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SILICON MODULATOR OFFSET TUNING ARRANGEMENT
Cross-Reference to Related Application 5 This application claims the
benefit of US Provisional Application No. 60/813,913, riled June 15, 2006,
and US Provisional Application No. 60/928,386, filed May 9, 2007.
Technical Field The present invention relates to an arrangement for
providing independent control 10 of modulation characteristics (phase
and amplitude) and offset (bias) in an SOI-based optical modulator
utilizing thermo-optic adjustment techniques. Background of the Invention
For mangyeRtHOVAGIRUI e O F HeKar TRAVENEE AR RAKGENEINT
electro-optic 15 material, such as lithium niobate. Optical waveguides are
formed within the electro-optic material, with metal contact regions

é‘}ﬁpﬁﬁ%ﬂe%}“@g%s#ggg&gfp%?ﬁgtyg(;ﬁveguide arm. The application of a
! modi

voltage to a metal contact Wi the refractive index of the waveguide
region dHtiBPRESAHAME oMt Bredi EAEHS e uppd AP psmbian6813.913,

fillahrid &3y 20eE uke UB yPeppbydngl theplivktioe ($) thaoas) 2Rk ditedihn 92 007.
shift between the two 20 arms, a nonlinear (digital) Mach-Zehnder

modulator is formed. In particular, the optical signal is launched into the
TesbeladBieihd the electrical signal input is applied to the contacts (using
properTieltageie neispdsmeaticnedreboueknide fiptcalBlgndindepbiatat control

PG ASHLRLOAIRES RODA NSRS SRNGHAS IBR SR 8BHealed

signal. A similar result is possible with a linear (analog) optical output
@?gﬁ%ﬂl ol pios AN Wi gratie ARG ISEOPIMEDroven extremely

useful, there is an increasing desire to form various optical components,

BHPRRIERE.R I DistemsoN silicon- based platforms. It is further

desirable to integrate the various electronic compogents a soci%ed with

such sYRTANIEY F6PER SR LRBMRY R BRER PR R VBT fireiggiro-optic
whoetia;eptie amdichilatonjolvitts tHeptipaicah ocguides eret $com ¢Hovithim élsikbantro-optic

ﬁ'ﬂt&ﬂéﬁt@it%?rg@%&ﬁt&@?rk’gﬁr%f&i%?%’é%@ﬁ’%%n?%%@%@@é&%% IGR% Wm. The

such a,S|tu% ion js not an option. Various other conventional electro-optic
PR R &I bt & AR A st SRl SRR B R ATHBGHYR it at Aot
iregghidcorrg atiloketerithaghgiie oonpletifores chadgingrific spetesichioprogagrtiva along
@RIV RIRYIGE, QBBB%%EQ LU&?Q%%S% el 0R:R2S G, IRIANANR PAS/DGEERe two
made, as disclosed in US Patent 6,845,198 issued to R.K. Montgomery

arms, a nonlinear (digital} Mach-Zehnder modulator is formed. In particular, the optical
signal is launched into the waveguide, and the electrical signal input is applied to the
contacts (using proper voltage levels, as mentioned above). The optical signal is phase
modulated as it propagates along the arms to generate the output optical signal. A similar
result is possible with a linear (analog) optical output signal.

Although this type of external modulator has proven extremely useful, there is an
increasing desire to form various optical components, subsystems and systems on silicon-
based platforms. It is further desirable to integrate the various electronic components
associated with such systems (for example, the input electrical data drive circuit for an
electro-optic modulator) with the optical components on the same silicon substrate.
Clearly, the use of lithium niobate-based optical devices in such a situation is not an
option. Various other conventional electro-optic devices are similarly of a material (such

as I11-V compounds) that are not directly compatible with a silicon platform.
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et al. on January 18, 2005 and assigned to the assignee of this
application. FIG. 1 illustrates one exemplary arrangement of a
silicon-based modulator device as disclosed in 5 (for example) the
Montgomery et al. patent. In this case, SOI-based optical modulator 1
comprises a doped silicon layer 2 (typically, polysilicon) disposed in an
overlapped arrangement with an oppositely-doped portion of a
sub-micron thick silicon surface layer 4 (often referred to in the art as an
SOl layer). SOl layer 4 is shown as the surface Iayer of a conventional

SOl st uaw{%éan%@nfwm%m“ B %%D f@%%ﬁmq\ wggﬂ@& based
1& ch e ec rIC

oxide layer 7. Importantly, a relative ayer 8 (such as, for
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18%(&%9?8.%%F?e%ﬂﬁ?&‘%ﬂ%éw&%ﬁyﬁh@on YiglesHichand §eQic'@X?E1‘§closed in

defines the 'active region o optlca modulator 1. Free carriers will

(Rrammpied ddMpasremesh Sinkaratak de diasencSPibased aatisa! spedutator 1
cbﬁlpali@esmplwhbun S ayerpic VR BPY pidicdi) ritppel SHisomvaslepid
a%mgé)aelm iAdylation.af- H&%éﬁ%ﬁ‘oﬁ%ﬂ'@? QQGE%%?JJP!E:&’SHH%H surface layer

ch anging the effective refractive index_in the active reggon thu

AABER ERTEN AR SRS SPARSHRc AR Hri5SagatAg %ﬁ‘g%ce layer of
avaneguiide:dSihied bytthesastiichrigiber ftivdudptizallsignalbstopagatidguried
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remaln area, of concern for optical modulators of the type ofevelg ry
HisPetaidfnEunlifsbty fiiPRe 4B FolARrd &8 betweer SOL
lmdﬂlammdqpedrsjbmo lgajudt/dte eceflpped cessdedniet dryssiham boenid,
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Summary of the Invention The need remalnln%alq he prior art |s

