. SILICON-BASED ELECTRO-OPTIC DEVICE Background of the invention: 1. Field of the Invention:
The present invention relates to an electro-optic device formed on a silicon platform and utilized in the
field of, for example, optical communication, and in particular, to a silicon-based electro-optic device
formed on an SOI (Silicon-On-Insulator) substrate 2.1Description of the Related Arts: Information
communication networks typified by the Internet are constructed so as to spread throughout the world
as social infrastructure essential for peoples’ Iives.b%%tical communication using optical fibers is a

technique to support huge traffica-Sn e e ETp R @UMRIRIPRIO Bevices using silicon

platfolins can utilize a 1.3-m band and a 1.55-pm band of wavelengths, which are included in the
wavebands used for optical fiber communication. Furthermore, these optical communication devices
can be manufactured by a CMOS (Com%?é#@ﬁ%%%l‘-@ﬁéf@gemiconductor) device fabricating
processes. TR HreheaticahgeRIMuUnication devices are expected to implement high-density optical
integrated circuits. Increasing an information transmission rate per channel is a method for dealing

with traffic on infBFrRERTSR ABYRRVMCEMGT RERGIRSIVRRGriAeyieesioyaed By yetticonrplssirea addulator
is importaftifed impemertiay hisrasthrd v ARbeahMEEMRIO AUk AORME 5.5 epliissignals from

an LSI (Large-Scale Integration) circuit into optical signals. The LSI circuit processes information in an
optical cSITHIHPLIT HEG RN #0 51Q Brier tngibse0aubBEitator on a silicon platform has

been proposedscripAdly BiCaEepesed aptical modulator is of a type that utilizes a carrier plasma effect
to change the refractive index of a silicon material and thus to change propagation characteristics of

light. For examPIEPTRAIRPEORIHEVEHRI PRI T s potes dsethe hismshasnarsiueiisa phifunction

and operyeddvithotgyetreHiambi Ag@o@faﬁinﬁlaﬂgncaﬁ%%@seﬁﬂﬁﬁfapze%m@n\h:@.se@) RGprrier
depletion in a silicon waveguide,” OPTICS EXPRESS, vol. 15, no. Z, pp. 660-668 (2007)].T. Pinguet et

al. have PPOPBERIGEN SRS AR bAREE hd (RABTICTH patipna. hneeraBfiickim the 5 of CMOS

devices Eﬁptﬁ’déﬂgé&ﬁnﬁhﬁleaﬁ&ﬂéb‘iﬂc@gfhsl%]@@ﬁ%&Bﬁ%ﬁlrﬁl@%ﬂﬁ&%‘é@g IMegraiRd Hayen in 430am
CMOS," Proc. of Group Four Photonics, ThA2, pp. 186-189 (2007)]. Both of these optical modulators
can operBLpihigH spgls. Witk are dpefitdechia Shetabandicused Smnatisalifhersduatoigtsposed

by Liu %t_fahrﬁéﬁnir@ﬁ%gé B8 SREHOR Ok ibe ARG aRdvatanIAkenaME Suriaessthat is
perpendicular to the ) )
omplementary Metal-Oxide-Semiconductor) device fabricating processes. Thus, the optical

communication devices are expected to implement high-density optical integrated circuits.

Increasing an information transmission rate per channel is a method for dealing with
traffic on information communication networks, which increase year by year. An optical
modulator is important for implementing this method; the optical modulator quickly converts
electric signals from an LSI (Large-Scale Integration) circuit into optical signals. The LSI
circuit processes information in an optical communication device. Thus, implementation of the
optical modulator on a silicon platform has been proposed.

A typical proposed optical modulator is of a type that utilizes a carrier plasma effect to
change the refractive index of a silicon material and thus to change propagation characteristics of |
light. For example, A. Liu et al. have proposed a silicon-based optical modulator using a pn
junction and operated with reverse bias [A. Liu, et al., "High-speed optical modulation based on
carrier depletion in a silicon waveguide," OPTICS EXPRESS, vol. 15, no. 2, pp. 660-668
(2007)].  T. Pinguet et al. have proposed a silicon-based optical modulator compatible with
fabricating processes of CMOS devices [T. Pinguet, el al., "A 1550 nm, 10 Gbps optical
modulator with integrated driver in 130 nm CMOS," Proc. of Group Four Photonics, ThAZ, pp.
186-189 (2007)]. Both of these optical modulators can operate at high speed.

FIG. 1 shows the sectional structure of the optical modulator proposed by .Liu etal. FIG.

1 shows a cross section of the optical modulator taken on a surface that is perpendicular to the



2 direction in which light propagates. In the optical modulator, oxide layer 25 is formed on the top
surface of silicon substrate 24, and p-doped silicon layer 23 that is an SOI layer is provided on oxide
layer 25. In this case, p-doped silicon layer 23 is formed such that the sectional structure thereof
includes a projecting portion serving as a core of a rib optical waveguide and slab portions arranged
on the respective opposite sides of the projecting portion and connected to the projecting portion. To

establish,an electric connection between p-doped silicon layer 23 and electrode, 27, p++-doped silicon
shin s ‘ﬁfﬁv%eﬁéﬁbw&ﬁat?ﬁgh@o SRV RIGH R AT SPas 9 et to

layer 22 %n\e/v

the slab pgrimace of Slivondopedasdizonuiayprddgedwionpedisiteas ek isdonnrd sysbdmry
p-doped silican layer 23 and n-doped silicon layer 21 form g pn junctipn. A side portion of p-doped
silicon |a%Pﬁ‘@‘r‘%&ﬁﬁécm@%ﬁu&éﬁéﬁiﬁﬁ&éaﬁl&w iﬁé%%mfﬁ%eﬁ).wﬁ%% REBFUPRGN
concentratiomie ithigadif¢acl wizas fedpe glgciiend saniigcied rlectadePBicAl RaKigniakardoped
silicon Iagi%{; 21 which cont'%gts p-doped silicon layer 23 also forms a part of the rib waveguide, Such

n-doped SARBARPS AT IS0 ReBedy BSRUVEAPRODRiides QhiksPraytog Reatisp s raiesten Moped
silicon lagerp28jeatitkdepingn-tioea:inpliskies devridedhecvithitenl s nTHaceihetwasrihe

avequiBRE BTN o8 s R EP SN ELAS BAISpER N Ea s DA, PLOBD ERECIRerzs,
n-doped.iaiiicdﬂ.\caygrpl‘&viaed ﬁtd@ﬂﬁ@bﬁ@h@&ﬂﬂda&eg@&.pogi@msuch an pptical modulajtor, a reverse bias
and 25, Ther, QUGBS a LEie SdhatGHERE 31180HAAA Pt & pb o AeibErf RN Boasing
through prglascaatiedoistesi B8oardyerdipeersitigariayaorl, which fumdhefbdypreaiiees  Ifthe
ovical gkl pien s ichssiuEus e sepe e opics pecusenperion and e
the waveguigetcaineiiatraltihediecisadés. clvitcalguvneetnnd sirulkitiredicEsls ta berfimsggwhich
opicalgouBenine SRLeS slton poric and e el kg prin e yeveautce
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loss. Spduifictdhfathdgrwednpietegilionialparakighger and the SOI layer.

Oxide layer 35 also functioning as a clad layer of the waveguide is provided so as to

entirely cover p-doped silicon layer 23, p" ~doped silicon layer 22, n-doped silicon layer 21, and

n*"-doped silicon layer 21.

In such an optical modulator, a reverse bias voltage is applied to between p-doped silicon
layer 23 and n-doped silicon layer 21 via electrodes 27 and 28. Then, owing to the carrier
plasma effect, a modulation operation is performed on light passing through p-doped silicon
layer 23 and n-doped silicon layer 21, which form the rib waveguide.

