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SI LI CON- | NSULATOR- SI LI CON THI N- FI LM STRUCTURES FOR OPTI CAL  MODULATORS AND
METHODS OF MANUFACTURE 5 Technical Field The present invention relates to
silicon based optical nodulators for optical transm ssion systens. Mre
particularly, the present invention relates to silicon based thin-film
phase- shi f t erwethig@igies for use in optical nodul ators ad/ usedokesse:of

maki ng such structures. 10 Background The state of the art in optical
comuni cati on networks, particularly that related to photonics based
conmponents for use in such networks, has advanced rapidly in recent years.
Present applications require, and future application Rpeket Nej&PAOH32 hat

these communi calgrpoNINSUEATOR SILICONMINFIM STROCTORESROR GPdCAL el 15
| arge anounts of data %OBU%T@WDWMOF e networ ks need

to be provided in a cost efficient manner, especially tor "last mle"
applications, a great deal of effort has been directed toward reducing the
cost of suchs photonic conponents whiléchnicahFiald/i ng t heir performance. Typi cal
opti cal conmuni cati . i o [ . hackbone of
t he conmuni cati on s?@? B%%é@%‘é‘géﬁ%ég?g%ﬁp@g&ggﬁéytaﬁg?l‘%?natérp??étg g"cgfl rates
that far exceectrmkmissiarpsybtiem.tMespeﬁicMﬁ theeesent crventionirelates osilinat wor ks. A

typi cal fiber ti.G, based, co ni cation rk.uses transcei ver. based
system that i @‘F?ﬁlélélggé'&pp%ﬁ'gmﬁrps Crgies %g? %e\eq?%éfcrgl(s)%?dé&g) gr%eﬁ@gis feneral Iy,
a transceiver rhakidgstiésstactuteght source, neans to convert an el ectrical

signal to ap optical output 25 signal nd means to convert an incom ng
optical sighal back to an electrical é?—%ﬁ%l A laser is used to provide the

spource of |ight andTae smelof thé are in aptited esnintnitatiomnétwerks, ipaiticulahyotistce i nto an

i nformation bearjng. signal ontrollably turning the light opn and off.
That is, the nﬂﬁlﬁﬁegpd?h%@%f’/g%f‘gc%?@nﬂ ‘EXSFPbeWnlIE ﬁ%w?rgi'(?f” %&‘ﬂ?e‘g data stream
of ones and zequgidly i faednt Yearst Ped3ediaplicationy requitd, e futapd dpplicatibd will The i nconi ng
optical 30 signal c be convert.ed. back tq an el ect.rical .signal _by using
conponents suc r‘ileﬁ%“degﬁ’pﬁ%?sﬁcgf‘@“ﬁﬁﬁwﬂﬁ%sfewg?‘éec‘f‘%?@gqlﬁtyé? ﬁeé’gg"‘?ﬁ@rsi gnal .
Commrer ci al | 5 uggge apdunGI daDatHigh rates MbRowr,iHeedusd thésh hettorkis absditebdased

devi ces or conpound sem conductor based devi cas suf:h as. the I11-V based
devi ces 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
20 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
25 signal, and means to convert an incoming optical signal back to an electrical signal.
A laser is used to provide the source of light and a modulator is used to turn the light
source into an information bearing signal by controllably turning the light on and
off. That is, the modulator converts the light from the laser into a data stream of
ones and zeroes that is transmitted by a fiber optic cable. The incoming optical
30 signal can be converted back to an electrical signal by using components such as
amplifiers and photodetectors to process the signal.
Comx;:ercially used optical modulators are either lithium niobate based

devices or compound semiconductor based devices such as the I1I-V based devices



"WD 2006/ 017847 PCT/ US2005/ 028391 -2 that use gallium arsenide or indium
phosphi de material systens. Additionally, silicon based devices have been
devel oped. However, silicon based optical nodul ator technol ogy has not been
able to provide a device that can performlike the comrercially avail able
products and many problens need to be sol ved before such 5 silicon based
devi ces can cwopews®1s#t h the commercially avail abl e |itHrawsoesiozsss and
conpound seni conduct or devi ces. Lithium niobate devices rely on an

el ectrooptic effect to provide a nodul at3ng function. That is, an electric

field is used t hang?m%régsgé fra&&lﬁﬁ{‘?hc;s@ﬁtﬁéaag?xflalEy&lﬁenﬁ?h@?@%ﬂl&hr ough whi ch

the light is tr evices ar
Mach- Zehnder i nsiiedndhasedeleeites have biebn devtlppel. dfowewd dilidon basedapticalcom ng | i ght

source is divided d dlre te t hr,ou t WO _separ Ve el ectric
field is applielf© fl‘aq ﬁtgchd'f’ as {/ &'81;]’&3 0 Proyie ({%Xlﬁﬁ a?ﬁ%'?qrﬁ“dﬁfﬂﬁasm ng

t hr oughdi t to Etﬁnhrﬁttf:laﬂ)f avﬁhﬂﬂepmﬂdchfandammcﬁrﬁmani eed to tgh;blveﬂbdfdﬂe snni%lher
wavegui de. e . enmerges fraom.poth wavegui rec i nes,
interferes \c?gst F‘il £v1495 cgp ?o&pﬁe\yg P"t‘iﬁ’?’r‘i’?‘?’i‘dﬁg a'ﬁﬁﬁﬁr\“l’ﬂ‘f“ Pi§ cont rast,

conpound sem CoaiuGnPburdasAikoftRiioE@Sicee! y on an el ectroabsorption effect.
In this type of nodulator an aé) |ied el ect%f'c field is alsp used, but not
to vary the refractikithiympighatedevicaerelyonap eleptrqoptigefist ‘RrVie@he | i ght is

propagating. | np@dasmpFuitos el"ﬂa@ﬁ%%fe%@n& ﬁemt@adea&o chanpeMeqefrictive fndlgd d can be
used to 20 shift the absorption ed e material so that the materi al

e
beconmes opaque QHhama‘ﬁa?lt%%Bhaﬁ‘m%ég@‘@h{jﬂ%"%‘lﬂg{ Thase devieparapgially by turni ng
the electrigg f'gﬂod.demasaar}da&fienm&ehlﬁxtertMEer cmmb@yp& Hf:ﬂ@diué?& alfcdihg  One

probl emw th |ithiumniobate based nodul ators is that as the data transfer
rate increases gt squieesediyided ansidireeted thypygh wezqr%ewe\fegwﬁes dwmalestric t sel f .

This 25 requirggq ?%glléﬁq& Bhd GFthe Mh&%e@%éh%ﬁs%@&% ligRphssink S Wm at or

devi ces are often grated into packages w th other conponents ere the

demand for snal begut ofphareyith rspeetdo the lightrin the gther yavegwide Whenghe lightr ef or e,
To0ul At O ST 26 |ierfes GRAPSRwaveRALNIEA reBEABKAIT Whicfrds kel oDt e based

devices is that the drive voltage can somewhat hi gh as conpared to
compound seMco?f&lgﬂYememtbébshtAffcordl ngI y, 30 because a | arge vol tage

change between the %cﬂ'ﬁgéféofrlngﬁhﬁfﬁmiéndm{oﬁbgéééévﬁﬁ1Iel dd anProduce than a

| ower vol tage sw ng, tronics required provi de such
electroabsorption effect. In this type of modulator an applied electnc 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

20  shift the absorption edge of the material so that the material becomes opaque to a
particular wavelength of light. Therefore, by turning the electric field on and off, the
light can be turned on and off.

{ One problem with lithium niobate based modulators is that as the data

transfer rate increases for these devices, so must the size of the device itself. This

25  requires more material, which can increase cost. These modulator devices are often
integrated into packages with other components where the demand for smaller
package sizes is continually increasing. Therefore, modulator size is a concern.
Another problem with lithium niobate based devices is that the drive voltage can be
somewhat high as compared to compound semiconductor devices. Accordingly,

30 because a large voltage change between the on and off state is more difficult to

produce than a lower voltage swing, the drive electronics required to provide such



"WD 20061017847 PCTI US2005/ 028391 -3 large voltage changes are typically
relatively expensive and can introduce nore cost to the systens. Conpound
sem conduct or nodul at or devi ces can be made extrenely small and are not
limted by the size restrictions of |ithium niobate based devices. 5

Mor eover, these devices can handle high data transfer rates at relatively
| ow drive ve¥e mgeei7sd4ionwever, current conpound sem condeCTws20bsaRed1
nodul at ors, such as those fabricated fromthe indium phosphi de nateri al
system have certain limtations. In paBticular, these devices can suffer

from probl ens rel at tq couplin | osses and i.nternal. absorption | osses,
whi ch are gener¥Bf 3"/&%5? %@égﬁﬁww f%i‘iva%e’irﬁnﬂ‘(eoaﬁ‘gtc@ ‘ngi’(ﬁe E‘g(f’lcﬁ’gs. As an
addi ti onal conggthe.sydtdiss: pr ocessi ng and manuf acture of conpound

sem conduct or based devices is expensiy en conpared to silicon based
devi ces, for exanpCOmPRYRd ssricendy t?’d?“[“ﬁ’i‘%q%cef ﬁgfberm exremehesmills o

materi al s used ah@hre noORMIGIANYY tieRiFe RBHUGISQF liIBRACHISEd el RvR¥PENSI ve and

difficult to handle. For 15 examﬁl e i,ghd' um phosphi de wafers are presently
limted in SizeeRererpkess devisesgan hapdicd)igh datadransiserates gtaclatvelidowdi¥s | ow cost

hi gh vol ume maRyfiaset. URbw& es tdfehCdbhipodid semRBRACOEbAsd hbdflatdsah 2N
potentially be obtained in the manufacture of silicon based devices.

Regar di ng si | i dense FrgeatedfEammie indiyn Phesrivdeimeaisriabyysten. hayagertaitor . can be 20
desi gned to fu'?@-giaﬂ&s! o FartiR AR fesd ARced San Shifdr 6 Priob1ttiEreldRd t@couplidyl UM

ni obat e based vice functions in that it changes the phase of the Iight
passi ng t hr ougtosaes angd inseyual alesorption lossgh adicharpgeneralbynet presentiadithivm g

Mach- Zehndep, t leGQevi@sfOorm a nodulator. Mre particularly, a silicon
bﬁsed devi ?g géﬁ%ra%fs\fﬂfﬁo%e_r ates on the principle that a region of high
charge concent r at i oAs emaddisional sentempthg protessing andynanuéacife afSompgyind i n t he

wavegui de. I np i ’ nﬂ@ﬁ’aﬁ& i i rtional to
t he charge congéer}rllit%%ul}{tgﬁﬁag%ﬁﬁge&]%e g?sﬁreggﬂéﬁﬁe (o artggg&;rne%?eg%ﬁgégh di rection
in which the Iforghample.aQrg reasoff Fayshis is ithat mbny ofthe base materialsused foegi on of
sufficient char | ; ' t, - k: ' egtlal to be
able to i nduce°§‘§%%“§§3é%‘ﬁ%ﬁg§?ﬂ%§%§’ iaéﬂxéa‘gﬁgg?dh%tﬂﬂ&%k&saﬁ;ﬂ?tﬁ%rhe phase by
an anount d§i t aicdnaplé, andiuns phosphide viaders ar8 Pregenitlyl dimited insizednd/the dargestn or der to

provide a char geg 1 2000 AhE AhkRaoW 36T nieR Y olfiR iin g Wicult as

compared to that which can potentially be obtained in the manufacture of silicon
based devices.
Regérding silicon based technology, a silicon based modulator can be
20 designed to function in a manner that is similar to the way a lithium niobate based
device functions in that it changes the phase of the light passing through a
waveguide. This phase change can be used in a Mach-Zehnder type device to form
a modulator. More particularly, a silicon based device generally operates on the
principle that a region of high charge concentration can be used to shift the phase of
25 light in the waveguide. Importantly, the magnitude of the phase shift is proportional
to the charge concentration and the length of the charged region in a direction in
which the 'light travels. Thus, the ability to create a region of sufficient charge
density to interact with the light is essential to be able to induce a phase change,
especially one that can shift the phase by an amount suitable for use in a Mach-
30 Zehnder type device.
In order to provide a charged region that can be used for phase shifting,

these devices are known to use injection of electrons or depletion of holes in a



‘these devices are known to use injection of electrons or depletion of holes
in a WO 2006/ 017847 PCT/ US2005/ 028391 -4 diode or triode type device. In
operation, a concentration of charge carriers can be provided in. an active
portion of a guiding region of a waveguide in these devices. One paraneter
that is inportant in a silicon based optical nodulator is the speed in

whi ch a char g¥@ 290681847 can be created and subsequent |y &CTAISPAREI15 Mor e
particularly, the speed at which charge carriers can be generated as well as
t he speed at which charge carries can be4emoved (by reconbination, for

exanpl e) af f ect fodd? nffae Bbe AbviddhinF bpermidh ladbaRtridN oP&haRR hkiRe, These

generation and reconbi nation processes are directly related to the nobility
of the charge kenrevideddn anactiveposinnaf @ griding Fegionqf 3 Wavemnidg i thesehese devi ces

use both singl selfel 'MtpRlamsiel éhstqpingaaﬂmﬂ% stiddf] b8t By&sﬁhooﬁﬁd{rqph and

because the nmobility of charge <carriers in non-single crystal siliconis
signi ficantly |theeneed inarhichrachargesd tegipy castbe creptgd ged subsequently dissipatédagl e cryst al

silicon, thesl [EBE'!HI' - Si l%?: . j !mgtelylim'ts
the rate at es\/\hioﬂgﬂ ec{c’}é\yf‘{’@%rgggeﬁggrr%@ﬁ}fgt ?@ﬁ@%ﬁ#ﬁ?&% %\[3& e present

i nvention thus the speedia svhivhichargecaoies eah heltemoved (by recomhinatiogdort hat are capabl e
of rapidly creatin [ enoyvi . [ . i.on for shifting the phase of
li ght passing t%?xgﬁlaﬁaﬂgﬁté&seﬁ’eﬁgtg b‘?@&pﬁﬂ&z%g{é?%abﬁ é’rf%i °§' ‘l!ﬁeéep_resenjt _

i nvention, hi ghgehératipheand yecapbinativh prosebsé¢satadisciiyonelated té the mobilinsoMmige Ssi | i con-

insulator-silicon thin-filmstructures.. Ln order to.provide a charged region
for 20 phase shf ﬁﬂ?erFW‘g%:m"d‘gﬁB’é%Wlt Ir?e?ﬂ‘f%eqﬁ?sgg‘é‘ﬂgesl“?ﬁ}’é’ﬁﬁ“?ﬁi": devi ces of
the pre senio idryseadtilicon and aorpsinglecrsdthlysilicon anddecnnsd thy mbkitltydif cheegelr s t hat
have an insul ator. e

| ayer, . such as.silicon .dioxide, sandw ched between
oF ) Foon | ayer o Comiep BuEplt T 3o SRR 1o o e AP 801 o | n a
regi on adj acentchh@e efifiérs i sirigleanyseat bitleon, thatoav helsiktylgn-sipgle viyegl an el ectri cal
bias across the silicon layers.. This effectively 25 noyes arge carriers
rom the_bul k. amitee A bR e 5t KBS feviecgamodite iRl “bur ta up 1n a
region near the interface. One paranetSumndigt is inportant in this type of

device is the speed. jn which g charged,.region c be_created. This speed is
directly related to [PhHRFESSHBYHER) B?'%P'ﬂgesé ’&?'g@sgi]itpﬁfé?’swl‘ﬁ‘"f’ﬁ@atparti cul ar

mat eri al . Ther eké¢apablé of rapidly SRatitighad reiRing adhdipditegian fopsHimiAg thedevi ce can be

provi ded when bp?lgsré(,?

