be

done before the trench 49 is-fiprned or after the

trench is formed. However, such doping . is preferably

pehe Bqen dpyerdobyrfemerade tieRelt 45angd ithei baaed etide 1piss 44. bivhilg spallow
of undesirable thermal diffusion of dopant species.

Ddfsasit isolatisatvithsilisen-emrinsdptonischpelogy tserefesrad giheryqsaniques as
regi ons and dopants such as arsenic, phosphorus, and
arfiesoribefl/abesn cebensedd Meyedvst, sihknoyper developed methpds ey planarizing
Preferably, the first device |ayer ‘48 is doped

s 9F famavingtmhajerials apsycopicaialadangd yisd DRReESES Y beisiondusicd by any
use in optical nodul ati on. Conventionally known

p bt of ey piagshejepa pbimuliple veRsitiant at i on processes nmay be
used, for exanple to performthe material doping. It

i s not duciengbly, toe st dulor Hyerfdys darahpeomhe p-ype activg regiyfor an
mobility of the first device |ayer 48 such that it is
dioptieal amdulpterhnt thedirst desacedaier femayrespdaped §p ferm anpstype active region
initial silicon layer 46. In any case, it is preferred.

t of desised: Spph dppingtergbe denb befpreyhatemel 4%is faymed orpadter the trench is
silicon layer 46 to formthe first device |ayer 48.
Adetinted o Haweer, sueh doping iisamelerably pordormed & & ngnger thatypigigizes the

| ayer is preferably sufficiently doped to form an
adopsitlity of imsiesicahls dhsimal diffugion ot dapag speréesd Bepangguch as boron can
nmodul ati on performance. For exanple, by starting with

t the usqd|tp Eum PaRetesians a depapts sudiss pseo Phepphgruse ardantimagy can
mobility, an active region can be fornmed that is

c s abdddo EFrmacihipeastivryesipeh Padferablntthotirsirerice lapendéds doped
(greater that 1 x 109 hertz). Next, as shown in Figure

7 suiiciepibntofprevidedi nelyeeinpteidal pyipble fgoise i optiest mpdHption.
deposited over the first device |ayer 48 and the oxide

f i Goneentippadiy dpowophogpdithopyapit ’t}ﬂétl@u.mp}llaﬁ@tl{’wfﬁ@eﬁﬁeﬁ frpy be used, for
dielectric |layer 60 provides a functional device |ayer
pSrunRp tapeeiprmathe maesiel doging. Bis nofrd that puch pping ay ehapgecthe free

| ayer 48 for electro-optically creating an optical ,
nduicarebilityms thedixs Apyics lavet #§ wish that ibisidifEerena{ipmghedree carrier
thickness that is preferably less than 100 angstrons
negobEy pHibe iiial silippdansr 4r Teapoese dds nislere te éﬁa}ng Stthiadighy

| ow pressure chem cal vapor deposition (LPCVD). -
VERebdiE materiplesughis thefsilican gye46 ée form thefije devigs ey 4§ eAdditionally,
formed fromor include other dielectric materials, or
c GRBiepanEd phovm dhedist degiernyea ds riefrtebly suliirierthciopeddp dermpgisetive
oxrlegqgn’ capable of achieving the desired modulation performance. For example, by starting

with the silicon layer 46 with the above noted free carrier mobility, an active region can be
formed that is capable of achieving high modulation performance (greater that 1 x 10°
hertz).

Next, as shown in Figure 7, a thin-film dielectric layer 60 is preferably deposited
over the first device layer 48 and the oxide filled trench 49, as illustrated. The thin-film

dielectric layer 60 provides a functional device layer portion over at least part of the first



alumnumnitride, as well as those material generally
characterized as titanates. Any deposition techniques