T 5y T B BB RGBT e BB B i JertigR e
wivgdirpmigdpe Sddnesortid eknadiitativpahsiizcietstcd (Phask dind
ABRIER) et Hehthiaonan=Rlihests Qpémgmngé%&vve refractive

providing thermal a ?r{'ustmentst the optical cha acterls ics ofiherﬁew

%8%‘56 BATANE AR e pruLeHcine 8%"W88 AN ATLRRHRR
md@ilre&!imegmw@mweddfabé@ptmwnpemsat(ﬂg: eisiabsignals of

QlrbasrcheRHCoLRRAH MR AadN pEehaERIR RSB BLpEYIE prior
art Adh%tlonaj'ﬁ/{'the thermo- optlc% effect | ﬂﬂe]id to re i‘ an oppo ?lte db
sign phaSEReiitlefEe © 885?%’ AR WaEs pitg Hgpe developed by
Montgomery et al. is associated with the ablllty to modify/tune the modulation in order to
adjust/correct for process variations, changes in ambient conditions (such as temperature),

device aging, and the like.

Summary of the Invention

The need remaining in the prior art is addressed by the present invention, which
relates to an arrangement for providing independent control of modulation characteristics
(phase and amplitude) and offset (bias) in an SOl-based optical modulator by providing
thermal adjustments to the optical characteristics of the device.

In accordance with the present invention, free carrier movement is used to realize
the phase and absorption compensating requirements of an SOI-based optical modulator,
in a manner similar to that of the prior art. Additionally, the thermo-optic effect is used to

realize an opposite sign phase shift effect. Localized heating within the optical
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waveguiding region is utilized, in accordance with the present invention, to
adjust the response of the modulating area. It is an aspect of the present
invention that localized heating may be integrated with the
previously-utilized SISCAP modulator structure (or any other suitable
silicon- 5 based opto-electronic modulating device) in a manner that
provides for relative ease in fabrication, as well as relatively compact
device geometries. Heating may be provided by, for example,
silicon-based resistors, silicide resistors, forward-biased PNjunctions, and

Jhedi : dhese.structures may.easily be incorporated with a
B e R O R R e o e
(e o] [le R BERIEHO 10 any of these structures will resultin
increabiitgathestecabfeheneraturervbimmavemuiding @éﬁ%g’\fh@f%mﬁ;eﬁrated
Whrase pRGiMSlJIF?-%lik%g@'9%@&@%%&%@6?%@%%1&?3@ B?h%”.?ﬁf%%&? sfgigon-

(;;: nature. The heating may be applied along a Sin continuous™a

DC , i :
Bised RRiElRALIg S spdu %iBa deisrirng megnes that orenisesdoe prirtingease in
fabeiaaftmi_uras el badiakeMedf Hﬂﬁxbﬁ&ﬁ@é\ﬁ&@ﬂﬁ@ﬂr%ﬁ rReGA TRl lI)Ie provided by,
ke n e acCo 1She n cally |
o vl Ra o A GESERR, TR b, ane

YRR N gasilinks iversaBE it IRESSdioptical

hvdraidtesnatiivetbamboghmby/aaguings & te TecAssatBhYYIcab AR o
{ ide i i A rporating electrically isolating material .

R B T St o e v

ErALBhf TPt SBE s e e pieiae aviesindingHigreloins sappirentially
RAAmgutueecdlirsbeofithenioll dwinspHiscalsaion gk safiRinsara e
Acrampagy g sianings relRe sl alave Riauings a3 Referring
now tq the drawings, FIG, | is a side view of an exe%np ary prior art
SO1-bARS SFhedmBLaldhsPEsHSiRYARHSR Bedimanastosmeduletiantind
thetyion pm@ggz@z?wmmgmmmalmtsbm ﬂBiﬁHﬂGm@K]ﬁa%@Jide to
Sdied Siil ' 3 - odulator 30 forme
sceaince it e e GRS LGSOl IERE e e
sec

TEHEEHE thelh i HIRTRY Ve crehralimsnt 2 aevnsaleinarrssrm physisal
lenathodithr, Wa@:atitedsaittanaibig dnnetpisrating OEQReaa¥eEBRIBRE material

bRty gaRRIROHRAIN g modulating elements.

Other and further embodiments and aspects of the present invention will become
apparent during the course of the following discussion and by reference to the
accompanying drawings.