\ilgl'lxt (;:)gsging through the structure. In accordance with the present
invention, high frequency optical modulators can be formed using silicon-
insulator-silicon thin-film structures. In order to provide a charged region for

20 phase shifting, in accordance with the present invention, devices of the present
invention are preferably formed as layered structures that have an insulaton: layer,
such as silicon dioxide, sandwiched between silicon layers. A concentration of

( charge carriers can be provided in a region adjacent to each silicon/oxide
interface by applying an electrical bias across the silicon layers. This effectively

25 moves charge carriers from the bulk silicon material toward the oxide layer so
they build up in a region near the interface.

One parameter that is important in this type of device is the speed in
which a charged region can be created. This speed is directly related to the
mobility of the charge carriers in the particular material. Therefore, in one

30 embodiment, a high performance device can be provided when both silicon
layers comprise high-mobility silicon such as crystalline silicon. High mobility

material is particularly preferred for the active portion of the waveguide of the



layers conprise high-nobility silicon such as crystalline silicon. High
nmobility material is particularly preferred for the active portion of the
wavegui de of the WD 2006/ 017847 PCTI US2005/ 028391 -5 device. Mreover, to
function as an optical nodul ator, such devices preferably include structure
of appropriate materials for rapidly altering the free carrier
concentrat i onwaeP®#d78he optical path of a wavegui de andP@FE$20058RA391 t he
structure is defined to confine and guide the |ight through the wavegui de
wi thout 5 degrading or attenuating the sirhal . The present invention

pr ovides silicon S!Iljloar"éoQ/rr ?0 A.mc%gr'? gﬁ%ﬁ&l;ﬂgél*létg Bl.}cggg\l’l(gﬁ%,lsr i esl'lghﬂgatag; ISV‘QaVI ng

first and secon‘ille él ricon

regi ons conpri sinnmdhstgicnﬂ'adappraprramanatemﬂn fbr xayldlyraltemtythe foeecdarrier
silicon-insulator-siljcon structur are desitable for high speed optical

si gnal 10 rmdul‘é"t“r%'wat ?ecé‘tseh'et‘)ﬂtécﬁ?%thxc’f%d@v S ez"‘?gﬁg%rae’iya P cgmbr ef erably,
silicon that hai definddud korifi hemmt&nl&rliglmbioh'glttﬁe ohveztide @athdout500
centineters2/volt-second roomtenperature (if n-type silicon is
used) and at | UEEraIRPT tglgéﬁe)srqgﬁlm temperature (if p-type silicon is
used) is provided asTHetpadstrit ryeitivh@rovides $ilicondiisilator-silidomstiuctures @t | cal

nodul at or structure i n, accordance wifh one, a ect of thﬁapresent 15

i nvention. That °Rtical megu t‘tﬁ%‘%ﬁ‘?‘? speand silicohlaygts with.eash giafetehly and f urt her

doped to form gfingHaink W6tive@&Hichs céth prﬁ,l@htdgh%ectrayx%oﬂimysﬁieorprsumal nodul at or
structure, which dop |n9 can change, pically lowers, the nobility of
q

the active regi dhconfipgya rﬁé'CPWtE“ic%ﬂes%IdG%rag]Prf‘Efb&héB?i? optical figaah active region

is doped tole | BY&1ation hrbiter RN 1 A 0° A6, RY Exdnipfe) APRTekBlY, SMEBH Bith
performance. In any case, the_doped 20 active reﬂr on is considered to have a

high free carri&pul ??WVWQ‘?“@C@GF leash 8@0 cepfimetershvoltgieeond (emY skt i on i f it

I's formed from gopmta érﬁhretltralt 3ificéh i 'h?e@) £Alf ISt 2008V isayrog® set forth
above. It has been es i mat ed at speeds 1n excess of 1 x 109 hertz and as

high as or grelgmperaiurefif Pﬂaps@ﬂmglsne?ct)zs rievidedes ptading makerighie formige act i ve

region of the 2y :ﬁﬁlﬁpéﬂﬂicﬁ'n{ddﬁﬁi&r LY fite 19%&0@1&@31%&'&1! RS iR ?e%e&t east
20% 25% of the nobilit active region of irst srllcon | ayer.

Accor di ngl y}5 t hiavensienn lst 'ihe@rghlnagbérfy $1hconeraeffbepmr<%¢d F'Eﬁrfﬁﬁheﬁdpm silicon
material that hgSs fAPkiild r’éﬂioﬂ@@atsﬂlc%n f’a}rerlfgxaa%to M@no&rﬁﬁbp;tmh}ﬂl% mobi ity of

the material that Iis used to formthe first silicon layer. To further
i nprove the nodwehigh flepingsan changt aedtypicallyjlawess, dieanebility of He petiveragioe second

from the initial value. Preferably, such an active region is doped to a level
sufficient to achieve the desired modulation performance. In any case, the doped

20 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

25  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 material that is used to form the first silicon layer. To
further improve the modulation performance, it is preferable to have the second

30 layer 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



30 layer nobility at about 50% and nost preferably close to 100% Thus, the
initial silicon material for formng the active region of the second
silicon |ayer WD 2006/ 017847 PCT/1JS2005/028391 -6 preferably has a
nmobility of about 50% and nost preferably close to 100% of the initial
silicon material for the active region of the first silicon |ayer.
Accordingly, VA26@18&bect of the present invention, a MTASE%P28%rning a
silicon based thin-filmstructure for an optical nmodulator is provided. In 5
accordance with the nmethod, a substrate ‘c,60‘rrpri sing a silicon-on-insulator

structure is prf,gﬁmwnéspﬁ,gyﬁi%qla@oﬁt §0°0, 58 ML PAGFELIBIS clodd¥B 100% of the
silicon-on-insulator  structure preferably includes a first silicon |ayer

and a buried oxinifial sibigpamatenial fortheadtive ragion of befirst sllipanlayeri s preferably
deposi ted on at | easiccsragh! e Sped: BELE pieint indirk AR highe SUDS rat e

to a predeterm ned thickne cond silicon layer 10 is then preferably
deposi ted on t hesili¢onipaged thin-flne staeture for anaptical medulatoniserayidednbt | onal

el ect 1 oal devi Sl Uty IR0 s BuiRBpl e  ARecARAORB g0, | 01 atfon of

the silicon layers by the insulatin I'ncrease nobility of the
deposi ted secoswmicwidis proferdbbypeovidedaea base singtusé. | Thesilicbmywinsilatopr ef er abl y at

| east partially, ¢rystallized, .Addit.i L havi,ng a gui di ng
region-is pref esrtrélﬁxiuge pféleré?l éﬁcglgesvﬁdé'%tisﬁﬂg%% e ?%@é&ﬁg}ag%éﬁabl y, the
wavegui de conprthinefiimadieleotricslhyer s@urdférably deposited @nfat lesst a portiorcafithd firster , t he

thin-filmdielectric |layer, and the second i.l.i con,l ayer,....In accordance

wi t h anot her asﬁﬂlécc?fﬁgfr ‘%/fﬁée sBﬁggtgk?aPrﬁ%ngngﬂ?}mamﬁs& ﬁ‘c?&yogfl silicoR 1Y€ a si | i con
based t hi n-{0 | nis ich peeferatdy depositadiowihe thirafilnirdidletteit tayer to cehtow ifihetlonal 20 | n
accordance with thi SHETEt hod, & subsirat e.tc%%pri sieag 2 St Eﬁ‘g on-i nsul at or
structure is prOCAFHRLIGVISE Bt manmerols cppaciteri(pg qpppsef I Asqlaton ok the y honent of a
functional el ecdilidoaddyeddy thednsulbtigg Iayelr). dorinco¢ase mobiliftoftheslepasitédur e pref erabl y
includes the first silicon |ayer and. a buried oxjde | ayer,. thin-film
dielectric | ay%?""idé'hﬁ?’blf%elr’ég‘%/ﬁ?c?i@ﬁg??’i fé?ﬁ‘“(’)snp ra}’@é’él“%p%‘?l Yion of the first
silicon |ayer ofrystdifzedSAGditisiallyhevaveguiiepawingd guiding fegiohlid kfebly. A second
silicon |ay is then_ sel ectivel itaxiall rown and the epitaxial
growth is pf%f ered v ithin sup ?Wtug"i?é%%gﬂ)’ e‘f?‘l‘ég"gd‘i‘ﬁ’@pgéfi‘f‘éhlaaséi licon |ayer
grows over at |pasdns af thefilst siiton layérithe tHin-filnh Hieletttic Rlye hrid the defondf Or m an
overgrowt h porti.on gafpr the second silicon |ayer. The structure conprising the

overgrowt h por tS¥RP ¥, he second silicon layer as it overlies the
In accordance with another aspect of the present invention, a method of

forming a silicon based thin-film structure for an optical modulator is provided.
20 In accordance with this method, a substrate comprising a silicon-on-insulator
structure is provided to provide a first silicon layer as a component of a
functional electrical device. The silicon-on-insulator structure preferably
includes the first silicon layer and a buried oxide layer. A thin-film dielectric
layer is preferably deposited on at least a portion of the first silicon layer of the
25  substrate to a predetermined thickness. A second silicon layer is then selectively
epitaxially grown and the epitaxial growth is preferably laterally extended so that
the second silicon layer grows over at least a portion of the thin-film dielectric to
form an overgrowth portion of the second silicon layer. The structure
comprising the overgrowth portion of the second silicon layer as it overlies the
30 thin-film dielectric layer and the first silicon layer together create the structure
for an optical modulator as an electrical device, and within which a waveguide

can be defined.



30 thin-filmdielectric layer and the first silicon | ayer together create
the structure for an optical nodulator as an electrical device, and within
whi ch a wavegui de can be defined. WO 2006/ 017847 PCTI US2005/028391 -7 In
accordance with another aspect of the present invention, a nethod of
formng a silicon based thin-filmstructure for an optlcal nodul ator is
provi ded. | VaeWEPHE ce with this nethod, a substrate E&HHSPOTH839%
silicon-on-insulator structure is prefegably provided to provide a first
silicon layer as a conponent of 5 a functional electrical device. The.

si |l icon-on-insul at ofy &Eérﬁ&kHWhﬁﬁ&ﬁ@&@b&tbfﬁkb&kﬁﬂﬁﬁeﬁd&ﬂ dim&hddori | i con | ayer
and a buried oxide |ayer. Preferably, V\?VG guide wth a qguiding region is

created that i sompadiicagbagsdithipfim F'i“tfiH’Fe ORaLORYiEY sapdulatop i PreYidedct i on and

that extends fqaa&omaﬁ'&%ﬁ{tmsmodlasﬁjwecbmpﬁmdosﬁmmal.ﬁsqmtordl rection. To
create the waveguide, a thin-filmdielectric layer is preferably 10

deposited on t wrmprgfmabhfcvfpwc&gé-‘rpre\qdﬁm@sgﬁ!ﬂb@v layeras@GomPYRTRIt er ni ned
thickness. A Saefﬁx%ﬁgna? biebtﬁ@d? dbRYE The %leHneJn%ﬁ:lPJté{- sEfdtiE bleYépdbyy €pi taxi al Iy
grown by growing the second silicon layer froma seed region of the first
silicon |ayer tinchedes the figat silieen layer andacbugied exidpjayesgPisferably, a wevegsidegui de. Al so,

t he epitaxial | ateral ly
ext ended so that ﬁ}%l&;egc%ﬁgnﬁecf%([}grﬁhafgfgﬁmlégkg}ﬁv\gllglvﬁgé{?ﬁ%géf}sﬁt a portion
of the thin-fi Idmcnoalamtttmmmdsﬂooamemelmmdgns'@mehnﬂpormgaﬁomf the second
silicon |ayer. c 0 [ £ i nvention, a
silicon based "ﬁl f}b&f i {;%@g&t‘é%‘y{aw b%mglnﬁlgi iagctnl"col eghﬁpr er?sl?l s provi ded. The
silicon baskd depastlctturtbe firstdilinoa dyyr afthesubsets té aplsdeta'mheédudmeb53| l'i con
e a0 2 DB iR U Gkl LA RSLIEE0 o Ry BB P
provi ded that isewndsiésontlaer frpmsatsee;i regionoof thd fargtesilicam thyer thnﬁlsto&ttute)of de | ayer.

The thin-filmdjelegtric | a m_ned t hi ckness
based upon its n%rﬁélfm?ytﬁéggv %“gét‘?%%tlﬂb%gd%?al oosg}ggﬁh ©¥°°or med on the
first silicon Isﬂyen lapdr 1$1irefesahlyslate1an3eextdade1fsanmmp sedohésnhemdndr silicon 25

| ayer overljes atwsot‘alearsa &egﬁao%);nlogn &. th1 ﬁl lecuc{ (r}m dielectric, to forma
silicon- insul HOF-SA3 PPTTELLYR ™A R 8p?‘"e‘?§7g§’o has a gui di ng
region and cormmo_seﬁthatecbmbslncoalqyart| on of the first silicon layer, the

tSIh: :’]églnl Ima)c/i:a(l?l Iegt ;):, aé?(égqnbewfmde&e{ aspec?optgxepresen i?l(}entlo aSthéI'l s0, the second

based thin-film structure for an optical modulator is provided. The silicon based

structure preferably comprises first and second silicon layers and a thin-film

20  dielectric layer between them, within which a waveguide can be created. A
silicon-on-insulator structure is preferably provided that includes the first silicon
layer and a buried oxide layer. The thin-film dielectric layer preferably has a
predetermined thickness based upon its functionality as an optical modulator and
is formed on the first silicon layer of the substrate. Preferably, the second silicon

25 layer overlies at least a portion of the thin-film dielectric to form a silicon-
insulator-silicon structure. The waveguide preferably has a guiding region and
comprises at least a portion of the first silicon layer, the thin-film dielectric layer,
and the second silicon layer. Also, the second silicon layer is preferably at least
partially crystallized within at least a portion of the guiding region of the

30 waveguide.