woreyeoz7osed such as those including chenm cal REPU§2005/028402
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deposi tion, physical vapor deposition, and the |ike.
After the thin-filmdielectrigglayer 60 is deposited
to a desired functional thickness, an anorphous
sisilicegevicajerer 48dpr Pestrpepiesils plepting a5 iopﬁw@bmoq?véa}@rr Yof example,
then preferably deposited, patterned, doped, and at
| siisen ¢exidd aving adhigieess| that ssauefergbly dsprihan sWcpagrogismay b
device |layer 62, and to eventually (after structural
prescmallyi siepvierfdepesited wpingren enong e paessush eiermiqahvappydgpesition
8 in accordance with an aspect of the present ,
i (UREYPbMoreevep dire thiadilmdiekctricdayer 4&mpoba foapeddfons erdpiele other
silicon device layer 48 that conprises a part of a
f ulirdacirisredtcriplst preambimaféng] tharent, spelhasisBicomaitrides alymigpg oxide,
second device layers 48 and 68 overlap with thin-film
diabimievm pigride saperell@g thope thateniab eenprajly charagtoriaed d4s figagatas Any
effective single crystal structure for increased
c alepdsision frolyiiques yan be wied sych bedotsdndudingrhawicel \@peraieposition,
The second device layer 62 can beprovi ded by any
debysietivapecdendsifire, inddhaldéieng deposi ti on,
crystallization, and bondi ng processes. For exanpl e,
t he seddistithd dvi-Ebm fliglpetric Eyerciinis dgpospilied i aidegirdshfunpsioney thickness,
deposition and/or crystallization process as described
i ran ewarpbetsyilisomlarer ¢or-polyactstading sikon fyed i thepeierehlyideppsited,
havi ng Attorney Docket No. HON0O012/ US, entitled
SipaitadrN, dangliapd ateas) nart@iNcrysINggd|te frg FResOTURES g Cce layer 62,
OPTI CAL MODULATORS AND METHODS OF MANUFACTURE, filed )
ormnétpesverdeally (#ter etnicture] proRessiag defing adirecture siugh s PW Kipure 8 in
is fully incorporated herein by reference for all
paegvodiaes Wikl angspached theauensef ieiepiiane In partiquls at legsha pestion of second
provi ded by using a bonding process as described in
c @ﬂmndaywemwwgats@nmma parif aignictional giisplineqdulagon (Where the
havi ng Attorney Docket No. HONOCO [/US, entit]ed .
BERbRB! SERikevivg SR ASTAURIES oFeTiap BtlF oA vRISEINT RS 68ND
METHODS OF MANUFACTURE, filed on even date herew th, .
t Petvwepn)ily ayhlkized asyr dlcaivesimgiersrsty] sigciuge oriaeeiset eprdgy mobility
herein by reference for all purposes. Patterning may
bes desarebe pelawyn wamwdstadr Thesgeand devicaslpyar 64 pandiedrtvesd 8y any
removal technique to preferably create an island of .
sidesired techiqueriecladinerdegosition; @pstalligation, gipd bopdise prpeessest Fer
second device | ayer 62 nay be done in any

example, the second device layer 62 can by provided by using a deposition and/or

crystallization process as described in commonly owned co-pending U.S. Patent Application
having Attorney Docket No. HON0012/US, entitled SILICON-INSULATOR-SILICON
THIN-FILM STRUCTURES FOR OPTICAL MODULATORS AND METHODS OF
MANUFACTURE, filed on even date herewith, the entire disclosure of which is fully
incorporated herein by reference for all purposes. Also, the second device layer 62 can be
provided by using a bonding process as described in commonly owned co-pending U.S.

Patent Application having Attorney Docket No. HON0011/US, entitled BONDED THIN-



manner, such as descri bed above with respect to first
device layer 48 in order to achieve a desired

wore@ahzt7dpon performance. Additionally, a cap |BYEUSH85/028402
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such as silicon dioxide or the like is preferably

formed over the patterned secpnd device |ayer 62 as

shown. The patterning, doping, and crystallizing steps

c AA.M) 8 TRECTURES dF ORNORIFY Ad.edOPEH AGIORS ANSID IMISUR(BDS D&

second device layer 62 is preferably at |east
pMANGFAGTERY Stled ¢ri evenlddtelianevathd thoientye tisclodurd ofivhéchaniplly
potential diffusion effects of the dopant. Were the

f incetpoded iherein| byyefered@ forsallputpppes; Peitesnisemanr dbag by any known or
| ayer 62 is therefore n-type, and vice versa.

Pdefelpebdiljcon etrbing ecomdval éaehwigud ta preferéy ¢reatelapieldnd of silicon as
sufficiently to provide an n-type nmaterial suitable

f dre semed deviapdyiecsd. Dapihg o thesecond Heviesildyier ohmagabesdongn any
(anmor phous or polycrystalline) for the second device

| anpeter,GRclcanledsabaliobowd witdrebpgctde first dayimilayaed Ssin ofdents ablgeye a
pressure chem cal vapor deposition, for exanple. The

s desimdimdéndatve pedigreran®®? i s preferably patterned to

create a structure wherein a portion of the first

devi ce Addifieralld s @ataybesdaeck sselicohdioxfdgonthn dikais peftraldy formed
64 to the first device |layer 48 such as illustrated.

Theer tlenttehedsécdnd dpvief leyeab? ys showohFhepationingatopiagdnd an

be formed by conventionally known techni ques that may

i agktaldieing steps cag baperfopeed ingnBdesirét adgylalthdueh thegedond/davicg ayer
and the dielectric |ayer 60 to provide access to a

s 62 isgreferably hHeasf partidllydensialized bofae degng (o henipdrstany poteial

is preferably created at a point sufficiently spaced

f diffusian gifi¢ath af ¢herdoginbnWaereths firstuleviezlayqnd8 ésmt-iypd, the second device
absorption related | oss effects that can be caused by
midyert 62nmthercfat s-typtlrad size versh. desferolly] thy sseor@evise layes @2 1s doped
preferably patterned to create a structure so that a

c onifigientlyd6 poaile benyypewmiatked] ugatilhier sdo priicdavedylatipmy er

62 and such that the contact 66 is also sufficiently
spaced The sitivcnieateyial Gimerphoesgir oplyGgstalinayiferithe seeond device layer 62
potential absorptionrelated | oss effects that can be

c aarsledichysitsdigghany devhuigessuciStsrlon preswird qhemiselofape verosiiopHor