Brief Description of the Drawings

Referring now to the drawings,

FIG. 1 is a side view of an exemplary prior art SOl-based optical modulator
comprising an overlapped structure active region;

FIG. 2 is a prior art diagram of an SOI-based interferometer;

FIG. 3 is a simplified diagram of an exemplary SOI-based modulator
formed in acoordance with the present invention to include both modulating sections and
thermal tuning sections along each waveguiding arm of the modulator;

FIG. 4 is a cut-away isometric view of one exemplary resistive-based thermal

element for use in the arrangement of FIG. 3;
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element for use in the arrangement of FIG. 3; 3 FIG. 5 is a cut-away
isometric view of an exemplary PN-junction based thermal element for
use in the arrangement of FIG. 3; FIG. 6 is a simplified diagram of an
alternative modulator configuration of the present invention where the
thermal tuning sections are disposed along the same 5 waveguide areas
as the modulation sections; FIG. 7 is a cut-away view of an exemplary
thermal tuning section and associated modulating section for use in the
arrangement of FIG. 6; and FIG. 8 is a cut-away view of an alternative

thermﬁk@@was&ﬁtm9%ﬁ%msiﬁwom%aﬂgg 1R eh 41568 dNBermal

arrangement of FIG. 6. 10 Detailed Description Prior to describing the
clRmeatiER BiBH AR esARTHRIdUIEtidh and thermal offset control for an
SOI-ba#adedpacampliikdateerinsodansittened veipididetpr ovidezarmation of the

HEQRESIRRAIRG Hbe ARRNQR hARY QAthIRE UiRIRsA Braial.
FIG. 2.is a simplified blﬁ%lé diagram of an exemplary prior art Mach

VARRHIE A SO R TP LR He individual arms of the design,
denot&dh Y asewmitdatEory Bmnol araex: dppictiteraaltuiingWestn and associated

,{H}@&f&(ﬁ@f@&{&@g@ Rasgdipamiie-RLarRERINclg discussed above in

association with FIG. 1. Each arm of interferometer 10 contains a

free-caMfeiRAEH THEE YR At RIEFaEY R DAl Ui S§eaen and associated
moduittipgesiipraferapplindh8 @rdagemdrnantifkdopéd silicon layer 2 in the
manner described above. The signals applied to each arm operate
independent, shown in FIG. 2 as signals VaEr2a and VREF4a used to

control accumulation arm 15, and signals VREF2d and VREF4d used to
Bewited iredwiption within depletion arm 17. In one embodiment, SOI layer

4 mayihefabreaiadily inclugeRdyperdeRants WhKEAQRAS2R SHliFMRrmal offset

égt\l/terlz_tpe]rll ssg ily ipctde U[n-t e tglo ar;t . Prefe ai%% the _d, pin _
SHTRLTE TR AL A eSSt SR i dh e BERVES 88ion
usdesstativtingthfithie oheraticeanbh coinaut roafid R Ergmatas dorhidrd e 2 is a
MRfHn&obisat ar@mﬁ@wiﬁwi%@ﬁ&%ﬁ%&@ﬂ%ﬁn@@@rﬁ@mrﬁﬂem 10

ptical signal.l;n js illustrat glas trave %%ggalor%g an |r‘;£ t 30 waveﬁwgﬁ d132 letion
TrSior RSP deRl AETS 1A, S e e s hraplatap Sy 20 dép
gaisd?, where interferometer 10 is based upon the prior art structure discussed above in
association with FIG. 1. Each arm of interferometer 10 contains a free-carrier-based phase
modulator device, controlled by AC modulating signals applied SOI layer 4 and doped
silicon layer 2 in the manner described above. The signals applied to each arm operate
independent, shown in FIG. 2 as signals Vgerzs and Vyera used to control accumulation
arm 15, and signals Varrag and Vrgrag used to control modulation within depletion arm 17,
In one embodiment, SOI layer 4 may be fabricated to include p-type dopants, where doped
silicon layer 2 then necessarily includes n-type dopants. Preferably, the doping profile is
controlled such that the dopant concentration in the active region is less than that in the
area of contact to the Vyppy areas, where the Vypp contact areas may comprise silicide
regions.

In operation, an optical signal Ii; is illustrated as traveling along an input
waveguide 12 (preferably formed within SOl layer 4) and enters an optical splitter 14 (also
preferably formed within SOI layer 4). Optical splitter 14 may simply divide in half the
optical power present in signal, such that a balanced 50/50 split in power is presented to

each arm 15, 17 of modulator 10 (however, any other desired power split may be used). A
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preferably formed within SOI layer 4). Optical splitter 14 may simply divide
in half the optical power present in signal, such that a balanced 50150
split in power is presented to each arm 15, 17.of modulator 10 (however,
any other desired power split may be used). A 4 first output from optical
splitter 14, denoted I;,,p, is thereafter applied as the optical input signal to
accumulation arm 15 of modulator 10. Similarly, a second output from
optical splitter 14, denoted linn, is applied as the input signal to depletion
arm 17. Subsequent to being modulated by the values of VREFaa,

B EhdA IR VRREAL MRETAUSRAUPIINGINEACING 2RRRTS he GRfA3nput

of each arm, res ectlveli the modulateﬂAoutput signals are combined in

SEPRIIRATCUBIENR 48 * &P osL Al Racbrdptidat SERALH SHIRY] fromy prtical
sibtime i olvadted bvs, ishpmiek st tebimpati sigraeh tbelepiniomental Ta@obseipaint to
l{rﬁ% mfaahiheReHemRRes O SLch mé@h@%&%ﬁ%&;%ﬁaonmg the active

ulator. Due tg prqocess variations in standard silicon mt_egrated circuit

Rl AR LA MG TR AHB SosRiSty Shndbam e ae autnit sig)s are combined in
arepiztirahsdmeineh lime Gfirthehintectbriated tanticEh ostpwosigtid($ogan be
attri bumgrﬁim QEB\@: %@Fer @Q&ﬁ%ioﬁ% @ﬁ“ﬁﬂ%@ﬁa iﬂlctors_ that may