If the optical modulation portion has such a structure, the shape of the optical modulation
portion and the external electrode portion connected to the optical modulation portion is different
from the structure of the waveguide connected to the electrodes. Thus, a connection structure
needs to be formed which optically couples the optical modulation portion and the external
electrode portion to the waveguide structure with a reduced loss and which enables high-speed
electric responses.

Furthermore, in the structure shown in FIG. 1, light is confined in the rib waveguide.

However, if there is only a short distance from p” -doped silicon layer 22 connected to the slab
of the rib waveguide to the main body of the rib waveguide, optical absorption by the p**-doped

silicon may disadvantageously result in aloss. Specifically, the p* -doped silicon has a higher



optical absorbance than pt-doped silicon or pure silicon (or intrinsic silicon), which has a lower dopant
concentration. Thus, the p++-doped silicon cannot be used in the central portion of the rib waveguide.
Besides the central portion of the rib waveguide, the vicinity of the rib structure is not preferable as a
position where the p++-doped silicon is placed, in teBms of a reduction of optical loss.  On the other
hand, to allow the optical modulator to operate at high speed, the electrodes are desirably arranged
near the rib structure to reduce glectric resistance associated with the electrodes. Hence, arranging

the elect?Btied ApsrRacaibpaveyRrdiplisaR Ot EHsener dpsigisnttiecalcthichhnes #ENES is in a
tradeoff gelatiprshiRwitiatranging, the steciipdasanay LaRadhe sk yavegwdea:in g&ﬁ%&%f%m an

optical loss in the electro-optical device.  In the configuration in which electrode 27 is connected to

p-dopedt8ivaraayide 22Residkoms remtral porian R Bwmb prosRidendieodeinity eicheikstystare
p'-doped SHiaqRdayeneads Eﬁgﬁﬁﬁgma@ﬁ{ctﬁ*%%?%ﬁiﬁ%ﬂ pemenkoflighhio dpg rayggide

structure to increase efficiency. That is, a manufacturing variation is likely to occur in the thickness of a
silicide 1898F8d@fhg as a contact layer between electrode 27 and p++-doped silicon layer 22. This

makes a contag)f aRiIARFRHRAS1BRIAow (B Hie QR tiratiRdLa o shMR 1L R G edd AR ILARSIN i

formed. However, W02004/088394 discloses an example of a silicon-based electro-optic modulator in

which arf®s|desisebhicsrngehbrapstharh-SBIsBhaUSBINg BRaioh Tesisieree arseia &Mk Ba junction.
This optigakmerylaterhas Mﬁ%ﬁ%‘&@@é&@%ﬂé@ RWENS RARatsHicoRIaYs, ARE.e0 didoped
e

silicon layer are stacked via a relatively thin dielectric layer. When a modulation signal is applied to
betweersBsedwbiBRielsaTayErEc feuiealsitt s SrdeeduritiortiorvéinaveasngrbedraBpésnesntration is

reversedyOR {he AeSRERINARNASHE SKIRSIAEING disleaticsiayah iz chaarsiarGHigctive optical

refractive index. FIG, 2 shows the sectional structure of the optical. modulator proposed by Pinguet

et al. FIG. 2 shbwWhecepsussticnbi St slssémdnddifaoniaren Borossepsd slicopprardiésiar to the
directionsjwWhishHight IRP agaifnd bimeﬁ'f:ﬁlag;@9&&@9@&@%&1&%&%?@%8@&@@%% Rap501

structure but is different from the one shown in FIG. 1 in that a p-doped silicon layer and an n-doped

silicon ldyeFHedARSE (SRR sHARENEHSA P iRl dhdheIBhYy 4y et FHE R HITRE R the

longitudiewi sisrgtionTahihe Kimuaveomidssushuihat thEIRRNS StdheRMHLNGIRACS Berandigylar to the
silicon substrate. Each of the doped silicon layers has a low impurity concentration in the rib

waveguitly PRI ARSI DS PR e RS IR dRe IRREG EeARMAFRASN indHsases with

the distapgediandiadiwavasslida«diRguet et al. fail to 4 fully describe the specific structure of the
optical modulator. However, ptdoped silicon layer 32 and n '- doped silicon layer 30 have larger

thicknesses at €468 PO M R sBEHiB A Tihdre thia SR AR i SR taciBANE Electrode. In this

structurey@stalie s¥sideliayeids Sxpeatpldehesiduned e Pe o bifia B RAMGCIH LR an In the
optical modulator. or electro-optic device including the rib waveguide of the SQT structure, it is

complete}PUREREPRAR OB LeS i UoneaRC AR e tiante SoTmerrasead o5 ey WabeBuide for a

high speeriopstiation ahitiavialaassesiati@nsyitbreRNnestR opthe pleciiades, tecaitastjayer is to
be located with respect to the central portion of the waveguide, through which light passes.

Furthern SRS MRS ERETBrOREED it s GEeho o ReetHE lassectboebp oot ates Seme rib
waveguitieapidiy Cas Beradiopagalindiess Rivers Teey iamiiesarestiting e stranighd surmary of

the Invegga(?rpér concentration is reversed, on the respective opposite sides of the dielectric layer. This

changes an effective optical refractive index.
FIG. 2 shows the sectional structure of the optical modulator proposed by Pinguet et al.

FIG. 2 shows a cross section of the optical modulator taken across a surface perpendicular to the
direction in which light propagates. This optical modulator also includes a rib waveguide of an -
SOI structure but is different from the one shown in FIG. 1 in that a p-doped silicon layer and an
n-doped silicon layer are arranged so as to form a lateral pn junction along a centerline extending
in the longitudinal direction of the rib waveguide such that the plane of the pn junction is
perpendicular to the silicon substrate. Each of the doped silicon layers has a low impurity

concentration in the rib waveguide portion. In the slab portion of the rib waveguide, the

impurity concentration increases with the distance from the rib waveguide. Pinguet et al. fail to



As one of silicon-based electro-optic devices that can be integrated on a silicon (Si) semiconductor
substrate, the optical modulator based on the carrier plasma effect can realize, in a very small size of
submicron order, a reduction in costs, reduction of current density, reduction of power consumption, a
high modulation degree, driving at a reduced voltage and high speed modulation. However, as
described above, it is difficult to achieve an efficient oFtic connectiocg for such 3 ifal énoglulator

