WO 2006/ 020701 PCTI US2005/ 028402 LOW LOSS CONTACT STRUCTURES FOR Sl LI CON
BASED OPTI CAL MODULATORS AND METHODS OF MANUFACTURE 5 This application
clainms the benefit of U S. Provisional Application Serial No. 60/554457,
filed MarchW@g00620301 entitled "Silicon Based Optical MPEIVERMSH2800 Met hods
of Manufacture,” which disclosure is incorporated herein by reference inits
entirety for all purposes. Technical Fi€ld 10 The present invention relates
to silicon based optical nodulators for optical transm ssion systens. Mre
particularly, the present invention relates to electrical contact
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as the backbone 0 t he conmuni cati on system because fiber optics can
transmt data at rates that far excegd.fa@ rifpabilities of wire based
communi cation networks. A typical fiber optrc based 25 comruni cati on network
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structures for silicon based thin-film structures for use in optical modulators and methods of

making such structures.
Background
15 The state of the art in optical communication networks, particularly that related to

photonics based components for use in such networks, has advanced rapidly in recent years.
Present applications require, and future application will demand, that these communication
systems have the capability to reliably transfer large amounts of data at high rates.
Moreover, because these networks need to be provided in a cost efficient manner, especially

20  for “last mile” applications, a great deal of effort has been directed toward reducing the cost
of such photonic components while improving their performance.

Typical optical communications systems use fiber optic cables as the backbone of
the communication system because fiber optics can transmit data at rates that far exceed the
capabilities of wire based communication networks. A typical fiber optic based

25  communication network uses a transceiver based system that includes various types of
optoelectronic components. Generally, a transceiver includes a light source, means to

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



optical signal back to an electrical signal. A laser is used to provide the
source of light and a nodulator is used to turn the |light source into an

i nformation bearing signal by controllably turning the light on and off.
That is, tOAMEMRE0br converts the light fromthe | asePCIAS2050284e% a st ream
of ones and zeroes that is transmtted by a fiber optic cable. The incom ng
5 optical signal can be converted back t-a-an el ectrical signal by using
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Lithium niobate devices rely on an electrooptic effect to provide a modulating
15 function. That is, an electric field is used to change the refractive index of the material
through which the light is traveling. These devices are usually provided as a Mach-Zehnder
interferometer. In this type of modulator, an incoming light source is divided and directed
through two separate waveguides. An electric field is applied to one of the waveguides,
which causes the light passing through it to be out of phase with respect to the light }n the
20  other waveguide. When the light emerges from both waveguides and recombines, it
interferes destructively, effectively turning the light off.
In contrast, compound semiconductor based devices rely on an electroabsorption
effect. In this type of modulator an applied electric field is also used, but not to vary the
refractive index of the material through which the light is propagating. In a compound

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



by turning the electric field on and off, the light can be turned on and
off. One problemw th [ithium niobate based nodulators is that as the data
transfer rate increases for these devices, so nust the size of the device
itself. ThiWOrZ8¢20®E nore 5 material, which can i ncr eaPETAE05/02848s e

nodul at or devices are often integrated into packages wth other conponents
where the demand for small.er package siz8s is conti nual ly increasing.
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potentially be obtained in the nmanufacture of silicon based devices. WO
2006/ 020701 PGHuddta2Qhbvé ébeidd the systedhs.Regar di ng silicon based technol ogy, a

silicon based nodul ator can be designed to
Compound semiconductor modulator devices can be made extremely small and are

not limited by the size restrictions of lithium niobate based devices. Moreover, these

15  devices can handle high data transfer rates at relatively low drive voltages. However,
current compound semiconductor based modulators, such as those fabricated from the
indium phosphide material system, have certain limitations. In particular, these devices can
suffer from problems related to coupling losses and internal absorption losses, which are
generally not present in lithium niobate based devices.

20 As an additional concemn, the processing and manufacture of compound
semiconductor based devices is expensive when compared to silicon based devices, for
example. One reason for this is that many of the base materials used for compound
semiconductor processing are expensive and difficult to handle. For example, indium
phosphide wafers are presently limited in size and the largest wafers are expensive. This

25  makes low cost high volume manufacturing difficult as compared to that which can

potentially be obtained in the manufacture of silicon based devices.



function in a manner that is simlar to the way a |ithium niobate based
device functions in that it changes the phase of the light passing through
a wavegui de. This phase change can be used in a Mach-Zehnder type device to
form a nodWares/o2eMte particularly, a silicon 5 based 8EFUS200508402al | vy
operates on the principle that a region of high charge concentration can be
used to shift the phase of light in the “Maveguide. Inportantly, the

UG SR MR
LRV, LT, bt o ST R b a0 Y
10, £5PC 11 RS e G bt SRR 0B S B 0,
oe U520 [ St (paenl G5 ol 5 AR Y Rty Dl 1 ©
operaL1On, 51 SARGORLLALLAM A SIRLIE ABHHEIS GERR S Ol 201 V2 1
LTS PO ARkl oGRFA (O e A e R, 1

particularly, %&%sﬁiﬁ?ﬁﬂ%ﬁ}ﬁdﬁﬂﬁmmg&ceﬁ%ﬂaﬁ&ﬁegﬂﬁ?Bﬁhgaﬁ%ﬁ ey as vl |

as the speed ZWhi ch ¢ arge carries can be renove rec ion, for

exanpl e) affegﬁ&a&é@ﬁoﬁﬁmh%nmiuﬁmmw,a&kmm%&%@&m&&@ae&d- These

generation and reconbi nati on processes are directly related to the nobility
of the charge Gapé 1B th MtetddEwiBAhd lightis 3iser Rl t6bd ddle to BAGRWPRask BRSE:, deVi ces use
both single crystal silicon and non-single crystal silicon and because the
nobi ity ofp chagegially 6ueitat @h Shift thelphide By BunRustsyitble for abd ih & Mach-Zelmbgmjpti cant | y
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| ow nmobi l ity rieviessi ngl e crystal material 25 unfortunately limts the rate at
whi ch the device can nodul ate |ight. WD 2006/ 020701 PCT/ US2005/ 028402 -5
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structures that are
devices are known to use injection of electrons or depletion of holes in a diode or triode

type device. In operation, a concentration of charge carriers can be provided in an active

15  portion of a guiding region of a waveguide in these devices. One parameter that is
important in a silicon based optical modulator is the speed in which a charged region can
be created and subsequently dissipated. More particularly, the speed at which charge
carriers can be generated as well as the speed at which charge carries can be removed
(by recombination, for example) affects the speed at which modulation can be

20  performed. These generation and recombination processes are directly related to the
mobility of the charge carriers in the particular material. Because these devices use both
single crystal silicon and non-single crystal silicon and because the mobility of charge
carriers in non-single crystal silicon is significantly lower than the mobility of charge
carriers in single crystal silicon, the low mobility non-single crystal material

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



capable of rapidly creating and renoving a charged region for shifting the
phase of |ight passing through the structure. In accordance with the
present invention, high frequency 5 optical nodul ators can be formed using
si li con-i nsYOWY2RI0L i con thin-filmstructures. In or dACTIUS2950848 a
charged region for phase shifting, in accordance with the present

i nvention, devices of the present inventen are preferably fornmed as | ayered
structures that have an insulator layer, such as silicon dioxide,

sandwi ched between silicon | ayers. Ai@%trati on of charge carriers can
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preferably . in e structure of appropriate materials for rapidly 20
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wavegui de and preferably the structure is defined to confine and guide the
l'i ght t hrough A Qe b dharge Vi ddh bélReviddiinDrepion adjicetyadag the signal .
Anot her paraneter that is inmportant in this type of device relates to the
ef fi ci encyoof silibgn/skedeiitterface by 4ppliing Bridlettricall bits a66ss theqilicen I3RS Mplsi on i N any
part of the device 25 can affect the efficiency of this type of optical
devi ce. Opti caffectibedpmptdsolmrgeaarias fon thetbalkailioat mdteriabtowsddhe axide gerdevi ce such
as at an electrical contact. H gh efficiency WO 2006/ 020701

PCT/ US2005/ 0284 th2y build ug éva region rearcheointeffeer ed f or nany reasons such as for
provi di ng devices that can be operated at | ow voltages. Accordingly, in one
enbodi nent of the ppemetq'rm'giﬁmmﬁqnt 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
15  charge carriers in the particular material. Therefore, in one 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 device. Moreover, to function as an optical
modulator, such devices preferably include structure of appropriate materials for rapidly
20  altering the free carrier concentration across the optical path of a waveguide and
preferably the structure is defined to confine and guide the light through the waveguide
without degrading or attenuating the signal.
Another parameter that is important in this type of device relates to the
efficiency of the device. In particular, losses due to absorption in any part of the device
25  can affect the efficiency of this type of optical device. Optical absorption can occur

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



electrical contact structures are provided wherein contact regions that use
a netal (s) are spaced apart or away froman active region of the device in
order to control &)ossi ble 5 optical |osses. The present invention provides
si | i con-i nsMOA0802879% con structures for optical nodul SREHUSRBEEAIZ 1 i r st
and second silicon layers wth each preferably conprising active regions
conprising high free carrier nobility sitéeon. Such -
silicon-insulator-silicon . structures are desirable for_nhi speed opti cal
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is doped to a | eve sufficient to achieve the desired nodul ation

performance. |poRiYorC Mg fird EndbeRdlsifoh lay&s wite 'Qpre'feﬁabmeﬁgﬂﬁ{g%weO_ have a
high free carrier nmobility in accordance with the present 20 invention if it

is formed fromegonsoprlishg Higttee bafieranobilifEsilfcas. ' Sudh siliBRiidsubdr-giconet forth
above. It has been estimated that speeds in excess of | x 109 hertz and as
hi gh as or  gr@atibres irb asirdile for KigPsps&d dpicaCaghalBodubidibi @Redierhia £ 02 acti ve
region of the second silicon layer has a nobility that is at |east 20% 25%
of the nobid i tyernaffortdremple)t iPrederablygbiticon difat lias @ bk frkd dasrier mbbilityohatliaper .
Accordingly, the second silicon |ayer is preferably formed from silicon
materi al that $tasemimeistl/volt-secinddem’T\ss)at robre tesiperads (FRtymefsiticoreis nwb) | i ty of the
WD 2006/ 020701 PCT/ US2005/ 028402 -7 material that is used to formthe first
silicon | ayer .anfet lgast200em’/ Vst topm tenpperaparrlifipetyiiesilicopis u§ed) inprovided dst | s
preferable to have the second | ayer nobility at about 50% and nost

starting material to form a thin-film optical modulator structure in accordance with one

aspect of the present invention. That is, this high mobility silicon may be provided and
15  further doped to form an active region of a silicon layer for an optical modulator
structure, which doping can change, and typically lowers, the rnobih'_ty of the active
region 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 active
region is considered to have a high free carrier mobility in accordance with the present
20  invention if it is formed from a material that has a free carrier mobility as set forth
above.
1t has been estimated that speeds in excess of 1 x 10 hertz and as high as or
greater than 10 x 10° hertz can be realized when the active region of the second silicon
layer has a mobility that is at least 20%-25% of the mobility of the active region of the
25  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



preferably close to 100% Thus, the initial silicon material for formng the:
active region of the second silicon |ayer preferably has a nobility of