waveguide width, thickness, and spacing between adjacent waveguides,
UG MR THATBA RIS ahd Y huetertRrtia madHa MoRs A PPRess
me&tbﬂe th alaeqm_édif@mimsmmdaﬂmnmécpﬁopagmme@ammmﬁics,need
KPS DRI FUARRIRS ERBHIA RANE SR erke. ARREYRations can be

varjations can occur as a result of scattering and variation in radiation
J85aLed AP BRE R AILITERE ERETRh SHEAHR BRI i vgRHide width,
thivdogstiompspperiebeatvittin ehatenaway egualcesas vafilbua vegeithd didesalhd
GHRBOE SR GKREER N ROR o NEi0 BoLaBR R: LR R MIAY MPR R hrode

be effected py environmental factors such as ambient temperature,
REORARARY SO FEF LI RB dpratans iy Hik SRt IRRe Ve SRliting.
Avphitide isuiatiposeth20dur addnessltivé seateriog ans! vyragbioly imgradiation losses.
IRSRBCRRANIS ® CaTTiETMQE HAHOBIRRE H8 Ml P GRPHSL dfes within each

overcomeﬁlg}gglons that may exist (as well as provide an on-goin

{ : Al g .
HsR et Sl e e Y BRRIEre b e ranss Goi rssarins delhEsperation of
the @241 IBIG rBayaritaibs elfsinegltfiechdicgmarmial facteresuias/a80iebametperature,

Iﬁlﬁﬁm@y, Q@Ufcg@h@% A HREMeH D AGLRIHANCE Wmﬁ%&rﬁ%ﬂﬁm is proposed

invention to provide 25 independent thermal tuning to compensate for
QTR SRCSETS P PRI B ARSPARE SR SR e M il PP herma
trvaakontr e vspewific wnisbdisthattimserdse (hinvelGisravideaalon-going
RIRMABIRRSANE fbdAIRIBISPESEdRIRBIAGIML SRR 8503:1H and

' I[ﬂﬁgﬁtlon am}:l](gﬂ‘s contains a simplified diagram of an exemplary SOI-based electro-

optic modulator 20, formed in accordance with the present invention to provide
independent thermal tuning to compensate for unwanted amplitude and phase offsets in
accordance with the present invention. In the specific embodiment illustrated in FIG. 3,
thermal elements 22 and 24 are disposed along accumulation arm 15 and depletion arm 17,
respectively, to provide independent thermal adjustment/tuning of the optical properties of
the modulator. Inasmuch as the thermo-optic effect of silicon is realized by an increase in
refractive index as a function of temperature (dn/dT = 1.86x10%/°K), induced temperature
changes along one or both arms of the modulator may be used to offset unwanted
variations by controlling the bias point of the modulator. In the particular embodiment as

illustrated in FIG. 3, thermal elements 22 and 24 are disposed along the waveguide arms
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respectively, to provide independent thermal adjustment/tuning of the
optical properties of the modulator. Inasmuch as the thermo-optic effect
of silicon is realized by an increase in 30 refractive index as a function of
temperature (dn/dT= 1.86x104/K), induced temperature changes along
one or both arms of the modulator may be used to offset unwanted
variations by controlling the bias point of the modulator. In the particular
embodiment as illustrated in FIG. 3, thermal elements 22 and 24 are
disposed along the waveguide arms 5 so as to be physically separated

sfé%gwb% W%Qﬁ%@ﬁ@ﬁ»&e@ﬁ-@ﬂt% RYoBRHYS ra%gaera&eﬁ,&mm 13v¥MBEGns 11

ermal ents 2 4 are shown as single units, segmented

S BB PSP S A A AT b SIS i Frgmented heating
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comprige &gl &%H%@%%@réaﬁ‘%ﬂ@%%ta?{@% B e nerators of

(such as, for example silicon-based resistors or silicide-based resisto

TRt RS Re el s SithasripriemalpRrrbancy feﬁﬁstors or
stiitide-bass] tadselesnenENgiaatnt ey (Svehogpd fatandbaddCPrd jiageions).

IW&%@PEQI:@ thg%ﬁg}QeWtQ'QQ BBQ%H@&%?%@&EHJ\%@B{%%@ @anggrt%réenerate

the waveguiding area of the device, where the magnitude of the applied

Hrshag & R T RAORP S SERNSAITS SR SRR Tt TR TS NS REitIAing area of the
dexpesioieediby thasmiaterislithelied YDIRizadstedthepeindsidefinedizsincrease
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nals). The value of the DC voltaqes applied to thermal elements 22