In yet another aspect of the present invention, a silicon based thin-film

structure for an optical modulator is provided. The thin-film optical modulator



partially crystallized within at | east a portion of the guiding region of
the 30 waveguide. In yet another aspect of the present invention, a silicon
based thin-film structure for an optical nodulator is provided. The
thin-filmoptical nodul ator WO 2006/ 017847 PCTI US2005/ 028391 structure
conprises a $§idJofQsidapsul ator-silicon thin-film structupertfiafspbsef Uncti onal
to cause |ight ‘energy phase shifting. The silicon-insul ator-si (I con thin-
filmstructure conprises a dielectric:-|layer sandw ched between first and
second silicon layers. The first silicon layer preferably has a free
carrier nobil i styuctarheomprisecasiliFoniinsplaigrsilieppdhindiln siaycatse thabias a free carrier
mobility that \'fuﬁ]lcﬂct)nall ﬁ)ac%ﬁse%g%eﬂér y bHaGe dhifBify, %Egiﬂi%n-iﬁgﬁétbﬂ-giﬂcoﬁft}g he first
silicon |ayer ereln the opti caF modul ator _structure Is capable of being
swit ched at a flilmguneatury capipriges a diglectric layer sapdwighadibgtweenfirseandeenndi pti on of the

Drawi ngs These r es i L ofmt he present

i nvention 10 \7\Aﬁi?§jn @g%§g°g§%§3§&dﬁ’§zﬁ‘§ﬂ%3’w?ﬁ regar g‘g’t%(ﬁ)lt?hgﬁef ol | owi ng
descriptionS apsgendisiticondayar preferablydasia fresrnamieyinoljlitytapisrag deast28¥eef Figure 1 is
a schematic crQss- i ... VI ] >f§gp| 4 o= film
silicon-insul at fﬁ%l% i Séc))rﬁgbsflftmg ﬁ?}IeSt ?frl}wgc or a?%ré!h\%}éﬁf% éméir?%rsent i nvention
that can be usmd:tureisfoapablea:ﬁbe)’pgivdahedmdﬁ’eqa.tcmxofiﬁeﬁtlgut@hmzi.s a schematic
cross-sectional view of a siligonson-ipsul £ .35 substrate that can be used
to forma layered thin-fil msiﬁ?—%@%@%ﬂm%on structure in
accordance'wi t h an Endesdtidrogtitt featires,aepepts omd advahtages F the preseitt invagtiohhe | ayer ed
thin-filmsilicop-insu or-silicon structyr hown, in Figure 1: Figure 3 1is
a schemat i ¢0cr JULbecame gfifépn@{sgxﬁgﬁh{%gr%g? heg%ﬁWW-qef‘wa%f%BPpeﬁ dsubstrate of
Fi gure 2 show Bgims)anjibdcédnipahyilig drawingswiidrd:m et ch stop | ayer that has been
provided on a silicg ubstrate to forma

n layer of the silicon-on-insulatQqr.
| ayered structure; lglﬁi'rﬁgr'%a sﬁg?"éatt’éc@éﬁﬁ%ﬂh@%cv’%w %psag-"g%]ﬁ%iaé'f’r R of t he
| ayer ed struct @i sififon-inbulktsrailidon ftfieiuregin attofdatideiwdthl the predeatinedntiod that ar e
provi ded to is%ﬂ;{e a(ggrti‘on of th&! 25 silicon layer of the
si |'i con-on-i nsGAREAEeLP M AR RN maMIAe ance with an aspect of the present
i nvention; 1Fi gur e SFigsre @ issCdindimaitic Eross-sectionsladdw efaatdlicon-owinshilatohe | ayer ed
structure of Figure 4 w Bh a,.thin-fjl méjtimgll_ﬁctri c lLayer covering the

4
thin-filmetchS %e Thégfé? eémd to form a layere m silicon-insulator-silicon
structure in accordance with an embodiment of the present invention such as the

layered thin-film silicon-insulator-si_licon structure shown in Figure 1;
Figure 3 is a schematic cross-sectional view of the silicon-on-insulator
20 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 4 is a schematic cross-sectional view of the layered structure of
Figure 3 showing in particular channels that are provided to isolate a portion of the
25  silicon layer of the silicon-on-insulator structure in accordance with an aspect of the
present invention;
Figure 5 is a schematic cross-sectional view of the layered structure of
Figure 4 with a thin-film dielectric layer covering the thin-film etch stop layer and
filling the channels;
30 Figure 6 is a schematic cross-sectional view of the layered structure of

Figure 5 after partial removal of the covering dielectric layer and removal of the



filling the. channels; 30 Figure 6 is a schematic cross-sectional view of
the layered structure of Figure 5 after partial renoval of the covering
dielectric layer and renoval of the WO 2006/ 017847 PCTI US2005/ 028391 -9
thin-filmetch stop layer, thus leaving a first electrically isol ated
silicon deviceg |aver avi ng an exposed surface; Figure i mati c
cross-secti on3° 7\9%2%788? the | ayered structure of Figur eZ%{‘/g\fz?%?ogg?hncti onal
thin-filmdielectric device |ayer providegl over the first 5 silicon device
| ayer; Figure 8 is a schematic cross-sectional view of the |ayered structure
of Figure 7 shea-fitm aicl stophagersthhs leavmgadirstelectriagibrisalated dijdongevyice layepf t he
thin-film dielectric |layer and the first silicon device layer to forma
thin-filmsilic ﬁ"—'?ﬁfg‘lﬁxB%ISSﬁE‘f‘“r@F‘T’i con structure that, in accordance with the
present invention, CRpube idkseheraiclcmssectidhalaievopf the hlyeredsttcatesf; Figure 9 is
a schematic crosgs-sectional vi of..the | ayered structu of .  Fiqure 7

provi ded with a%%éeoéc Yity °tl9f’§m1f5'ﬁfhf’pke{w#ﬁf’%‘éenlaﬁém%'ﬁ{ei?a‘fféfhetﬁﬁsgt i's
exposed thr eugkilitdiedevide dyért | m di el ectric layer; Figure 10 is a schematic
cross-sectional viewof tge | ayered structure of %{5 Figure 9 further
including a silicon E‘&V&F‘ﬁfr%ﬁ%&?@ﬁ cEpss-tertonakisy of thejayered screof| ayer  and
the seed regi onpRlird MBowinglsecdhd siFEVR deAYd 16fer bPdfBing paR@f e eii-BlM 1 1S a
schematic cross-sectional view of the |ayered structure of  Figure 10

provi ded with adiclestsdpyes and thefirstsificendevigs layerdp Eameadthing i silican-ipsylaten | ayer

and whi ch for ms gigedrfWterhile i, $h AdcG@Bnce Wi hiRipRdseRtiinvefidh, Sin'bdabedltSfoniial , in
accordance 20 wth the present invention, can be used to forman optical
modul at or. 10et &k PRtisalmeagylatosi i on In Figure 1, a first enbodi nent of an

opti cal modul ator 10rjrie AGAAMUEE crold deBionlaR i SARE laydrBY SAREARIDE! S

schematically illustrated in cross-section. As shown; the optical nodul ator
10 includes a sHisgterZznrevided withraseed rggipy ofsthe firstilicop deviepdlayes thetis expgsed2 5
preferably conpg tethih Sim Qeldgichia¥er 14, and a first silicon layer 16.

Preferably, the first silicon layer 16 and the buried oxide layer 14 are
provi ded as a sil i cdfigwnl isaschematie crassrsaetionsl aiewnf thedavesaststraetare oy, known.

However bgty hgs gvggyﬁ%gn?%eg irng@a% Aico B piofidd6n 8 uih i Bf2eBtlc ! at or
and the seed region of the first silicon device layer; and
Figure 11 is a schematic cross-sectional view of the layered structure of
Figure 10 provided with a second silicon device layer created from the si.licon layer
and which forms a thin-film silicon-insulator-silicon structure that, in accordance
20 with the present invention, can be used to form an optical modulator.
Detailed Description
In Figure 1, a first embodiment of an optical modulator 10 in accordance
{ with the present invention is schematically illustrated in cross-section. As shown,
the optical modulator 10 includes a substrate 12, preferably silicon, an insulator that
25  preferably comprises buried oxide layer 14, and a first silicon layer 16. Preferably,
the first silicon layer 16 and the buried oxide layer 14 are provided as a silicon-on-
insulator structure, as conventionally known. However, the modulator 10 does not
require use of silicon-on-insulator technology and may be formed by other
techniques including in particular those described below. Silicon-on-insulator
30 structures are preferred because of their compatibility with conventional

complementary metal oxide semiconductor (CMOS) processing. As such, the

optical functionality of an optical modulator (which itself is an electro-optical



‘techni ques including in particular those described bel ow.
Silicon-on-insulator 30 structures are preferred because of their
conpatibility with conventional conplenentary netal oxide seniconductor
(CMOS) processing. As such, the optical functionality of an optical

nodul ator (which itself is an el ectro-optical WO 2006/017847

 PCT/ US2005/ 02%8F06/018H jayi ce) can be integrated with t e RYRPRY
functionality of devices such as tran5|§6ors resistors, capacitors, and

i nductors on the sane substrate. These el ectro- optical and el ectrical

devi ces can be devidepchnidy intsgrangl withethe elnotrieal fimoanakity ofdevices fushgsies to provi de
opti cal C|rCU|tstht are integrated with electrical r S5 Moreover,
silicon-on-ins uﬁr%ﬁsﬁ or$ KSKIos: %?58““8%‘%}’%% ClOFF QR4S Saffig §v bcs{.’)"tﬁr Jgéﬁsﬁge%"’hl gh
quality single gpticaltanll electyicd] dévicds tn belf@tied by asihy/the saxhmdeprdtedsing devi ces t hat
can be formed in the silicon |a aﬁer fr{ﬁm each ot he., npdul .ator 10 al so

r.
preferably incl§ qugs forpreyIde; Qe FIEAuISE Ftlaée'lng‘ﬁ@?eqf‘gﬂ‘ elegirigal SURWE- bet ween t he

first silicop |H&S%vér&ﬂ@d&ﬂ-oﬂ-n%ﬁﬁfbﬂtich‘xioldg?@fbvid%y@fea%pwa)lthQdee alfigtpr ef erred
enbodi nent, the thin-filmdielectric |ayer conprises a silicon dioxide

|l ayer. Also, t h@‘ﬂlmsé‘tgl%‘irﬁ"’éWeqaa‘ll@relefﬁlcﬁlr%'ﬁ‘é]?tﬁBl“?l deigss F?é%a“éi’ﬁ electrically

i sol at ed Iayerfon;[&pﬁ,messmcw?ayélf}ohp&a,J,tg&er 16 is preferably surrounded by
an insulating material in order to |aterally and vertical Ié i sol ate the

silicon layer 16. PrEeawdslator 1Gajso peferblyirsindesa thin-Emybieleqtric beardy, a

si | i con-on-i nsul,ahQichitRfldeRthE f!rs%an&ﬁCiaﬁP% ﬁndja'%eé‘o%m&ﬁd IQy%‘b?]YIn%H wn shal | ow
trench isol ati on process can be used t atera isolate the silicon |ayer
16 from ot htd ampgg&wmmw%éheﬂmm dwcmywah%conmwtarsmcen digxide bur i ed

oy de layer of L. skl 60R sPQﬁdoHﬂ;'anitéHre@% Iy bbb ity Ry e ver ti cal

i sol ation. As suC t he 5| I con of silicon islan can
structural Iy i sleyest é’uatm/ﬂlersélcmiiawﬂﬁ1smrqf¢rebléemrrquedqdézy@n nmslama:maieryur r oundi ng

oxi de 20 fi "edln%&?maéx}\rlpﬁﬁ&ﬁlcmmgaﬂe %&}%182})@&% af hat can be

seen in cross-sectlon erred I con-on-1| nsul'at or technol ogy
does not need tdss¢sibed nagore dﬁﬂyb%@h\?éﬂlcpmnlams‘}laﬂenmﬁa@rls fisedanda devel oped

ool aue, CRP Dl ol Rhb Tl fnch REISAToRIAR by bRATY R C! | v TS0l ate

devi ce structures rm ng requency optica ofs in
accordance wit hsalﬂeﬂpﬁéstemlayérménmw@wr adiscentedevisescformed o thesame i cul ar, such

structures genefglyaye. ﬁ?ﬂﬁﬁeﬂo o?meshi%%)r?gﬁlms@lﬁoy\ﬁ tu?es gk zont al

isolation to func I onal i sol at e eV| ces from eac or exanple, it
is contenpl at GUOYldaYeﬂmhw@mqnoﬁawoy thersilieontlayeh o @uebcoyudmdasmdxep trench

i solation or _ structurally isolated by the thin-film dielectric layer 18 and a surrounding oxide

20 filled trench 21, which includes portions 22 and 23 that can be seen in cross-section.
Although preferred, silicon-on-insulator technology does not need to be used.
Any conventionally known or future developed technique capable of functioning in
( the same manner to sufficiently isolate device structures for forming high frequency
| optical modulators in accordance with the present invention can be used. In
25 particular, such structures generally require sufficient lateral as well as horizontal
isolation to functionally isolate devices from each other. For example, it is
contemplated that conventionally known techniques such as deep trench isolation or
local oxidation of silicon (LOCOS) can be used-to laterally isolate device structures.
Regarding vertical isolation, any technique that is conventionally known or future
30 developed for sufficiently vertically isolating the silicon layer 16 in accordance with

the present invention may be used.