about 50% and nost ?referably 5 close to 100% of the initial silicon
material foYOAYWRP  ve region of the first silicon | ay@CT/USEOISEINGly, in
one aspect of the present invention, a silicon based thin-film structure
for an optical nodul ator i.s provided. Thé&-thin-filmstructure preferably
conprises a wav j de. v i de..oreferably i a Lding region
compr i o1 ng- o SRS el HEN B el SR Bl 33 el O e Froifon
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spaced apart from the guiding region of the wavegui de. 15°In another aspect

of the pregeni;okd4q08% 8fthe Rititl silicEPatlids ffl the Béthre foglolobthé et dilicln fagdr. an
optical nodulator is provided. The thin-filmstructure generally conprises a

substrate, first a@ﬁco‘i&ﬁ%ﬂ% Sile iR @ Bf H@Meseht ihvdM®InSa sicoh BasBd thinlfiindi el ectric
device layer, a waveguide, and an electrical contact structure for the

first silicon siray@é for déptibdl indlulfibrié froidedIENd -l ¥Rictureprfeabler abl y forned on
the substrate and the thin-filmdielectric device 20 |ayer is preferably

formed on the chinprisks Swavegde. UBswoRgdidpesferabliniciudes B giliiihgiegior! ectric device

| ayer preferably has a predeterm ned thickness. A second silicon device

| ayer is prefanpising afsiliconsidsutator silieort thinfilh sthuttuel. dhesilidondnsditor-siticdnayer . The
wavegui de preferably conprises a guiding region and at |east a portion of

t he first 18i | istohreigvienbly commises a dimectriclievieeflayensandvethed betiveendizstege | ayer, and
the second silicon device |layer. The electrical 25 contact structure for the
first silicon setend silicon devioe Iayeraf Eredbin-ilm stuictyreatso arefemblycomppisse 2 on  spaced
apart fromthe guiding region of the waveguide. WO 2006/ 020701

PCT/ US2005/ 02 8legirical cqutactstryebyre i1 it lpast ong efybe firsignd sagend silisanedeyice leyaht i on, a
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F

modul ator is PPowUrcEE! cora sEmerroRTelgabls popRries a contact portion spaced apart from
the guiding region of the waveguide.

15 In another aspect of the present invention, a silicon based thin-film structure for
an optical modulator is provided. The thin-film structure generally comprises a
substrate, first and second silicon device layers, a thin-film dielectric device layer, a
waveguide, and an electrical contact structure for the first silicon layer. The first silicon
device layer is preferably formed on the substrate and the thin-film die]e'ctric device

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

25  contact structure for the first silicon device layer preferably includes a contact portion

spaced apart from the guiding region of the waveguide.



includes steps of formng a silicon-insulator-silicon thin-filmstructure,
formng a waveguide, and form ng an electrical contact structure. Form ng
the silicon-insulator 5 silicon structure preferably conprises providing a
substrate cwom006020801a first silicon |ayer, depositing PCTVUE2005/028402
dielectric layer on the first silicon layer of the substrate, and
depositing a second silicon layer on the.ghin-filmdielectric |ayer. The
wavegui de preferably includes a guiding region and at |east_a portion of
the first silicon |Mayeranotheraspestiaf the presept ipNeatioace pethod|of {pping g slicemhe second
silicon layer. The electrical_contact structure 10 preferably includes a
contact porti cresesiBindtm sperre @?W?Wém%’?aéﬂrﬁd’%‘i"dﬁ‘eﬁﬂpﬁ(&m%ﬁ}?egui de.
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1, Figure 3 is ' : i Le Vi t bl ] +n-i nsul at or
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Figure 4 if a 50809 ichd&aQ8face fetibripatd ¥ak WolhelghRin fepfintA mat ruct ure of
Figure 3 showng in particular channels that are provided to isolate a
portion of theysthidon |ayer of the silicon-on-insulator structure in
accordance with an aspect of the present invention;

) Brief Description of the Drawings

These and other features, aspects, and advantages of the present invention will
become better understood with regard to the following description, appended claims, and
15  accompanying drawings where: |
Figure 1 is a schematic cross-sectional view of an exemplary layered thin-film
silicon-insulator-silicon structure in accordance with the present invention that can be used
to form an optical modulator;
Figure 2 is a schematic cross-sectional view of a silicon-on-insulator substrate that
20  can be used to form a layered thin-film silicon-insulator-silicon structure in accordance with
an embodiment of the present invention such as the layered thin-film silicon-insulator-
silicon structure shown in Figure 1;
Figure 3 is a schematic cross-sectional view of the silicon-on-insulator substrate of
Figure 2 showing in particular a thin-film etch stop layer that has been provided on a silicon

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



Figure 5 is a schematic cross-sectional view of the |ayered structure of
Figure 4 with 5 a thin-filmdielectric |ayer covering the thin-filmetch
stop layer and filling the channels; Figure 6 is a schenatic
cross-sect i WRZPPA2EW of t he | ayered structure of Fi gure -TA¥R2805/0284p3 i a|
removal of the covering dielectric |ayer and renmoval of the thin-filmetch
stop layer, thus leaving a first elect ri%al | y i solated silicon device |ayer
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schemati c cross-se onal view of the layered structure Figure show ng
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i nvention, can be used to forman optical nodulator, 15 Figure 9 is a

schemati ¢ top MhpvhlSfdictectrRYSECBveihng ﬂﬁuwmnietmtstogadyemd aRg teQhdngglgn an
optical nodul ator such as the optical nodul ator shown in Figure 8 ‘With first
and second cont actFigir¢ 6\ i3laldtiRmaticbdss-eationklGriewss thellfyeea StnichedofFpfeCt I egi ons
away froman active region of the |layered structure; Figure 10 is a
schemati ¢ cr osdesgetial fenmbal of tecoveriny ditlectib Rydraydremtvad bf tiehitr fimaichsiogur e 20 9
showing a thin-filmdielectric device |ayer positioned between first and
second si | i cortayef]ewistaavingy Brstelecaivallyfsolptrdeilitdn degicalazpar hevimy an@xpose swifedy Of

anot her | ayered structure that can be used to forman optical nodul ator
such as the opti calFignellisaischemativavass-septioril giewenf Shedyeted ftruchyre efiFguressewithind
contact structures that can be used to position contact regions away from an
active 25 ¥egiohnabna fin-filmydielestricgleyierdyer movifirdrowerithe fivet stlicorsdevigmldyazecond
contact structures are provided at an angle with respect to_a direction of
| i ght propagation t i§ agehemptisrroseigotions! \yiep pf the 1apgsed s tupmas Figpre 7

PCT/ US2005/ 028401, -10 Detail ed, Description In Figure 1, a first enbodi nent
of an optical SoWAE &G ].56’°P‘hd°§’(9&l§?"’daﬁﬂé§m$\ﬂ'wftﬂf? nfiia disleetrip Jyerand e i s

schemnti cal | |II strated Cl 0SS-Se the opti cal
y first silicon device layer toformat S-fﬁms:%con-msula%or—sx con structure 'that, ?n

accordance with the present invention, can be used to form an optical modulator;

15 Figure 9 is a schematic top view of a layered structure that can be used to form an
optical modulator such as the optical modulator shown in Figure 8 with first and second
contact structures that can be used to posiﬁon'contact regions away from an active region of
the layered structure;

Figure 10 is a schematic cross-sectional side view of the layered structure of Figure

20 9 showing a thin-film dielectric device layer positioned between first and second silicon
device layers; and

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

25  region of the layered structure wherein the first and second contact structures are provided at

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



nodul at or 10 includes a substrate 12, preferably silicon, an insulator that
preferably 5 conprises buried oxide |layer 14, and a first silicon |ayer 16.
Preferably, the first silicon |ayer 16 and the buried oxide |ayer 14 are
provi ded asV@286(%2%8h-on-i nsul ator structure, as conveRCTBRAFA8Rown.
However, the nodul ator 10 does not require use of silicon-on- insulator
technol ogy and may be fornmed by other t aéhni ques including in particular
those described below. Silicon-on st ructures are preferred
because of their conpatibility 10 waﬁtéggnb\‘/lel?f onal conplenentary netal

oxi de seni conduct or p(HME) a RisPsadimBat-of Aopticd fldduldthel 09P4ck6ddnct Witk onal ity
of an optical nodulator (whiclr itself is an electro-optical device) can be

integrated wi %Pes&ﬁl%v%ﬁt%ﬁﬁﬁsblﬁﬁqbnoﬁwﬁdu@ﬁaiderés -Edctiéhe \Ws @RSwnS the bptR&l t r ansi st ors,
resistors, capacitors, and inductors on the sane subst rate. hese

el ectro- opti Cghodanebr 1@ eigdes b Eubbtra€telR| referablgBilibe, AnOfidiRicbr hdt preferaglyt he conmon
processi ng techniques to provide 15 optical circuits that are i1 ntegrated

W th el ect 5i Cabmpiiges biirled oxidd1ay@P 14 End afirbtisitiosn 1ayer 16) Pudferiily, thelfbst Biliednogy

provi des an easy way to provide a high quality single crystal layer and to
el ectrical |y iiget #8 edlelbivadd oslidy lager 34 tdegtoviziadadaasilfoar-oreisilatortshecnae, las con | ayer
fromeach other. The nodul ator 10 al so preferably includes a thin-film

di el ectri c | ayshivehfionalhycltndwi.Clientvérctheumeduldidrd 0 Hoas aibt require o of bikdpaon-16 and a
second silicon layer 20. In one preferred 20 enbodinent, the thin-film

di el ectric | aygsulaiod teclhmojogy sdsnag bs fonnaity othientechiiguésayobrding/Ad pasticulatithodei r st
silicon layer 16 preferably conprises an electrically isolated |ayer. That
i's, the sili caiescribedteiowl Silicon-pridulatarsiryctugesrarequefeiesd beppusa of theiseompeiibility mat er i al
in order to laterally and vertically isolate the silicon layer 16.