an aspect of the present invention that can be used to
preganpde Thewedood devigsityartsis arcéerabbspaiteipeditojcreafeigrsirpgivre wherein a
detail below. The contact 66 is preferably an ohmc

c pattiae bf thefirstdavich daykiri8rmetl bhaccessehienforingp Pgntach e the first
techni ques that may include form ng an opening 66 in

t Wevicedpyer 4§ such 8Qillngrapad o Theleontecicidys prefrablyeangbmenrgntact and can be

device |l ayer 62. Formation of such a contact may al so
formed by conventionally known techniques that may include forming an opening 65

through the cap layer 63 and the dielectric layer 60 to provide access to a surface of the first
device layer 48. The contact 64 is preferably created at a point sqfﬁciently spaced from a
guiding region 68 to minimize potential absorption related loss effects that can be caused by
metal materials. The second device layer 62 is also preferably patterned to create a structure
so that a contact 66 can be provided to the second device layer 62 and such that the contact

66 is also sufficiently spaced from the guiding region 68 to minimize potential absorption



i ncl ude any dopi ng and/or deposition steps in order to
provide the contact with any desired el ectrica

w@e@poed7des. | n accordance with an aspect of tPEI/US2005/028402
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present invention, the second device |ayer 62, if
provi ded as an anorphous or pgycrystalline material,
is preferably thermally processed such as by using a
f uelatatioss effsits thaben bf causedhycbuethemieals. Pirustise mmccordpnas wilh an
el ement, or |laser systemto at |least partially
c rysttadf Hiezpecstiiienvertoriont dakiecied tg providg 2ow Inps aoniaels prgaleseribed in
the second device | ayer 62 can be provided in
adotheddataiebelovt. AThg comamd 66 & npeforeldy en etunid eentact frwlgbai he formed by
commonly owned co-pending U.S. Patent Application
havivegtionelokmesy tRbeikeds thk mayORIOd formigSan epening|66 dn the cap layer
BONDED THI N- FI LM STRUCTURES FOR OPTI CAL MODULATORS AND
VBT HODSVIBFacsIlRACTIORE, defvict lgierdd. Eommtiomefesuties eopfactimay also
the entire disclosure of which is fully incorporated
hémcdida atmydapéfzend/ nodepboiionssteps puardsn trepgovidy the eantdst yith prlyedesired
second device layer 62 is at |least partially
celestrigdliprapedieso t hat a crystalline or polycrystalline
region with enhanced carrier nobility can be provided
in at |heasprdamceadthiay esngeirof thgpregént inventipni thé segondedgivienlayer 62, if
68. Accordingly, the second silicon layer 62 is
pedvaded bs an dnrpheds énpolycsisiallivo matedaleis preferabiyathermally grocessed
mobility that is at |east 20% 25% of the nobility of
t vechrrabp ping 2 fumre, ksl reastod, rerd theroml pieeessary kepted elpings, or laser
| ayer 48 (the silicon |layer 46). To further inprove
t spstentiuat keest partiplbr drpstaliegsdles sepand idgvigerlesfer 2 b kerpagivlziythe second
the second silicon layer 62 nobility at about 50% and
nolsvicpleye 62 edvl be pedvired 1m apcard@s with a dondintgeproagssias dpscribed in
silicon material for formng the active region of the
s ecnmdnly ovnedre-Heaging UeR PafertfAwphdstion kryingaitivptsy Doeket dp.
about 50% and nost preferably close to 100% of the
i AHQNILLAIS| ¢ntigdnd RENOEDATHINOFILVIETRIEETYRES BGR 6P THEAL he
first silicon | ayer 48. Any process can be used that is
c AFABUEAFPRGANTR ygmm& PR MW ASTURE, edq erem late kasevith, the
| ayer, such as an anorphous silicon |a rOV|de
a edérsidiseldswinds Whighyis f@uenvompsﬂ@@émelnz‘mrﬁ%wn@sfﬁr
at any tine after the second silicon |ayer is forned
MBrefovily, thessgondideviesieyes &p itst bash parfinyraxsiatigred prethptracegystalline or
carrier mobility of a silicon material, whether ,
c pbyeabthllineregion with enhﬁagﬁdwmiers@@bili%are@mwdeﬁu@ pi lepst an active
techni que can be used to inprove the

portion of the guiding region 68. Accordingly, the second silicon layer 62 is preferably

formed from silicon material that has a mobility that is at least 20%-25% of the mobility of
the material that is used to form the first device layer 48 (the silicon layer 46). To further
improve the modulation performance, it is preferable to have the second silicon layer 62
mobility at about 50%, and most preferably close to 100%. Thus, the initial silicon material
for forming the active region of the second silicon layer 62 preferably has a mobility of
about 50%, and most preferably close to 100% of the initial silicon material for the active

region of the first silicon layer 48.