baseded tieEar Ry et BrrbuEesy aiRHRY T8 UHEnddMErToP (ols
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SisfeltiSde Tontact tayer.
Furthesmdre]ieomapacsofat tngingitiealestsbericomiton| ayte whichoeraltdstiodhs shé highespeed
operafion, and, 2 Jedugtion I ePLGALAIORAARNINIATS I ING CRKCAL OB BIRICISHAKROWR . as AN
electrode connection structure in a silicon-based optical modulator formed on an SOT substrate which
achieveyaghidfficient optical connection and which enables both high-speed operations and a
reduction injgpticabReenasalienlossibas bpan demandrding tAOrdingilanfaspéctotharpresent
inventian, there is proyided a sjlicon-based electro-optic device comprising:.a sili jon
doped 8 X Bﬁ%ﬁl rnsctY%aéer}%aﬁcctfﬁﬁFy{%flﬁg?%%i? g%lsgg'%cﬁgé%% (‘1%%#)%6 o éi%%%%t%éﬁg%%%o@%ctivity
type, bigpesed apéstionirnddrrovieratsecsiiiconvibdyresgiom te SefecEodenti§ fouSAraschénidEn the
siliconpady s8gioRARd dhe.silisenioairisegipmadiRlastic layendispererin shegontignersaasea
between the silicon body region and the silicon gate re%lon SO th%t ti%? comgin ltic‘)ﬁré\%f tr}gesilicon body
regiorf & QIR e8P RARRATIRES 5888 R BB BaKINR An Active region of the
electreaapticpdepdgeicn firstelactricalicohtact adupdbtosthey $igldon gate region; and a second electrical
contact coupled to the silicon body regign, whergin.4pan.application of an electrical signal to the first
electrical contact and the second electrical contact, free earners accumulate, deplete or invert within
the silicon bédy F8%jich aHEIPESAIEGHGARCRNiofF BifichothrGidEs Sﬁt%‘%ﬁ@féétrfélla%/esﬂlé“t‘)fhéesé me
time, stighdhatan optical €lectdstfieldofithanptical sighal cubstahtiallyedierepswitkeaimodertation
area of free carrier concentration in the active region of the el -Qpti ic ' veguide is 4a
formeﬁnr'ril)f/i ﬁ%@%ﬁg orthe'si |é)é(rimeboad§/er3§|8ﬁ,]%hg sﬁbg%ugcgfen rcgf;%% %?1 ?%ggiffggﬁ?%\g?er, the second
electricalscontiet is ditlpledidastaiepss ohivagistwarklyardevolageritne ighosretbmatiiaighon,
tﬂiCk%ﬁ%wﬁtbgsrﬁes%{%ﬁ%sv;epéat@%fﬁaigmob?'mgvm@k&ﬁ&kan @%%anéoahn_@%@a%of?mhf sﬁh-lbptieafjeguide,
the rib part has a region coupled to an electrode contact region where thickness of the electrode
contaBt v B?%Oﬂﬁlﬁéﬁ%‘ifﬁw ﬁg AR ANHE FSI}? Bqar?f}gﬁ%ﬁné %}Otél iéiﬁ% ﬁ?ec b Glectrode
contadurégiamef thenibnparifistoogier Gicacpositibneapart florr avbhtendfleheonlb wWavbighitiesthere an
effectiye indgx.yaleafdhs HPopavegnidednd reathwrdsimadaincnstarioen the distance

between rib waveguide and the rib electrode contact region varies. S There is gl dljsclosed an
electro-optic%ﬁﬁ‘érﬂﬁiél&‘6&%1‘?ﬂ'§fr§ﬂYEE‘fr}I}éy%?@ﬁ??ﬁ@?%ﬁah@ﬁgwt@fp%%egg&a&% éﬂ&%ﬁtfg%r of a
secongigemdusiivity iypelifferantifrondhedifet candudivitniphs, thé Ségoneksilioperdayer being at

least partly stacked. on the firSL}I silligsoriullg%g&%%e%igl%ggic layer formed at an interface between the first

S|I|coanaye%0§1r%3 the“detoRd silicon f’ayer, a tirst electric contact connected to the first silicon layer, and

a second eletederdoataoticonpd cblomrens dvsntosiber iapeyidnkralirmdard cemitomiadercthe
dielectiigRvar Anskihesesansth sticanlayesifammanmdiSiunetien andagelrgisicisigia darmeach of
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portion of the rib waveguide includes an area to which a metal electrode is c nnectegs?%the first

electritegiontand, imsrenirnb s BoREh I n AL EIRINL RS Mt BReHBaEIE SHhGEed s

thickeeshan acsplsdunsinglstabepertignnand whereih dtherant acdtavwvieiplitidentetallisiechds acgon,
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metal ElECiroas Is connecte IS such thi en the distance is changed, an effective refractive index of
the ribowss geduesiata Sl draet TbHhashisnorenaaga and thepficomsaisaegion Sthek Sersetde
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Brief Description of the Drawings: 6 FIG. 1 is a sectional view showing an example of the structure
of a silicon-based optical modulator with a pn junction; FIG. 2 is a diagram showing an example of
a connection structure for the optical modulator and an electrode; FIG. 3 is a diagram showing
another example of the connection structure for thg optical modulator and the electrode; FIG.4isa
sectional view of the connection structure for the optical modulator, and the electrode ac ordiglg to a
first efEmiIaREmp ShifRaticon bopjeszende slicor RAF W@\R}lﬁ%\%ﬁ%‘%@r‘ih&ﬁ?é’%\r’ DGMAIF atBrding to a
secongrexe mplasieembssipentt the rit-iavegslaviraph dhowingthe depentidnes of ttheloptivafie

moduglol BN E IR R ULINGAIRANASIA 81 ARk 1A QRUIGELMPHEHCEMOREIaNTy  FIGS.

N !
7A to 7F are sectional views sequential owing a process of fabricating the ogtlcal modulator.
electrode contact region where thickness of the electrode contact region of the rib part is thicker than around the 1ib

part, and a position of the rib electrode contact region of the rib part is located at a position apart from a center of
the rib waveguide where an effective index value of the rib waveguide in a zeroth-order mode is constant when the

distance between rib waveguide and the rib electrode contact region varies.



Description of the Embodiments of the Invention: Before description of exemplary embodiments, a
portion of a rib waveguide where a slab is connected to an electrode structure will be described. To
allow the refractive index of a silicon waveguide to be changed using the carrier plasma effect, an
external voltage needs to be applied to a core pogion of the waveguide. To achieve this, an electrode
is connected to a portion of the rib waveguide which extends from a slap. Me uch as aluminum (Al)
or copper (CUIIE Bt din asrasliBastativ daucs s b skediam s ¥ ?n 4 SRPARE Y hnected
to thetgzlbe,cbr@dma eiotigWred mﬂmsﬂcsﬂmteﬁnlamempmd wittlaremapinsitieseofiat ighhcoivéerinatio so as to
serve 28 ACaNachiver- IS AIoN I UIGNG aRniAGIRYE! ANd e mElRIIRelrare ar annected

together s con |gur wit ayer to ectrode and the contact layer to be reliably

electristtpevhriveeadhpgathghcon E@Fea@§%§€§°é2ﬁ é‘ié“@c’?d%ﬁﬁlé devielsiificATe<iRMaPYS4sR device
showmindrlGikhutydichdrckides @e@@ﬂ:@&ﬁt&%&'@énﬂé&%tﬁwﬂﬁé‘sé@ﬁ&dﬁﬂdﬁﬂ@y@y%&giﬁ\/ﬁﬁa the

thickne sthereofé %ﬁ[ edjn ordert ecregﬂ; |cal rﬁg) Io§s |nt e rlgwf';\vegwdie In this
conflgﬂ }b}%yg’fn 6%ce§y§:|]ii€3n a(ilsearC is \I/%Ory en an dﬁemp% 8 made 1o fornT an electric
contaétosiacthle sflibid8kayed f@p@cmde@tuemotmt@}ﬂ@*e(ﬁr@%@m%@ efeesrivalichyaetetisticsrof the
conneglignMay P& wgiableysRecificallys &%eméﬁe&gmaeﬁt&eﬁ%@m%mgﬁe@ a&&aeekeaﬁy@rs using

the same fabricating process, the thickness may vary among the 7 resu é{ant icide | resultlng
in an HESTSECIRTI el A AP RIS SBHEEY BroBRmI s ARG e HCb SNt
contaghdesistacoe, ﬁﬁbaxmlhaefaaxbmt@gummmm edactforophodesdtecatoerdinguite aafidst

exemgi%r Smko Sm Jaf%“dwlﬂféae% Jfﬁegleocmapgqn%@a\ﬂsea&ﬁ&s éo&%&@é'qyrtﬁg gRe@s to

serve as, or example, a'sili coﬁ based optical modulator. In the optical modulator shown in FIG. 4,

as in HecBistRaAT #Rio HRIESR B0 RPIERS B isren s udichitisrmeipbe osredhiiaomnsaisdrie Rigt of the rib
wavegrigde @&@mﬁgte@ﬁpﬁmmnl-@wwefmu ik erthecopticalim agtatrcabane ctﬂnEbGe(B},sl tothedptical

modulat ar shown in I% é) --do silicon r 2 s forrped to b% thlcker osition
%t a1 a distah froa wavegéx.;/cﬁi 0 which the meta B 6115 001’13 cted
correspon in f(%et'he conRection te ectrode nother wor S, p+ dopeds icon layer 22 Is formed

SO as t&)snelvéxa trape o dall orests sbemd Aealltvt eoiFecisrindesl et thedi s7veguide in a zeroth-

order mode does not change.