"l ocal oxidation of silicon (LOCOS) can be used, to laterally isolate device
structures. Regarding vertical isolation, any technique that is
conventionally known or future 30 devel oped for sufficiently vertically
isolating the silicon layer 16 in accordance with the present invention may
be used. WO 17847 PCTI US2005/ 028391 -il An oxide I 4 15 al so
preferably pr‘%@?@g{ﬁﬂgés illustrated, and is preferably éﬁéoﬂégjzs gi order to
at least partially define a wavegui de SO%that extends for a predeterm ned

distance in a direction of propagation of an el ectromagnetic field through
t he wavegui de 30. TIAatoxids Jayéth madsajareﬁﬁblglpﬁfvekd,tﬂsylhﬁsaecsfamd ispref@atily ne | i ght

in 5 the wavegu opagat i n troma field is also referred
to as |ight ed"g?ﬂ% "%grd ﬂﬁ g?%&‘“@é%%‘ﬁﬁ ad'éav gl?aéf”étf’hdﬁlfv at | east
partial |y defi neieleymihéidistiree in £ ditentioh of pophgation dt&naltdtmdugnéucrﬁdld and second
silicon layers 16 gnd 20, r.es i vel mave |de.30 funct sto
confine and gui%‘@“ﬁ’l H’a‘fiﬁ‘b‘gﬁg@%hﬁb‘s’ttﬁwﬁ&iﬁm Xllasﬁtftsrt%&? b%‘tb’f t he
}Navegui deI 3G ltRe mvggndiso }A bﬁﬁéglbﬁtg&lécbbﬁa@%me:cwlslagd reféiredas hd lighng

unctionality, a node of an el ectraqna ic field that can propagate
through the guitdrey ASég?Wh W%ﬁgw‘ffé%vg@[# @estpgmfﬂp drgnedinbhe
schematical l'y. nilYHiR dfeRReicl18aad thy ﬁmi&ﬂs@&%@ﬁﬂb&ﬁa;%@s 16%n8 26, respedtiv¥iydesi gned
for single node transm ssion. That is, the vvaveq?w de 30 is preferably

desi gned so that th&ht wawesyide 3} fustiopsigisaniinggad guidelight propagating fhropgihtianent al
gui ded mode or giRREdaTBKInGAcdRIPIORRGEA ShusteniRiRnGMN Of interest.

For typical optical communi cations stens, wavel engths in the near
infra-red p&tlcehﬁmﬂg @h‘él%#l’é)otaméﬁ Fncelegiseragnetin fiekd Bayopppropsgale used. For
exanpl e, wavel e aiﬁugregmﬁﬁaz BF e megaa@a&grﬁmﬂatemhmdcm structures
and techni ques

ESI 8!’“ ng such structures for optical wavegw des are
wel | known and Merg seeeifigatyuthe waugsaide 30 istoreferplly desigpediforsiggleancde | i ght 20 in
accordance Wi t B b §G e TR, mwwe%m ﬁ%rb@mu@%@s,gfa lso B%ARPloRestsUCh

wavegui des may | nclude interfaces ween thin-filmmaterials having

di fferent ref romer bwdmd@&@lsomeéﬁhqmn@maewld@émoseormaedmodsm@r to guide
and confineg i t nsVOr eover,

gr aded |ndex rg)gl o%d?eatsuc as ca%%%%mf E&r}ggeﬂgﬁicgln{b}%%%ﬁy varyi ng t he
conposi tion of sgstems wveéﬁngﬂlwhwawgé&rqd@mmgﬁthéeleetmmasmmsn@tmmg ht as is
vel I known. T hisditySidd! $BFel¥! wilenkdiCarbia 5f5'n§1/1 Bofl st E6ihyhdet | aver 18,

and the second ayer are so pr et erabl esigned to be capable
of nodul ati ng | i ght Thihdim stsuctures and techniques for designing such structures for optical

waveguides are well known and any structure capable of confining and guiding light
20  in accordance with the present invention can be used. For example, such
waveguides may include interfaces between thin-film materials having different
refractive index, which interfaces can be used in order to guide and confine light in
accordance with the present invention. Moreover, graded index regions, such as can
be formed by controllably varying the composition of a material, may be used to
25 guidé and confine light as is well known.

The first silicon layer 16, the thin-film dielectric layer 18, and the second
silicon layer 20 are also preferably designed to be capable of modulating light that is
traveling through the guiding region 32 of the waveguide 30. More specifically, at
least a portion of the guiding region 32 of the waveguide 30 is preferably designed

30 toinclude an active region. Accordingly, the first silicon layer 16 and the second
silicon layer 20 are preferably operatively doped to form active regions (or doped

regions) in the first and second silicon layers 16 and 20. Preferably, the first and



“traveling through the guiding region 32 of the waveguide 30. More
specifically, at least a portion of the guiding region 32 of the wavegui de
30 is preferably designed 30 to include an active region. Accordingly, the
first silicon layer 16 and the second silicon |ayer 20 are preferably

operatively rmactive regions (or doped regi i first
and second 5|‘§82‘g’ﬁ}°?7§47gr5 16 and 20. Preferably, the fi rmﬁ%@ﬁ%@ﬁ

2006/ 017847 PCT/ U82005/ 028391 -12 secongysilicon layers, 16 and 20, are
doped in a region or area where it is desired to rapidly alter the free

carrier concentseadridxilicas tayars, ished 2 tieclapedpm e kegirin drlaea Wihelatit is pestrpdigat i ng
t hrough the gw di on 32 of t escri.ned bel ow, the
@ tglgih ?rf:g/%ageéﬁcgn ?’W\Q@g“ %sgﬁle%gﬁceﬁﬂra‘s%ots lﬁ%il%ﬁ

silicon |ayer e'silicon | n-type or 5
vice versa. Pr e;irepagahggthtohg: ﬂaegmd'myeggneﬁsfﬁ:e wamghfdeebenk desciibded i n order

to achi eve a npdul at i i .speed. so, the nodul ator 10
preferably i ncﬁﬂfi%%ﬁg ﬁxlilqogtlaygq CC%WP %tﬁ‘gilﬁ‘pfgq?yg?% W&’\?Pgm@ra cont act
to the silicon Vieyedrsal Prefetabl@ tﬁmmu}egbxserersiuﬁ'mﬁendsmeb@aﬁn diderftéhchigee @vi di ng a

contact to sil @3%}5&? 16. As ﬁhown he contacts 26 and 28 are 10
preferably spactd" ulatiop of PIGhIBE tEYL portion of the guiding region 32 in

order to mininize ogkd, %'mddﬁﬁﬁ)?&iofn’eﬁiab@&ﬁbhhﬁs & BitsP e1ecthval B8Rt 26 RF are
preferably used in such contacts. Low | iﬁcont act structures and net hods

of forming suc hPI'EYJ‘H’cn&ét"g“‘P"r‘\&’tth"c%l’r‘iwnl?é/erl.%oé& Recepe elpciasat eonfict 28 Phe present

invention are diseihimgadontibt t-PIBOR Rlydr 18VAS ShowiRhdEnthicR26 thdg &at ent
Application entitled Low Loss Contact Structures For 15 Silicon Based

Opti cal Mdi® atreisrablyspagst arpsicirost the/agtive pertion of the guiding rsgiop g in derd® herewi t h.

Preferably, thengankaeptkallbssadtdatésh &rcauswsm@kaa%s L@Wﬁf&%l?hﬁﬂ%ﬁsu@lhm c
contacts wherein current varies linearly wt age. Accordingly,

the second si|¢ontsats| kYW lospepntacesimptutss Wm&ihq?aegganﬁsg\#ﬂhyomﬁatwe@ on 36

that at |east %&@Jﬁlaeé&amé@wlmh&ﬁ%seﬁaamﬁsnZr@msaeged%@dmh&mymghl y doped
region is preferabl doped to between 5 x 10'7/cnB and 2 x 10'8/cnB

Li kewi se, the fdorpendigg Ui BatentA\pplication entitled bova bpsp Cion@mﬁj@smaesﬁprgm y doped
region 38 tpat %%cdnq%éd @ﬁfcaxlmduyat&pgﬂwms 6PMbAFcturé Siled' vEr?&Hté)nS 36 and

38 are preferably doped to correspon th the doping of t respective
silicon layer. Merithh s if the first silicon layer 16 is ptype t he region

38 is 25 also pref erP?é?irXbl? tﬁé’&ﬁtacéwldd%'ak fohﬁedtag‘i‘oﬁx%ﬁ%%e%hhiccon layer 20
is n-type, the region 3671s also Pre erably n-type. Any contacts capabl e of

provi di ng an elcentagts ¥hpreiicygent yaries linearly with applied voltage. Accordingly, the
second silicon layer 20 preferably includes a highly doped region 36 that at least

20 partially forms the contact 26. For example, a highly doped region is preferably
doped to between 5 x 10'/cm’ and 2 x 10'%/cm’. Likewise, the first silicon layer 16
preferably includes a highly doped region 38 that at least partially forms the contact
28. The regions 36 and 38 are preferably doped to correspond with the doping of the
respective silicon layer. That is, if the first silicon layer 16 is p-type, the region 38 is

25  also preferably p-type. Similarly, if the second silicon layer 20 is n-type, the region
36 is also preferably n-type. Any contacts capable of providing an electrical bias to
the guiding region 30, thereby forming an active region in accordance with the
invention, are contemplated and can be used. Such ohmic contacts are well known
by those in the art of complementary metal oxide semiconductor (CMOS)

30 processing.

In operation, a phase shift can be produced in light passing through the

waveguide 30 by applying an electrical bias across the structure. This bias activates



"the guiding region 30, thereby fornmng an active region in accordance wth
the invention, are contenplated and can be used. Such ohm c contacts are
wel | known by those in the art of conplenentary netal oxide sem conductor
(CMOS) 30 processi ng In operation, a phase shift can be produced in |ight

passing thro pavegui de 30 by applying an el ectrigg gs¥q’ 0SS the
structure. Tlﬁklms3 @I as actl vates WD 2006/ 017847 PCTI U82005102§§k)§,52 13 the

doped first and second silicon layers, 1 and 20, which thereby causes

charge carriers to nove toward the dielectric layer 18. In particul ar,
contacts 26 andh@gopedfirstind seevad siliepndaxsts Heand 20; whichythersby caups chargst  and

second si 11 con e 8 mel1cagHl (ROyeBBi ier IS0 RARURRSARS AF QUHOP e 01 i o

reglon 32 of the waveguid . rge carriers he active
regi ons of the Hemsgttoamms@@macrgssm:ﬁm and, gesprd siliogn layers A® and3Q.as theowar d t he

dielectric la I S

concentrat i onyt cz’adt]ez%t4 ﬁmo{l%an E@%&ggeg; og 3%#2%2%‘(1{@&%?2 Fﬁirgf&ﬂ{]t Thi s
phase shift 5 canﬂimcul@ddone@) regionsl of the first gd sepgndrsdicomlayeredGland 20, m_‘p®e| S
provided as an, ﬁ'd?ﬂe ﬁelw%ﬁ&eﬁ?@%@m%ﬂégﬂ' 45§88 @'Ef?hgx[eaulo’é?cgf Ggagple. 10 The

first and secon SI|ICO an Cc layer 18
forman opti calcodmtrmmnclap@gétberccﬁn produce diphage alnﬂm;ﬂhe hghtpm'hlsphashslﬁﬁ to Iight

P05 19t Ul oy Vg e T BB BEC  1c
dielectric I aymadhm&ﬁﬁpm&rdraten,rfoamampbd electric field. The structure is
Capaci tor) Bocause ShERrLmetPalReRyRee Moy i e Soer foral
posi tioned nearfoinign @ptical\devigarapabielofpioviding d@snezlq;hammaho tightphssingn cause
ORI ROt e St AT Bl Pl W SPRR) Dol '
| ayers rather tsema tieat chaggdyarriaig @iova sowasdttle Hisleetrit }apexdﬂlrespcrnammaﬁhﬂﬂwd 20 As
ToLeH, 200 g il St SR BBl BASETF e R e | VT ©
structures ge de{qea(ih bbéctﬂb’zﬁbi;ﬁhic@) seodusesuch abtosagilidviveandye@quire tortaen | ayer t hat
COMPTL 569 8 51 AL ey e ot S s M BTl Byt gL .
greater than atloslsesaMor&QGr Gﬂzﬁhdfurabfmeﬁmeaﬁn(l@ﬂ&%ﬁfe%@ dofmpriseshype silicon
and at | east Zognd%vn [\sl_trﬁcn%:[e cgrggrrxgn;[gearépve s 1con ﬁngh?y dcg)ed) layers rather than a
body layer as used in a typical transistor.

20 As noted above, the first silicox;l layer 16 is preferably formed from a layer of

a silicon-on-insulator structure because such silicon-on-insulator structures are

readily available commercially with a top silicon layer that comprises a single

crystal silicon layer, which can have a high free carrier mobility. For example, a

high free carrier mobility is generally greater than at least 500 cm?/V-s at room
25  temperature for n-type silicon and at least 200 cm?/V-s at room tt;mperature for p-

type silicon. It is noted that these values for free carrier mobility represent preferred

values for the bulk material (or initial starting material) that is used to form the first

silicon layer 16. That is, as described below, the first silicon layer 16 is preferably

formed from an initial silicon material that has a high free carrier mobility and is
30 subsequently doped to provide a functional device layer or active region for an

optical modulator, which doping may change, typically by lowering, the free carrier

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



type silicon. It is noted that these values for free carrier nobility
represent preferred values for the bulk material (or initial starting
material) that is used to formthe first silicon layer 16. That is, as
described below, the first silicon |ayer 16 is preferably formed from an

initial silic‘ggzwﬁ;lpl that has a high free carrier m)lghl ﬂg&qglls 30
pe

- subsequently to provide a functional device |ayer or ac 've Tegion for
an optical nodul ator, which doping may_ Ejlange typically by lowering, the

free carrier nobi I|ty of a portion of the initial silicon |ayer.

Accordi ngly, andevideilayer <pfag|opumatrhocmlat®112®©6ﬂ@$€ Sith tmfésbﬁzmmicﬁﬁﬂael -14

venti on” a0t Higk: MRy 8L PR ARIRF e BERBE RN oot e
portion of the kagpsre ewicese, it ispyeferably o saanwxﬂa&d;conmatesalphaﬂlesalngyfrém start
with a silicon materi t hat hi ree _carri.er as set forth
above, and for nffan" é’&%ﬂ%aﬁfbfj%ﬁaﬁv&#gé |aH)a°thﬁa?gl?'hﬁr?T g?r m)5§1¥ éafll al. In
accordance v§ t hmategialpr esent invention, the silicon layer 20 is preferably

provi ded such that the S|I|conla 20 hasafr e carr ity that is
as close to the frdBagegpdancgwi RrFSFV"b“me%etth F‘B‘JWZ@&W Sraég possi bl e

(as measured befgviged siePihaGhd MidoR 14¥erR0thay £fretdaiTiee moBYi6/ thatfi®4s cidde RPL i cal
nmodul ator). For _exanple, in_one 10_enbodi nent of _an optical_ nodul ator, the

silicon |ayer 20 &g caier mobiligeoL the silicon loerrigrd pessible| (ppsasyrsd bforehat i s

subsequentl'y cryspiralth fo%ﬁ(ictWe dEﬁ@e’slﬁyd?s?be arfdphiYal WodMaidn)! F6r exbimple! in@R&! opti cal
zone of such layer to provi nproved free carrier nohility. In another

embodi nent WY téFebadimes ?f'aaﬁpthah'eo@qt?rc@ﬁSIP%gné?yeQ%P eaRbe BIMES 25 Wit h an

effective cr ystﬁ,l,oratoﬁ,yghwﬁaﬁmm Sfbbdqiéntl§ eb&@mh&i at mmaWertﬁh fheext ended
lateral 15 overgrowth of such sel ective epi taxial growmh is used to provide

the silicon | ayl@épctippal ogticakzang obspgh layes o provideimproved frse eArrierobiliy.nlnf j | m

diel ectric | ayefothgr enmaeﬁxteﬁ{of&mhmnwtbe smeoﬂawadbmetmeal&lm%n layer 20
is by using a bonding process as described in - commonly owned co- pending

U.S. Patent Apmffeeta‘teucaﬁtabmﬁureéw sgleditye gpitaniaherpihiyhersin %ﬁtﬂdﬁfbbtepér Opti cal
Modul ators gnd Vetheds opéucmiydweqpmal tgwtﬁﬂ uSdd 5 ¥RNidE fﬁe%xhc&@lab&rﬁ‘“ th.