Pref er abl Y10 asvithesuyentinaal complamentarciaetal; oxidp sqmegondyptes ((NI@8kprensssingn el at or
substrate is used and a conventionally known shallow trench isol ation
process can 25“@@“‘99@&”’[@"%{{3@afWPF%abP‘a@‘%at?rK@h’ﬁh isrlE den Plagteroptieal f r om ot her
adj acent devices formed on the_ sanpe SL{bstrate The, buried oxide Iayer of
the silicon- ori’ﬁY‘F@ﬁ?“a]Fd‘?te%ﬁt?dL}’ﬂ@ﬁlﬁeél?Eﬁa tppstionsliey of dryiceRsuSRs SrRsisteTH

PCT/ US2005/ 028402 -11 verti.c i sol t| on. @s uﬁ{e she si|i co Iayer 16 (or
silicon isl and‘js‘sﬁ%"hc‘f?é"“é’fsratﬁ‘éf’lﬁ?"ﬁ?r??/“ & AT sRepTateyy Theprelecke-ARtorlaRd i ei ectri ¢

;gyg;dlg?)atnga{% St%l%s[l gv?cga:%g beﬁoI deedb X l e t%rﬁnqgnhproc%ssmgtecﬁmques&)prdedse portions

15  optical circuits that are integrated with electrical circuits. Moreover, silicon-on-insulator

technology provides an easy way to provide a high quality single crystal layer and to
electrically isolate plural devices that can be formed in the silicon layer from each other.
The modulator 10 also preferably includes a thin-film dielectric layer 18
sandwiched between the first silicon layer 16 and a second silicon Jayer 20. In one preferred
20 embodiment, the thin-film dielectric layer 18 comprises a silicon dioxide layer. Also, the
first silicon layer 16 preferably comprises an electrically isolated layer. That is, the silicon
layer 16 is preferably surrounded by an insulating material in order to laterally and vertically
isolate the silicon layer 16. Preferably, as described in more detail below, a silicon-on-
insulator substrate is used and a conventionally known shallow trench isolation process can
25  beused to laterally isolate the silicon layer 16 from other adjacent devices formed on the

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



Al t hough preferred; silicon-on-insulator technol ogy does not need to be
used. Any 5 conventionally known or future devel oped techni que capabl e of
functi oni ngwi n tfbs § me manner to sufficiently isolate_device structures
for form ng"RiZg Y Ruency optical nodulators in accor §&AUS2WSPIhe
present invention can be used. In particular, such structures generally
require sufficient lateral - as well as hotizontal isolation to functionall y
| solate devi cogbhamAar hadhdiethe shith 1G%ABRE ok itk ERIYk SARMAIG olahta!
conventional |y known 10 techni ques such as deep trench isolation or |ocal

oxi dation of s lleGRn-firk Glelebhic Bfd 10 EndbSBfounbifg badeSIRA trdhch 3P hicR ifdfiice
structures. ReQarding vertical isolation, any technique that is

conventi onal | *oiﬁam 294 25 Mhtehebededngh ep@Gedion. sufficiently vertically
isolating the silicon layer 16 in accordance with the present invention may
be used. An oxide |A%6ighaftfdnad,ailiceh-@ritdubiontthholdgPidesifidt necddo bd dseh tAgt ed, and
is preferably 15 designed in order to at |least partially define a wavegui de
30 that extsendsnvestionsllyinewhebrehtiferiettiopet \BéhAigGecapablecof inthming dithe fanfer opagat i on
of an electromagnetic field through the waveguide 30. That is, the oxide 24
preferably asshanhe td ffivienfly 86late deyive strustuids €or\famning high dred@ncydpticabpagat i ng

el ectromagnetic field is also referred to as |ight herein. As shown, the
wavegui de 30 insodulptossfiracatriancetvith the pteseptintentidnl cgn bbafsed) dalpamyculah@udhhi n- il m
dielectric .18 and the first and second 20 silicon |layers 16 and 20,
respectively. siindurescpengallydenuisuffinint kterabastwell epinfrizontal &oldtiguio Gmctiongllyt
propagating through a guiding region 32 of the waveguide 30. In order to

i | lustrate t hiislaadedficesdromredchoathefr.i Far axpmpleyit istconseraplated that gonventionglly kndwnan

el ectromagnetic field that can propagate through the guiding region 32 of

t he waveguiOde tebnipugs pych asdeertrengh iselptioner logad pridation pfsiicerp@@COS eanby usehe 25

wavegui de 30 is gref erably desi.gned _for _si ng{ce npde transm ssion. That is,

the wavegui de to Bsrally isplaterdgyicasirychyess iRgpasding vsrticpldtolatipm apifbaiqueiietds bound node
(al so called the fun ntal WO 2006/ 020701 PCTNS2005/,028402 -12 gui ded
node or tr appé’&n"ﬁmfégg AFIHOK éf’(f?"a?‘gfgw&% YHie -‘6‘%"'}"&%#’&‘%‘1"_ For

typi cal optical canmuni.cati systens, .wavel engths in the near infra-red
portion of thgay%ﬁ%é%fﬁggﬂgﬁﬁgfqgﬁ’eg%ﬁe&’ W%ﬂaytb?ﬂ%éal |y used. For exanpl e,

wavel engt hs ar oundA;Ll.

o%%e layer 24 is also preferably provided, as illustrated, and is preferably

15  designed in order to at least partially define a waveguide 30 that extends for a predetermined
distance in a direction of propagation of an electromagnetic field through the waveguide 30.
That is, the oxide 24 preferably assists to confine light in the waveguide 30. A propagating
electromagnetic field is also referred to as light herein. As shown, the waveguide 30 is
preferably at least partially defined by the thin-film dielectric 18 and the first and second

20  silicon layers 16 and 20, respectively.

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

25  waveguide 30 is preferably designed for single mode transmission. That is, the waveguide

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



m crons are comon. 5 Thin-filmstructures and techni ques for designing such
structures for optical waveguides are well known and any structure capable
of confi ni n and qui d| ng light in accordance with the present invention can
be used. Fo W& 1 such wavegui des may i ncl ude i nt er fGHES200¥426402 n
thin-filmmaterials havi ng different refractive index, which interfaces can
be used in order to guide and confine |i-dkt in accor dance with the present

10 inventi on. 538%% ?rhegge(al%g@;agnleﬁs o ggw@@mwgdghao%m@&ggnbfmg@gﬁed by

control | ably v%ll’ mat er to guide

and confi ne | '%ngmgmﬁmmh.&s gys&gm et fiheathibh %a%%x%r%ﬁ the

thin-filmdiel ayer nd t e second silicon’layer are al so
preferably desa%ﬁsﬂa@eu&%emmm t9pically fdedl L#o@uaﬂﬂlel wa)afengtﬁgaamdna gfsg avel i ng
through the guirding Tegion 32 of the waveguid . More specifically, at

| east a porti oRicRs aréeoiiéh. Ui di ng regi on 32 of the wavegui de 30 is
preferably designed to include an active region. Accordingly, the first

silicon layger 16 anthii-fikn sa6eRsandidciniqis foAdsinin®sh Snifutk S5rabtics)  oper atively
doped to formactive regions (or doped regions) in the first and second

silicon | ayergaybfuiddsaredfll kitivef0d all situctir®pdbld dFlcordinthg26E RdinSlight mON | ayers,
16 and 20, are doped in a region or area where it is desired to rapidly

al ter the freecsaidncewitlcmepresthimiehiivi cackeasdl. Foacexaplopidiomivegiidebmaf the | ght
propagating through the guiding region 32 of the waveguide 30. As described

bel ow, the si lin@6de ihtafes tefweerpthinkfiimpnateyiple having diffeeensiefradtionindéxy ®hick0 can be
n-type or vice versa. Preferably, the active regions are sufficiently doped
in order to acihiceaes andesied écbrdentpciuida triduonfine lightiin aeordanes pith the péeap, t he
nmodul ator 10 preferably includes a first electrical contact 26 for providing
25 a contatt tioventien. Mireayen graded dnde@gignidsugh seewbrfomied by contmllabbontyigt 28 f or
providing a contact to silicon layer 16. As shown the contacts 26 and 28
are pref er abl ythegmpesitionsd e materid maythe uindtondisaodenbne iysisedbawers402 - 13
active portion of the guidin %l on 32 in order to mnimze optical |osses
that can be caused T“B@%@@Pg‘ﬂﬁs‘ éh@mﬁrféméw&smylauyéé and theseqend slipoact s.  Low

| oss contact structures and nmethods, of faqrm ng _such contacts that can be
used i n accor daxse &0 #F tlfe rreferably designed tp R eoptblen] modwating light that is traveling

through the guiding region 32 of the waveguide 30. More specifically, at least a portion of
15  the guiding region 32 of the waveguide 30 is preferably designed to include 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 second silicon layers, 16 and 20, are doped ina
region or area where it is desired to rapidly alter the free carrier concentration across the
20  optical path of the light propagating through the guiding region 32 of the waveguide 30. As
described below;, the silicon layer 16 can be p-type and the silicon layer 20 can be n-type or
vice versa. Preferably, the active regions are sufficiently doped in order to achieve a desired
modulation or switching speed.
Also, the modulator 10 preferably includes a first electrical contact 26 for providing
25  acontact to the silicon layer 20 and a second electrical contact 28 for providing a contact to

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



described in nore detail below. 5 Preferably, the contacts 26 and 28 are
formed as | ow resi stance ohm c contacts wherein current varies linearly

wi th applied vol ta(%e. Accordingly, the second silicon |ayer 20 preferably

i ncl udes a WP3MoP20@bped regi on 36 that at | east parti alPCF/US300882%8e cont act
26. For exanple, a highly doped region is preferably doped to between 5 x
10"/cm and 2 x 101%r. Likewi se, the fil¥st silicon layer 16 preferably

i ncl udes a hi ghl. eqj. on . .|.eas rtially forms t.he

cont act 28. T%’gé%e"g%ﬁgfé%gjéﬁ" %goéﬁékglr%éﬁ‘tg"a "f'S?cI)(%%%éo s%%th %aP(rgggab%eﬁd Wi th

1 P9, O AL BB TV ki i SR 7

the second sildreRRink3Ychlcordkbts the cdd bk YRA in dcliF BB thftedest ifleifoniifel €r ably
n-type. Any contactsS capable ofproviding an electrical bias to the guiding

regi on 30, thelgbyedifmdteetaRBel@del | Ve region in accordance with 15 the
i nventi on, are contenpl ated and can be used. Such ohm c contacts are well

known by tshose i N pidfgatity, theQ@bntsfy D8 afd By tronddRk by residtaie SHIE nstsict or  ( CMOS)
processing. In operation, a phase shift can be produced in |ight passing

through the wayRgi diftent $&ied)neaPivith dpglicEvoRdge C Abdofdmlglyh the Secafd ifcén fafi®
structure. This bias activates the doped first and second silicon |ayers,

16 and 20, whixbrdihslehyudeahighly 65pa ggiofi 36 thiut Reast Partidlly Forind W cehtichgs. 20
dielectric.layer 18. In particular, contacts 26 and 28 can be used to

provi de a bi aFopelamp, 4 Highly dopedregionid pefpblydiopdd to bdwech w08 /cmlémdand 20, as

t he node 34 passes through the guiding region 32 of the wavegui de 30.