The above and other objects, features, and advantages of the present invention will become
apparent from the following description based on the accompanying drawings which illustrate exemplary
embodiments of the present invention.

Brief Description of the Drawings:



Since p+--doped silicon layer 22 serving as a contact layer is thicker at the connection to electrode 27,
a suicide layer can be stably formed at a position corresponding to the interface between p+tdoped
silicon layer 22 and electrode 27. The results of the present inventors' experiments show that a stable
contact resistance is obtained when p++-doped silicon layer 22 is thicker than the slab portion of the
rib waveguide by between 50 nm and 100 rim. Now, the silicon-based optical modulator shown in FIG.

4 will be descri in.further.detail.  As with the silicon-based optical modulator shown in.FIG. 1 or
F1C. 3 in the SMCbr B A s AT PIS e SHIE 5 Bf 551 PR A B icon
substratm@dylatd witdoped siticdordayer 23 serving as an SCA layer is further provided on oxide layer
25 as the IoweIg . rib wave On the top surface qf p-doped silicon layer 23,

If, of th ujde by patterning.
dopedt sitcol K@ 51 LB S BSUSHAHRE PR AR RS U CHE T r 25, I
additionmmvtulatopeddsdiceledayede;20 is connected to a side portion of n-doped silicon layer 21.
Electrode 28 is.canpected to n+H:-doped silicon layer 20. Qxide layer 35 also functioning as a clad
layer of the rib%vggvgglﬁf’d 1%{?}‘8\%&%‘3{3% 389%?5??%’%?2[&%% &%ﬂﬁ?&ﬂqﬁfwyﬁiﬁgffe@’%@m layer
22, n-dapedusdicoanidyer 2é@nrdd+tdoped silicon layer 20.  On each of the opposite sides of the rib
waveguide which.are. formed as projecti ortions,of the SOI layer, the SQOI layer. is formed so as to
have a thicknesa s ¢ %565%t%1r?ﬁ§)‘§r1°§ f%e?ﬁ%%cﬁl% A r@%@%&ﬁﬂ@tgﬁfﬁq Bris
p+tdopedesitiodn dayerddservifits sk enspintachidydineitcoped silicon layer 23 is used for connection to
electrode 27. Elﬁ%tr de 27 is composed of, .for example, inum or cqpper. In the grea in which

|
Tr-doped silicon gésrt?osr%%/og?lléfé%‘fvg e anlﬂ%?gclgg Pﬁté’rtﬁﬁﬁ?ﬁg 5 B-LEG8PR SR ayer 22

in the argatindirhéeh; the ptdoped silicon layer is joined to electrode 27 is set to be the same as that of
the SOI layer ich the rib waveguide has ngt been.patterned yet. Then, process sed to
fabricate an oIS AGERY K SN SATROFAlE S SR O RO Bt S
contributes dtedacmgnciistéock itnathipttalctaregtidd o &Odddyer which becomes the slab of the rib
waveguide is f djacent to p+tdoped silicon layer 22. The.distance fro contact portion in
whioh electiodt g i AR & 5 L ST SIPLS BB S0 bR AL Eouice o
designedpsuwehitivatuddentrode 27 is electrically connected to the rib waveguide at a sufficiently low

resistance. Furthermore, the %fesc(::tlv% refrgggggggg in ti%g c{ZF]etli{)t -ord?r mode of the rib-type optical
ein e

waveguide structure is designe SOES 10 ] epené%‘re]flof gistAnteom the contact portion of

electrode 27 tdBtHercelrtaiptiis of themblusveghidendhis agpangennéatrif etectpaite 2hearedc ttisblike
ﬁ:lor\]/:/s ayaid ne%?egftghaen a é/&;gc?eegleg:trgj?awniﬁ%%%% %sclpl%g(rgtion I(_)ss caused by the_eleptrode ar_ld the
ghly doped silicon region, and enables the électrode 10 be designed so as to maintain an optical
propagation mbdallow the refractive index of a silicon waveguide to be changed using the carrier
plasma effect, an external voltage needs to be applied to a core portion of the waveguide. To
achieve this, an electrode is connected to a portion of the rib waveguide which extends from a
slab. Metal such as aluminum (Al) or copper (Cu) is generally used as the electrode.
The portion extending from the slab and connected to the electrode is configured with a silicon
layer doped with impurities of a high concentration, so as to serve as a contact layer. The
‘portion in which the contact layer and the metal electrode are connected together is configured
with a silicide layer to allow the electrode and the contact layer to be reliably electrically
connected together.

FIG. 3 shows an electro-optic device which is similar to the device shown in FIG. 1 but
which includes a contact layer, that is, p -doped silicon layer 22 with the thickness thereof
reduced in order to decrease an optical propagation loss in the rib waveguide. In this
configuration, since p™*-doped silicon layer 22 is very thin, when an attempt is made fo form an
electric contact via the silicide layer for connection to metal electrode 27, the electrical

characteristics of the connection may be unstable. Specifically, even though an attempt is made

to form silicide layers using the same fabricating process, the thickness may vary among the



FIG. 5 shows an electro-optic device according to a second exemplary embodiment. To enable the
electro-optic device to operate at high speed, an electrode for application of a modulation voltage is
preferably arranged in proximity to the modulation portion in which light interacts with carriers in the
semiconductor. However, silicon doped with impuritiés absorbs light, and the electrode arranged in
proximity to the modulation portion leads to an increase in optical loss. Thus, realization of high-speed
operations is.in a tra relationship with a reduction in optical loss. The second exemplary

deaff 1
embodinieht AREHS ggaﬁ]ﬁés e B R ST F R R S SR Srrahiy S it SH A e RIS with

the tradeoff relatiensilipion toAhesienifotaptioaiavicesshande,ianrdGnipis sipitantyihatishewnin FIG. 4,
but is diff?retnt froﬁ{] t§lat shown |é1 FIG. 4tjn that thi? diele tr_iEcHIayer_ZQ is formed at the interface
between dopad SiESR THY O T M3 R @SS Ef@?ﬁﬂﬁif B i8R St WficAn-ddfed silicon

layer 21 étecongtiedeticcty RiGH4ned Sjieen taysrtd3dammingdneximplavesuicsn-Fhalispthis
electro-otgtig rfetvice includes an SIS junction. In this electro-optic device, when an electric signal is
applied to Behhedn p-doped silicon layer 23 and n-doped silicon layer 21 via electrodes 27 and 28.