crystallinity, such as by reducing defects or the
like, of a crystalline, polycrystalline or partially

w@eosdal7bi ne silicon |ayer for the purpose of PEPUS0FRS402
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free carrier mobility. For exanple, crystallization of
deposited silicon filnms by fugnace, |anp, and | aser
techniques at a sufficient tenperature and tinme to
achi evény pehssss cabegisedt Bet ingapelly afiahjopst partiplbnerysializieg a silicon
used. As described above, a wavegui de structure that

c daypr, pusb 9s an amqrphouhsiliepa st it prgvlgff téasiredimeRiffy] fpch
structure that can guide and confine |ight through_the
wapsglizetionsen bredone af aan Hme efterpseenad silgorplayes isfameed: Margpver,
the present invention. Additionally, in accordance
wiaphpreerss gppeliepftimproyisg thedfee carpint melility of yeiligandaatqrisl, whether
controlling and mnimzing |osses in the optical path
arceysiglioe poray mavbs uggda Blapeover, gush e drehnigye qge bgpsgd forimprove the
accordance with one aspect of the present invention

i woistatiaiy, queban baeaduging ddfests arithetlike.of 8 gaselingPalverystplbing or
the guiding region of the wavegui de. Such a contact

s euieluerestalingsilispe fagerde the pupese geigpeovingries ctrripigmobility. For
portion that connects an active region of the _
weayaelé, derstebizativa of deposited sibeen filew by iy, ynd lgser techniques at
described in nore detail below, such a connecting

s tarsuificignideropsmaivie sedtime fojaghjeyed dekieedslegrae ofi srstallization can be used.
extends fromthe guiding region of the wavegui de such
as f r omysalegsuibes] abgve 8 geveghidg struess thafcomprisena yiligRi-galatgssilicon
providing a finger-like structure, the contact portion
ofthin#im slerstiae thaiseen geifesnd cenfineighishraugitha yayeguife Hciurrran be
gui di ng regi on of the waveguide to ninimze potentia
oprdvidef it asserdance with Ehs prasere dnvertionp Addigenally, in pesprsignee with the

‘Moreover, using such a fingerlike structure_ al so

prPERFETH ényentiva, eptapt sfrycturgs fp eenirolling andgpingrizing stes Enthe gpfigal
fromthe guiding region of the wavegui de w thout

c ORiraEHreYIdRg- ﬂ’rﬁgerghm @icAgfadt giEecturo i agfordacifronsrasperiof the
wavegui de as described in nore detail bel ow One .

e PEaTiIt énvertion inchdes wepniact Rostinm-thal i ppased pragh famy hp guiding region of
structure 80 in accordance with the present invention

t e wavaghidre Suslhricqniet siupiyeialse Repfesshly mglndgsgsemscting portion that
shown schematically in Figures 9 and 10. In Figure 9 a.

t spnusen aneative rogioawi the warrside ike povtact Rpgiicn- Forferally, g described
cross-sectional schematic viewis shown. A wavegui de 8

1 i goegrelsiad belRwt suph & pmeing strysBrqepEprsgspdingsizlike pitgppure that
thin-filmdielectric |layer 84, and second | ayer 86.
Trestepgsfeoguihe guiging ragiongf g‘ﬁ Saxeguide gecdiag fan agyidingpdeg ¢f 2 layer of

can confine and guide light in a propagation
d ithe@@qv,egﬁc’ie. By providing a finger-like structure, the confact portion of the contact

structure can be spaced apart from the guiding region of the waveguide to minimize
potential optical losses as described in more detail below. Moreover, using such a finger-
like structure also provides the ability to space the contact portion away from the guiding
region of the waveguide without compromising the guiding function of an edge of the

waveguide as described in more detail below.



generally indicated by reference nuneral 88 in Figure
9. The layers 82, 84, and 86 preferably forma

W@ 2006020701 nsul ator-silicon structure such as tPOBEES2005/028402
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descri bed above. That is, the structure 80 can be
integrated with the structure® descri bed above and

formed by the sanme techniques in accordance with the

pr esenOnf gxasplq i layrred siliggreingidater-ylicop sirectse SQingreydagps with
includes a contact structure 83 for the |ayer 82 and a

c Sstpagsenténvention ihas carbefused forainigizig opleral Ingses iy ghgvn schranatically
contact structure 83 includes a contact portion 85 and
aicawecy msg Op &t Figws 99son whematis yised shopmang tﬁﬁl&&% 10 a side
portion 85 to an active region 89 of the |ayer
Aregs-segdonghighpmatip iswdbrhosat Astaaetds 18#10Wﬁélvauar@£eraéﬂy includes
contact portion 9 1 and a connecting portion 90 that

c &h by ersd2s hin-dprigledtriglayer fhrind sepondiayes SecHheeavetidedt is

93 of the |layer 86. The contact portions 85 and 9 1

p p@f@t&bﬂeylgemﬂh% & cp gamfiye adpaigle lighfitnmpropsegtiendireption,
formed in accordance with the invention as described
alsengeally Ardicgted i referprce wamergl féda Figure 9 ril"chre dryess 8 faid§o

edges that function to guide |ight agatln t hrough
t Recfeneh)e fpup @ siligontinpfatealiqop sl5ciae Fus a P@@FW& ecta@ovq gfhat is
particul ar, an edge 95 of the | ayer 82 and an edge
ofthetstractirg p@ cargs lvmrkte@ v the éﬁruqhaeiﬁe&ﬂba%abavwdofpwd by the
function on one side of the waveguide 81. A guiding

f gaveq icemiques ippesprdgacs Wi thherestherendPe of t he

illustrated waveguide 8 1 by an edge 97 of the_ | aye

82 and Thp layergdstogtugsy 80tm€erfﬂay drcluges 2 geutapt stryedpre §2 & thetlf%er 82
connecting portions 90 and 92 preferably extend .