Opti cal m)dul ators 1 n accordance wth resent invention, sich as the

optical nodul atassucheveriey lqast seme,ofi the tkm-@mhﬂ@mﬁdw@ré% Apasheriteshriquse| ow,
Preferably, CO%P]S}Bh@iBE'lhem ﬁ;&@@&%yraanges&mr&%&essaaeda%nb%ﬂ al though any

ot her known or devel oped techni ques can used T nstead or 1 n conbination.
commonly owned co-pending U.S. Patent Appllcatlon entitled Bonded Thin-Film
Structures For Optical Modulators and Methods of Manufacture, filed on even date

20 herewith.

Optical modulators in accordance with the present invention, such as the
optical modulator 10 shown in Figure 1, can be made as described below.
Preferably, conventional CMOS processing techniques can be used although any
other known or developed techniques can be used instead or in combination.

25 Referring to Figure 2, a silicon-on-insulator structure 40 that includes a substrate 42
(typically silicon), buried oxide layer 44, 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
30 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



25 Referring to Figure 2, a silicon-on-insulator structure 40 that includes
a substrate 42 (typically silicon), buried oxide |ayer 44, and fust silicon
| ayer 46 is illustrated. Such silicon-on-insulator substrates are
commercially avail able. The thickness of the buried oxide |layer 44 and the

t hi ckness of %@%&i/oﬁ’}s%P.” | ayer 46 are preferably sel ecﬁ@o&@%g%]deri ng
urator

certain desired properties of the particular optical no 0 be
made, such as the di nensions and/ or stru@%ure of the device, as well as the
processi ng techni ques to be used. Also, the silicon |ayer 46 preferably has
a high free cafred cerrienmiobilitytof at IBrse5reaidiVys atirformtemppretusd. | If paypeisdicasisd, t he

silicon |ayer 46 . 2006/ 0 - rea,carrier
vobi [ty of at fehre Sirgh o et it AR B e Pl BPRETC T
used, the sili comroayempdéupe ef erably has a free carrier nobility of at

| east 200 cnR/ V- s ogm t enper at.ure. Preferab . orti f the silicon
layer 46 is electri ?&?t{”@ e .oé’d’?ihg s?'8?’h]1_a¥frgélsfelﬁe\régicglaglé?lﬁtég E’a@‘é‘?%s_ as

shown in Fi gr efifst deSice hayer 48afk sliovdlin Figade®t iSach diearichl iscditida fadikitates e mat i on of :
pl ural devices on the me. supstrate. In the i|lustrated enqbqdi nent, an
oxide filled trioAeaoagtpiral dexipes o ‘%%fﬁnﬁé"?sﬁétef L“r‘E‘E l’llagw%eemr@@m@ by
form ng a bor degidediled rehcR@bhd GedBidefinethe ArsQieNide layer 48DYifGRnIREE boTBrer - As
shown in cross-section, the oxide trench 49 includes oxide portions 50 and

52 as part of tofelieesiicapaerishyornddhtdevice Porgngiera s ShayNip GL0sS-$7S19N, thet  devi ce

l'ayer 48 from thgdd 1RABH ABEIuRE ofilié psiRbhs!5OMET 5248 parl Bfthe Aitrdufdinlds | ayer 44
isolates the first device |layer 48 from bel ow so that an electrically

4
i sol at ed i sl®ndt9chatdsolates dhe festdeyiee layes 48 &am the remaingder ptsilicpm Jaee49-aTher  48. Thi s

can be done, fog 288t Ryerdy isshirk RWirkt U8RENayer 8 Rbh B8R0 38hat g | Ocal
oxidation of silicon (LOCO% Eroqedures as known i n conventional CMOS
15t2p

processi ng. 15 dlestricallyisplated pEsiliqon ganche;cerated pythe Sisst deyicedayeR 4%t Bps | ayer 54,

(see Figure 3) .54 BoSfoRexdpleCOshalIdw iréleh salfdn (SITH of ideaitoxiaRGFét €d on the
silicon |l ayer 46. Next, conventionally known maski'ng and etching processes

are used to f orsiicop€HEOWPrepsdurespaskpoyhincpyyentionak (MRS Prosessingons 56 and 58

are shown i fx cross- §£5ihRMirendiSolHdni Q%I etR sloBYRkr 4 (se@FioaRa@yn, defines
the depth of the trencwp49.re2\ccordi né’F&f’ssi he trseogcﬁérZO’Slsg plrggf e?\gbl y defi nes

the first devi cuch apasilicognitridedayer, & firpiglepositedon thiesiliopp dayests- iNexthen  provi ded
to fill the tr%g&nﬂ&m hé:mx"}ﬂaskﬂ? Bh ot S e SlelRo Armtrei@YaoGoVEr the
own. Next, the 0

etch stop layer 54, as s ] oxi de layer 60 over the first
silicon devi ce shpwywFigd (tengh portipasoi$ and H&are spwarin cioss-seetionl+ Thedusinbwn i n

Figure 5 can b eoxRieW 442, ggshown, defines the depth of the trench 49. Accordingly, the trench
20 49 preferably defines the first device layer 48 as an island. An oxide layer 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
25 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 the
silicon layer 46 by the oxide trench 49 and the buried oxide layer 44. While shallow
30 trench isolation with silicon-on-insulator technology is preferred, other techniques as .

described above, can be used. Moreover, any known or developed methods for



such as by using chem cal nechanical processing (CW). Then, the etch stop

| ayer 25 54 (which would preferably be relatively very thin) can be renoved,
such as by, for exanple, an acid bath that can selectively renove the etch
stop layer 54 fromthe silicon |ayer 46 and the first device |ayer 48. The
structure shown_in Fjigure 6 can thus be provi ded wherei first device

| ayer 48 is gy%&otoﬂo@gﬁ y isolated fromthe silicon | aygfr}Th%g%f/bzts?s?é oxi de
trench 49 and the buried oxide layer 44, ,0Wile shallow 30 trench isolation
with silicon-on-insulator technology is preferred, other techniques as
descri bed abovelanafizinger reraeving dvbteriads/aze contemplakedoand soch lesesies pagdbéret hods f or
WO 2006/ 017847 P /#3%005/ 02839 - i:lxg)d té%l a naq{d'ﬁzi' Q,%Pgr renmoving materials
are cont enpl at §§99UEY B¥ ARy numosE of combingd Heps QT MUMRIE YAHGHES )y any nunber of
conbi ned steps of mPbrdfératly thecfirstalevieslayePd®is dopadl ty foriap-fypé adtivelfegione | ayer 48
is doped to forma p-type . active regiqn. for optical modul ator but the
first device | d9AR ‘E’g"%ﬁlﬁ’d@ém{d%%%?%g?vbﬁﬂﬁ?yﬁﬁ%’g/%%&pgd chg’l“?/@’ 8fon i f
desired. Sugh Qe@idyegieRif dbsiredlOS\Rh B&iRY @n béi@oriebefoed thé Berich 4D @y fBRsbdQx after the
trench is fornmed; however,_ such doping is preferably performed in a manner
that mini ni zes 2ftprthp Bench b formeg; ch&s*iﬁ?wgésm@r%ixwﬂfm%msn of dopant
speci es. DopantgnakiGhat inikPeOihe E@d@ibhﬁy o188ksirsb1é MefmaPdittiRien bedbpas and
dopants such as arsenic, phosphorus, and antinony can be used to form
n-type active sP&fiSnopant spehegsdoropican berysed tp ffora p-tyae regions andedopangs sush doped

sufficiently t ¢, SRosBhdtnd, ¥REantRbES daftbe ustl kd £th 8- ipsopt i cal
nodul at i on. Co(r%flg‘l%ﬁ{ogals?l; ks;own phgﬁ)‘%it%g raphy ar% aicgﬁerie%g'rsant ation

processes nidy Beefergbly, the first dexigalsver 48ds doped ifiniently toprowde ap-typopiategial |t i s
noted that suc j : Y= ' ,ﬂpﬁj j first
device |ayer E‘é&?awcfﬁg%sgg*@? Q;ﬁgﬁgl}a%ér%ﬁfenﬁﬁ%%&ﬁ% rr géd l{t:ﬁg?? f,}gfﬂrgmbi lity of
the initial siliorcinplanttipmprogessps may he usqq, ferpxample to pesfopn deanatesial dapingt art wi t h
a high nobility,. i . il L . : e first
device | ayer 4§t lgg\zc’itg(lﬁ {th?doshlgrﬁkﬁzgatyggannﬁég‘%lggggﬁ@e{?{bﬂ#gghﬁf ?’{S%E E@HEec\gi ce layer
is preferably dayef4&guehnthpiit ig different om dherfica pardenehality ofthe initial siiednl e of

achi evi ng the i QH% N 0 r . ting wth
the sili conllgl ay r*iééq{/l\n t'h %ﬁglglggfelgé&;tg%tgﬁ ?gehf%gl?ﬁ@?mﬁo%‘f%ﬁ@%&%n active
regi on 20 can Iséicérolaygsd6 thfarm the fissh deivedayst 48 cAdditianally, s mentiepetidbave, on

per formance (gt [Havi : ] igure 7, a
thin-filmdiel é}%ﬁr?tgew%)%%ﬂ%s(ﬁff%g%?e e%’éﬁ?y&gﬁt%??‘t% Qié‘é\;éeﬂfél% e first device
| ayer 48 and t leapableiofiachiavingdl desiced stodulgtionperfpinanse. rEor expmple, by starting

with the silicon layer 46 with the above noted free carrier mobility, an active region

20  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

25  least part of the first silicon device layer 48 for electro-optically creating an optical
modulator. For example, silicon dioxide having a thickness that is preferably less
than 100 angstroms may be thermally grown or deposited using conventional low
pressure chemical vapor deposition (LPCVD). Moreover, the thin-film dielectric
layer 48 may be formed from or include other dielectric materials, or combination

30 thereof, such as silicon nitride, aluminum oxide, aluminum nitride, as well as those

material generally characterized as titanates. Any deposition techniques may be



~The thin-filmdielectric |ayer 60 provides a functional device |ayer portion
over at 25 |east part of the first silicon device |ayer 48 for

el ectro-optically creating an optical nodulator. For exanple, silicon

di oxi de having a thickness that is preferably less than 100 angstrons nmay

be thermall yv%gwglﬂ)gwdeposi ted using conventional |ow P%E'ﬁﬁ%‘df/&s&tfem cal

vapor deposition D). Moreover, the thin-filmdielectric ayer 48 may

be formed fromor include other dielectr{£ materials, or conbination 30

t hereof, such as silicon nitride, alum num oxide, alum numnitride, as well
as those nat enisad sugeasasthesk includingchenieal ivaped deposition, physicabvapsindepokitomsi t i on

t echni ques nmay aplg \é\lplkg006/017847 PCT/t 1S2005/ 028391 -17 used such as those
i ncl udi ng chem cafh vapor deposition, physical vapor deposition, and the

i ke. After the thi Afitrthethili-Slreditlectdc lager 60 isgleposgediepatesitedduricdorm! desi r ed

functional thigkness, an anorphous. si)icqgn | r (or polycrystalline
silicon |ayer) q%gkrleﬁse?l" %n%?albqugggﬁql\jayﬁé Bg@?'cé'ﬁs?a}f% etsflgf”hgaa?ryg 84, and at
| east parti &l | yprefenbly deposizedpdtterntd) doped, and atleatpatidliycoytaliized efolnpyer 62, and

to eventually (after..structural progessin efine a structur uch as
shown in Fi gur &eonf sili Q{)C%ylag[qgg#jyﬁt%ﬁvegtg%]ggpgtgﬁqqqgal@g%gmgs 8"?ﬁrs'ilﬁenti on. In
particul ar, at alsgaghre3udhas bliown iR FighR®AN docdidahd@MWithda \ebeet dfePresdit t hat
conprises a part of a _functional optical Podul at.or vahere the first and
second devi ce 1oVeptigfeI8 ParHCUla At dogst 3partion BT sPeMY sticPmdeviqedavsr 4 ekt ri ¢ | ayer 60

in between) is_cSﬁﬁﬁi@bF@rZ@ﬂa fuiidtiond) oftidaPfibdutRor ikt the Firs( ShPdecsildldetd!r e for
increased carrier mpbility as descr,lged below in nore detail. Patterning

may be donelOby 12¥§7p 4838HAS Byerlap it Bynshinydielpqirglayer 60 i brgvesn) s siygfellized echni que

to preferably GbgRbffecive singhd @pthl Sfruchiré fof Moreaded tiferSROUMY as dl8dtibee | ayer 62.
Dopi ng of the second device |ayer. 62 nmay be done in any manner, 15 such as

descri bed abov®elpipmoessdstak Paléering may brsdeme by anyykapwn gr deyelgpeddsHlicon, achi eve a

desired nodul atejRihgREFiRNMREERIquétd Prefiriidrbife arfislatPoflsXEHE aiRe sesdtfah as
silicon dioxide or the |ike is preferably formed over the patterned second

devi ce |ayer 6zeyse ayrsdA. Dapiae pithe serondiigviceiaysr fgmay hedone iy EYMAnRgt ng st eps
can be perf@r mgaH 43 dadybaIeBoVRHiHHEPRE: il YLD 1, 85H 6B 2hideYi ce | ayer 62

is preferably at |east partially crystallized béfore doping to mnimze any
potential diff 4esitsd modplatianperprmange. dopant . Where the first device |ayer 48

is p- type, the secapgiciany,GRap Ay&'635ch & SIR6H 6oREENNE NIRSs pRRFLY Ce versa.
Preferably, the second device |ayer 62 is doped sufficient ?y to “provi de an
n-type nat eri alforggd pygsthe pattened second device layer 62 as shown. The patterning, doping,
and crystallizing steps can be performed in any desired order although the second
20  device layer 62 is preferably at least partially crystallized before doping to minimize
any potential diffusion effects of the dopant. Where the first device layer 48 is p-
type, the second device layer 62 is therefore n-type, and vice versa. Preferably, the
second device layer 62 is doped sufficiently to provide an n-type material suitable
for use in optical modulation.
25 The silicon material (amorphous or polycrystalline) for the second device
layer 62 can be deposited by any technique such as low pressure chemical vapor
deposition, for example. The second device layer 62 is preferably patterned to
create a structure wherein a portion of the first device layer 48 can be accessed for
forming a contact 64 to the first device layer 48 such as illustrated. The contact 64
30 is preferably an ohmic contact and can be 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