Char ge carri eri9'icm’.t Likevdse! the Brs{ silzpebiyer 1 € preferablydficludisen Highly dopadwdgiseznd
silicon layers, 16 and 20, nove toward the dielectric |layer 18 and build up
so as to pllov itk at leastpiatialy fofmsthexgoglact@8nTherregicns B6and 3B ate preferabihdapedtan produce
a phase shift in the light. This 25 phase shift can be used to nodul ate

| i ght wher e t verrespend|vdthdhe doping of theresppetiaveisilicon dayera Thatds, if she figt silicondterier
interferoneter, for exanple. WO 2006/ 020701 PCT/US2005/028402 -14 The first
and second si |16dantypashsragion g isplsg prederabliiritype, Simgilasly o€ the pesondpilisen lager 26r m an
optical device capable of providing a desired phase shift to |ight passing
through the d¥®tyesdede ingljo pefiptly mPRG AN fORtPTePaial ProvidingaRi t or , at

I inth n h i
east the se ect?igal ng \J‘Fo tt?e g%gdgleg region 30, thereby forming an active region in accordance with

(5
—

15 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) 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 doped first and
second silicon layers, 16 and 20, which thereby causes charge carriers to move toward the

20  dielectric layer 18. In particular, contacts 26 and 28 can be used to provide a bias across the
first and second silicon layers, 16 and 20, as the mode 34 passes through the guiding region
32 of the waveguide 30. Charge carriers in the active (doped) regions of the first and second
silicon layers, 16 and 20, move toward the dielectric layer 18 and build up so as to provide
regions of charge concentration that together can produce a phase shift in the light. This

25  phase shift can be used to modulate light where the modulator 10 is provided as an arm of a

Mach-Zehnder interferometer, for example.



carriers nove toward the dielectric layer in response to an applied electric
field. The 5 structure is preferably not designed for use as a charge
storage device (an electrical capacitor) because such a storage device may
require conYQePOPEPM positioned near the active porti SETHIS2Q0a2840 i ce,

whi ch netal can cause optical |osses. Mreover, the structure of the
present invention preferably conprises al%andw ch structure conprising

active silicon (NPl daRadna Lmbes oferd, 36 B0 A3 heicROMY 1 @8 forfiRn11Sed 11 2

typi cal transistor. not e ove, e first silicon Payer IS

preferably forogl_%&: bR o AhablB YoVl desitel phROsHA o R bh@HE Sirdifgh gt Ur € because

such silicon-oh-1nsulator structures are readily "available commercially

with a top silgfate wees&uét&}eals&msmﬂ'@aeapadueglaﬁea@.ﬁms nsStuhtichRge | aver,
whi ch can have a high free carrier nobility. For exanple, a high free

carrier nobil ich¥etsSnove BRN@fdakd dlelﬂ:&@@iﬁfin?é@fbﬂs&&aﬁ g»gﬁéd eROic BN at room
e

tenperature for n-type silicon and at 15 ast 2 cm N-s at room

tenperat ur g f Qfudturk Jspeeférkbly £ub Besightd foSusb & alargdsldradeltevie (pdistefall O free
carrier nobility represent preferred values for the bulk material (or
initial start ichgcitdipbeedusédubh i fethge daviteafiay réquiré ontic htal bositiohediehrithon | ayer 16.
That is, as described below, the first silicon layer 16 is preferably
formed from anctivgipbitioh ofthé devioe) whiivh@detahtan ciisé opfics 1dsselli Igbrebves; the skwvhire er
nmobility and is subsequently doped to provide a functional device |ayer or
active 20 r egQioPthe pfetendinvention prefierably dethpaisesra, sandivioh stntbagps dognprisiyg aetiversilizon and
typically lowers, the free carrier nobility of a portion of the initial
silicon | ayer .(higdg dopid)igyess rathar timo b bady layeras osed @f a @picd ganisster.l ayer of an
optical nodulator in accordance with the present invention may have a free
carrier ndfility tAamotedatgid, thefiestsili¢ondayeralifas preferablp farmesifrant a layrzofmne devi ce

| ayer. In any case, it is preferably to start with a silicon material that
has a hi gh fr edicersen-ing@atershpoture becaugesuctpsilicop-pn-insylatpr siypeiwres argiselilyor m an acti ve
region from(or in) that initial material. WO 2006/ 020701 PCJ/ US2005/ 028402
-15 | n accor dawilablgremmersiallyyyithaden sikicqy lyqrithghcomprges 8 sipgle entstyl sieqn laygr,j s
preferably provided  such that the silicon |layer 20 has a free carrier

mobi | ity that Whichgan haveaigh %“ﬁ’é‘ef?@%h%aﬁrf”@f’%ﬁnﬂﬁgh EW”B‘F”?‘%@“%HSI i con | ayer
16 as possible (as neasured before doping tq formagtiye device, |ayers for
an opti cal rméﬁ‘?eﬁil&gﬁe? %ﬁ?ﬁ%‘f"&m%%ﬁaﬂ’éﬁmﬁf&ﬁ%ﬁf n-pe sificoggrd )

modul at or '15  least 200 cm?/V-s at room temperature 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 subsequently doped to provide a functional device layer or active

20  region for an optical modulator, which doping may change, and typically lowers, the free
carrier mobility of a portion of the initial silicon layer. Accordingly, an active region of a
device layer of an optical modulator in accordance with the present invention may have a
free carrier mobility that is different from another portion of the same device layer. In any
case, it is preferably to start with a silicon material that has a high free carrier mobility, as

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



5 the silicon |ayer 20 can be formed as an anorphous silicon layer that is
subsequently crystallized at least partially within the functional optical
zone of such layer to provide inproved free carrier nmobility. |In another
enbodi nent WPZP%@ZPWenti on, the silicon layer 20 can BETMUSZHEE2840% h an
effective crystal structure by selective epitaxial growth wherein extended
| ateral overgrowth of such selective epirdaxial growh is used to provide the

il 10 | 2 h N . : : {1
i el sctric | ayer 1dn By Bl pickh Bleni G B ABOM R 20 eI B, o, 20
Is by using a SR&Wﬂgqgensg{cg@g%Z émgsﬁ@%cmm%m%mﬁs &8 Ry rliles Can be

provi ded as desire together to create a desired structure.

Opti cal modul %@m bf &G0k an_qeaypﬂo&ém& @?mWsﬁ'@ﬁgztforé abéaﬁ@tte; fn adiitE Bevi t he

optical 15 no ator 10 shown in Figure 1, can be nade "as descri bed bel ow.

Preferably, cqpyganbi ARplical hddefatdd) FeLahpe it Gie BRbsitamt 6 opcal B6hiadt hough
any ot her knowi or devel oped techniques can be used instead of or In

conbi nati om. Ref Sldoh Nert20 ofri 18 Yoriedas o8 ambiphdi® AHEA laybr 1B isahReqihtlyict ure 40
that includes a substrate 42 (typically silicon), buried oxide | ayer 44,

and first siligaRiizedRNeadtPartisllyivithinShe Rhddohal SiHied] z8relof SRR 198 td ﬁwh@tt or _
substrates are 20 commercially available. The thickness of the buried oxide

layer 44 and tihgrobél fedsR@fier mubility) 6n arvotet GXUAdIRMAE thé Gvarition AkeilRoR e 26€l ect ed
by considering certain desired properties of the particular optical

modul at or t o hen bedanedSuithian effectivear@tal®@istiune b seiddfive@pitial growihvehegdin t he

device, as well as the processing techniques to be used. Also, the silicon

| ayer 46 pref exhded latdral ovagrhwihlof Suck eelectiverepitaxiahgrbwihiis uged tBipadvizie difelsiticor f n- t ype
silicon is used, the silicon layer 46 has 25 a free carrier nmobility of at

| east 500 10na/Ixfes20ds snchomsrliesnplersbiome of the thingfilmydipdectic layeold. iAsothgred, WO

2006/ 020701 PCT/ US2005/ 028402 .-16 the silicon layer 46 preferably has a
free carrier rtedbiiue for poviding thesilicon Jayer 20/ by/ueinga banding prgress whasehyanyiefe.
Preferably, a portion of the silicon |layer 46 is electrically isolated to

forma first peseary lgyeay ca be pravideq gs\Aesired apd banded tegetheyfojsreate a desired g

isolation facilitates the formation of 5 plural devices on the sane
substrate. |n SERBYP| | ustrated enbodi ment, an oxide filled trench

Optical modulators in accordance with the present invention, such as the optical

15  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 of or in combination. 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

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

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



49 is used to define the first device |ayer 48 by form ng a border of
dielectric material around the device perinmeter. As shown in cross-section,
the oxide trench 49 includes oxide portions 50 and 52 as part of the
surroundi ngMQ ¥AEPRO2Y t hat isolates the first device | ayRFT/HSP0FR28482 ¢t he
remai nder of silicon |layer 46. The buried oxide |layer 44 isolates the first
device 10 | ayer 48 from bel ow so that arlétectrically isolated island of
silicon can be_ cr. d a td i | I S2.Gan, be done, for
exanpl e, by sh#fFBH Eit‘r‘yeern Ty )éifr on %X"ewmblw% at %ftqé_gr PEHOSP silicon
(LOCCS) pr ocedtgrséatgé known in conventional CMOS processing. In a typical
trench isol ation process, an etch stop |ayer 54, (see Figure 3) such as a

15 silicon nitride i’x@ﬁéﬁley d portloh bfthe SIFRA Riyérd sk 381y Tiolh a0 1 Cﬁnax ¢46. Next,

conventional Iy known maski'ng and etching processes are use ormtrench

49 as shown i Ngefic81ayé 48%af §136H in Fighd 6. Fash e'i&trﬁ:ﬁl%o'ﬁﬁo@faﬁhﬁfé?‘&ﬁ férfhation of
cross-section). The buried oxide |ayer 44, as shown, defines the depth of

the trench 9. f]ﬁﬁ%ﬂéﬂﬂ'ﬁé,saﬁ@ﬁb%ﬁnﬁhhéﬁud%@& eﬁ&lahﬁengaf o@hilled erch I St

devi ce | ayer as an island. An oxide |layer 60 is then provided to fill the

trench 49 as 24) s defindth@fistictce M 48 bySibeiingd toRleFBhdiddd¥ R matdigl €t ch st op
| ayer 54, as shown. Next, the oxide |layer 60 over the first silicon device

|l ayer 48 and sirhir@@ dediveerithbterd fAsishvnSh Erogistution, tivaide trerith BD gidhgesoxiaan be

pl anari zed, such as by using chem cal nechanical processing (CWP). Then,
the etch stop ponscas SGhd(50has gkt ofthe blropudiiparendhl 49 thaeissletestht fist devicelayer idi n) can
be renoved, such as by, for exanple, an acid bath that can selectively
renove the et cifoms the per2indbraf eiticdndaykrr 46mThdisuried dxidedayet 4yiealatebGheofivst deviee f i r st
device layer 48. The structure shown in Figure 6 can thus be provided
wherein the f immwmwowmumaemwiwmd igland of siligal can beicréatedras O

2006/ 020701 PCT/ US2005/028402 -17 the silicon |ayer 46 by the oxide trench
49 and t he burfiretdievigg lever #& s caube dang, fos exammie, bivghalioveirraph isalaon($B)erwi t h
silicon-on-insulator technol o S preferred ot her techni ques as described
above, can be loesbexidatps eigiisen (CRGOSkpreRRAUTEas Hanym! ib pRwertigrah GMOSt or pl anari zi ng
or renoving materials are contenpl ated, and such processes may be conducted
by any 5 nunbefo$f™MEonbi ned st eps of mul ti pl e varieti es.