| g ganfagt suefirier§f dordbrylaxer §8 Amghown, the Estjugtare,83 ipcipdes a
particul ar, the connecting portions 90 and 92 are

peeftest agbgn %ﬁe@dgﬁe@lea@lgw%@e P2 thak gonagdts the epnist Roﬁéln 85 to an
electrically connect the contact regions 9 1 and

t Reftvearedonpot thednettZaviblyo: rY BRIVRHES wBlEr A EEed/ éfr?h@FS a contact
the waveguide 8 1 to therespective active regions 93
apertign 91 md agemRgcHRE RPN ﬁbaé eqnnﬁféiﬁhe fntagt Iior%%f’ lgs anygetiye
fromthe active regions, coupling between |i

pacsiIY o Hs T ¢ qaél%\m%@:upa“ém@ 8% aghl Erﬁ%raéw%lelﬂse highly doped
regions 9 1 and 85 can be m nim zed thereby_m ni m zi ng
oftEs Pnd 498 be EormpdiingreoudaarsHities fysntiop aﬂ@@?@é@ atroefe
accordance with an aspect of the_ present invent

Becaus eSS ﬁlefwaﬁg@rd%ﬁl rasludss Bpdngsiersiha rﬂmb?fs’wtgﬁlée light
gui di ng edge fromwhich it extends, the connecting
pEFIPRENEE Bepugh thegraveguide §i &t BF RIOPIEAtRIIGHIER 880 It praiicular, an

sufficient guiding is_provided by the
edge 95 of the layer 82 and an edge 96 of the layer 86 work together to provide a guiding

function on one side of the waveguide 81. A guiding function is provided on the other side
of the illustrated waveguide 81 by an edge 97 of the layer 82 and an edge 98 of the layer 86.
As illustrated, the connecting portions 90 and 92 preferably extend laterally from
the edges 98 and 97, respectively. In particular, the connecting portions 90 and 92 are
preferably designed as finger-like structures that electrically connect the contact regions 91

and 85 that are positioned away from the active portion of the waveguide 81 to the



particul ar guiding edge. For exanple, referring to the
| ayer 82, the guiding edge 97 is interrupted by the

w@oeezt7dng portion 92 of the contact structurBCBBS200$028402
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particul ar, the connecting portion 92 has a width 99

that effectively interrupts id4se guiding edge 97.

Preferably, the width 99 of the connecting portion 92

i tespdetseastivoreging 93418 SHeBesraciss B coMt rasiprs Ebar@cﬁétaafér from

region 85 away fromthe active region 89 of the

wiheaglitiedegi@n, eoaplingderean lighs gasping hough B rpreaniie hepd the contact

guiding of light through the wavegui de 81. The contact

stagipns B endgSP cembe pimingised herely mininipag gptirel lawaivad piyiding

that both of the contact regions 9 1 and 85 can be

s pHicisat depiges in pecordandsevilicopiagrectad fiegresett IVRtiaa Bseaypezich a

and sufficient guiding within the wavequi de 81 can be

p fiogardiksel extamnsipp ffterruptstibe gradiegedge Fomydrgibexieds, fissoprecting

are preferably designed so that the edges 97 and 98

ppovipesdOsnd P2 e ereferehly disisgedsedhas sfisient gyidee is prgrided by the

passi ng through the wavegui de 81. Preferably, the )

c partigdar eyidingeedgs: &F o8 gxamplos et tapherleyen P Mg suping edge 97 is

propagati on direction 88 fromthe contact structure 87

amderaptediby thercemectingpertion 98 of the hentashsirugire & dupartivuda, tha

and 87 can overlap if desired. Mreover, any nunber of

c oprnaging pprtign O hass veidth 98 éhapeféagtivedy inferrapts fipapislingzdgmy -

86. The contact structures can be positioned on the

s Erederslilyl gheofidth 98 ofithe somicelmg@ertion 82 siboRsN sethatthgbepefits of

posi ti oned on opposite sides of the waveguide 81. That

| spacimayherponipeiregitn &Huaviee ropftheasHyaiegion 89 afgtbwe\segulde 81 can be

provi ded on one or both sides of the wavegujide 8 1 can

becaligadgvitheut comgroaising ghiding efdishih@nsythe waveeiign 8k abhersantact

provi ded by the wavegui de 81. Al so, the connecting

petruduin 87 ¢ badesigned iete fagieimanpa 59 thatkath efdhgeeptgcrggions 91 and

connect the respective device |ayer to the contact

p & cardiespacyd apagtrfepngibe agtive ragipnebihe fagepuidsragd sulipignt suiding

l'inear path as is shown in Figure 9. In any case, a

c oithincthe wevegwdedlecap be prorided- chghis, thegaaiet Hrctugs 83 and 87 are

preferably designed to provide an electrical, .