Then, on the rdapketye eppasds sidehohdipleaticlayende e caiess arer apewmiated. gr removed
or the carrier, cor&ce tration is é%/ersed. gs a Yh?r‘s It, the congcentration of free carriers, which acts on
pagatiiig’

the eledtric tAE oY AFCBRALE A5 SUGREHE M VFEHES U TR RIS i _
accordaifrevantr thel iledid o pigabinbneer he-effestive opticalrefaatienpdenof thewaneslide is
modulated. n this strycture, p-dgped silicon layer 23 forms a silicon body area, and n-doped silicon
layer 21% "gk)p g sl Eiﬁl%é%%i’c?o Y t%%eeat%lﬁﬁeﬁ% B RS IR SRR R dielectric layer

oPms ] gaté1 Fe3.
29, formcanzctive arefeofdde 2lectia-opie dersep™ -dojed prjesting:portiarahRt wslgpedmsiican
layer 22 o Ve\:'hciffﬁ‘ ﬂkE(I:ectrode t27 isejoi%gd extends alon%the lP jtudinal direction of the rib waveguide to
form a pargsﬁlc rb. ﬁq%gsersgfolr%?fh e ecfr%q]&?ﬁfboﬁé?/i e silicon blocks A, B and C each
extending alon§itie fohgitpeihsilidisedtips. Jikepnry agkscArand Gyaradkigdrghly topespatiasite ribs,
and silicgg:ct%}g Iégi]isatg 2 & Qigr rib g&)}?ior{ %& e ribgvave uide. In FIG. 5, distance Dg'ndicates the
distance from the ¢ontact portion i which & Fo7ig %ﬁ%’ﬂ’?&%‘}ﬁ?‘p&}ﬁgﬁ QitSHESER52 to the
central exitrekthg Tidopadegitide ldpethis exdraiplarydmbodiMentsdistafeael seevesmasndoparameter
that determines the tradeqff relationship.in the electro-optic device between the realization of the
high-speed opera |oSr1[1€<'31Vr1vc](}§j1 +é uac%%r? cfn%%tfggllsl%gg? Qfa%?fﬁﬁl sé’r?&pD "§ﬁ’8&f§ﬁ‘f’§%%%?&§%§ics of
the modthatken thentiba dad phetisurodundiiig s theganfcdsyde opiical vaveguid@tabe examined. The
point of the pregent exemplary,embodiment is that the characteristics gf the surroundings as an optical
waveguide argée?(‘g?nﬁllr?e%l %08\(/3 aéﬁ?liﬁ {?%{]Slﬁ)tclitr% S%%r\/%ﬁj‘g%?kﬁ; e e%vtgl 8%%?%%?1&?1“ &ction with
the tradelsttilelationship. FIG. 6 is a plot obtained by examining all the optical waveguide modes of
silicon blocks in FIG, 5.with.respect to varying distance D. In th h, t |s.of ordinate indicates
the effective re%%g\tr}she%}# ei;gc 'e% %s)%%% %1815%?353% i %%f&eﬁ@%rgz(\%ﬁallgé% é’gﬁ?l?ﬁcluding
three qubrhahotisal modwnieteclangtes Alahd Oxidd lager HfuarerByided sheiiiedn thbstigit Sigesnf the
graph. The angle nd C corres%nld]to the three silicon.blpcks A,.B.and C _labeled in FIG.
5, respe t%%ﬁ%l?r@tﬁg%%}re%gsgﬁ‘éﬁgiﬁstﬁ% quacﬁ%ﬁgllse%% ergvaldﬁﬁgﬁlé&é{%%nl?ﬁ%r Siﬁs\A%ﬁerch light
propagakewdnltal ehihe spondiragsiticdy biotkr(ie rilDwavegiiderfcparbsitiopid)siidstitiapall3jn the
graph, an in:whi ation.gperation is.to be petformed is. shown by a solid.line. The other
otes e R LA b CP b BBL/AEH 2 1o be
performéa afightqmop agepsitsitorghaent?lisiticomeblot ko thiztpertioa tbnadoreguidizon lafide 1.
following:} %Q;P%r rom the graph-n FIG, 6..in the mode show a splid Jine.and which is to be
used for modu atigﬁggg%rr%t%%gtﬁgfl is,‘%ﬁger(%]%l é:olir%f?1 ?(r:hgﬁ'ghqaﬁlgsg%%%ggtﬁggﬁesﬁlf%é)%ﬁ%\?ﬁfeguide,
in a portideddéyheahteeain wiicpuide sfieotiidedafractive dtideverprilesed silicon layer 23, p* ~doped

silicon layer 22, n-doped silicon layer 21 and n"*-doped silicon layer 20.

On each of the opposite sides of the rib waveguide which are formed as projecting
portions of the SOI layer, the SOI layer is formed so as to have a thickness of at most 100 nm
and to function as a slab layer. Provided on the slab layer is p™ -doped silicon layer 23 serving
as a contact layer; p_ -doped silicon layer 23 1s used for connection to electrode 27, Electrode

27 is composed of, for example, aluminum or copper. In the area in which p™ -doped silicon

layer 22 is joined to electrode 27, p++-doped silicon layer 22 is formed to be thicker than the slab



10 depending on distance D, the propagation mode is coupled to the other propagation modes shown
by dashed lines. If the propagation mode is coupled to the other propagation modes, the silicon blocks
fail to operate normally as an electro-optic device. Furthermore, even for regions in which curves each
indicating the effective refractive index for the corre§ponding propagation mode depending on distance
D cross each other, it is desirable to avoid using some of the regions for which determining whether or
not the curves cross each other is difficult. In the present example, provided that distance D is at least
about 0 BPHRPAYRbIEAHMY 8 vicinity corresponding to distance D = 0.7 pm is excluded, then it is
possible to pregikinadcourlingclgaiber prodesaiich dnayykasuititiRe aas i RigxeNed, elgyyag the
silicon blocks to operate as a normal waveguide. Thus, the results of the examination clearly indicate

where tHESRLRYERIN %8R iR Elaeiirds A8 Hsréade bss e ahnfag REl B g sasiechiic the
arrangemeRi0t thedsiliaondilecks neariibe vk wameguisde dakes iRt aSemtate anAVSQdR the

electro-optic device shown in FIG. 5, distance D is set such that electrode 27 is electrically connected

to the rifRAVatRTidsaraldisdiciehl IsArrssispiigndnsinatidetiteaneandeatriice thdex in the

zeroth-olrgﬁfcm?@gs@g.the rib-type optical waveguide structure is set independently of distance D. This
arrangement of electrode 27 and the like allows avoidance of the adverse effect of an optical

absorption losstiisedusseBeking O LisehwHgnhruapeutinitish afdie dhavaresiide #se electrode
to be degigned £9RS PR NAIRJNSIRRICRRUIOPAJATRN deslRe froM OY% R REREPSSHRILADHEAIINg the

electro-optic device shown in FIG. 5, that is, the silicon-based optical modulator, will be described.

FIG. 7A SReHEEe deitirdite shrigarssoriliseanases zussta ke nsabrasoiiha s MeteBpHe evice. The
SOI subgtateds siMigidiegesteldhatiburiedexidecanai-2R is Rre\idas-9Bgsion substiatedd, with a

silicon layer of thickness about 300 rim stacked on oxide layer 25. To reduce an optical loss, the

buried o)AdE iAo fe BN R rhaGilediye st lglive Bdexih De gredi s BadsHdbedife layer
25 is whahis sinlled Rave@liiRyarRRGORALS D BE P-HOREBLSHGON AT SBihE Aistaass whinehEhat the

first and second conductivity types are defined as a type and and an n-type, respectively, the silicon

layer onQRdEHBRIPHRIFHI Mot tp e R bR IHETIFR S6ragtifity &P 2ARBESHRYL the

following jREReRRS B PRSI Ik AdIRIVOHVALIRA RS & SIHGON LyeE Berbufiad piee layerpbrlesphorous
(P) or boron (B%ris doped into the surface layer of the silicon layer by ion imgglantation or the like.

ThereaffeH e Yo ialseEatsfarehe BIEbetaRss HsMRJrPHORARA FLRPAS (BfRREP A BSmpurities
through@ietifie:8ikeas ﬂ@y@ghﬂmsaf@@p{mmaﬂ{g@mﬁy@dmto p-doped silicon layer 23. 11 Then,
as shown in FIG. 7B, a resist pattern is formed on the surface of p-doped silicon layer.23. A reactive
etching proces Iﬁ'épiﬁ%%stmﬁ@e?ggr&%ﬁtw%aﬁf&é@@&%ﬁ%ﬁé&r& EETIREY 8B3R5 waveguide
shape. Furthermpggalsio treaswid privipelcdpant opaigh aanceealion depasitRieipphdatoestinto

-doped silicon layer 22, whijch is_a silicon block portion located. adjacent to the rip wavegquide,
Etru c?urea moglr;la?i%n vo%tage {s prefere?bfy arrangeg 1[%1 proy?xmity to the rJnociHattion pom%n 1an A lljcg?lght

interacts with carriers in the semiconductor. However, silicon doped with impurities absorbs
light, and the electrode arranged in proximity to the modulation portion leads to an increase in
optical loss. Thus, realization of high-speed operations is in a tradeoff relationship with a
reduction in optical loss. The second exemplary embodiment attempts to find the optimum
condition for the electrode arrangement in connection with the tradeoff relationship.