In a typical trench isolation process, an etch stop.layer 54, (see Figure 3) such as a

15 silicon nitride layer, is first deposited on the silicon layer 46. Next, conventionally known
masking and etching processes are used to form trench 49 as shown in Fig. 4 (trench
portions 56 and 58 are shown in cross-section). The buried oxide layer 44, as shown,
defines the depth of the trench 49. Accordingly, the trench 49 preferably defines the first
device layer 48 as an island. An oxide layer 60 is then provided to fill t"he trench 49 as

20  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 precessing
(CMP). Then, the etch stop layer 54 (which would preferably be relatively very thin) can be
removed, such as by, for example, an acid bath that can selectively remove the etch stop

25  layer 54 from the silicon layer 46 and the first device layer 48. The structure shown in

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



Preferably, the first device layer 48 is doped to forma p-type active
region for an optical nodulator but the first device |ayer 48 may be doped
to forman n-type active region if desired. Such dopi ng can be done before
t he trench WO2006/02¢3Phed or after the trench is forned. PRHNEYE#0284%ch dopi ng
is preferably perfornmed in a manner that mnimzes the 10 possibility of
undesirabl e thernal diffusion of dopant -3peci es. Dopants such as boron can

be used to for es?ﬁéoxg&g{)ﬁggg%%mﬁ%ﬂpmaa,e%wféa.o%e a&g%.i il ghgﬁa{or us, and

anti nony can e use n-type active regions. Prefera he first

device l'ayer %%nﬁisﬂoﬁgg%thfe‘,mzénioaii&ﬁfa{oyte&laoleg,ﬁgbﬁfen@a,Bmwga;ﬂataﬁ%i al suitable

for use in optic |.ation. Convent | ona known pho ogr aphy and

ion inplantatiQR BEPLHERS 6 BBk PRIoMSRE - G}&Bwﬂﬁrﬁﬁéﬁéh %e&@dﬁ@ﬁﬁﬁﬁﬁ&iﬁ?e _
material doping. It is noted that such doping.,may change the free Tcarrier
nobi ity of thg dnidviily nth@YihIS fre btitplaAtd, Mt Glth pRBdssds nal be chhddcid®Ptmy r oM t he
free carrier nobility of the initial silicon |layer 46. In any case, it is
preferred t50 Shuabér offcéhbimedi3i f miBilelvbriefiesrat eri al such as the silicon |ayer
46 to formthe first device |layer 48. Additionally, as nentioned above, the
first device |ayer Preferblf e fidldyvice iyt 43iiedvbéd/to ERRAD-ti e abretegich facdnl Ve 20
regi on capable of achieving the desired nodul ati on performance. For exanpl e,
by starting wpti¢hl inbéulgord bubhefirsiadedice Idfer 48 thiy Heldopedhofomm aoi-gge idtieeregion r i er
mobility, an active region can be formed that is capable of achieving high
modul ati on perif desifeain Sach(dyping tadibe it befdrexthelfdfich 49y forled oNefek the &8nck lsown i n
Figure 7, a thin-filmdielectric |layer 60 is preferably deposited 25 over
the first devifertnelalHewewts; swwhdopingds preiecibly perfdrmell ib p emaurer thét miaimizek thast r at ed.
The thin-film dielectric |layer 60 provides a functional device |ayer
portion ovidr giossibility of ypdesirabi¢ thermal diffysion offop@0 e Lies FRpantath 453200 541028402
-18 silicon device layer 48 for el ectro-optically creating an optical

nmodul at or. Forbeasedipfoan p-type rgionhangdidepanty such a%3rsrgicephosphemns aadantimany qan
preferably | ess than_ 100 angstrons mary be thermally grown or deposited

usi ng convent ib8HgH 19 R Bibape 8¢iive regieBsyiFeettrathn s irs deyére 14vpist$ is dopet | VD) .
Moreover, the thin-filmdjelectric |l ayer 48 may be forned from or include
other 5 di el ectibpientlyp gioyide EP'%’BF m&%?‘ﬂtﬁ'ﬁli’gﬁ’i“i"ﬂ’é?@ﬁ‘f],mgﬁéq’f’nas silicon

nitride, alu m&gggngt))(nlaﬂ}? known photolithography and ion implantation processes may be used, for

15  example to perform the material doping. It is noted that such doping may change the free
carrier mobility of the first device layer 48 such that it is different from the free carrier
mobility of the initial silicon layer 46. In any case, it is preferred to start with a high
mobility material such as the silicon layer 46 to form the first device layer 48. Additionally,
as mentioned above, the first device layer is preferably sufficiently doped to form an active

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

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

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



alumnumnitride, as well as those material generally characterized as
titanates. Any deposition techniques naybe used such as those including
chem cal vapor deposition, physical vapor deposition, and the |ike. After
the thin-fiWORWH8REEtric |ayer 60 is deposited to a desPEEHSINHEEIBNnal

t hi ckness, 10 an anorphous silicon layer (or polycrystalline silicon |ayer)
is then preferably deposited, patternedl®doped, and at |east partially

crystallized Lo LORNR19858 B aldlo HRANJEUGE ol BUER rutato 1 Bl Ua! 1Y

(after structd processi ng ructur as shown Im Figure 8 in

accordance w . : gﬁggf j i i ar at |east a
portion of seé@ﬁ%ﬂdlgﬁ%ﬁgﬁgéﬁ%é ﬁyer 2’%@%%@”@2%%%"?%“3’2&?%%

art of a
functional opty @M&h ife W8 Fooh it 16 prédsm@ RAEnIGE (e diBoitoR | ayers 48
and 68 overl agﬁevﬁrnﬁélk hi n-fi&lroﬁl di elggcgtri C Iayeé 60 in be?a\%gren? itgﬁ

crystal lized gep@DRMEEHvEY fe hin@riiddchd 13t 48lnfay &b fkBed Mim brfichRiB sk carrier
nobility as described below in nore detail. The second device | ayer 62 can

be" provi ded byiiefitic nfhesials, Of cneiARbrtHReof, 36dhslkiieon dRRARSirhinm ofigy St al | i zat i on,
and bondi ng processes. For exanple, the second device |ayer 62 can by

provi ded by ugjuRfmn€eidess WD taschhattriaPneslschathdtérzad sAnBEN PBFS as
described in comonly owned co-pending U S. Patent Application having

At t or ney DocKk@tpobition tektidudsthdyDe ue ich keHosBinchuiapcHehival vapéadesalsitibs ON

THI N- FI LM STRUCTURES FOR OPTI CAL MODULATORS AND METHODS OF MANUFACTURE,
filed on even pHaical Vapsr@eposition, tiithekikei r e di scl osure of which is fully

i ncorporated herein by reference for all purposes. Al so, the second device

| ayer 62 can be 25 Afenthé diinefilinyielestrio dpyer 6D drvigpasitpdpo odwisl fascticed thickizsy) i n
commonly owned co pending U S. Patent Application having Attorney Docket
No. HONO010/ Uy amerphaus sillicoBGIMBEDY pphiciystillineioey laxgiig thern@sigbly da®Lieds 402  Fl LM
STRUCTURES FOR OPTI CAL MODULATORS AND METHODS OF MANUFACTURE, filed on even
dat e her ewi t h pattemedcdepad; and @t least restiafhe cryttalljged torformsa seeang gilicondeviplayenbébd her ei n
by reference for all purposes. Patterning_nmay be done by any known or

devel oped si | Pehia ceBRIHGRE strycyrl prorestipgdrhne A trugtere sych peshann in Higwed 8 an
island of silicon as 5 the second device | ayer 62. Dopi ng of the second
devi ce | ayer @eoriageeyith appraedt ?f‘g‘?ﬁese'ﬁﬂ?ﬁ@l‘”} E‘@E‘ﬁc'ﬁ%raﬂrg%sﬁ PR hBRGORd Wi t h

respect to fi rsi?i;[:ond e¥iicec Igyelr i%/ t?)gt c§r8np1%sgs aoprarqt%g a ﬁgch%garf I()]:?tl\ég] n?odulator (where the

15 first and second device layers 48 and 68 overlap with thin-film dielectric layer 60 in
between) is crystallized as an effective single crystal structure for increased carrier mobility
as described below in more detail. The second device layer 62 can be provided by any
desired technique including deposition, crystallization, and bonding processes. For
example, the second device layer 62 can by provided by using a deposition and/or

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

25  provided by using a bonding process as described in commeonly owned co-pending U.S.

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



desired nodul ati on performance. Additionally, a cap |layer 63, such as
silicon dioxide or the like is preferably formed over the patterned second
device | ayer 62 as shown. The patterning, doping, and 10 crystallizing steps
can be per fWeaWd/R¢0hny desired order although the secoRETAIS080284Gyer 62
is preferably at least partially crystallized before doping to m nim ze any
potential diffusion effects of the dopalt- Were the first device | ayer 48

Profor a0l ¥, [‘%Iﬁigﬁﬁﬁmsb"ev'f $?@R'p%@d@%%&ﬁéﬁ%%ﬁ%ﬁﬁ%&@%‘“?OV:pfﬁvivﬁresZa
Eat gffa{?} 3&5%@%@%2%&1%&%@% %e”%%&o‘a%@om]@fm%ni'yei “62 can
depost &1 on. 1 OB e i.ﬂ%ﬂﬁ%er%é%%a%ﬁa@z%%fe’?%%%&%%%‘ﬂ?égn%%ze&?%‘ématter nec

ore. ne _ | ref erablyTpa
accoscod for ORISR LA TVl el kit il o RO gihy 07" 7
or e 8 TR AR 19 &0 DBNA! AR nP b B G o33 BE R nGT DO 20

formed by Conventionally Known te I nc ng an

opening 65 thr w ﬁﬂf ! 0 provide
access to a sﬂnrag'aﬂci’gu % E{i %g’%?rg%%% e??dc%%t‘%glstedr%%& %%&cogﬁ%gugatcﬁg&tai s

preferably cr ol el ficiently spaced froma guiding region 68
to mnimze pggsgerggjpg?ulaoggr%??%gérel ated | oss effects that can be caused by

metal materials. Thasge ,qcsiﬁxg',e?ea,k&xegsu@%nhﬁxiaé&Mﬁ@ﬁﬁﬁ@@&@ﬁ@é@r ned to

create a structure 25 so that a contact 66 can be provided to second

device |ayer @ athafithsdd sbdid debidS1af 8 AshowrD b Satidbnkid, Eusldg &igent | y spaced
fromthe guiding region 68 to mni S?rfe‘?ze potenti a? absor%dtﬂi gn WD 2006/ 020701

PCTI US200360284R1lizing Reps @hrtic @ fdredin@hy @kired ofdedlthGuh theeedoall 864ke yersuch
contacts.. Structure in accordance with an aspect of the present invention
that can be ugeg preferfbilpatildst phtisily cowallized efoed dopig & wiaftizd dag gotertial f ur t her
detail below. The contact 66 is preferably an ohm c contact and can be
formed by cogiffasion effeatslof/thi dupant. Wehedethedfing SevideddyemByis p-typé, tickesedond dévicg an
opening 66 in the cap layer 5 63 to provide access to the second device

| ayer 62. For bagtri63ris théreforemby®, adivica versar@yefaiblyo theisevohd dégicahayerdd midogedand/ or

deposition steps in order to provide the contact with any desired
sufficiently to provide an n-type material suitable for use in optical modulation.