c orpfsdtly eesignes serihas theedgds 94 pnd S8 videsufficipnbariding and cqpfgring of

of a silicon-insulator-silicon thin-filmstructure

t tight pegsingrioughybe waieRdie ¥iot i cal | osses by spacing a

contact region of the contact structure away fromthe .

act i ve Prefejpldn. thexonigeisirpeiwe d3 istspreed ansttabans Bisironggasiog girection

and 9 1 are spaced agart fromthe wavegui de :
88 from the contact structure 87 and at different levels, but the contact structures 83 and 87

can overlap if desired. Moreover, any number of contact structures can be used for the
layers 82 and 86. The contact structures can be positioned on the same side of the
waveguide 81, as shown, or may be positioned on opposite sides of the waveguide 81. That
is, any number of number of contact structures provided on one or both sides of the
waveguide 81 can be used as long as a desired' guiding function can be provided by the
waveguide 81. Also, the connecting portions 90 and 92 may follow any desired path to

connect the respective device layer to the contact portions, 91 and 85, and do not need to



81 in order to help to mnimze optical |osses that
can be caused by netal that is often used in the

w@omvbazt7oportions 85 and 9 1 or netal that i s PGEUS1005/028402
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form conducting lines in an integrated circuit. That

is, by spaced apart it is neapt-that the contact

portions 85 and 9 1 do not overlap with any portion of

t Hellosca linger nagrgsanshosD inglfigurg 8. Inggng gases df@ntagfipfraehire of the present
portions, 85 and 91, are preferably positioned away _

f ioentidngs preferaply desighagrie progige amejedyacal eqynedtigp to an electrically active
interconnecting circuit lines can be routed to _
niregiieri of @ layier eff 4 sificamrinsulalor-fitiean thipdidm strygtypibat coptrelp peiential

In one preferred enbodi nent, the contact regions 85
aritil psseaby tracingr pasipchisaigr ofithpantashstyeturpav@y SRanhe acH s
the active portion of the guiding region to prevent
coegdni ng between a netal in the contact regions 85 and

9 1 and the optical signal. However, the contact _

r egi ongAsgEentipepdothd consast prationp 8¢ anfl Hyrae traged gpart fiem Hheryayeguide
portion of the guiding region by any distance _

s $fl fin erderre help tacminimied oritiea) dessesdlpé candecaispd Prigetakihatdeqiten used
light in the active portion of the device and netal in

a it thacemsact pegpusrdS and 5’ eenvegtal thahis ueesiie em cordyictneslingsingad

9 1 can be spaced apart fromthe active portion of the

d éntpgretedeirautie Tha ifpbrospachidfapat b stmegnicthay theecntagigortions 85 and 91 do
illTustrated in the Figure 9 enbodi ment, the connecting
paot ¢vsriap With anycdogipn eﬁgne Adive Fegrans RRandde Ad®, e conipchprytiens, 85
of about 90 degrees (normal to the propagation
diané8t.iatsrprefgpbly Apsiigoned meaydFonp e Retiye regirms.c9iAd 81 isphat
portions 90 and 92 may extend fromthe edge 95 at an
angfbrsoinegtingteifeiit 109s epace svted(taminmize qUAIAE eptigpltlpsses from such
respect to the propagation direction 88). For exanple,

i fingy. Jupee mreferred ¢ralpdineeyt, theicpataqt regiogs B end il anay(hg ferged about 1
shown that includes a wavegui de 102 fornmed froma _
dineiFier pr ineredegy Eem|thpashvernion of Hgicuidag resaqn e srevent paipling
and second silicon layers 106 and 108. The thin-film
stbetieen? Betebo thegpnige! rpgieny S8 anfl Uswd sheraPBend sigmbvEOVE e the
respect to the thin-filmstructure 80. As shown, the

| #peipetdegians §& erd Y capbe sndeqdpautirem Heaeveorion ofithe guidipg region
and 112 that conprise contact regions 114 and 116,

r &y e tistgrgeputiigignt jp pontrgklogsshdisde Fayglingoretvesn lightan thp active
120, respectively. The connecting portions 118 and 120
ofpottiea of B deiee 2l meted ipracentactaegignd Moreoven Hhesanterd s5eime 85 and 91
as shown, to extend froma pro agation directign 122
atcambe spaepdaparhiiem the aptieportiqp Af 5@ Hisgroe dlas spap oodiffFrgrfdistances.
angle with respect to the propagation direction). %y

form ngﬁstlﬁléstr@@ﬁ fdhe F],ggre rg@ pdiment, thg connecting portions’ 90 and 92 extend

from the edge 95 at an angle of about 90 degrees (normal to the propagation direction 88).
Also, one or both of the connecting portions 90 and 92 may extend from the edge 95 at an
angle less than 90 degrees (an oblique angle with respect to the propagation direction 88).
For example, in Figure 11, a layered thin-film structure 100 is shown that includes a
waveguide 102 formed from a dielectric device layer 104 sandwiched between first and