An electro-optic device shown in FIG. 5 is similar to that shown in FIG. 4, but is different
from that shown in FIG. 4 in that thin dielectric layer 29 is formed at the interface between
doped silicon layers 21 and 23, instead of forming the pn junction at which n-doped silicon layer
21 is connected directly to p-doped silicon layer 23 forming the rib waveguide. That is, this
electro-optic device includes an SIS junction,

In this electro-optic device, when an electric signal is applied to between p-doped silicon
layer 23 and n-doped silicon layer 21 via electrodes 27 and 28.  Then, on the respective
opposite sides of dielectric layer 29, free carriers are accumulated or removed or the carrier

concentration is reversed. As a result, the concentration of free carriers, which acts on the



Then, as shown in FIG. 7C, oxide layer 35 used as a clad layer is formed by depositing an Si02 film of
thickness 300 to 700 nm all over p-doped silicon layer 23 and p-doped silicon layer 22. Then, oxide -
layer 35 is flattened by a technigue such as CMP (Chemical-Mechanical Polishing process) so as to
control the height of the rib waveguide. Next, as$hown in FIG. 7D, a resist mask pattern is formed
on the surface of oxide layer 35 processed by CMP, and the reactive etching process is applied to the

resist mask pattern, to.form a trench corresponding to the posijtion of the rib waveguide, in the oxide
clad Iaygfgﬁlﬁgr%?e@c?gﬁgd)gﬂl ﬁiﬁgrpﬁ%p g?@ﬁ%%‘?ﬂ% ?éléaYﬁB?\ng%ésﬁ‘bo\Wﬁ@@&l}ﬂe is exposed
from thesbesidenstiiahalef shedientinal. Teacnask ietivsegdosthamatiasningisorenoved. Then, as
shown in FIG. 7E, a silicon oxide layer that is relatiyely thin dielectric layer 29 is, formed on the SOI
layer, thAFiEEK %gsela?ﬁ&h%&?u sﬂi?cﬁma%?%% Mﬂ%ﬁi@ﬁ%ﬁmé&wﬁ e m&m.Stia@eitﬂ%nagﬁ@p 29 may
be, instead afdbpediitivoligerlayanias exampteaa siieosinitidsoliy gfeamaatesighea,
dielectric-cqnstant (high-k) insulating layer, or a stack of these layers. Thereafter, a polycrystalline
silicon |£§83Y§‘%?5ﬁé§f?&‘§81‘f‘8m‘ﬁ #ﬁ%ﬁ%ﬁ g?ﬁﬁbﬁ“lﬁ%‘f%e&r? e £ laeiEe @RI dsVISS er 20 is formed in
an electrode exmaqifngaﬁrgf@ﬂm‘bﬁﬂdﬁpﬁddaiﬁw@il&ﬁ@ﬂ%{er 22 ﬁiﬁﬁiigh@&sﬁdﬁmgﬁﬁﬁﬁn&lf , OXide Iayder
35 as the clad layer is further deposited such that all the layers including C-doped silicon layer 20 an
n-doped%ﬁ?egﬁ %%% ¢ Iopeisa %Ofﬁﬁe“&&m&;&ﬁermuﬂrfﬁé BRAFFSHE SHoxidOIEfarss is
flattenedizyecbife-apdconthret iglagar eifrsnetoss M mbeleCttade s A énaitk 2Baganke taken out

through the contact holes. As g result, n'-'-doped silicon Jayer 20 and pr-doped silicon layer, 22 are
expose %8%§%f8?ﬁ%rf§’é§%? 8"5%%*&% 5 ﬁlﬁ’é{%ﬁh‘é iPRATLHOSRE PR Wk posed

portionskbektB-igldpeSiteeb ayabr @ fthd Ab-dapedusdicon layer 22 to form a silicide layer. Moreover,
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waveguide are examined to determine the optimum value for the electrode position in connection

with the tradeoff relationship.

FIG. 6 is a plot obtained by examining all the optical waveguide modes of silicon blocks

in FIG. 5 with respect to varying distance D. In the graph, the axis of ordinate indicates the

effective refractive index. The axis of abscissa indicates distance D. Several sets each

including three quadrangles, i.c., two rectangles A and C and one square B, are shown in the

light side of the graph. The Quadrangies A, B and C correspond to the three silicon blocks A, B

and C labeled in FIG. 5, respectively. Furthermore, a circle in the quadrangle indicates a

propagation mode in which light propagates in the corresponding silicon block (the rib

waveguide or parasitic rib). Additionally, in the graph, a mode in which a modulation

operation is to be performed is shown by a solid line. The other modes are shown by dashed

lines. Obviously, in the mode in which a modulation operation is to be performed, light

propagates through central silicon block B, that is, the rib waveguide.

The following is apparent from the graph in FIG. 6. In the mode shown by a solid line

and which is to be used for modulation operation, that is, the mode in which light propagates

through the rib waveguide, in a portion of the mode in which the effective refractive index varies



a first electrical contact coupled to the silicon gate region; and a second electrical contact coupled to
the silicon body region,  wherein upon application of an electrical signal to the first electrical contact
and the second electrical contact, free carriers accumulate, deplete or invert within the silicon body
region and the silicon gate region on both sides of th@ dielectric layer at the same time, such that an
optical electric field of the optical signal substantially overlaps with a modulation area of free carrier
concentration in the active region of the electro-optic device, a rib waveguide is formed by means

of the sifEBFPEEE e dishanesdsitfcopropaeatiansnoda dstreugierbiadbe syl arapsgalioaimetesontact is
coupledga,aslep Rarafthesrib wavsgul aﬁontﬁﬁ,&@ipe&gﬁeﬁ@orﬁ&i%gpﬂmﬁg%%éﬁlﬁkﬁ%qﬂe

contact region where thickness of the elecfro contact region of rib part is thicker than around rib part,

and  Slpesidecks Rl Keprrienamaly asgasrlsriomipaeristocietharagspsition B cesigisof the
waveguidenhere aeegivriipstio allerrling Hbnyarromas: B e QIR IR iheansiant

when the distance between rib waveguide and the electrode contact region varies. Supplementary

note 2) Tl fiepmdassn distapsedprease vreh ashentihisdesisiiplerneprhppinsteomephdheregions
thickness phiherEAREFRER SO WRAhERGICR.P RS bR s DR PBME: 35 Arfickness aldBe.tiht

waveguide. (Supplementary note 3) The silicon-based electro-optic device as defined in
SupplerfEriae nenevidag leabdistansickhie sy g absiach-edacontaeraegibhorisandtyib part is the same

;S” foﬁ"m@éég%séd URARQ S §%§r§9{9§e éﬂﬁeﬁ? eanvg%yo% ib e(%$£§w%at%¥lun ﬁrﬁtr? 4) The
ptic device as defined in Supplementarynote 1, wherein a widt efectro
contact eéagomofitheviicpartjsrosideinthdnsa iviptevofititg albowayetuiddicon blocks to operate as a
normal waveguide. Thus, the results of the examination clearly indicate where the electrode is
to be located so as to lie as close to the rib waveguide as possible with the arrangement of the
silicon blocks near the rib waveguide taken into account,

Also in the electro-optic device shown in FIG. 5, distance D is set such that electrode 27
is electrically connected to the rib waveguide at a sufficiently low resistance and such that the
effective refractive index in the zeroth-order mode of the rib-type optical waveguide structure is
set independently of distance D. This arrangement of electrode 27 and the like allows
avoidance of the adverse effect of an optical absorption loss caused by the electrode and the
highly doped silicon area, and enables the electrode to be designed so as to maintain the optical
propagation mode.