for use in optical nodulation.. 25 The silicon material (anorphous or
polycrystalline) for the second device |ayer 62 can be deposited by any
techni que such as | ow pressure chem cal vapor deposition, for exanple. The
second device |ayer 62 is preferably patterned to create a structure
wherein a por he first device layer 48 can be aggk form ng
a contact 64 %9@%@{ 1?%7r st device layer 48 such as illustrat eg If%e cont act
64 30 is preferably an ohnic contact andygan be formed by conventionally
known techniques that may include form ng an opening 65 through the cap

| ayer 63 and t heontacki6dlieprefeiablyl czgpted abopain syffigionttyspaned fom a4 guidingiggibmce of t he
first device | 18558 frdebs3ri contact 64
is preferably gérégtgﬁilgm]%%temglﬁéw@‘ Wgﬁer@g S acegaé)%ﬁ%agaﬁlﬁng regi on
68 to m ni ni ze maenal ﬂ“h¢seachmlcdlepmbﬁrﬁéisalﬂse@rdf@dﬂyaﬂfemds) dréemd¢ a can be caused
by netal mater] n patterned
to create a st rnﬁ!(::t? rﬁrsgg’gf);ﬁi@ C%&%b‘fpé {'lﬁ%ﬁg th%%e‘%ﬁd gl?‘gé\%lgé%?mﬁéé‘ second
devi ce | ayer5 62hatnitk contatt 66 ig distsufficenidyspacedifrotithe guxdnhgmgsmmlt@mmnhizy spaced

fromthe guidin ni m otetlal bsor on related | oss
effects that ca{%’ %ﬁg(?gffépgﬁnﬁijméq}c?ﬁ é%ﬁ? g'gttc?’ el‘??é'sedg’ %\12 %%s‘i €al so
preferably an ofsfiact 6695¥lsqirefarably amohrhie comacemd daybemwanﬁy d@Adénkiynallltnown

t echni ques that, may . include form apeni ng n the cap layer 63 to
provi de access I?’BW%(F@Q‘E%'FB%‘ 'B@(/‘i“ggdeiafg%’g gre ‘_‘L‘Bgﬁ‘%‘u %@Pgﬁﬁfzé ith an
aspect of the [Prévi@dticcdsiioand debohd deviee lapg6nd devi ce layer 62 is preferably
thermal |y processed_ such as react or rapi d thernal

by. usin ur nace,
processor, Hbated elb3feerancy vatp g‘g %&‘%Fﬁefeﬂt %H’e"l ‘Q%rsflfe ﬁ?éﬁ“f’ldﬁY‘Fey
crystallize t hela,%esm@ra&xmpmeim? pro@é’ssedl%naf Rb3hkiig a filtgacs epDREctsievi ce | ayer

62 is at |least partially cra_/fstal Ized so that a cry ?talllne or

pol ycryst al | | ndang gieapal poesssorcheate slement: or daser systemmatisastpaptially he provi ded i n

at least an aCtdr&&ﬁall&@Eﬁds@dhn@ﬁevﬁ&Qaﬂ%ﬂ'P?&'eraﬁl?,(lh@&c&& defReEREHR &, the
second silicon Iagpag 62 is referabl formed from silicon material that has
1

a mobility thatless a"veagte zﬂomlmewstelh@emlwwﬂwreswemﬁat erial that is
used to forﬂ?t%h&ké@&mrﬁ?ﬁb&ﬂtyloﬂf{%prﬂﬁdédlhﬁtISzisih&&ﬂvéﬂﬁ‘dmd}‘@e g further

i nprove the nodul.ation perfornance, preferable to have the second 20

silicon layer gesioRff: I4°F9‘d§513’a‘15‘6§ﬁ°°'5’(ﬁ’}6°°5merr§3§i prefeeblyifamted fombse to 100%

Thus, the i ni tsiRbn mblefisl Gat FRaGAdbAty fhaf is Qs 1086-24%% optit mvBilikEsHiun of the
second silicon layer 62 preferably has a nobility of about 50% and nost

preferably clo Juatérial thatds yssd to faam the first device layer 48 (the’silicon layer 46). T
further improve the modulation performance, it is preferable to have the second

20 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.
‘ Any process can be used that is capable of at least partially crystallizing a
25  silicon layer, such as an amorphous silicon layer, to provide a desired mobility.
Such crystallization can be done at any time after the second silicon layer is formed.
Moreover, any process capable of improving the free carrier mobility of a silicon
material, whether crystalline or not, rhay be used. Moreover, such a technique can
be used to improve the crystallinity, such as by reducing defects or the like, of a
30 crystalline, polycrystalline or partially crystalline silicon layer for the purpose of

improving free carrier mobility. For example, crystallization of deposited silicon



initial silicon material for the active region of the first silicon |ayer
48. Any process can be used that is capable of at |east partially
crystallizing a 25 silicon layer, such as an anorphous silicon |layer, to
provide a desired nobility. Such crystallization can be done at any tine
after the segyudo&dthdsson layer is forned. Moreover, anycpigSmesdsHapabl e of
inproving the free carrier nobility of a silicon material, whether
crystalline or not, may be used. Mor eov ey such a technique can be used to
i nprove the crystallinity, such as by reaum ng defects or the like, of a 30
crystalline, pQ‘ilmEbyﬁﬂmbé ilaneep, axid lmﬂtechaiduys atays&iaﬂehﬁtmeséthk@ﬁtiha;oer for the
pur pose of i rrpr OVI n exanpl e, crystallization of
deposited sili e gd?ﬂff(é%@q ij 6@@@2 8%??)"?5%’9 -19 filnms by furnace,

| anp, and | aser tECM’HcQMEﬁlcéﬁtham)ﬂ'feﬂspecmﬁfthém&mtmt'cmmnail’véedﬂegianéﬁ. achi eve
a desired degree of, crystallization gan be used aé.]on acc ce w t h anot her
aspect of the S?F@%fé'ﬁ?e (Eystafiizatipn ol a sflicon material, ref?é" "PBgIé’nhance

crystal l'i zatsi o e91a%trhdnﬁesimimtertnaaéhowﬁmmgeﬁanmmustfaea‘d&ﬁmm@added5 Figure 9,
a structure simlar to that shown _in Figure is illustrated with the added

provisi on of a PEVEIPYHgisesq region Hqdh §¥€ﬂ'ﬁg@§|78ﬁ°'?9"§?b%?ﬂe§’@§ Ththreygkni ng 72

through the digl cﬁawm&la}eaxsfhaﬁ&pama SPBERTon 401 ieaRf sitibd ke 74 Of the
first silicon device |ayer 48 and can be forned by any desired technique

such as by pat tlé'lehﬁ@da‘ﬁdbe farmagdiby gnylesredtpbniaye such s by pattemingsnd The surf ace
portion 74 prefghaBhym ﬁﬁa@éﬁo&%e&orlﬁ@mggoﬁﬁﬁ?@ﬁefe%fyﬁﬁéfﬁh?tlol i zation

process of the second silicon device |ayer a silicon | ayer 76,
such as anohOphenkanss the silicen cevsipllizationgirssistoé the seropd ailicas dsvigeleyeré2i ayer 60 and

on the Surface'ﬂﬂgtrlg 1a@ chIf"la?e? 78@9%5'&)0 %rsﬁlcw caﬂ_p@dcﬁbél BRtne! ayer 76 can

be thernally processed as descri bed above in order to at |east partially
crystal lize t haliekciricdayer 6Qandion g suyface pestian 4 ascshowe insftigyse 1. Bhelsilicom t hi n t he

Layer 76 15 POlifjepi éanﬂeth\é%.l.du 48 aBRHibedlboldlf ofdd ol QEE{‘Pa:%l e region

of an opti cal at or |ng t irst device and t hus
the surface pomtystgﬂnzatheagncoralamrﬁ@peefmly)g@tdeastmnmllyauth(nftmlgyerdéw ce |ayer

' i he si 1 1on PPEpA Mt B B Rasta or 0 ol iorh PR e o S i gl

in the S|I|con ng 't proc The single
crystal surf acenodolator.oBy fraviding therfirss devigedayer 4%imﬂéhuﬂdhewrfamﬂim T#ast her

facilitates alig ) i d ayer 76 to
those of the fa gﬁ%yg{él r(I:% ggﬁﬁfg{ §%¥é}e)r!)$%%é§l§?fy conﬂF el;)JORR) hl s at | east
partial |y crystai¢nabledingle heystal growthnn the gitiongyer 76 during the crystallization

process. The single crystal surface portion 74 supports crystal development and

20 further facilitates alignment of the developed crystals of the silicon layer 76 to those
of the first device layer 48.

After the silicon layer 76 is at least partially crystallized, the silicon layer 76
is preferably patterned to form a second device layer 78. The structure can then be
further processed as described above to form an optical modulator structure 80

25 shown in Figure 11. As shown, the structure 80 preferably also includes contacts 82
and 84, a cap layer 86, and a guiding region 88, each of which can be formed as
described or suggested above. Alternatively, crystallization can be done after
patterning to create the second device layer 78 with subsequent processing as
desired.

30 The seed region 70 is preferably spaced from where the guiding region 88
will subsequently be located. This is done so that when the silicon layer 76 is

patterned to create the second device layer 78, the second device layer 78 can be



is preferably patterned to forma second device |ayer 78. The structure can
then be further processed as described above to forman optical nodul ator
structure 80 25 shown in Figure 11. As shown, the structure 80 preferably
al so includes contacts 82 and 84, a cap Iayer 86, and a gui ding region 88,
each of whi cRy&sdepfsd0r med as described or suggested 3p@NRip0dhbRynatively,
crystalllzatlon can be done after patterning to create the second device

| ayer 78 with subsequent processing as gesired. 30 The seed region 70 is
preferably spaced fromwhere the guiding“region 88 will subsequently be

| ocated. This ie‘fecﬂ'ﬂﬁﬂy Ro6lated) fbm\ilecfitstideeiceslayer a8 o prevearthd first snd sphéi er ned to
create the seco ice.la second deyi e | ayer 78 can be WO
2006/ 017847 P °U§,2 W&Qﬁ%ig ’espfﬁt‘vérye@?’ﬁ @5‘"?%/ ’}s é%ﬁlg}“iﬁﬁﬂ He first

devi ce | ayer 48&eiondRedvelajer 19R electisillydsudataicfeshn the ﬁdseum@ lhydy 88 By thd8 and 78
respectively, fromshortin in Figure 11  the _second device

As shown,
| ayer 78 is el é@?rﬁ@éﬁ‘qlifmcgﬂehﬁ%d“lf%@ﬁ%“& of the gess region Neanbegligd, ¢ he
thin filmdisel qﬁb&ttﬁch,f%% 8601t xA&o%a;theromrthme&%gﬁﬁ 70 B seA8&kei€9i on 70
can be filled 5 in he cap | ayer 86. It is noted, however, that the seed
regi on 70 can U@Wb@f&?ﬁa‘ﬂ“gﬁﬁw agd gegondysigyice layernd8and 23, camevenalbrhe devi ce
ayers, 48 and Jf@uicifflisBuRahRdd Yo 1Bfin 2 BLBAND! delck Yo docthi i heOr der Lo form
a nodul ator device I n accordance Wt I nvent1 on anot her enbodi ment,
met al -i nduced lintemtien. crystallization (MLC) can be 10 used to pronote a

crystallization pro i eSilicon
ma%/erl al. Metal - Pnd%gégtqeg?@&gﬁqggg%t& gﬁd?c%gﬁi‘%%l cg#éag}ﬁ%mbg&ﬁ con thin-
films as a Ifr ocweekbtoiprasedte a érystallizatiok procass inan empipbetls opartalhranyseadiinei ncl udes
first d tl

[ rs eposi oﬁlﬂ)afé I A M a#%d%kéd'l&%g +%Ya‘ﬁ§zah&l 8%%&9%% deposi t ed

crystallized. ure oxi t hen efera

over the anor prfﬂmsasa tmm@gldwlelmowvl\nA@mﬂ MgL.C pwsdrssaslvde&:ﬁrmnel is
e S G SR A G S AP B ADARLA AUl ace port o o
t he net al f| I mtexmeeatsre‘phde Bygrostheh mrefefablyaleposited aver the amtxehommhcqnhous silicon

| ayer. As I C n heated by a
sui t abl e t her na?yngrg%egyn&gh%c %rl cggr[ngﬁ?%q%ﬁm—rgaﬁ' @Hoggﬁel!ﬂ{;%adl% OE’:Jra;st al lization
20 agent for canmériabtocxpast akurfazepdrtion affthet dnerphons gilivon daysi. INexganfetall m | n

accordance wit thg-%%l rllse Jepg‘s%tgt? & ﬂlgfﬂaetrpé:t‘al ik 36V ti‘nggx%géeid Wktac? %rﬁgxg (i)fvtﬁe epi taxi al

amorphous silicon layer. As an example, nickel can be used. The structure is then

heated by a suitable thermal process and the metal thin-film acts as a crystallization

20 agent for causing crystallization of the amorphous silicon film.

In accordance with another aspect of the present invention, selective epitaxial
growth can be used to initiate growth of an effective single crystal (or near single
{ crystal) silicon layer. This process can be used to ultimately provide the second

device layer 78 of the structure 80 shown in Figure 11. Referring to Figure 9, the

25  surface portion 74 of the seed region 70 can function as an area for epitaxial growth.
The silicon can start growing from the surface portion 74 and grow outward away
from the surface 74 (in a direction perpendicular to surface portion 74). As the
silicon layer continues to grow away from the surface, extended lateral overgrowth
of the silicon can be used to provide a high quality silicon layer on the thin-film

30 dielectric layer 60. Because the overgrown silicon layer is epitaxial in nature, its
carrier mobility can be close to single crystal. Deposition temperature could be

between 800 degrees Celsius to 1000 degrees Celsius depending on the system



grow h can be used to initiate growh of an effective single crystal (or
near single crystal) silicon |ayer. This process can be used to ultimately
provi de the second device |ayer 78 of the structure 80 shown in Figure 11.
Referring to Figure 9, the 25 surface portion 74 of the seed region 70 can
function as apo3gea17epr epitaxial growh. The silicon ggRubasbasshhOWM Ng
fromthe surface portion 74 and grow outward away fromthe surface 74 (in a
di rection perpendicular to surface portii)ln 74). As the silicon |ayer

continues to grow away fromthe surface,“extended | ateral overgrowh - of the

silicon can be disighl $yateRis Gt ePRRaxinl Eﬂo%ﬁ&ﬁkhi&veﬁ%i]%ﬂ,ﬁd@iny%om&thi n-film
30 dielectric |layer 60. Because the ‘O\éffgégr own silicon layer is epitaxial in

nature, its cadleveleped spyism sapgble afgroygth of gUconcgn s Wsgfe crystal . Deposition

tenperature could bqhe&%&l’!@ﬁ)ﬂ78@91%@6%&%&1%&%6@&3@&@&%%’ ees Celsius
dependi ng on the system WO 2006/ 017847 PCT/ US2005/ 028391 2 desi gn.