‘5? udBr e RERbL Ricrtiendrdne uiBe rxreneiy e tian etey ‘%’%@15)
vaitagéthoBE apitigestappticd touttmion alewties 2R 2élsmemtzﬂlad|mdependenﬂy
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5 temperatur |th|n the wayeguidjn q region will chan%e the effective
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tepipeadtsignaithasbiny dvezethreughids w6 lickmgmiberstiod vhatithetive index and
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24 may mod%z% at will, to adjust to cha r%Bf' operati l[%é:on ition

e %88 FAYRG LRaldbe RFBPETYSO D Yok APR LA AR e'ﬁm"“ts
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H?ﬁrla@f?i%r Q@kfié‘ée m%@%ﬁ%ﬁgﬁlﬁ&%hw l@fﬁ@dﬁﬁ%@ i??éj@mstood
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AR %‘f&?ﬂ%ﬂ? F—"r@ “ZP VRO POISRY Bt f5) may be
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FIG. 4 is a cut-away isometric view of an exemplary thermal element 22,
illustrating in this particular embodiment an arrangement that is utilized to provide heating
via the formation of SISCAP thermal elements. The arrangement as shown in FIG. 4
comprises a pair of SISCAP thermal elements, including a first SISCAP thermal element
26 integrated within SOI layer 4, as defined above. In order to minimize unwanted free
carrier interactions within the waveguiding portion of this structure (as shown by the
dotted line in FIG. 4), polysilicon layer 2 and SOI layer 4 are preferably undoped (or
lightly doped) within the central region., The structure as shown in FIG. 4 therefore has
tabeled the waveguiding portions of both polysilicon layer 2 and SOI layer 4 as being
“undoped”, where this definition is intended to include lightly doped.
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25 via the formation of SISCAP thermal elements. The arrangement as
shown in FIG. 4 comprises a pair of SISCAP thermal elements, including
a first SISCAP thermal element 26 integrated within SOI layer 4, as
defined above. In order to minimize unwanted free carrier interactions
within the waveguiding portion of this structure (as shown by the dotted
line in FIG. 4), polysilicon layer 2 and SOI layer 4 are preferably undoped
(or 30 lightly doped) within the central region. The structure as shown in
FIG. 4 therefore has labeled the Waveguiding portions of both polysilicon

layer 2. and SOI Ia thls inition is

on RERE e £ O B SR E R R I R s
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Jyavequid ‘ﬂgm)rea |§;1@sirated by the double-lined arrow in FIG. 4. A
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Again, the applicati etween cont Cts 32
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:heaidtnansm &é@éﬁ/ﬁiﬁdtﬁwmwgumngaﬁfﬁmmﬂwrwﬂh@dmhbwemeﬂ the heat
Q}N rl‘po wa@ n%?eWI rc]:v:[:\tﬂn(:"b Ch{p gﬁlgfhtrbe?d%res\(%ng FI1G. 4. In
invention, e| erasm e grma elemen § IS case elther element
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plied to’'the separate thermal elements 26, 32 ma erent an
Chismhneny BRI MosReVRe M ORCHEAEs ABRHA & His-frngrats et
¢heapp|iE) Yphageby Diffaiemay dssevatdiifetpnioc(hd ustablade el edbissd 2thount
5?1%&89%9%{9&9@9&&/ A NGIGPE value, yfhé(\%%%rtér@#ﬁ Qe RUBI8 Value than

adjustable to provide the desired degree of heating. The device structure
e et o es ‘m&wﬁ@fﬁq@aﬁ'@‘mﬁ%% RIS aepRRaRly adjustable to provide

the desired degree of heating.

The device structure as shown in FIG. 4 may be modified in a manner such that a
silicide material is located between contact portions 28, 30 (and/or contacts 34,36) and the
underlying silicon material. The use of such a ‘silicide resistor’ is considered to provide
for & broader temperature range as a function of applied voltage. The use of silicon or
silicide as the resistive-basged heat generating element is considered to be a design choice.
Further, this resistive-type of thermal heating element may be used with any of the known
or developed SOI-based electro-optic modulator structures, including but not limited to the
SISCAP structure, the lateral PN junction structure, ribbed waveguide structure, etc., or
other modulator structures including, but not limited to, ring resonator modulators and
electro-absorption modulators. Indeed, it is the inherent properties of the silicon material

and the well-known CMOS processing techniques that are advantageously employed in
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silicide material is located between contact portions 28, 30 (and/or
contacts 34,36) and the underlying silicon material. The use of such a
“silicide resistor' is considered to provide 25 for a broader temperature
range as a function of applied voltage. The use of silicon or silicide as the
resistive-based heat generating element is considered to be a design
choice. Further, this resistive-type of thermal heating element may be
used with any of the known or developed SOJ[-based electro-optic
modulator structures, including but not limited to the SISCAP structure,

ﬂhq:l%hemhﬂél}ur&ﬁi@b%murﬁid@bﬁmgm R Rl Go Mk 31-based

%ulator structures including, but not limited to, ring resonator
3uafaﬁors 94 electro- -absorption modulators. Indeed, it is the inherent
propelﬂ% éflﬁ%ﬁmﬁmm&hﬂﬁ\anﬁ%@mmﬁmmm@pm 22,in
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ither the accumu rm or depletion arm, as the se may

R SR e £ DO RO e R i
IR GRIAgINhHoRee campa%eﬁemb wovrENidudd eeporaitd ﬁem@@ldmmed.(in this
pAavenvishing wﬁmﬁa)tbgrga@ iﬂ!@gﬂﬁakﬁ%&@&@m]&sg% ﬂﬁ%&@@&%}fi@d,

entially u ortion e device structure, in this cas .
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caaﬁmfarsérﬁ%mméﬁt)l’sy yanegtisle dfingy cmeritielfotsudps, motsilicon or a
apeugoiydlicelathwrtyidhin layer (on the order of 100A or less) and
compr. | ugh as SI|I DXI ilicon, nitride.
e e B R b ey resions 42,44

iy mgmé@ﬁ W@%FWW@%@&‘&&%@%HWW@%M%WMMIOtlhéqiim order to
gmxehonrmmadﬁu RGIRAT et éntlfroln Mﬁﬁg&h@&(ﬁﬂ@ﬁ%ﬂ@'@ﬁ%al signal. In