Now, a process of fabricating the electro-optic device shown in FIG. 3, that is, the silicon-
based optical modulator, will be described.

FIG. 7A shows the sectional configuration of an SOI substrate used to form an electro-
optic device. The SOI substrate is configured such that buried oxide layer 25 is provided on
silicon substrate 24, with a silicon layer of thickness about 300 nm stacked on oxide layer 25.

To reduce an optical loss, the buried oxide layer preferably has a thickness of at least 1,000 nm.
A silicon layer on buried oxide layer 25 is what is called an SOI layer and needs to be p-doped
silicon layer 23. Here, assuming that the first and second conductivity types are defined as a p~
type and an n-type, respectively, the silicon layer on oxide layer 25 may be doped so as to
exhibit the first conductivity type.  Alternatively, the following process is possible. After
formation of a silicon layer on buried oxide layer 25, phosphorous (P) or boron (B) is doped into
the surface layer of the silicon layer by ion implantation or the like. Thereafter, the resultant
substrate is subjected to thermal treatment so as to diffuse p-type impurities throughout the

silicon layer, thus forming the silicon layer into p-doped silicon layer 23.



(Supplementary note 5) An electro-optic device comprising: 13 a first silicon layer of a first
conductivity type;  a second silicon layer of a second conductivity type different from the first
conductivity type, the second silicon layer being at least partly stacked on the first silicon layer; a
dielectric layer formed at an interface between the lrst silicon layer and the second silicon layer; a first
electric contact connected to the first silicon layer; and a second electric contact connected to the
second silicon {qyg o sIRTRIPIBS-fish sl laush U HileelinlANrand Baspapaalicon laver
form an SIS junction, and an electric signal from each of the first and second electric contacts allows a
free cartiretolBe adcpantiveedcrimpoveatsoisenphisddnthegspethivécoppopiteeid psdoptidesdietactric
ayer to o afs GARIEEANGRRIAUON SERSR DY AN 1P 15 ke Apled)sanal
e e S LA T

wherein a stack structure including t rst silicon layet and the sec ayer has arib

waveguiiaetnipsicn depest tbareiarofotrmddonsipemimedreiticomtyesiih pdigbrisaf sicei Wenkeguide
inCIUdesp@ﬂiﬂf?ﬁ)&&%ﬁfﬁ@em%%ﬁIﬁStWQ?e &ﬁﬁ@ﬁ&t&g&s the first electric contact,

Then, as shown in FIG. 7C, oxide layer 35 used as a clad layer is formed by depositing an

S8i0, film of thickness 300 to 700 nm all over p-doped silicon layer 23 and p" -doped silicon
layer 22.  Then, oxide layer 35 is flattened by a technique such as CMP (Chemical-Mechanical
Polishing process) so as to control the height of the rib waveguide.

Next, as shown in FIG. 7D, a resist mask pattern is formed on the surface of oxide layer
35 processed by CMP, and the reactive etching process is applied to the resist mask pattern to
form a trench corresponding to the position of the rib waveguide, in the oxide clad layer. Then,
p-doped silicon layer 23 serving as the core portion of the rib waveguide is exposed from the
bottom surface of the trench.

The mask layer used for the patterning is removed. Then, as shown in FIG. 7E, a silicon
oxide layer that is relatively thin dielectric layer 29 is formed on the SOI layer, that is, exposed
p-doped silicon layer 21, by thermal oxidation treatment. Dielectric layer 29 may be, instead of
the silicon oxide layer, for example, a silicon nitride layer, any other high dielectric-constant
(high-k) insulating layer, or a stack of these layers. Thereafter, a polycrystalline silicon layer is
deposited to form n-doped silicon layer 21, and n*"-doped silicon layer 20 is formed in an
electrode extracting portion of n-doped silicon layer 21.

Finally, as shown in FIG. 7F, oxide layer 35 as the clad layer is further deposited such
that all the layers including n™ -doped silicon layer 20 and n-doped silicon layer 21 are covered
with the oxide clad layer. Then, the surface of oxide layer 35 is flattened by CMP and contact
holes are formed such that electrodes 27 and 28 can be taken out through the contact holes. As
aresult, n" ~doped silicon layer 20 and p™ -doped silicon layer 22 are exposed from the bottom
surfaces of the contact holes. Thus, nickel (Ni) is deposited on the exposed portions of n™'-
doped silicon layer 20 and p™"-doped silicon layer 22 to form a silicide layer. Moreover, an
electrode layer composed of TaN/Al (Cu) or the like is formed in each of the contact holes to
complete electrodes 27 and 28.  Electrodes 27 and 28 are used for connection to a driving
circuit.

The whole or part of the exemplary embodiments disclosed above can be described as,

but not limited to, the following supplementary notes.



wherein the slab portion in the area to which the metal electrode is connected is thicker than a
surrounding slab portion, and wherein the area to which the metal electrode is connected is
located so that a range of a distance from the rib waveguide to the area to which the metal electrode is
connected is such that when the distance is changéd, an effective refractive index of the rib waveguide
in a zeroth-order mode does not change. (Supplementary note 6) The electro-optic device as
defined in Supplementary note 5, further comprising a silicon substrate and a buried oxide layer

formed on the (SHeBl@sBErRM0E D wheslifapdaied elfeBron/ et S BrAABIPEH 1R buried oxide layer
S0 as to serveag @b bl fon dof,%@@@@mm@rﬁ@p@gg&@ﬁe@l@pﬁ@-optic device as defined in
whic

Supplementary note 5 or 6, wherein a slab thickness in the area to h the metal electrode is

connected is tASSSRTEEAE GRE BT AUIGALS SRIABIHRSICSARS RABFRF N K &6 iR A GRegate region
(Supplepraranyniql &) Eha a{qﬁa&no@oatiﬁ@@ﬂi@@@&dﬁi@gﬁﬂ@&lﬁﬁi@r@eaﬁafgueeﬁ@@b&wyaerein a

slab width in the area to which the metal electrode is connected is larger than the width of the first

silicon 1&)RFHcMESEWEsis Aad he lipptariEiesiPFote 9) The electro-optic device as defined in
Supplementary BRiR % ¥he eIk IPSsSlp ACKDESSUBK A S PRHRBMED dhR nalali g lRitmiBthe

connected is at least 70 nm (Sup !em.entg% note 10) The electro-optic device as defined in

SuppleridipirgRisegion Az ke onRtdbe sl ierier et el s iEaTEHRIEse s ot
change {geahleasieRebe.9f B VR RIBREN AN G MesVEr iRk dtef thepyaiekanesh.

a first electrical contact coupled to the silicon gate region; and

a second electrical contact coupled to the silicon body region,

wherein upon application of an electrical signal to the first electrical contact and the
second electrical contact, free carriers accumulate, deplete or invert within the silicon body
region and the silicon gate region on both sides of the dielectric layer at the same time, such that
an optical electric field of the optical signal substantially overlaps with a modulation area of free
carrier concentration in the active region of the electro-optic device, _

a rib waveguide is formed by means of the silicon body region, the silicon gate region and
the dielectric layer,

a first electrical contact is coupled to a slab part of the rib waveguide,

the rib part has a region coupled to an electrode contact region where thickness of the
electro contact region of rib part is thicker than around rib part, and

a position of the electrode contact region of the rib part is located at a position of center of
the waveguide where an effective index value of the rib waveguide in a zeroth-order mode is
constant when the distance between rib waveguide and the electrode contact region varies.