Syst ems for epicomprisgs aghasngeliha isadiaprapioand epacegeapart from dhe fupgtignal #ptisehown or
devel oped syst : gﬁﬁgg& i L 8 seed region
70 can be f%)gr neq@vgéﬂ %gdsug?(%gg a ovggggkgbhl}og@g? gﬁ?‘yﬁeec%*%rrg%%n}e%aa_channel t hat
i s adj acent to caysthllingsharertenstigst Ifsteadnatphusalityiefspacgd apenings candie us&l. davegui de but
posi ti oned near I ] talline

any P%'é P %igd nggfé?{ 3(;}' g"’l ;ﬁfé;ﬁ%i? ﬁ%s%%gffqﬁﬁq%})g{amn@ %Qerg{o%ﬁu

characteristics.”I'nstea openi‘ngs can De used. In
any case, the gedibnrcegboiomidd. The prysilbnedyesgravdh portienicande ubedito eventughy al | | ne
overgrowt h portion.can f . .Cr LI ver gr rtion can be
used to eventu at%’ Wﬂm ? %P'ﬁéj?eeﬁgg gag%rgg d&g‘gd\]/'}gc%§ F@?@aﬂ%ﬁg ?{’E ﬁ‘lﬁtg%gepg%}éhot her
patterning wr fasthosesuggdstepand desaibed Gbose If Hesired, sheggatsegion 2hckndescr i bed above.

| f desired, the, seed regjon 70.ca esi.gned so that th rowh rate of
the st con i n deogrene LA GEVHEAR oL sPEy PRl Bnp PRt BB B 74" 2na the
growm h rate of suffscepbition 3handthagrdwthaate ohthe silieondn @ divectibheamyase théretosi m | ar .
Accordingly, the seed regian 70, can, be. aligned with a,crystallographic

o entat Con di PEERROR: ApraBelf b EERLRER o HhEy alkted vinGiohBleloasiic e seed
region 70 15 cafiemetidnaliré@idnastha fieshsiliconllayed8. Hoaexamply, thdeéediregisied | engt h and
extends in di rection of ext ion. The directi on of extension of the
channel ca %be cﬂgﬁgﬁﬁ?ﬁﬁmﬁgﬁﬁgﬁsﬁﬁr%ﬁeﬁﬂﬂ engih X P Bi r ecti on of the
first silicon |ldag&ion4Bextehbion pTiksdiattiono¥ extérision ohiths chimnelkeebe dighedwiled wi t h
reference to several enbodi nepts..thereaf. The entire disclosure of any

pat ent or pater‘i‘tcr)éfﬁbi’?@g‘?‘i‘B'ﬁmatﬂf'q‘%‘f‘?ﬂ‘i“?f”@ﬁé‘#’&?"r}a¥°§4ﬁer eby incorporated by
reference. The f or eghd presefitdiiv@hlis®thas now been described with reference to several

embodiments thereof. The entire disclosure of any patent or patent application

20  identified herein is hereby incorporated by reference. The foregoing detailed
description and examples have been given for clarity of understanding only. No
unnecessary limitations are to be understood therefrom. It will be apparent to those

( skilled in the art that many changes can be made in the embodiments described

without departing from the scope of the invention. Thus, the scope of the present

25 invention should not be limited to the structures described herein, but only by the
structures described by the language of the claims and the equivalents of those
structures.



. description and exanpl es have been given for clarity of understanding only. .
No wunnecessary limtations are to be understood therefrom It wll be
apparent to those skilled in the art that many changes can be made in the
enbodi ments described w thout departing fromthe scope of the invention.
Thus, the sc@posloris#e present 25 invention shoul d not mernis200sioesdoi 0 t he
structures described herein, but only by the structures described by the

| anguage of the clainms and the equival epbs of those structures. WO

2006/ 017847 PCT/ US2005/ 028391 -22- What is clainmed is; 1. A nmethod of

maki ng a sili cWhabaskinedhs:n-fil m structure for an optical nodul ator, the

et hod compri sing the SteRSnlor adinth Auat MBlAALEL YIS RR | oot @

first silicon layer "having a <carriér no of "at ['éast

centi met er s2/ v alotiulster; drednetliodicompnisiry thestepisof:e; providing a thin-film
dielectric layer having _a predetern ned thickness t least a portion of
the first silicon layer quV%r}g@ sgﬁsgg{ercg?lg?smgp ge\ﬁ&iﬁgsg siie lt%‘ﬂg‘agflg?con | ayer
on at |east a porti@iedobiliey dfli 18ast 200sentith@érEpioltisecoad st rovift tdnypergurat | east a
portion of the first sili comrimqg:é}{.er to.make an _overl apped structure; and

creating a wavegui de wi PHY igvfilm diglestig layer bavinga@redsisprired ng at | east a

partially crystallifRktt8Ydr d? 1689 alpbidn 6f the ARkt SikcoRMeSdfitheabsthatyer W t h at
| east a device portion of the first silicon |ayer and_ at | east a portion of

. ¥ y .
the thin-film dielectriPRVIdiRgasecand siligen layre An af 1¢ast 4 pagfion of thedhmifdm across t he

wavegui de,’ a phase aaeétﬁc&ﬁ@vég@ra@ﬁu&@go&ienMt_aéwﬁrsmogyayemmm ng wthin
t he wavegui de. 2. The nmethod of claim1l, wherein the step of providing a

second silicon | ayderlypaphiiususs: edposi ting an anor phous silicon |ayer on the

thin-filmdielectric | augfng advavififideWiPlle Blerlabrel Sintcturt BdthftRingGPMPr i Sing at
| east partially crystallizing at |east a portion of the anorphous silicon

| ayer after deposi tirast2 pardally srystajiine devicsiportion of tha jesend silicondayerwithat partial |y
crystal l'ine device 1paf] Qfte ptiod D Rist\FhtoR ayed Al B 13ast YP5iHi6H O thd1e
crystallizing is done by thermally annealing at |east a portion of the
anor phous si |i con |thipefHm dielectric layer so that when a voltage is applied across the :
waveguide, a phase shift can be produced to light energy propagating within
the waveguide. .
2. The method of claim 1, wherein the step of providing a second silicon
layer comprises depositing an amorphous silicon layer on the thin-film dielectric
layer.
3. The method of claim 2, further comprising at least partially
crystallizing at least a portion of the amorphous silicon layer after depositing the
amorphous silicon layer to create the partially crystalline device portion.
4. The method of claim 3, wherein the crystallizing is done by thermally
annealing at least a portion of the amorphous silicon layer.
5. The method of claim 4, further comprising the step of providing an
exposed seed surface of the first silicon layer before depositing the amorphous
silicon layer on the thin-film dielectric layer.
6. The method of claim 5, wherein the step of providing an exposed
seed surface comprises the providing of at least one opening through the thin-film
dielectric layer.

7. The method of claim 6, further comprising electrically isolating the

amorphous silicon layer from the first silicon layer.



. 5. The nethod of claim4, further conprising the step of providing an
exposed seed surface of the first silicon |ayer before depositing the

anor phous silicon layer on the thin-filmdielectric |layer. 6. The nethod of
claim5, wherein the step of providing an exposed seed surface conprises

t he providing, o ast one opening through the thin- tric

| ayer. 7. Thglon%)?ﬂ%dg“gf claimé6, further conprising el e%tbjrr/lﬁ?(s%ﬂ ﬂﬁklﬁgol ating
the anorphous silicon layer fromthe figrst silicon layer. WO 2006/ 017847
PCT/ US2005/ 028391 -23 8. The nethod of” zél aim1l, wherein the step of

providing a second gili Cl@n@mehﬁ&@fclﬁmnl};)iﬁvh&eﬁtl%@te%@fbﬁﬁicﬁng%ﬁe&@&lsﬂk&y grow ng
at least a portion of the second lll con_layer to create the at |east

partially crysiaa?'lq°ﬁE“EFé\??IE‘é‘VﬂBFE'?a€5ﬁ ysrowmtmnameaa ofthe gePrl  \wherein t he
step of sel ect kmsorﬁayetrmradteméaw&ahrpaaanpew@pané@év%%bmnextendl ng the

sel ective epitaxiall y grom h of the second silicon "|ayer so that the second
silicon |ayer grows overﬁameﬂ@égfclamﬁ@wareﬁﬂeﬁrstquésqlmtlne epitapial gowthectric to
forman overgr A0 L g&&g Fthe 4& dTg?l‘?c thod of
claim8, furt hg&ﬁﬁ&sﬁ%{aﬁa 26 E‘he ste égglﬁg%&g&ﬁg té‘f(po(s)% é’gg surface
of the first slayérsorthat ﬂlpemoaﬁdh@mﬁmqmem byer stdeasta paridnyof tegghingitinal 1y gr owi ng
the second SI|IC I f rst silicon |ayer
by epitaxi al grov‘\;'/t‘:nﬁrll ?ﬁlﬁ’bﬂéﬁgigé% ?@ﬁ%@%ﬁ&%@&&ﬁﬂi&fﬁ ﬁ}e met hod of cl aim 10,
wherein the step oflQr O\Zihdmgxoénfcéaapc&éniﬂlemwnsugmastepofmrpvmlsgm t he
providing of at |le té)n throul t&tmda Bhln % | ectric | ayer.
12. The met hod 51T su%ic ?ﬁ“ silicon ISin su CJReYe l?/ %:[%flnl y1 i solating the
second sili coneﬁxaymﬂy gnowmgttlmef:ondsﬂncm layer ditom thgfmed surfiice difthe finst silizdn of cl ai m
1, wherein the, st of creatl n conprises doping at |east a
port| on of t hel#FrePiaxigl Zowih “rsef%'%gg‘%‘%aﬁeé device portion of the first
silicon layer. 14. fihe mhthethodbf diimi 10 &Rerenm/t‘ters&pnfprbadmgapexﬁosedr eating a
wavegui de co rlse | east a rtion of C siLlicon | ayer
o Torm the. debet Butigh omiiesihe pgdive 36 ookl B elfrineloish Gty noq of
formng a sili aﬁncdﬁawérthl n-filmstructure for an opti cal

12. The method of claim 11, further comprising electrically isolating the
second silicon layer from the first silicon layer.

13.  The method of claim 1, wherein the step of creating a waveguide
comprises doping at least a portion of the first silicon layer to form the device
portion of the first silicon layer.

14.  The method of claim 13, wherein the step of creating a waveguide
comprises doping at least a portion of the second silicon layer to form the device
portion of the second silicon layer.

15. A method of forming a silicon based thin-film structure for an-optical
modulator, the method comprising the steps of:

providing a substrate comprising a silicon-on-insulator structure, the
silicon-on-insulator structure having a first silicon layer and a buried oxide
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;



. nodul ator, the nmethod conprising the steps of: providing a substrate
conprising a silicon-on-insulator structure, the silicon-on-insul ator

structure having a first silicon |layer and a buried oxide |ayer; depositing

athin-filmdielectric layer on the first silicon |layer of the substrate,

the thin-filwodbRleRi7 i C | ayer having a predeterm ned tfiGkhRSHisserdepositing
a second silicon layer on the thin-filmdielectric |layer; WO 2006/ 017847

PCT/ US2005/ 028391 -24 forming a vvaveguhge havi ng a gui ding region, the
wavegui de conprising at least a portiofi'of the first silicon |ayer, the
thi n-f: : m di el eclt lri c | Wﬁing awe%;mehsﬁﬁ@mglnaihgiagmn, ﬂhayﬁ%}guiaﬂﬂ gt :cea.lst
partially crystallizing the second, silicgn |layer. 16. The nethod, of claim
15, wherein the fi reSPPRINg %thaﬁﬁwnet%%fséﬂg%"s}?%Iﬂéﬁ thingfumdeelectrici con. 17.
The nmethod of cl ai MmykB and e k&6Hd SRR Iyst Bl t he step of doping the first
silicon layer in at |east a portion o?j the guiding region of the wavegui de

to form an active regi dleastpartipdly eiyptallizigg fhesesond siflean layes. The net hod of

claim15, wherein tjge STROmEhodiGiRATH 15 Wheftir tb Rest Lilidhn léyeﬁéoﬁgﬁ-iﬁésc layer
conprises depositing a silicon dioxide layer. 19. The nethod of claim 15,

wherei n the stspglotryddsdistning a thin-film dielectric |ayer conprises

depositing a dieleghric i i gg},g?.é : . angstrons.
20. The net hod of glt7ai mﬁ?ﬁ%ﬁ‘{ﬁ‘e{:ﬁ}gt‘ﬁ’eﬂ@ip gégg%zslx#iqﬁgc’pé@g%ond silicon
| ayer conpri sefrstidlipos layerig atlpashapariidroafshesguidingmegibmgfthe waveguiddio forst hod of

cl aim 15, 'V\hergliaraﬁ%}g iﬁﬁgﬂpgh %liélog?%& partially crystallizing the second
silicon | ayer conprls%s Selecti Ve y crystallizing the second silicon |ayer
in at | east a portil8n offhe inethglofdlaimy 15,0nfiermm the stephef depessgngiadien-fil®. The net hod
of claim 15, rej. .| east ial | crystallizing the
second sili co%ﬁ%%egla&%ﬁﬁ?lﬁgggg{pﬁg{r'%ﬁ ﬁmﬁfag’%}gg%yﬁ% the second silicon

| ayer. 23. The net H8d ofthemethed dffslaimifrvdicreirt the step efdepdsitang altlemdilmpartial | y

crystallizing the sefond 3blides SbokifVey aiSoMR! a5 & haiile 4 BRhesLRL A | ¥
crystall'izing TH&®
100 angstroms. .

20.  The method of claim 15, wherein the step of depositing a second
silicon layer comprises depositing an amorphous silicon layer.

21. The method of claim 15, wherein the step of at least partially
crystallizing the second silicon layer comprises selectively crystallizing the second
silicon layer in at least a portion of the guiding region of the waveguide.

22.  The method of claim 15, wherein the step of at least partially
crystallizing the second silicon layer comprises thermally processing the second
silicon layer.