15 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 is preferably an ohmic contact and can be

20  formed by conventionally known techniques that may include forming an opening 65
through the cap layer 63 and the dielectric layer 60 to provide access to a surface of the first
device layer 48. The contact 64 is preferably created at a point sufficiently spaced from a
guiding region 68 to minimize potential absorption related loss effects that can be caused by
metal materials. The second device layer 62 is also preferably patterned to create a structure

25  so thata contact 66 can be provided to the second device layer 62 and such that the contact

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



el ectrical properties. In accordance with an aspect of the present

i nvention, the second device |ayer 62, if provided as an anorphous or
polycrystalline nmaterial, is preferably thermally processed 10 such as by
usi ng a furYade60IP react or, rapid thermal processor, ReHVEH0¥284Rnt, or

| aser systemto at |east partially crystallize the second device | ayer 62-
Alternatively, the second device Iayer’%? can be provided in accordance

with a bondin [HalYeBp" [ I g&%{? u. S
Pat ent Appli Ca]ﬁ%&éﬁ%ﬁeﬁ%ﬁ%& f?gl?elney D%%ﬁcehtcc g’&%g.m S%Ha%ﬂd%%c%%aﬁentl t1T ed BONDED

THIN-FI LM STRUGLURE e Gdient Faldnfidi-thdt ear Yekabda A soade 141 dW-dortabt® adfae N \CT URE,

filed on even date herewith, the entire disclosure of whichis fully

i ncor por at ed RgHei detdbelo®l ThERERC66 s pRIfdrabtildnBMmRTontadP bl 2f B&foMmedibpe Second
device layer 62 is at least partially crystallized so that a crystalline or
pol ycryst al | i pgveR@nslly kbimiectnfyaaald mepinelide oy shiohening®e e @pdayerded in at
| east an active portion of the guiding region 68. Accordingly, the second
silicon | ayer 66® provifeaeéesy taltleyecdnd devicaagkr £2. dhonsatioh ofwclnmdontattahaytatat has a
mobility that is at |east 20% 25% of the nmobility of the material that is
used to form idemdé anysdopitg arndéoe dépayition stkBs if bhier ts plovide the kayeet wiflbgny ddsired ur t her

i nprove the nodul ation performance, it is preferable to have the second
silicon | ayer ele@ricalpiopértiesy at about 50% and nost preferably close to 100%
Tbus, the initial silicon material for form ng the active region of the
second silicon | ay&racérdapeetidyanlabpectivithe presenlinvention, the se@ndalevice layep63, ifand nost
preferably close to 100% of the initial silicon material for the active
regi on of t hepfovidsd asgp jamerphous axrolycrygtallinganateriph ispreiaedly hemallopoesed 28402 - 21
Any process can be used that is capable of at |least partially crystallizing

a si | i con 10| ayush as Byusinsadurnce, sRigEIsIB RPIdhermalprocesigreheated glemenbior Eera desir ed
mobi lity. Such crystallization ¢can _be do at_any _ti after the second
silicon | ayer SysEmyigatigast p%h%W%’ﬁl,m “gﬁ?%‘{]‘%&&?ﬁﬁﬁ‘aﬁﬂ%@wd%w&‘i?%g t he
free carrier bi li t¥620f ﬁl Si I.(%gon mat er | ahl, whet her 5 cr ?%Ra;l li ne or not,
may be used. o6 JRYEY 52 cap, e Pravided B grqidpRCe YT 3 pen 0% & am he

crystallinity, such as T educi e t.S..or e like -of crystalline,
pol ycrystal | i ﬁcgmg?nly owneQ Yo pe%gmg U@Pgenﬁ ggph‘%a‘non h}n@ng A&orney D3ckefNG.

HONO0011/US, entitled BONDED THIN-FILM STRUCTURES FOR OPTICAL

15 MODULATORS AND METHODS OF MANUFACTURE, filed on even date herewith, the
entire disclosure of which is fully incorporated herein by reference for all purposes.
Preferably, the second’ device layer 62 is at least partially crystallized so that a crystalline or
polycrystalline region with enhanced carrier mobility can be provided in at least an active
portion of the guiding region 68. Accordingly, the second silicon layer 62 is preferably

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

25  about 50%, and most preferably close to 100% of the initial silicon material for the active

region of the first silicon layer 48.



partially crystalline silicon layer for the purpose of inproving free
carrier nobility. For exanple, crystallization of deposited silicon filns
by furnace, |lanp, and | aser techniques at a sufficient tenperature and tine
t 0 achi eve WO@e/0e®d1 degree of crystallization can be uB€WUS205/0R840descri bed
above, a wavegui de structure that conprises a silicon-insulator-silicon
thin-filmstructure that can guide and c¢&hfine |ight through the wavegui de
structure can be rovided in NCe W e ent..i.nvention.
Add L1 onal Ly, i n adeg i enhe B8 BRER R el Sl SRR BB Lt ur s

for cont rolli ARGyl il dHlofhBS PRy, iSorblife PRbtAHonBAIgR! © Provi ded.

Preferably, a codfact structure In accordance wth one “aspect of the 15

pr esent invent&ﬁgniz{»&gugﬁﬁ dBneCP Ryt R the RLbnk Bﬁéonﬁa?eﬁ?%ﬂéﬁ. dverf rOm t he

gui ding region o wavegui de.” Such a contact structure also preferably

i ncludes a conpeslobddgcapidid df Rprbii the FRRRASET RotMly S¥Glsiie6h hstetia® Whether he _
wavegui de to the contact portion. Preferably, as described 'in nore detail

bel ow, such a £RRIRAE b Hd mial beskd! MorsGRR bick 8 feclthidub BG4 ubddinphdv &eur € t hat
extends fromthe guiding region of the wavegui de such as froma gui ding edge
of a layer of c2fllifly, $ehagbY d@icinBrefBdt ot tidilRe ofa éryddiftle; pdlyess@lindisit ure, the
contact portion of the contact structure can be spaced apart fromthe

gui di ng 1 egi ORpaflly dstaliaié Slittndsyed for it firpdse 6f impoviaR frkclarriePibliRY. F@sses as
descri bed iin nore detail bel ow Mreover, using such a finger- |ike
structure al sQ@xgfifl,caaisllizdion ftdeposited silidorSiMe By fuli@ce; Ritih A0 lap@ tdchrfiduesmay from
the guiding region of the waveguide w thout conprom sing the guiding
function of an saffigientaémpetareXnd time egadhiehe aalssina depedeldfctystallizativncanibd wed. bel ow.
WO 2006/ 020701 PCTI US2005/ 028402 -22 One exanple of a |ayered

si | icon-indul at or - Hisldescuived shave,atwaveguBie strustugetthad coleprises awilictn-inglorpilisgre nt

i nvention that can be used for .mnim zi n? optical |osses is shown

schemat i cal | y thin{flnrstypgtueeshaycamgetidg and confingilight thyough thetwapegyidh stmetuieccan bew i s
shown and in Figure 10 a side cross-sectional schematic view is shown. A
wavegui de 81 ipovifledinrpogordence;yrituithepagseny inventiongbdditiongi]yy iacqopdpnge with they hi n-fi | m
dielectric layer 84, and second |ayer 86. The waveguide 81 is preferably
desi gned so t (pgasent inveniiAn, CeRtact fractyrseifoy eanelling 4pd miniwizing Jnstss ithe 9RbERl di r ect i on,

enerally indicated by, reference nuneral 88 in Figure 9. The | gyers 82, 84,
gn d 86 y path are prov¥ded. Preferably, a contact structure in accordante w?th one aspect of g%.

15  present invention includes a contact portion that is spaced apart from the guiding region of
the waveguide. Such a contact structure also preferably includes a connecting portion that
connects an active region of the waveguide to the contact portion. Preferably, as described
in more detail below, such a connecting structure comprises a finger-like structure that
extends from the guiding region of the waveguide such as from a guiding edge of a layer of

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

25  waveguide as described in more detail below.



preferably forma silicon-insulator-silicon structure such as those

descri bed above. That is, the structure 80 can be integrated with the
structures described above and forned by the 10 sone techniques in

accor dance WPEPPS{ORR%r esent invention. The |ayered strulCafte2880B# Y er abl y
includes a contact structure 83 for the é yer 82 and a contact structure 87
for the layer 86. As shown, the contact "§ttucture 83 includes a contact

portion 85 and a CQiHRR&dupbf R ErbPHlicdR-ishiabr- IR Qe #08n SRBHARE witpr tion 85
to an active region 89 of the |layer 82. Also, as shown, the contact

structure 87 ifChresdRSnRntcdMatéah bd Bsed o tirdRizhg oftitel 165563 WAGHH boRgmatdllyl on 90
that connects the contact portion 91 to an active region 93 of the | ayer

86. The cont aGf Fipafes b a1 08 In Bjge Pd top Edbibmdtia ey ichoWi iidn Rigalel19 asigped regi ons
and can be formed in accordance with the invention as descri bed above. As
shown, the wawegssadofilscheneticides isghowh. Bogwavegrdde 81 issshovirthattpreferatilyingjudede | i ght
propagating through the waveguide 81 in the propagation direction 88. In
parti cul ar 5 arfirst MyeeilythindfBmdiclectie ldyenidy an8 2ecamidayanite dhe wodguifle §1He | ayer 86
wor k together to provide a guiding function on one side of the wavegui de 81.
A gui di ng f ungiéferably sesjgnaso dmtiit can corfine atdgeide §ghd & a pépagdtien dirdction, r at ed
wavegui de 81 by an edge 97 of the layer 82 and an edge 98 of the |ayer 86.
As il ustr at ecienerdily indicated by refegenpronuriersh88 0 Bigured. ke Joyensf 8% 8 knyd 86xt end

| aterally fromthe edges 98 and 97, respectively. In particular, the
connect i ng porprdferaidy fom g sidjcapsingylater-siliconsenctrapich asdeose dpseribed above. (ighetis,| i ke
structures that electrically connect the contact regions 91 and 85 that are
posi ti oned awdle W@meﬁﬁean&emtqs@teédwitlz?ﬁwneﬁﬁésmégmeaed fommeddydhee WO

2006/ 020701 PCT/ US2005/ 028402 -23 respective active regions 93 and 89. By
spaci ng t HE cerpeisehmioues ip preordance with B PresealnYentad t he acti ve regi ons,

coupli 10, betvecr | gl Raceing. WIatahol e sau s, 8 R i copt oot
Do 8 A SRS BT RE S b AR RER Rl £ 5!
C o Y S8 BABBAIIRG 0 A0 S5 B8
gﬁir fj: ﬁ;' ‘(;rjggu b&k{&geg‘?&% of i@ Tayt $2 RIS as SHEWE e Btadt Anlchife 373chide S eontlt ©
15 portion 91 and a connecting portion 90 that connects the contact portion 91 to an active
region 93 of the layer 86. The contact portions 85 and 91 preferably comprise highly doped
regions and can be formed in accordance with the invention as described above.
As shown, the waveguide 81 includes guiding edges that function to guide light
propagating through the waveguide 81 in the propagation direction 88. In particular, an
20  edge 95 of the layer 82 and an edge 96 of the layer 86 work together to provide a guiding
function on one side of the waveguide 81. A guiding function is provided on the other side
of the illustrated waveguide 81 by an edge 97 of the layer 82 and an edge 98 of the layer 86.
As illustrated, the connecting portions 90 and 92 preferably extend laterally from
the edges 98 and 97, respectively. In particular, the connecting portions 90 and 92 are
25  preferably designed as finger-like structures that electrically connect the contact regions 91