IS, centr ort| 46 in or reve
unwan e gﬁgée%é% gP%%@eme%ﬁromag?fe&?ﬁ’gﬁﬁg %) %5&8&1‘“ 45 and
T%@?iﬁﬂcﬁf‘%@Wtﬁgmémﬁéae@érﬁﬁaﬂoﬁlwodmmawmg its theplidicected
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S&FAL %ﬂﬁé’?@&ﬁ%ﬁf@ﬁr%ﬁ@@?ﬁ%ﬁ%’@é@@é@ﬁ%ﬁ@ pracsoeisidenisentral
pelGom4 6 of the arrangement of FIG. 5. PN-junction thermal element 50 includes a P-

doped region 52 and a contiguous N-doped region 54 (again, regions 52 and 54 are located
at a predetermined distance away from central portion 46). A DC voltage Vpca is then
applied between P contact 53 and N contact 55, creating thermal energy that is directed
toward central portion 46.

In the embodiment of the present invention as shown in FIG. 3, thermal elements
22 and 24 are disposed in series with the actual modulating portion of the arrangement
along arms 15 and 17 (denoted by active regions 11 and 13), with a sufficient spacing
therebetween to prevent the operation of the thermal portion from affecting the
modulation, and allowing for separate and independent control of each aspect of the
modulator. Clearly, such arrangements require the use of extended waveguide lengths for

the modulator. In certain cases, particularly high speed arrangements, it would be
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second PN-junction thermal element 50 may be formed on the opposing
side of central portion 46 of the arrangement of FIG. 5. PN-junction
thermal element 50 includes a P- doped region 52 and a contiguous
N-doped region 54 (again, regions 52 and 54 are located at a
predetermined distance away from central portion 46). A DC voltage
VOCal is then 25 applied between P contact 53 and N contact 55,
creating thermal energy that is directed toward central portion 46. In the
embodiment of the present invention as shown in FIG. 3, thermal
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portion of the arrangement along arms 15 and 17 (denoted by active
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regions 11 and 13, respectively. As a result, this embodiment )
BRSSPI Tt LABH |4 PRl et o
dbthicahooilittor (idavice offiiddsliligicoridingitednegiad iy atekriadedthéthin

H6EuRREH SHTCOUANAY (GOMRATSF tRow [0 FIG. 6). In order to prevent the
application of the DC voltages Vuce and VDCd to 10 elements 62 and 67

(respeCivEl) PEAPIIREFRSH SINRRENE HomssmsarsHisausstbrboyehesmaly
elanieCis it &5 impp ke ch poisctivseregitriselHaantihkat geldiacingledveigal@g., silicon
A s | etk
e o e SRR IR iony
Hrchyat #RISRUSE Jenchairg! st imheihaies aldhs srrsiidearmsdansiamn in FIG.
@),emml@%,l@ﬂgWsﬁﬂn‘mﬁréseh@ﬂ?.e@r&siBtiyﬁemm@mawmiﬁg'ucture.
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heat generating elements. Additionally, the heat generation ma
UEMe At sERT LA By s it e ed (EShdwhs fipRiiesl (for example) to

accumulation arm 15. In this case, thermal element 62 comprises a first portion 61
disposed beyond the electrical connection to Vreeza along polysilicon layer 2. A second
portion 64 is disposed beyond the electrical connection to Vrers, along SOI layer 4. The
application of a DC bias voltages Vpea and Vipcas to portions 61 and 64, respectively, will
generate heating in the direction of the waveguiding region, as shown by the double-lined
arrows in FIG. 7. A similar structure may be used to form thermal element 67 disposed
along depletion arm 13 {see FIG. 6). It is to be noted elements 62 and 67 may be resistive
thermal elements or PN-junction biased thermal elements, as described in detail above. In
order to provide electrical isolation between the DC voltages used for thermal heating and
the AC voltages used for signal modulation, a pair of essentially undoped regions are
formed in SOI layer 4 and polysilicon layer 2 between the contact regions for each voltage
source. Referring again to FIG. 7, the isolation associated with thermal element 62 is

shown as including a first undoped region 63 formed in polysilicon layer 2 between
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outlined in FIG. 6 as applied (for example) to accumulation arm 15. In this
case, thermal element 62 comprises a first portion 61 disposed beyond
the electrical connection to VPIF2a along polysilicon layer 2. A second
portion 64 is disposed beyond the electrical connection to VR5F4a along
SOl layer 4. The application of a DC bias voltages VoCat and VDCaz2 to
theerinpsibasd :M,tmﬁﬁuQWV%HZZEngeﬁatmhaag'@mmhsldin%etyioa second
the w ing.r wn, arrows
R S el et Woficl 6 Bl St o
Vatsng depletion arm 13 (see FIG. 6). It is to be noted elements 62 and 67
may h‘ekﬁ%'thﬁ\{ﬁmyﬁ?&l’maﬂ)ﬁl&m&Bf&lﬁl&i‘lﬁm*ﬂhﬁ%mm]ﬁeﬁldﬂﬁ&fmﬂcts associated
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'%ﬁﬁ%@qém?@ﬂlmeﬁb%ﬁf&ﬁ4&&@“@%‘%@%@‘!}% o s agg of the
déthecantauhiy YR biafebiidernodulating signal. Simllarly, a second