second silicon layers 106 and 108. The thin-film structure 100 may be provided as



and 120 at an oblique angle with respect to the
propagation direction 122, it is generally nore

waledobiozaabt for |ight traveling in the wavegui deCT/US2005/028402
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reach any of the contact regions 114 and 116, thereby
reducing the possibility of op§ical |osses due to
absorption. The present invention has now been
d elsgcripgseabovi with reerfeetrie thedhin-dilm styustuas 8@ Myodiperibeslayered structure
thereof. The entire disclosure of any patent or patent
appf inchidpsentaetshngtiree Opad bl ihitgomprissisonthal eagiqps d bt and 116,
by reference. The foregoing detail ed description and
exempitizelyagvell seemmeritipg porfien 118|aad il 20, ragpectivide r Breaaunentips
only. No unnecessary limtations are to be understood
t trertiohs b and 2Qwfthe doataglspngtens 1 10and hBkean R designgd.jap shopa, to
art that many changes can be made in the enbodi nents
desiend Hew awraphgation disgstien 13@t i angletthas isdess phan §P degrees (an oblique
i nvention. Thus, the scope of the present invention
s hoglk With sespdsé ol thewroeadation diragion). rRjciorming thd eeunestinggportions 118
herein, but only by the structures described by the
| and L{kps 2 pblidne angleawithsresneel te e peapagalion ditrctornt22; 1 éssasnerally
structures. Wiat is clainmed is: 1. A silicon based
t hare fiffiouit Sordight travelinigan the wawgeuide &9 repabdny af e contdetregions 114
thin-filmstructure conprising: a wavegui de having a
gundil Hy theeely teducingibe pessihiitaofoptigat tosseh denib absorption.| i con
thin-filmstructure conprising a dielectric device
| ayer Sndwsahgeriien hesaewftieprsdeseribgd with oierensete seyeral
devi ce | ayers; and an electrical contact structure for
atembedimentg thereof. Thisentire diselosuriofgny patent o patenbapplieajior ientified
| ayers, the electrical contact structure conprising a
c dareinds hyppehtinesmposaiell by refsrenese tliha épreaeingidgiailed description ansh
portion conprising a metal region spaced apart from
t Issargpiesdiargbace givenfon tlatity of vpigestpndie omndNe Henceespaie imjtaipns are
portion extending froma guiding edge of the at | east
oriebgindeisieod therefromn & ve B be pitparent tp those tkelled dwthp ay dhatmepnyhanges
electrically connecting an active region of the at
| sarsbe BRfs ipthe embodimenis despithed wetbewy denarting diemdthe scepe of the
| ayers to the contact portion. 2. The thin-film
stipvgatian dhas thelsegpmod the presgnginFentive shpylddiohle liraigrd o the structures
t he

described herein, but only by the structures described by the language of the claims and the

equivalents of those structures.



waveguide is at least partially defined by the active
region of the first silicon device layer. 3. The

wa bioe/0d7dbm st ructure of claim 2, wherein the geCTUSI05/028402
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region of the waveguide is at |least partially defined

by an active region of the segend silicon device

layer. 4. The thin-filmstructure of claim1, wherein

t NWhatgrplewed g portion of the electrical contact

structure extends laterally froma direction of

pr opagalt i on Avtilitandgiasedithin-dilig Rirychise o pripptigalmeqsiubior ghe thivefilm
wavegui de. 5. The thin-filmstructure of claiml,
cofrpetitsicogprzsifg r st el ectrical contact structure for

the first silicon device |layer having a first

connect i ng Poravegndederiagdighiging regancoginiielgiysibetgansyfator-silicon
the first silicon |layer and connected to a first

cont actthipdimisgvrtere appirisingg diclaviricalevieelgy e ransiyached beiyeentfirst
fromthe guiding region of the wavegui de and a second

el ect r iapdbecogshtlspen detiealexers; end or t he second silicon

device | ayer having a second connecting

por t i onext eridiclegtrital samtact gictirniyr etdepst ke of the fisw ewshrgeond silicon
silicon | ayer and connected to a second contact

por t i ordegiordayirs itheplegtrivel cantagtstyiaiure sqraprisihgasantact ppidion and a
the gui ding region of the waveguide. 6. A silicon

based tcainecting nertimy the contast pastiongemppsing aineabideiona sraeed apart from
the thin-filmstructure conprising: a substrate

conpr i shagpiding jegion okthe weraguidesnddbe ¢anpesting portien extdnfingrrom a
dielectric device layer on the first silicon device

| ayer cuidingedgeeidha aiteast onpef thefirst 4nid|spaond silienmtdeyige layers and
devi ce | ayer having a predeterm ned thickness to

f unct i clecisicell qenrecipgIAditRaregifn eftheositsastane abidie fiest and;seqend
second silicon device |ayer on the thin-film

di el ectsilicen dewidedayersay the cordaohprigui de havi ng a gui di ng

regi on, the wavegui de conprising at |east a portion of

the firkst siThedomiilipyirustird efyedaim 1t weereinthegpidingiregion of the
dielectric device |ayer, and the second silicon device

| ayeepguiderigiatagesicagiatly fefimed byothe agitve segrancof thedirgt gilicerdevice layer.
first silicon device |ayer, the electrical contact

struct Bre hakhettan-alre sirichie ofisiim 2 ovheagin thy suidmg emigny the
portion, the contact portion spaced apart fromthe
guvayegvederiegilesat neftially defingd byyan aseversgion pkihe spaenslstlicagdevice layer.