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



interrupted by the connecting portion 92 of the contact structure 83. In
particular, the connecting portion 92 has a width 99 that effectively
interrupts the guiding edge 97. 10 Preferably, the width 99 of the

connect i ng ¥OrPYHAYMED i s chosen so that the benefits of PCIAS2005B2840% cont act
region 85 away fromthe active region 89 of the wavegui de 81 can be

realized w thout conprom sing guiding of 23+ ght through the wavegui de 81. The

contact stru . qg%! ' L0 ﬁ-ﬁ%&? %? ]g%}ﬁr ~poth of the
contact regi o%ésg‘%ﬁvg%ag Q%Qg%gde@g%gé%agf“ g’gft Fo t_e“’é‘g?ﬁ‘@??‘é’% on of the
wavegui de and yaUffiieGl&ets, bl Bwden gt bR HBGNMRAGAHLAER 88 Ind@bcdifePr OVi ded.
That is, the contact Structurées 83 and 87 are preferably designed so that

the edges 97 aQfhnd81 BHdMSIcEFheThihitizZel Blebyidinfinly eitical frakts kil fagvidthg | 1 ght

passi ng through the wavegui de 81. Preferably, the contact structure 83 is

spaced apart afmdt deiidesth seadaics With & dR6fdf €8 predéht keHibA. BecaRfudrs Structure
87 and at different |evels, but the contact structures 83 and 87 20 can

overl ap idee&in%@dike dasnsion Biterruptiithe Buidibedgofrort Shich filexteids thé ¢onfktigan be used
for the |ayers 82 and 86. The contact structures can be positioned on the

sane side of tyhkions/S\aR@9l AeprBitrablp desighed'do thadsuffitient RAdifis biovidedsy th) opposite
sides of the waveguide 81. That is, any nunber of nunber of contact
structures pr uiticidst gaidingedgeo Forlb@inpls; raferingab the heyer 82othe gnidingedgd 9Tian be used as
|l ong as a desired guiding function can be provided by the 25 wavegui de 81.
Al so, the conngehipted bpthe tonesingfortond29Pthereontabicithiciuve &ByIngeticulethpat h t o
connect the respective device |layer to the contact portions, 91 and 85, and
do not need t codAExtDQPGLOPIARY 2 POH 9320 EstiDRF4frruptsiie guidingrdged7 i near path as
is showmn in Figure 9. In any case, a contact structure of the present

i nventi on 10s Preféreblys Bieywidfe 89 efiikarommscing pottide9Zia chasenso ithat the besefitnelct i on to an
electrically active region of.a |ayer of a silicon-insulator-silicon

t hi n-fil m st r geacins thecpnigct rogigr Bhvay Siomdba actiye region §9of fhe waeegaide Bl cag baici ng a
contact region of the contact, strycture away fromthe active 5 region. As
ment i oned, t ha&ealigsddthput GomRroTisias EBE%@?‘QW ﬂgglghgﬁmegugﬁgh Thecgact he

avegui de Bl ot e O oLl i R Ml R S b hO3RAR Ak o7 D caused

85 can be spaced apart from the active region of the waveguide and sufficient guiding

15  within the waveguide 81 can be provided. That is, the contact structures 83 and 87 are
preferably designed so that the edges 97 and 98 provide sufficient guiding and confining of
light passing through the waveguide 81.

Preferably, the contact structure 83 is spaced apart along the propagation direction

88 from the contact structure 87 and at different levels, but the contact structures 83 and §7

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

25  waveguide 81. Also, the connecting portions 90 and 92 may follow any desired path to

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



in the contact portions 85 and 91 or netal that is used to form conducting
lines in an integrated circuit. That is, by spaced apart it is neant that
t he cont act ﬁorti ons 85 and 91 do 10 not overlap with an\é ortion of the
active regi¥R20%92%8Y 93. Al so, the contact portions, 8% Tgﬁépoyﬁz,wﬁre
preferably positioned away fromthe active regions, 89 and 93, so that

i nterconnecting circuit lines can be roat®d to minimize or elininate opti cal

| 05588 11 0 Sufifby 18 pad i Wbyt Flefile b°h RYBRL TRt sthBfire e Bfebent 01 ONS 85

and 91 may be Torne

the guidi ng regjeofod iOpfeR¥E aksignedPlpkdiflie drelRBINRBIneRITRS & eldoRichificfent act
regions 85 and 91 and the Optical signal. However, the contact regions 85

and 91 can be ;w 13RRéfl sfiib @O dulioratibdn\an Bk bthlfirethat EéiRroR pbelitAD I €gi on.
any distance suificient to control |osses due to coupling between light in

the active pQphidadidsdes by dpacinteidofitet ibn BEthedoniabt sBud@O by fronfilit slive Mor eover ,
the contact regions 85 and 91 can be spaced apart fromthe active portion
of the devisce répyork he sanme or different distances. 20 As illustrated in the
Figure 9 enbodi nent, the connecting portions 90 and 92 extend fromthe ed

mcron or nore away fromthe active portion of

by

ge

95 at an angl e of azanentiGed,degores prias 851indt90 atelspacpd apa Goiniterwalégiidet i on 88) .

Al so, one or both of the connecting portions 90 and 92 may extend fromthe
edge 95 at an 81angler té Bedstotntisimizd Optiteldosess that @n be kduse b metabihat ivefteh use@spect t
t he propagation direction 88). For exanple, in Figure 11, a |ayered

t hi n-fil m str tethe centdbOfbriians 8Houd?1 bhadtal ithatis ustd $o farn2 Eondrvting)linesiin a 02 f or ned
froma dielectric device | ayer 104 sandw ched between first and second

si li con | ayer sntégfd@edgiguit. (Bhat if; by spab¢drepdr ¥ inmeant that the conteCiportivps $fempPbdd ded as
WO 2006/ 020701 PCTI US2005/ 028402 -25 descri bed above with respect to the
t hi n-fi | m18t r metayedapguith any pastien,gf thepfive regipas &pnd P3.utlsq ths comtmpparinns.$de s
contact structures 110 and 112 that conprise contact regions 114 and 116,
respectivel y, 2ad9l\ateprefaabbnasiiened AWy fem hesrtiveuseigns8oend P3.se8pkct i vel y. The
connecting portions 118 ang 120 of tege cont.act g%)iructures 110 and (112 can
be desi gned, MCTEMBHFHNS Pt es canhy rouisdio Mg Y GamIng's opficr eI ot an

Pt apagat | on dliGett BRPEIEy PTG MR ETBHEOM Tneth TG rBeatbottly 120 at
O ors) e AnGhS ot lrd S8k thackibpoRloR BAIE R 5658 pheUhe difring * 1S
15  between a metal in the contact regions 85 and 91 and the optical signal. However; the
contact regions 85 and 91 can be spaced apart from the active portion of the guiding region
by any distance sufficient to control losses due to coupling between light in the active
portion of the device and metal in a contact region. Moreover, the contact regions 85 and 91
can be spaced apart from the active portion of the device by the same or different distances.
20 As illustrated in the Figure 9 embodiment, the connecting portions 90 and 92 extend
from the edge 95 at an angle of about 90 degrees (normal to the propagation direction 88).
Also, one or both of the connecting portions 90 and 92 may extend from the edge 95 at an
angle less than 90 degrees (an oblique angle with respect to the propagation direction 88).
For example, in Figure 11, a layered thin-film structure 100 is shown that includes a
25  waveguide 102 formed from a dielectric device layer 104 sandwiched between first and

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

(0]



nmore difficult for light traveling in the wavegui de to reach any of the
contact regions 114 and 116, thereby reducing the possibility of optical

| osses due to absorption. 10 The present invention has now been descri bed

wi th refer 0800669288 eral enbodi ments thereof. The ent PFEUSNNE4Ur e of any
patent or patent application identified herein is hereby incorporated by
reference. The foregoing detail ed descri-g®fon and exanpl es have been given

for clarity of o unies aloidHient lote MR HARRERSSRL aslhdiial B 1008 Fbhure! O D

under stood t herefrom e apparent to those ski e art that

many changes 1o GadsoolBl Smicfieds 180 TSR B BSkA Bgiths 114 B depar L1 NG

fromthe scope o I.nvention. Thus, the scope of e present i nvention

should not be Je%:igc}otfevgﬂbﬁs%eﬁQﬁcoﬁﬂeﬁtﬂ@tpk}ﬁﬁﬁllméﬁd,Qﬁﬂc%?kﬂecoﬂhﬁcﬁ&ﬂ y by the

structures desc y the | anguage of the clains the equivalents of

those struct urRsions 28 aniAf of ke céltadt sRBkues 110%nd 2%k becRfigdea @ ahdwhi - F 1 | M
structure for an optical nodulator, the thin-film structyre conprising: a

wavegui de RAvi &ind féiia@rdpieatiGidiiistion QXU: kS drigl tiht ildsé B0 d3SetsThrbbligilel | CON
thin-filmstructure conprising a dielectric device |ayer sandw ched between

first and secaagld withIrésp@Ptodi@\prapBeationydirettion i By fordilg the\@nidctingPrtiohs IR and
second silicon device |layers conprising a guiding edge that at | east

partial |y defizn@320 stan obliqié angle wth redpect to eHegbrophgatibrndiiestion a22, e deadllyst r uct ur e
for at |least one of the first and second silicon device |ayers, the

el ectrical conhse tiffidultfeliglteravetinginitie wageghide tovesvh knypuf tHeicomtacategionts 11donnect i ng
portion, the contact portion conprising a netal region spaced apart from
t he gui di ng r et ats, tferebireduwing digposibiliyof dptiel lossasde td absprpmnrt | on ext endi ng
fromthe guiding edge of the at | east one of the first and second silicon
devi ce | alfers and Tk prssant iprentign haompveheen drgeribad with sefeeeneedtgseyprabf t he at | east
one of the first and second silicon device layers to the contact portion.
2. The thi n-f icmbpdiments thereef.. dhe efirgidisclosure,pf apiepatent o patent iaprligggiop idgntifigd of t he

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
15  can be made in the embodiments described without departing from the scope of the
invention. Thus, the scope of the present 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.



waveguide is at least partially defined by the active region of the first
silicon device layer. 3. The thin-filmstructure of claim2, wherein the
gui ding region of the waveguide is at |east partially defined by an active
region of the second silicon device layer. 4. The thin-filmstructure of
claim1l1, wherein the connecting portion of the electrical contact structure
extends laterally froma direction of yropagation of light through the

gui ding regi on of the waveguide. 5. The thin-filmstructure of claim4,
wherein the connecting portion extends l|aterally froma direction of

pr opagat i of. |jght through the guiding region of the -27- wavegui de at an
angl e nor %‘I‘attlf)c{”ﬂ@e%?sfecti on of propagation of light through the guiding
region. 6. The thin-filmstructure of claim4, wherein the connecting
portion extends laterally froma direction of propagation of |ight through
t he gui di ng potti onAsilicondasegethmglilint strusture forainl apgigel modpletonithenthireSlmect to
the directjion of pr ation of light through the guiding region. 7. The
thin-fil mgtgfcrubrgf%rﬁ%r%g&qcl aim1, conprising a first electrical contact
structure for the fawategalideihavingdevidigg degivgicomprising a dilicon-&isul@pRicbh Ng
portion extending from a guiding edge of the first silicon |ayer and
connected to athif-filp Smﬂrﬁﬁon}ﬁﬁﬁmgﬂfgelé@ﬁﬁ)ﬁﬁ%%&yar sppdwiched hetyisers Bt ed apart
from the guidi Je‘é&{doéi‘lcif%‘hqebﬁe %éx"s%l‘lga%} &b e3he ﬁ&F%e‘é&rﬁaCstilgdo%%evféQ“t 2l
structure for the second silicon’deVvice [ayer having a secon connecti ng
portion extendlayersicomprisingaigdiding elgg ¢hao bt ledse partialbydefiviek itheoguidiay esgiand
connected to a second contact portion conprising a netal region spaced apart
fromthe qui df‘rﬁjg region of the waveguide. 8. A silicon based thin-film
structure for an opf{ Qadritddentadt QtructhudForl ilddst drle!df t1id firdCdndsBcon@¥IcbRi N a
substrate conprising a first silicon device layer; a thin-filmdielectric
devi ce | ayer ofievideelagérs,sthe sleciricalncaténgt steuchung epmpfisingi@ contact portion and a

connecting portion, the contact portion comprising a metal region spaced apart
from the guiding region of the waveguide and the connecting portion extending
from the guiding edge of the at least one of the first and second silicon device
layers and electrically connecting an active region of the at least one of the first

and second silicon device layers to the contact portion.