(Supplementary note 2) The silicon-based electro—optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of the rib part is the
same as a thickness of the rib waveguide.

(Supplementary note 3) The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of said rib part is the
same as a thickness at least in part of a SOl region of the rib waveguide

(Supplementary note 4) The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a width of electro contact region of the rib part is wider than a
width of the rib waveguide.

(Supplementary note 5)  An electro-optic device comprising:



It will be apparent that other variations and modifications may be made to the above described
embodiments and functionality, with the attainment of some or all of their advantages. It is an object of
the appended claims to cover all such variations and modifications as come within the true spirit and
scope of the invention. 15 CLAIMS 1.A silicon-basé#l electro-optic device comprising: a silicon body
region doped to exhibit a first conductivity type; a silicon gate region doped to exhibit a second
conductivity type, disposed at least in part over the silicon body region to define a contiguous area
between the shifEH BYE9 &g iEconesriyHetyagion: a dielectric layer disposed in the

contiguous areaheMeandheaiicasr BAslorRIAERRA S Sieaniaataragionisofhatlirgarphination of
the silicon body region, the silicon gate region, and the interposed dielectric layer define an active

region dVBfetBRtareshtit e\ iRxer beingrtleant eardy) ¥arkad cadhpiBErtsitinoRiRisH gate region: and a

second electrigalicretact cauieshialthe:siligerrRedresiannwheseinidiranRpRlaatier«ban electrical
signal to the first electrical contact and the second electrical contact, free carriers accumulate, deplete

or inverB AP silicon body region and the silicon gate region on both sides of the dielectric layer at

the same time, syshetBatR-ORtcALSiREtiCfisichelthe gntisal sianalsubstantially overlaps with a
modulation area of free carrier concentration in the active region of the electro-optic device, a rib

waveguide is O8b§HTEOBIAHE Arsstedsayr e dlisHr & Eate region and the dielectric
layer, the secapgkalactied soiacii3serpirddeia-sir AN ahthadikwaveguida 1. fikelactrode

contact reé;i_on, thickness of the rib electrode contact region being thicker than around a rib part of the

rib waveguidB iR iR RisSH sian Snmrashrhhe Bt ond tsribelsdineqiHarts ieRrdss of the
electrod@cQniarh AR ARGIHR PathiR tRICkrRaR AN dpafibeRP o sine RdRO SRR fctbeid

electrode contact region of the rib part is located at a pgsition a%art fram a center of the rib waveguide

where ah¥¥féeauRd RGeCBFiRESOBSHATRRATETCY DEURIGras Hrddefa GRECRFIRRRN the
distance betwegirihwaxsguidedns e elatl ons eDRaeldpeiand/dideBcond silicon layer has a

rib waveguide shape so as to form an optical confinement area, and a slab portion of the rib
waveguide includes an area to which a metal electrode is connected as the first electric contact,

wherein the slab portion in the area to which the metal electrode is connected is thicker
than a surrounding slab portion, and

wherein the area to which the metal electrode is connected is located so that a range of a
distance from the rib waveguide to the area to which the metal electrode is connected is such that
when the distance is changed, an effective refractive index of the rib waveguide in a zeroth-order
mode does not change.

{Supplementary note 6) The electro-optic device as defined in Supplementary note 5,
further comprising a silicon substrate and a buried oxide layer formed on the silicon substrate,

wherein the first silicon layer is provided on the buried oxide layer so as to serve as an
SOI layer. '

{Supplementary note 7) The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab thickness in the area to which the metal electrode is connected is the same as
one of heights of the first silicon layer in the rib waveguide.

(Supplementary note 8) The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab width in the area to which the metal electrode is connected is larger than the
width of the first silicon layer in the rib waveguide.

(Supplementary note 9)  The electro-optic device as defined in Supplementary note 5,
wherein the slab thickness in the area to which the metal electrode is connected is at least 70 nm.

(Supplementary note 10} The electro-optic device as defined in Supplementary note 5,



2. The silicon-based electro-optic device as defined in claim 1, wherein a thickness of the rib electrode
contact region of the rib part is the same as a thickness of the rib waveguide. 3. The silicon-based
electro-optic device as defined in claim 1, wherein a thickness of the rib electrode contact region of
said rib part is the same as a thickness at least in pg#t of a silicon-oninsulator (SOO region of the rib
waveguide. 4The silicon-based electro-optic device as defined in claim 1, wherein a width of the rib

electrode contact region of the rib part is wider than a width of the rib waveguide. 16 SILICON-BASED
ELECTROcoP e BetmemingeqRhcatiectiveaaimeinoiofic drevivet ehanssdsaiusasionsdhising a first

silicon |%¥%W§x%1@§§étﬁ%ﬁ%%3%%ﬂﬁtﬁﬁﬁ%?%?@%@i%%ﬂﬂ?‘yer of a second conductivity type has a

rib waveguide shape so as to form an optical confinement area, and a slab portion of a rib waveguide

includes an aréanBl\bRierrareaéthreptherossl iiephard adifisatings parishmada éodishe onich the
metal elgclrode 3 .CABARRGE SniiGhRrian, SWHioHRAIRg SiahPorigm e Arsa e ihg.getal

electrode is connected is set so that a range of a distance from the rib wavegmide to the area to which

the metdl Blae@bitstiotharidprnied slimsiararenhaiehsyaret aascnshgedi Rereorscaeoratractive
index Ofmﬁiﬂ%éf%\(%&lﬂﬁ‘ﬁ gﬁ@s%gggtgfqﬁg%{;@gggrgoes not change. FIG. 5
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CLAIMS

1. A silicon-based elecfro-optic device comprising:

a sificon body region doped to exhibit a first conductivity type;

& silicon gate region doped to exhibit a second conductivity type, disposed at least in part
over the silicon body region to define a contiguous area between the sificon body region and the
silicon gate region;

a dieleciric layer disposed in the contiguous area between the sificon body region and the
silicon gate region so that the combination of the sificon body region, the siiicon gate region, and
the interposed dielectric layer define an active region of the electro-oplic device;

a first electrical contact coupled fo the silicon gate region; and a second electrical contact
coupled to the silicon body region, wherein: upon application of an electrical signal to the first
elecirical contact and the second electrical contact, free carriers accumulate, deplete or invert
within the silicon body region and the silicon gate region on both sides of the dieleciric layer at
the same fime, such that an optical electric field of the optical signal substantially overlaps with a
modulation area of free carrier concentration in the active region of the electro-optic device, a rib
waveguide is formed by means of the silicon body region, the silicon gate region and the
dielectric layer, the second electrical contact is coupled to a slab part of the rib waveguide via a
fib electrode contact region, thickness of the rib elecirode contact region being thicker than around
a rib part of the rib waveguide, the rib part has a region coupled to an electrode contact region
where thickness of the electrode contact region of the rib part is thicker than around the rib par,
and a position of the rib electrode contact region of the rib part is located at a position apart from
a center of the rib waveguide where an effective index value of the rib waveguide in a zeroth-
order mode is constant when the distance between rib waveguide and the rib electrode contact

region vares,

2. The silicor-based eleciro-optic device as defined in claim 1, wherein a thickness of the

rib electrode contact region of the rib part is the same as a thickness of the rib waveguide.

3. The siicon-based electro-optic device as defined in claim 1, wherein a thickness of the rib
electrode contact region of said rib part is the same as a thickness at ieast in part of a silicon-on-

insulator (SOI) region of the rib waveguide.

4 The silicon-based electro-optic device as defined in claim 1, wherein a width of the rib

slecfrode contact region of the rib part is wider than a width of the rib waveguide.