4. The thin-film structure of claim 1, wherein the connecting portion of the
electrical contact structure extends laterally from a direction of propagation of light through
the guiding region of the waveguide.

5. The thin-film structure of claim 1, comprising a first electrical contact
structure for the first silicon device layer having a first connecting portion extending from a
guiding edge of the first silicon layer and connected to a first contact portion comprising a
metal region spaced apart from the guiding region of the waveguide and a second electrical

contact structure for the second silicon device layer having a second connecting portion



portion extending froma guiding edge of the first
silicon device layer and electrically connecting an

w@eaboz7oegi on of the first silicon device | ayRCT/US200$1628402
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contact portion. 7. The thin-filmstructure of claim

6, wherein the connecting regepn of the electrica

contact structure extends laterally froma direction
ofexisnéipatjermn ik gRidE efigegh thersagond giicerhlayey gidiionrecisd ita ¢ engonsifcontact
the waveguide. 8. The thin-filmstructure of claim®6,

f (ottion compAIL asheiy regigespated apdrisfeam the gidmg regaen of the waveguide.
structure for the second silicon device |ayer, the
second %l ect sikiepn bassd i1l strusbrefor amenfice gnogulaontth thin-film
portion spaced apart fromthe guiding region of the
wetreie denprgmgA et hod of making a silicon based
thin-filmstructure for an optical nodul ator, the

met hod conpraissbsigtecpaptngssfirgfsilisppdeviiedtycs substrate
conprising a first silicon layer; depositing a

t hi n-fi| m diadhiadtimdiclachipaleviemlaygsen therfist sidicon degige laggreof the
of the substrate, the thin-filmdielectric |ayer

havi ng sabsppledhe dmniilmediclediiicdavics sayerduping p predejeranineddiipleness to
silicon layer on the thin-filmdielectric |ayer;

f or mi nduustiomylyn a daveeaide efanonigal@rodylatosgi on, t he
wavegui de conprising at |east a portion of the first
silicon | ay@msecondgiligey dgvice lapierpndhedbinrile diclspic degprilaydie
second silicon layer; and formng an electrical
contact st r @ctayegudedaving a ghifing regin) the avdgaide porpRyising at least a
providing a contact portion of the contact structure

at a predienef e Hesysid¢ontdgnieelayerdhs binefilgudielpie deaige dayerpsnd the
t he wavegui de and el ectrically connecting the contact

por t i orseesnd siHeonclsiealeversanduct ure to an active region

of the first silicon layer with a connecting portion ,
of the cont &gelegftipal cenizcs sipiptuascortha ifiFg sitipna depmlarari thgyelectrical
portion froma guiding edge of the first silicon

| ayer . comact FtirRbayig aoPnigstRPHion and 3 gonprsting R, i gepntact
the step of form ng an electrical contact structure _
for th@ogiea émedsqplaqg &em thegrding tepien af the pveguire enskthgequnecting

structure for the second . _
portion extending from a guiding edge of the first silicon device layer and

electrically connecting an active region of the first silicon device layer to the contact

portion.

7. The thin-film structure of claim 6, wherein the connecting region of the
electrical contact structure extends laterally from a direction of propagation of light through
the guiding portion of the waveguide.

‘8. The thin-film structure of claim 6, further comprising a second electrical
contact structure for the second silicon device layer, the second electrical contact structure'
having a contact portion spaced apart from the guiding region of the waveguide.

9. A method of making a silicon based thin-film structure for an optical

modulator, the method comprising the steps of:



silicon | ayer having a contact portion conprising a
nmetal region spaced apart fromthe guiding region of
W0 b@enzoregui de. PCT/US2005/028402
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providing a substrate comprising a first silicon layer;

depositing a thin-film dielectric layer on the first silicon layer of the
substrate, the thin-film dielectric layer having a predetermined thickness;

depositing a second silicon layer on the thin-film dielectric layer;

5 forming a waveguide having a guiding region, the waveguide comprising at
least a portion of the first silicon layer, the thin-film dielectric layer, and the second
silicon layer; and

forming an electrical contact structure for the first silicon layer by providing
a contact portion of the contact structure at a predetermined distance from the
10 guiding region of the waveguide and electrically connecting the contact portion of
the contact structure to an active region of the first silicon layer with a connecting
portion of the contact structure by extending the connecting portion from a guiding
edge of the first silicon layer.
10. The method of claim 9, further comprising the step of forming an electrical
15  contact structure for the second silicon layer, the electrical contact structure for the second
silicon layer having a contact portion comprising a metal region spaced apart from the

guiding region of the waveguide.