23.  Themethod of claim 15, wherein the step of at least partially
crystallizing the second silicon layer comprises at least partially crystallizing the
second silicon layer so that the free carrier mobility of the second silicon layer is at
least 200 centimeters’/volt-second at room temperature.

24.  The method of claim 23, further comprising the step of doping the
second silicon layer in at least a portion of the guiding region of the waveguide to
form an active region of the second silicon layer.

25.  The method of claim 15, further comprising the step of providing a

seed region that can help to at least partially crystallize the second silicon layer.



second silicon layer so that the free carrier nobility of the second silicon
| ayer is at |east 200 centineters2/volt-second at roomtenperature. 24. The
nmet hod of claim 23, further conprising the step of doping the second
silicon layer in at least a portion of the guiding region of the wavegui de

to forman %Btzi)%ﬁn'fs?;gi on of the second silicon |ayer. l?érms'ggbgm;g;;lhod of
claim 15, further conprising the step of providing a seed region that can

help to at | east partially crystallize E?e second silicon layer. WO
2006/ 017847 PCTI US2005/ 028391 - 25 267 The nmethod of claim 25, wherein the

seed region conpri $gs atrhd Mahdd ¢F claRf b, ivehared thé §ed tdgichlcofptises @nedstyer . 27.
The nmet hod of claim 26, wherein the step of creating a seed region
conpri ses expoRIhen ofithe frststlicaniderof the first silicon layer before

depositing the secand $hd héhed éfReh 26,HeRiNhestLetbréaaaE 5eel Fafoncan help to
at least partially «crystallize the second _silicon |ayer. 28. The method of

clai m 27, wher eqUPriseREXRasing ableastsqmeaf thy st siligerslayes Spfore dspositifig the r st sil i con
layer conpri SegcgdQiticth Ader®forf'a sERTEGPRRICROREI {6 at b:gst:pl&'tiﬂl‘l)f ilm dielectric
|l ayer. 29. The nethod of "claim28, further conprising the step of depositing
the second si triygsalhize thesseondsilicorelagstposed first silicon layer. 30. A nethod

of formng a silic ba I N | fi dul at or,
t he net hod conpri siqr%'g tEgéjrg%tg%cgo%}aﬁxﬁ?@ﬁ%{%&éﬁﬁst@ﬁ@;ﬁ P??%%%ﬁ%rs ?@?ng a

si | i con-on-i nsof th¢ finst silicon ayenrcemptises progidingooneranere npaniings oy the thintfilour e havi ng a
first silicon h@é&ﬁcﬁgg a buried oxide |Ilayer; depositing a thin-film
dielectric |ayer on e first silicon layer of the substrate, the thin-film
di el ectric |layer ha%9 ngThbepethatbofetaimn 38 durther clurprisimg thessedpad tepoeitipg thpi t axi al | y
growi ng a second si ki co [ >t al extending the epitaxially
growt h of the sseg?:nc?rf] "’glll [;?'%%}r%"efil‘g&gdé%{@h%fd%ﬁré second silicon |ayer grows
over at | east a por30i onAofietliddef fdvmingfaisilivon bHsed thintfilmcstractufedomandoptical er gr owt h

portion of the_s nd,siljicon |ayer.. 31. The nethod of claim 30, wherein the
first silicon 1“3@‘@? Ong'ﬁﬁjre%hgggo s’s“lgr%lbﬁ%epé?@st al |ayer.

providing a substrate comprising a silicon-on-insulator structure, the
silicon-on-insulator structure having a first silicon layer and a buried oxide
layer;
depositing a thin-film dielectric layer on the first silicon layer of the
substrate, the thin-film dielectric layer having a predetermined thickness;
selectively epitaxially growing a second silicon layer; and
laterally extending the epitaxially growth of the second silicon layer
so that the second silicon layer grows over at least a portion of the thin-film
dielectric to form an overgrowth portion of the second silicon layer. '
31.  The method of claim 30, wherein the first silicon layer comprises a
single crystal layer.
32.  The method of claim 36, wherein the step of depositing a thin-film
dielectric layer comprises depositing a silicon dioxide layer.
33.  Themethod of claim 30, further comprising the step of forming a
waveguide having a guiding region, the waveguide capable of guiding light in a
propagation direction and comprising at least a portion of the first silicon layer, the

thin-film dielectric layer, and the overgrowth portion of the second silicon layer.



32.» The nethod of claim 36, wherein the step of depositing a thin-film
dielectric |layer conprises depositing a silicon dioxide |layer. 33. The
met hod of claim 30, further conprising the step of formng a wavegui de
havi ng a gui ding region, the wavegui de capable of guiding light in a

propagat i on Woh&welot@ey and conprising at | east a porti onec@Efusbtudoisisist silicon
| ayer, the thin-filmdielectric |ayer, and the overgrowth portion of the

second silicon layer. WO 2006/017847 PCJfUS2003/028391 -26 34. The net hod
of claim33, further conprising the step of doping the first silicon |ayer
in at |least a porti3dn offhé¢ inethgfliofaiang 33,cfwithen canfiprising theesteppfidoeing thef or m  an

active region of the first silicon.layer. 3 f. claim 34,
further conpri @F?Fél"ioﬂ ayglilgﬁtslaSt ?j%%r}l%ngé@he ‘@’&%ﬁg" gﬁ?gg‘ﬁe lgflk’?%m at | east
a portion of tdmeactus @giogof thgfigtsilidontdyer. wavegui de to form an active region
of the second siliggn |ayer., 36.. The od of claim 33, erein the step of
forning a wavegui dég co%"r?‘%‘ﬁ%ﬁéfga@ﬂa?’ rh%@%\%‘éﬁ}fecfgepioﬁ\égp'% 8Bet er ni ned

di stance in a gdmGHicomlagér in htileHst a goiin Belghidingtediditolaht Waveguide@i on of the
wavegui de. 37. The net hod, of clai méa_ wherein the step of selectively
epitaxially gloBRAmEFtye &giogefthesecop ﬂi“f°§§"\‘é’F’-corrpri ses providing at |east one

seed region adjacens, t @hd REhYPHRMith 4% whdfkin the Qe BRHn©4 waveghidk 37, Wherein
the step of select| velé epi t axi al | growi ng a second siljcaon | ayer

conpri sesggr ovomprisesextcadingthe Yayqguidn in aRredetarmingd dislancedn a disgetion ghe seed
region. 39. T tic inSheulBinkrecidISH thd WaveBfid@t | east one seed regi on
conprises at Plgggg?&g&gértlinorﬁgf x'Sgnrt';glfi rst $?I ?lgon | ayer. 40, The net hod of
cl ai m 37, wherein provi dhgetherbofglaim dgsyhepsinethe stepjof selegfivsly cpiianiallyses at | east

partially expoﬁw&gm&&{l EifitonShyek e&ﬁbrﬂﬁgs\bg&vmiéglat 160 tonE e 28kich adfkc @ik M 40,

wherein at | ea partially exposing t irst- silicon | ayer conprises

formng at | egitstthwe@p@ﬂm! ng in the thin-filmdielectric layer.. 42. The
met hod of claim 41,3s.wh.eﬁ~ﬁéﬂetﬁ&a[]&cﬁqngwﬁ@c@me)aspm@ﬂét&wwegim thin-film

dielectric layer conprises etching the at [east one qpenl ng | rll the thin-film
di el ectric | aympwing3 secphdsilieonHangr esfmprisesi gnevaog the secondsiliconrayer Eomehet he step of
forting at at least one seed region.

39.  The method of claim 37, wherein the at least one seed region
comprises at least a portion of the first silicon layer.

40.  The method of claim 37, wherein providing the at least one seed
region comprises at least partially exposing the first silicon layer.

41.  The method of claim 40, wherein at least partially exposing the first
silicon layer comprises forming at least one opening in the thin-film dielectric layer.

42.  The method of claim 41, wherein forming at least one opening in the
thin-film dielectric layer comprises etching the at least one opening in the thin-film
dielectric layer.

43.  The method of claim 30, further comprising the step of forming at
least one electrical contact to the first silicon layer.

44,  The method of claim 43, further comprising the step of forming at
least one electrical contact to the second silicon layer.

45. A method of forming a silicon based thin-film structure for an optical

modulator, the method comprising the steps of:



. least one electrical contact to the first silicon |ayer. 44. The met hod of
claim43, further conprising the step of formng at |east one el ectrical
contact to the second silicon layer. 45. A nethod of formng a silicon based
thin-filmstructure for an optical nodulator, the nmethod conprising the

steps of. V\qvggf}ﬁ/o%ZﬁM PCT/ US2005/ 028391 27 provi di nge@gHhiRpishat €
conprising a silicon-on-insulator structure, the silicon-on-insulator

structure having a first silicon |ayer 2zd a buried oxide Ilayer; formng a
wavegui de havi ng a gui di ng region, the Wavegui de capabl e of guiding |ight
in a propagation direct pRRidapd sapstre @bmgrisiny a slidoh o8 Gisalatr B turdliHeeCt i On i n

t he propagation direction; depositi ngll a thi n-f,h_l m di el ectric |ayer having a
predet erm ned t hi cRifeR8n-gulelestiuriues haying a figy sificgndayep and auried gxige 4t e

sel ectively epi taxilg:}e;.;y growi ng a second silicon layer by initiating growh
of the second silicon |ayer at a seed region spaced apart fromthe guiding
regi on of the wavegui deforming awaveguide haviag ¢ gwiding geeionethe pavegridgcappblgr owt h of

t he second silicon SA ; 3 i el 1 i Miegver at

| east a portion of th e{a{nﬁihgﬁfl%??#p%ﬁag?idgﬁw a?lgle#tg%éafﬁygérg%r oWt portion
of the second sil i climectioaymthe prbpagativredirectionod of cl ai m 45, further conpri sing

the step of formng a . L On . i . j he first
silicon layer to form tﬁ%’%g‘e‘é%mr“g‘g?‘%‘%‘%&a%é‘gvr’r‘g%%ﬂ&&)%?’g‘g&%i m 46, wherein
exposi ng a porti on thitkiteksoonfthe St silicon tager df thesnbstratepr i ses formi ng a wi ndow in
the dielectric thin-film,l r.. 48, The. nmethod.of. cl.aim47..formng a

w ndow in the dielectri éelecgﬁ(ﬁf)?Rl%lgn)éﬁwg"rﬁgﬁgsecg"%%L‘éoé’tlgygﬁnl’%wtg&g%nsi on of the
wi ndow wi th a crystgadwthof thpkécond silidos dyer at @ seed iregimt spased @part fin@n ther st si | i con

| ayer. 49. The net hod, of cl aim 45 wh&r_eid‘n the step of form ng a wavegui de

conpri ses formng BUHRRIGHP OREEUHR 4%t | east a portion of the first
silicon layer, the di elagillyiextehdihgithé epitaxially giowtieofdhd deeond\siticor laydrh porti on

of e second ST 1T ¢ 2¥Ebia Shion oyl bbbl 316 § Mrdbel D LG vre for
dielectric to form an overgrowth portion of the second silicon layer:
| 46.  The method of claim 45, further comprising the step of forming a
seed region by exposing a portion of the first silicon layer to form the seed region.

47.  The method of claim 46, wherein exposing a portion of the first
silicon layer comprises forming a window in the dielectric thin-film layer.

48.  The method of claim 47, forming a window in the dielectric
comprises aligning a direction of extension of the window with a crystallographic
orientation direction of the first silicon layer.

49.  The method of claim 45, wherein the step of forming a waveguide
comprises forming a waveguide cc;mpxising at least a portion of the first silicon
layer, the dielectric thin-film layer, and the overgrowth portion of the second silicon
layer.

50.  Asilicon based thin-film structure for an optical modulator, the thin-
film structure comprising:

a substrate comprising a silicon-on-insulator structure, the silicon-on-
insulator structure having a first silicon layer and a buried oxide layer;

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

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



. filim structure conprising: a substrate conprising a silicon-on-insul ator
structure, the silicon-on- insulator structure having a first silicon |ayer
and a buried oxide layer; 'a thin-filmdielectric |ayer on the first silicon
| ayer of the substrate, the thin-filmdielectric |layer having a

predeterm ned thickness; a second silicon layer on the thin-filmdielectric;
and WO 2006/ 2¢eP118¢5T/ 1JS2005/ 028391 - 28 a wavegui de BENYAYS8283% di ng

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

| ayer, the thin-filmdielectric |ayer,-25d the second silicon |ayer;
wherein the second silicon layer i.s at.).east. partially.crystallized in at

| east a portion of the @ma&ﬁgﬁécﬁ‘@'g}%@ g 'Hgo e‘@aLYF%‘é.e PUFRBASt r uct ure of
clai m 50, wherein t1ggt{ hdrdn oFtHeifEQ BiliLaVayer, Ay ML HAMicdectiid P Qan@ kpest al | ayer.
52. The structure of claim50, wherein the thin-filmdielectric conprises
silicon dioxide. 53ccopdalieenlgyeture of claim 50, wherein the thin-film
dielectric conprises ayhbeinkiRatsnk Sifison1BRPis hPRaR PAAIN U pstalfAd inf4te Structure
of claim 50, wherein the wavegui de extends in a " direction of |ight
propagation for a peastapastionofthe guidingaegien of g& waypguidst r uct ure of cl ai m 54,
wherein the waveguigde i ' o j qﬁdﬁ | i favi ng a

wavel ength in the nﬂar ?‘R{'ﬁb@%ﬁﬁg&@;{ f(g'ﬁuho lnt e &Cegpggl??‘g#n%%ﬁg%\éspect rum
56. The structsimgle opstdllaiem 55, wherein the wavegui de is designed to guide
and confine |ight Vi n | : e - eme I NE
structure ,of clai m50, %ﬁ‘ég?“hﬁf(ﬁg‘q‘ﬁ%@&&%@q‘f‘%&%’?g@ ﬁ%ﬁ%‘:o"ﬁ%’?ﬁsude an
active region siliqgpaldiexidef nodul ati ng |ight passing through the wavegui de at

a frequency of at |5‘§.a8t Tllfe s)fruglgx% o?@l’éfn%so, wherein the thin-film dielectric comprises

a thickness less than 100 angstroms.

54.  The structure of claim 50, wherein the waveguide extends in a
direction of light propagation for a predetermined distance.

55.  The structure of claim 54, wherein the waveguide is designed to
guide and confine light having a wavelength in the near infra-red portion of the
electromagnetic spectrum.

56.  The structure of claim 55, wherein the waveguide is designed to
guide and confine light having a wavelength of about 1.55 microns.

57.  The structure of claim 50, wherein the waveguide is designed to
include an active region capable of modulating light passing through the waveguide

at a frequency of at least 1 x 10° hertz.