undopgd §ﬁh%@t8§eksa§9éﬂ§9 W?Qmé%\éerﬁenp‘é%%ea%rﬁ {‘11‘?8 @4 where in

and the contact to V REF4a While the physical separa on o Rermal
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ustiickdhdl dincliositie tieumndPDECcragion 302 fbnade M&ﬁwbrrph%mwgrﬂi@ to the
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such a ph sical separatlon requwest e use O arger surrace areas
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tmxwhegolmte:arms %shmntmdh/mhauieﬁp@dh torinedcaiingdDERveF Fikbndthe

te[nﬁﬁ@ﬁ%atﬁedg 5%\%@& S %Emﬁp{o%?@ tﬁérgrgef éﬂ?eré&gﬁ)"ce ! ?gi % formed

raise other concerns, ustrates an alternative embo ment (0]

"b??'ﬁﬁlé'mﬁ eRbeies, 1?5,’%%rﬁeﬁf’“ﬂllE%%Idﬁ&@ﬁﬂéﬂﬁﬁ&ﬁt"éi@bl?@é@d from
VigalatioolgtweemMREEQmn\dR Bitd diclaciring and\anaaidl iped gHghidyallgwd)

p@ﬁéﬂ%ﬁ@%ﬁméﬁ/@ G, Cﬂ?%ﬁ&et&%ﬁﬁefﬁ{&?ﬁ%t' Ea‘ié%@fe@@%é%%'eﬂ&?é%gi%ﬂ?n (c.g.
the central waveguiding region. As shown; first thermal portion 61 1s

k:é;F E’ﬁ?ch%fdf ﬁlé at generated by thermal portions 61, 64 is able to efficiently transfer

through, while still providing the desired degree of electrical isolation.

It is to be understood that various other modifications may be made to any of the
above-described embodiments, and yet fall within the spirit and scope of the present
invention. Indeed, the various thermal adjustment arrangements as described hereinabove
may also be used with various other active and passive optical devices to provide
modifications of the optical properties of the devices as a function of temperature. The
scope of this invention, therefore, is considered to be limited only by the claims appended

hereto.
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toward the area where the VREF2a contact is formed in overlying
polysilicon layer 2. Second thermal portion 64 is electrically isolated from
REFA2 gl a separate section of gate dielectric 8 and an undoped
(lightly doped) 20 portion of SOI layer 4. By virtue of the fact that gate
dielectric 8 is extremely thin (e.g., less than | OOA), the heat generated

by th_e_rmq& Bﬁfé%@&c%dﬁ ﬂ@&t&iﬁ_&f@%@@ﬁfﬁ&ﬂ% SAch- Wl
Mﬂﬂ&@eﬂ@r@&ﬁf&qﬂcﬂﬁ@ﬂ{gﬁ Qfi@igsticalisalation dkigdnRe iadesiandron
thﬁél&’ﬁﬁ&ﬂﬁs@ﬁﬁ@é H&Qﬁ'f%@@bﬂmﬁg’d&iw@&ﬁﬂﬂs y of th?
above-gesprined arhailinanta. iane yes-falkwihinthgispiriand seepePf
t%&ﬁﬁ%ﬁ@ﬁ@&%ﬂ%f'%@&pf@l@%&% tharmal adjustmgnt _
afraﬂg%@%ﬂ@aﬁﬁg‘iﬂéﬁ&mﬁsﬂ%&' %Bg‘ﬂﬂ: maé’ga_ﬁ@tb%tf_é&&té’_\ﬁﬂ”e}é@ﬂ%ﬁ
offtehastiverad PessiveieRtGakEaYIGRS tReRiMdsevMediticationpafiir:
qQRbpEiRs QP aIipR PItm LRMIERSESi gnflinkb ad @l iaMPReEAUHRomPAsiHEAPe
afdpug iNeRtgR: theetare is srnpisiREdtalenlinaiath anbpPyHRE daisas
hdaretaickeh Whatkis GatmeddsayerAgilicon-based optical
modulafifg:ARvipaferRea: MspRlirABngMhinGstidion AREMNDARLR PEHGI® an
inphidin@racsHigRMSBTSRIRLE uHRd axide: ek anek RSP Re W Beguide
thick silicemsuniacaayede tog R uhatin gs Aauits GOSN ESIRgh 2P RilGRIature.
waveguide formed in the sub-micron thick silicon surface layer for
supporting the propagation of an incoming_ lightwave signal; a modulating
elemer&'d%E)‘B%%Iab&ﬁﬁﬂ@HH@%M%H%%VW@&?E‘QGQH“&@&H(lzéi‘fherem the
aliedoRting getHent i Gk Mochdapiig signalinie dnppliaRnyphegHitie epdate
modify the 10 properties of the propagating lightwave signal, the
RS Ghe I HE OReIEng a doped silicon layer disposed in an
overlapped arrangement with an oppositely-doped portion of the
sub-miéron thick silicon surface layer; and a thermo-optic element
dispos

o IO hRASHH R WISy FE S GRERGE 1 SHMabBhe Bifct

GuoRIMHRGC)evRliagrl naaneiaispheakhal ind@ssied embigtatb@ntially the
waveguide_ 15 so as to madify the waveguide refractive i%dex as a
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modulating device as defined in claim 1 wherein the

4. A silicon-based optical modulating device as defined in claim 3 wherein the

electrical isolation comprises essentially undoped silicon regions.
5. Asilicon-based optical modulating device as defined in claim 3 wherein the
electrical isolation comprises a relatively thin dielectric layer disposed between the

modulating element and the thermo-optic element.