2. The thin-film structure of claim 1, wherein the guiding region of the

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

3. The thin-film structure of claim 2, wherein the guiding region of the
waveguide is at least partially defined by an active region of the second silicon device

layer.

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

through the guiding region of the waveguide.

5. The thin-film structure of claim 4, wherein the connecting portion extends

laterally from a direction of propagation of light through the guiding region of the



substrate, the thin-filmdielectric device |ayer having a predeterm ned
thickness to function within a wavegui de of an optical nodulator; a second
silicon device layer on the thin-filmdielectric device |ayer; a wavegui de
havi ng a guiding region, the waveguide conprising at |least a portion of the
first silicon device layer, the thin-filmdielectric device layer, and the
second silicon device layer, the firsipmsilicon device |ayer conprising a
guiding edge that at |least partially defines the guiding region; and an

el ectrical contact structure for the first silicon device |ayer, the
electrlcal contact Strycture tact porti nne t|ng

por t1 on.  PRESEUATH a8 pheE bt Eihe Matieh e e e o Bronen SRS PGB . e
maveguiderq@ﬂLthe -28- connecting portion extending fromthe guiding edge of
the first silicon device |layer and electrically connecting an active region
of the first silicon device | ayer to the contact portion. 9. The thin-film

structure of clkaim g, hﬁgt rﬁé?ﬁe%??ﬁﬁﬁw W erEfﬁ%@@oxﬂlfe?tE%eporﬁérﬁ%éddgal

contact structure exten roma direction o opagat i on of |ight
t hr ough t heerglly diiong apdirectiom oﬁfprcbpmgatmmve@hgldethroh@h thé guidimgn pbitiom oft theict ur e of

claim9, whereipn the c nect rtion ext | ate aII from i rection
of pr opagé{‘fal"?ﬁ\”‘gf ag i"b 6‘1&3% "F regmcaitﬁdﬁ? g{jf’?}’rﬁm PW@ e‘bfa\ &6 at an
angl e nor 'ﬂﬁbﬁ]h%& E@dgﬂ I‘l-@éiglll on of propagation of |ight through t he gui ding
regi on. il mstructure of claim9, wherein the connecting

portion extends Iaterally froma direction of propagatlon of light through

t he gui di ng po tion t.h vegui d t an obli.gue a ct to
the direct on 8f or SEaduPTUR SHERRE oimrt sGRraE e fellisd) BFRRTS. The
thi n-fi | msgtidturetforthe Bfst Siliddbdeicefl layek RE¥ing & R t&rindetimy sRGoNektelda frdb al
contact structure for the second silicon device | ayer, the second el ectrical

contact &t guidingredghadh Hy Areoniest layer erdrosisatedd onBafifst fPB#FY RGN di ng
region of CB]IHEI‘IW Q%Htﬁqeglon spaced apart from the guiding region of the waveguide and a

second electrical contact structure for the second silicon device layer having a second
connecting portion extending from a guiding edge of the second silicon layer and
connected to a second contact portion comprising a metal region spaced apart from the

guiding region of the waveguide.

8. A silicon based thin-film structure for an optical modulator, the thin-film
structure comprising:

a substrate comprising a first silicon device layer;

a thin-film dielectric device layer on the first silicon device layer of the
substrate, the thin-film dielectric device layer having a predetermined thickness to
function within a waveguide of an optical modulator;

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

a waveguide having a guiding region, the waveguide comprising at least a
portion of the first silicon device layer, the thin-film dielectric device layer, and
the second silicon device layer, the first silicon device layer comprising a guiding
edge that at least partially defines the guiding region; and

an electrical contact structure for the first silicon device layer, the
electrical contact structure having a contact portion and a connecting portion, the

contact portion spaced apart from the guiding region of the waveguide and the



13. The thin-filmstructure of claim212, wherein the second el ectrical
contact structure for the second silicon device |ayer conprises a
connecting portion that connects an electrically active region of the
second silicon device |layer to the contact portion of the second el ectrical
contact structure. 14. The thin-filmstructure of claim 13, wherein the
connecting portion of the second elecjgjcal contact structure extends
laterally froma direction of propagation of |[|ight through the guiding
regi on of the waveguide. -29- 15. The thin-filmstructure of claim 14,

wherein the connectin rtio f the second. el ectri.cal .contact structure
extends | at or abtrerp e SEnfion i JoEHGRE SRt o 4 FERCIRAP YL ne

gui di ng regi Onla?_ér Arfdiec| ¥ANEAlY| Bfnddtingln a8@le@efion BRkhdl frst Sifcsh d&adel 1ayer Of
propagation of light through the guiding region. 16. The thin-filmstructure

of claim 14, wietherentagi@oti®Anecti ng portion of the second el ectrical
contact structure extends laterally froma direction of propagation of

| i ght through the guiding portion of the wavegui de at an oblique angle with
respect to the9. di r €s¢ tlom-fidh smucpegeft ¢laim 8f whérgint the lcomegling keiguoftithag
region. 17 The thin-filmstructure of claim8, wherein the substrate
conpri ses SKCUiSal FRGAE SHYUStHE, PXERds aterallys ﬁ?r@, 2 difection o' BrepagAoRsel lghtr

struct ur e 3YiH e Buibiink i drGROWh@¥Eide. @and a buried oxide |ayer. 18. The
thin-filmstr ctﬁ g 8§%%F§Pw117, ﬁﬁ%re?n the first silicon device |ayer of

the substrate conprises the silicon |ayer of the silicon-on-insulator

structure. 19. The ip-fi.lmstructure.of claim wherein the first silicon
device 1 ayer  (bmpr M sEheuiE o BiR 5 Sy By R harien PR vt ur o
of clai m Gaterdfe FRIN at BigectiBf WTCpropdgai@i ol @ishe ehrb@iethe bisidik ﬂegi%ﬁtotpﬁhétl ally
crystallized in at least a portion of the guiding region of the waveguide.
21. The t hyaveguidantanangle moenalfto geadiner'®on oftpeenagatiantef light Argughitheigwfiaet ri ¢
device | @ggqén conprises silicon dioxide.

11.  The thin-film structure of claim 9, wherein the connecting portion extends
laterally from a direction of propagation of light through the guiding portion of the
waveguide at an oblique angle with respect to the direction of propagation of light

through the guiding region.

12.  The thin-film structure of claim 8, further comprising a second electrical
contact structure for the second silicon device layer, the second electrical contact

structure having a contact portion spaced apart from the guiding region of the waveguide.

13. The thin-film structure of claim 12, wherein the second electrical contact
structure for the second silicon device layer comprises a connecting portion that connects
an electrically active region of the second silicon device layer to the contact portion of

the second electrical contact structure.

14.  The thin-film structure of claim 13, wherein the connecting portion of the
second electrical contact structure extends laterally from a direction of propagation of

light through the guiding region of the waveguide.



22. A nethod of making a silicon based thin-filmstructure for an optical
nodul at or, the nethod conprising the steps of: providing a substrate
conprising a first silicon layer; -30- depositing a thin-filmdielectric

| ayer on the first silicon |layer of the substrate, the thin-filmdielectric
| ayer having a predeterm ned thickness; depositing a second silicon |ayer
on the thin-filmdielectric layer; farmng a wavegui de having a guiding
regi on, the wavegui de conprising at least a portion of the first silicon

| ayer, the thin-filmdielectric |layer, and the second silicon |ayer, the

first silicon yer .COnprksin ui.dj n d t.h at | east artially
defines the gy:l i nngﬁeeg‘BBhfm atcﬁl'l@frgro&chlﬁ A% \gﬁggql&fn%g?nnggmga% % ?ttgfur e for
the first seohd eRBtricaly€ntdly stridtiréi ekkehds Jat€r@ly &G BAidetih f plopegationtonct
structure at a predeternm ned distance fromthe guiding regl on of the

wavegui de lightcthwugl thei guading regiomelcthe g vegiedecd ranpegle nosmel orthe diredtien ®dnt act

structure . \: i . irst silicon layer with a connecting
portion OPPO?)ﬁ%&(?g% g%lgtﬁtél?rg%}g{ﬁﬁ%te"dﬁ)@ergélpéhdi ng the connecting portion from
the guiding edge of the first silicon layer. 23. The nmethod of claim 22,

wherein the st of _form an electrjcal contact. structure for the first
silicon Iayer ignprwe@"bﬁg?aﬁrwwwfa Hnd4y W rﬁl&tth%mqqgn&wmwgr{thesi li con

layer to (LRt %trféQl“&ﬁ%&cit REuREHE! dxdhds *l‘él&rﬁ?%ﬁ?%%irte%rﬁ&f in‘ggiaéa%%%@ of the

first silicon [ayer and the contact portion of the electr cont act

st r uct ur e lig@4hrouple thewuitbug pdrtioh af vine 2ayegduide dt@n obbauer dnglenyith respect epthof

form ng aa. ng ect.rical .con&gct trulﬁé‘ur e. for the second silicon layer, the
el ect ri calirEBIRRRLproppgatiop of Heltgproughythe glidingregion; con | ayer having a cont act
portion conprising a netal region spaced apart fromthe guiding region of
t he wavegui de. 25. The met hod of claim 22, wherein the step of formng an

el ectrical contact The thistfilimestfusture i daimofd Wheteinc e bubpiate compriseses

phot ol i thag ADBk Gl |aYor Rl NSt BE-on SRR sﬁhéth%?ﬁv@yaeﬁrsf Qi

connecti ng porléll on laﬁat e% ectri Cafcpﬁ-oconnec s an
and a buried oxide layer.

18.  The thin-film structure of claim 17, wherein the first silicon device layer

of the substrate comprises the silicon layer of the silicon-on-insulator structure.

19.  The thin-film structure of claim 8, wherein the first silicon device layer

comprises a single crystal layer.

20.  The thin-film structure of claim 8, wherein the second silicon device layer
is at least partially crystallized in at least a portion of the guiding region of the

waveguide.

21. The thin-film structure of claim 8, wherein the thin-film dielectric device

layer comprises silicon dioxide.

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

providing a substrate comprising a first silicon layer;



portion of the second silicon |layer and the contact portion of the
el ectrical contact structure for the second silicon |ayer.

-30 -

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;

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

forming an electrical contact structure for the first silicon layer by
providing a contact portion of the contact structure at a predetermined distance
from the guiding region of the waveguide and electrically connecting the contact
portion of the contact structure to an active region of the first silicon layer with a
connecting portion of the contact structure by extending the connecting portion

from the guiding edge of the first silicon layer.

23.  The method of claim 22, wherein the step of forming an electrical contact
structure for the first silicon layer comprises photolithographically patterning the first
silicon layer to form the connecting portion that connects the active region of the first

silicon layer and the contact portion of the electrical contact structure.

24,  The method of claim 22, further comprising the step of forming an
electrical contact structure for the second silicon layer, the electrical contact structure for
the second silicon layer having a contact portion comprising a metal region spaced apart

from the guiding region of the waveguide.

25. The method of claim 22, wherein the step of forming an electrical contact
structure for the second silicon layer comprises photolithographically patterning the
second silicon layer to form a connecting portion that electrically connects an active
portion of the second silicon layer and the contact portion of the electrical contact

structure for the second silicon layer.