6. A silicon-based optical modulating device as defined in claim 5 wherein the

relatively thin dielectric layer comprises a thickness of less than 100A.

7. A silicon-based optical modulating device as defined in claim 5 wherein the relatively

thin dielectric layer comprises silicon dioxide.
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modulating element and the thermo-optic element are disposed along
substantially the same area of the waveguide, with electrical isolation

disposed HGIRBRINEE bR A nd RillEAB-RIRRA SRIGRUIMIMIA HNEHIRYIGEe

as defined in claim 3 wherein the electrical isolation comprises essentially
UREEpEY Gindifseg e onitebilisagddiistical modulating device as
defined in claim 3 wherein the electrical isolation comprises a relatively

thin dielectric layer disposed between the 30 modulating element and the
thermoZoptic depederacaiipetisiag desisacadmvat iy dvidersa the
defineddpiclatmabaigitthacsRiivelythingigleptiiclavescomprises a

thickness of less than 100A. 35 7. A silicon-based optical modulating
device as defined in claim 5 wherein the relatively thin dielectric layer

compriges KilgRondiaxdepldaBniusiicrndbase s apticad MerupdnGdeyiar
as defined in claim 5 wherein the relatively thin dielectric layer comprises
sﬁ%é}wﬁhﬁ%ﬁé.t@?rﬂ%m&&rﬁbg@abceﬁﬁea%ﬁéamﬂfgda%ééla@aﬁéﬂﬁﬁ%ﬁ in
Glaid i YBAR I6f Upacdd-tharnaenaltif SIRIRNTCEAMBEIRSMAIRSIslD ARG e
thermo-optic element. 10. A silicon-based optical modulating device as
d@Htéd in claim 9 wherein the resistive-based thermo-optic element
comprises at least one doped silicon resistor including a pair of

spaced-apart contact regions for coupling to an associated DC voltage 10
source.1hAAIEﬂ%W&é@&C&bﬁ@&PWaﬁﬁaaa@sfe@%@a@fmédwhezﬂax et

vihereife thpeaatsileastenadopagRlicoparesisifcaMEises opaifoahepped
silicon resistors, formed on opposite sides of the waveguiding region and

ARty Ldparae By Lot abols by scRaie SNl SpHics:

modulating device as defined in claim 9 wherein the resistive-based
thermo-gptic element comprises a silicide resistor including a pair of

spacedtapart U5PRAETE GRS P LYt tcans A58 g B Biga the

S@UKERe-based thermo-optic element comprises a silicide resistor including a pair of

spaced-apart contact regions for coupling to an associated DC voltage source.

13. A silicon-based optical modulating device as defined in claim 1 wherein the

thermo-optic element comprises a forward-biased PN junction device.

14. A silicon-based optical modulating device as defined in claim 1 wherein the
device comprises an interferometer including an accumulation waveguiding arm and a
depletion waveguiding arm, with an accumulation modulating element and accumulating
thermo-optic element associated with the accumulation arm and a depletion modulating

element and depletion thermo-optic element associated with the depletion arm.

15. A silicon-based optical modulating device as defined in claim 14 wherein the
electrical AC modulating signal applied to the accumulation waveguiding arm modulation
element is independent of the electrical AC modulating signal applied to the depletion

waveguiding arm modulation element.

12
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in claim 1 wherein the device comprises an interferometer including an
accumulation waveguiding arm and a 25 depletion waveguiding arm, with

an accyguladiaromeduiad] Qa@lﬁﬂaﬁﬁftiﬁgﬁe@%‘&@&ﬂﬁﬁé&im@iﬂq@%@rein the
element associated with the accumulation arm and a depletion modulating

st esPRitsd iR FFarmbAdRtieT® Eieray ARt ranett ivitPieRende iekida
AN vdfeacd zﬁiﬂﬁ@@t@ﬂﬁ%ﬁ@ﬁ&%ﬁmﬂéﬂﬁg%tﬁeev&%ﬁ defined in claim 14
wherein the 30 electrical AC modulating signal applied to the
accumulation waveguiding arm modulation element is independent of the

electricgy ACsmesiuiRtintopidaphapRiad.tacthe: depietion inarsouicipg At
modulation element. 12 16. A silicon-based optical modulating device as

dBAtHde e deiier LAHEreiPIN@aSEPLISeaplsIRadEYHE de¥tmulation
arm thermo-optic element is independent of the DC voltage applied to the
depletion arm _thermo-optic element. 5 17. A silicon-based optical

modulatthgfelies B aktriial M elaitting déiei dAnssh st M tevitethe
GROARSAS & N-bansckaniongleaisanis masudatipadeece. 18. A

silicon-based optical modulating device as defined in claim 1 wherein the
modulating device comprises a ring resonator modulating device. 10 19. A
silicon-pgisgdiapéicahe@eptaiingodeniae: aswiefinerfifealMalnivherRiiiNge

modulating device comprises an electro-absorption modulating device. 13
modulating device comprises an electro-absorption modulating device.
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